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Visualizing order in dispersions and solid state
morphology with Cryo-TEM and electron
tomography: P3HT : PCBM organic solar cells†
Maarten J. M. Wirix,ab Paul H. H. Bomans,a Marco M. R. M. Hendrix,a Heiner Friedrich,a
Nico A. J. M. Sommerdijka and Gijsbertus de With*a
Building blocks for organic solar cells are made from P3HT in a P3HT : PCBM solution in toluene and used to
tune the morphology of the photoactive layer. The approach presented here decouples the structure and
morphology formation, providing precise control over both the structures in solution and the morphology
of the photoactive layer. For the characterization of the nanostructures in the organic casting solutions,
cryo-TEM was successfully employed, and reveals the P3HT crystals and even the 1.7 nm lamellar
stacking, which in combination with cryogenic low dose electron diﬀraction clearly proves the high
crystallinity of P3HT aggregates realized. The photoactive layers made from pre-crystallized solutions
show a morphology that is closely related to the structures in solution. A clear trend of decreasing open
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circuit voltage and increasing short circuit current with increasing order in the casting solutions and the
devices was observed, which correlates with the evolution of the morphology from very intermixed with
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small ﬁbrillar structures to phase-separated with large polymer crystals, as evaluated from representative
devices, characterized in 3D with electron tomography.

Introduction
Organic solar cells are promising as a novel green technology
due to their printability, exibility, light weight and low
production cost as major advantages. Their performance
depends strongly on the nanoscale morphology of the active
layer, which is typically a bulk heterojunction of an electron
donor and acceptor phase with ideally an optimized balance
between a large interface area for exciton dissociation and
phase continuity for charge percolation.1 Also the crystallinity of
the diﬀerent phases is of importance as charge carrier mobility
is directly related to the degree of order in these layers.2
Ordering in such devices strongly depends on the processing
method and further post-processing treatments such as thermal
annealing, slow drying or solvent/vapor treatment.3–5 However,
post-processing treatments are cumbersome for the
manufacturing process. Annealing is not compatible with the
commonly used PET and PEN exible substrates that have a
glass transition temperature of 70  C and 120  C, respectively.6
Solvent annealing and controlled drying methods prevent rapid
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manufacturing and are hard to control. Therefore post-processing treatments are not suitable for cost-eﬀective large scale
production.
The use of regioregular poly-(3-hexylthiophene) (P3HT) as
electron donor and (6,6)-phenyl-C61-butyric acid methyl ester
(PCBM) as the electron acceptor provides reliable solar cells
under a wide variety of processing conditions.7–10 Although
more eﬃcient donor–acceptor combinations have been developed,11 P3HT is one of the most cost-eﬀective materials for large
scale production of organic photovoltaic devices.12 P3HT can
form well-dened highly crystalline nanowires in solution, e.g.
through modulation of the solvent quality, temperature or
using templated assembly.13–22 Devices processed from these
dispersions display an increased power conversion eﬃciency as
compared to non-prestructured devices, as a consequence of the
presence of a highly crystalline, nanostructured network.23–26 It
is therefore of interest to consider growing crystalline nanostructures in solution, to make an ink from the resulting
dispersion. Subsequently the ink can be processed to directly
create an optimal morphology, thereby decoupling nanostructure formation and device fabrication, so that the latter no
longer depends on the deposition process. Achieving control
over crystallization may further provide access to new
morphologies that would be diﬃcult or impossible to create by
post-treatments due to the limited conformational mobility of
the polymers in the photoactive layers.
Here, we investigate a P3HT : PCBM system in which we
allow the P3HT to crystallize in a casting solution of toluene
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prior to the device preparation. Although cryo-TEM of aqueous
solutions is well-known, cryo-TEM using organic solvents is a
much more diﬃcult technique. To study preformed nanobers
of P3HT in solution, we used toluene, an unconventional
solvent in the eld of OPV since it generally does not yield the
best eﬃciency devices, but selected, because it is known to form
stable vitried lms, an absolute necessity to investigate the
structure of P3HT in solution. Typical OPV processing solvents
(e.g., ortho-dichlorobenzene) are slowly evaporating and can
induce crystallization of the polymer during deposition, making
it diﬃcult to determine if crystallization happened in solution
or during processing. Moreover, in future solvents like oDCB
will be most likely banned.
To investigate the structure and morphology in solution and
the resulting devices we use energy ltered (cryo-)TEM and
electron tomography – techniques that have shown to be
important tools in the analysis of complex organic assemblies27–33 – in conjunction with low dose electron diﬀraction and
UV-Vis measurements. Through this direct visualization we are
able to demonstrate how the morphology and crystallinity of
P3HT nanowires and their distribution throughout the
P3HT : PCBM photoactive layer aﬀect the open circuit voltage
Voc and short circuit current Jsc and hence the device performance. In other papers15,26 the emphasis is on creating optimized devices, which is achieved by adding a signicant
amount of amorphous P3HT to the mixture, so that the nal
morphology of the device largely depends on how this dispersion is processed. These papers inspired us to try to elucidate
structure formation. Hence the present work does focus on
characterization of the structure in solution, the device
morphology and performance, exemplied with the
P3HT : PCBM model system. This is, to our knowledge, the rst
time a direct link is made between structure in the casting
solution, photoactive layer morphology and device properties,
which is made possible by using cryo-TEM employing an
organic solvent.

Experimental
Materials
Poly(3-hexylthiophene), P3HT (Plexcore OS2100), Mw ¼ 105 000
g mol1 (SEC) and 29 200 g mol1 (as determined from the
limiting behavior of the low q-part of small angle neutron
scattering data of solutions),34 PDI ¼ 2.1, regioregularity ¼ 99%
(NMR) was supplied by Plextronics. (6,6)-Phenyl-C61-butyric
acid methyl ester, PCBM (purity > 99%) was purchased from
Solenne BV. The solvent used was toluene (anhydrous, 99.8%)
from Sigma-Aldrich. All materials were used as received without
further treatment.
Nanostructure fabrication
Crystalline nanowires of P3HT were formed by heating solutions containing 1 wt% of P3HT : PCBM (1 : 1) in toluene to 70

C for >8 hours, subsequently cooling to 38  C at a rate of 1  C
min1, and keeping the solution at this temperature for 0, 1, 7
and 16 days under constant stirring to prevent sedimentation.
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This procedure promotes the formation of P3HT nanowires
without immediately trapping the polymers in a physical gel.35
The solutions were immediately used without further purication or re-dispersion in liquid, in order not to alter the
composition or structure in the solution. It should be noted that
the vapor pressure of toluene is high enough to prevent
signicant crystallization during processing, such that the
structures observed in solution are as close as possible to those
in the functional devices (vide infra).
Device fabrication and photovoltaic characterization
Films of P3HT : PCBM were spin-coated from dispersions at
1000–2000 rpm onto cleaned ITO patterned glass substrates
covered with a 40 nm thick layer of PEDOT : PSS (Clevios P, VP
Al4083). The dispersions were processed at a higher spin
coating speed to compensate for the higher viscosity compared
to the solutions. A higher spin coating speed decreases the
drying time which will prevent further change to the structures
during deposition. The samples were then transferred into a
physical vapor deposition (PVD) chamber to evaporate 1 nm of
LiF and 100 nm of Al in vacuum.
Current–voltage characteristics were measured with a
computer-controlled Keithley 2400 source measure unit. Illumination was done by tungsten-halogen lamp ltered by a Schott
GG385 UV lter and a Hoya LB120 daylight calibrated at 100 mW
cm2. The thickness of the P3HT : PCBM photoactive layers was
determined by a Dektak surface proler to be 120  10 nm.
UV-vis spectrometry
UV-vis absorption spectra of the solutions were acquired by
using A DT-Mini-2GS UV-vis-IR light source was connected to a
Qpod for temperature control and a USB4000 detector, from
Ocean Optics with optical bers. Solutions were diluted 1 : 10
and injected in a 0.1 mm quartz ow-through cuvette just before
spectrum acquisition. The dilution is necessary to measure the
absorption peak due to limited transmission in the region
where P3HT absorbs the most light. This didn't change the form
of the rest of the spectrum and consequently the structures in
solution. The absorption spectra of the devices were measured
by connecting the light source and detector to a slide holder
with optical bers.
X-ray diﬀraction (XRD) measurements
The X-ray diﬀraction patterns of the devices were acquired on a
Rigaku Geigerex Powder Diﬀractometer, Bragg–Brentano
conguration with a secondary graphite monochromator, using
copper (Cu) Ka radiation with wavelength 1.54056 Å at 40 kV
and 30 mA. The scans were performed with 2q from 2–90
degrees with a 0.02 degree step size and a dwell time of 10 s. The
diﬀraction peaks of the aluminum electrodes are used to
compensate for the possible peak position shi.
Cryo-TEM characterization
To make a vitried layer of toluene, a vitrication robot (FEI
Vitrobot Mark III) was used. Quantifoil R2\2 200-mesh Cu
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grids were purchased from Quantifoil Micro Tools GmbH. 3
mL of solution/dispersion was taken and brought on the Cu
grid with a pipet at 38  C inside the vitrobot chamber. The
chamber was saturated with toluene vapor at a temperature of
38  C to prevent sample evaporation and the accompanied
temperature decrease. Subsequently, the grid was blotted for
2 s with lter paper and plunge-frozen in liquid nitrogen. The
samples were then kept in liquid nitrogen and loaded into the
TU/e Titan Krios (FEI) equipped with a eld emission gun
operating at 300 kV and the energy slit width was 20 eV
centered on 0 eV. Images at low magnication (Fig. 1a–c) were
recorded at a dose rate, calibrated to 500 e nm2 s1, with
exposure times of 2 s, using a 2k  2k Gatan charge-coupled
device (CCD) camera.
Low dose electron diﬀraction (LDED) patterns in cryo TEM
and convential TEM were acquired at a dose rate of 100 e nm2
s1 with exposure times of 5 s. Lower dose rates were observed
to do less damage to the crystalline order, yielding higher
quality diﬀraction patterns.

Bilayers and microtome sectioning
Amorphous lms of P3HT and PCBM were created by spin
coating 1 m% solutions in chloroform on a PEDOT : PSS
covered glass substrate. The PEDOT : PSS was subsequently
dissolved into water and the lms were oated unto a water
surface. The lms were then picked up by a exible transparent
PET substrate. These lms were then sandwiched together to
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create a bilayer. With microtome sectioning, sections of about
100 nm were created and deposited on Quantifoil R2\2 200mesh Cu grids.

TEM/ET characterization of the photoactive layers
The P3HT : PCBM layers were oated from water-soluble
PEDOT : PSS onto the surface of demineralized water and
picked up with Quantifoil R2\2 200-mesh Cu grids. TEM images,
electron tomography, and electron diﬀraction patterns were
acquired on the TU/e Titan Krios (FEI) 300 kV operated at room
temperature. An energy lter was used to enhance contrast in all
acquisitions. The energy slit width was 20 eV centered on 0 eV.
The tilt series were acquired in the bright-eld mode at a
constant defocus of 10 mm in the tilting range from 70 to
70 , by using a linear tilt scheme with an increment of 2 and a
dose distribution factor of 1.2. The dose rate was calibrated to
500 e nm2 s1, with exposure times of 2 s and a total accumulated dose of 7  104 e nm2. At this electron ux and dose
no structural degradation of the sample was observed during
acquisition. The alignment of the tilt series was based on the
manual tracking of 10 nm Au ducial markers. The tomography
series were acquired with the Xplore3D soware, the alignment
and reconstruction was done with IMOD36 and visualization of
the 3D reconstructed volume was done with Avizo 7.1 (Visualization Sciences Group, FEI.) A SIRT (simultaneous iterative
reconstruction technique) algorithm with 5 iterations was used
for the reconstruction.

(a–c) CryoTEM images of P3HT : PCBM 1 : 1, 1 mass% in toluene subsequently vitriﬁed, aged for 0 days (solution), 1 day (intermediate state)
and 16 days (dispersion), respectively. The P3HT is dark against a light background of vitriﬁed solvent and PCBM. The insets are the LDED patterns
corresponding to the images. (d) Radially integrated LDED patterns. (e) High resolution cryoTEM image of a P3HT nanowire, the inset is the
integrated electron intensity proﬁle. (f) UV-vis absorption spectra of the solution/dispersion before vitriﬁcation.

Fig. 1

This journal is © The Royal Society of Chemistry 2015
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Segmentation of the tomogram
Segmentation of the reconstruction of the dispersion device was
done meanwhile applying noise reduction using a nonlinear
anisotropic diﬀusion lter.37 Next a cross-correlation was
calculated between the 3D volume and a series of spheres that
have a size comparable to the feature size of the nanowires. This
way we get a 3D correlation map that preferentially selects the
nanowires. Next the wires were segmented out by using a top
hat threshold. If the two phases would be completely demixed,
we would have 53% P3HT and 47% PCBM, as can be calculated
from the densities of 1.15 and 1.3 g cm3 of P3HT and PCBM,38
respectively, and the 1 : 1 mass ratio used. Therefore the
threshold value was chosen as such that we have 53 vol% P3HT
versus and 47 vol% PCBM. All voxels above the threshold are 1,
below 0. Subsequently a binary model can be generated like in
Fig. 4 (le).

Results and discussion
Structure in solution
At 0, 1 and 16 days, the obtained P3HT solutions/dispersions
were vitried and inspected by cryo-TEM to monitor the
evolution of the nanostructures (Fig. 1a–c). In the initial stages
no clear nanostructure formation was visible (Fig. 1a), and
indeed UV-vis spectra (Fig. 1f) indicated a molecularly dispersed
solution of the two macromolecules. However, aer 1 day the
P3HT phase segregates, generating domains of varying density,
shown as large scale contrast diﬀerences in the images and very
small nanobers nuclei with widths of <8 nm and lengths of
100 nm (intermediate state in Fig. 1b). These grow out to form
a dispersion of nanowires of ca. 25 nm wide and >1 mm long
(Fig. 1c). Liu et al. report nanowires with a width of 7.3–14.4
nm 39 for Mn ranging from 6–33.5 kg mol1 as measured by SEC.
Since the P3HT used here has a higher Mn of 50 kg mol1 (SEC),
the larger width can be explained by the longer polymer chains.
Samitsu et al. report nanowires with a width of 24–27 nm 24 for
Mn ¼ 44.9 kg mol1 (SEC). However, the height as reported by
Samitsu et al. is only 2–4 nm, which is not comparable to the
thick stacks that we observe in cryo-TEM (Fig. 1e). It is apparent
that with diﬀerent solvents and processing conditions diﬀerent
P3HT morphologies can be achieved and that the Mw has an
eﬀect on the wire morphology. However, since we observed that
SEC generally overestimate Mw with a factor of 3–6 for this
material, it is hard to compare these data. Brinkmann et al.40
identied the existence of amorphous interlamellar zones in
P3HT thin lms grown by directional epitaxial solidication.
This indicates that in the 25 nm wide P3HT nanowires amorphous and disordered regions will exist and aﬀect the charge
transport through this phase.
The 7, 10 and 16 days samples are all dispersions that
showed the same features in the images. These three dispersions are represented here as the 16 days image. This indicates
also that the structures in the dispersions are stable for at least a
week. High resolution cryo-TEM images of various stages are
provided as ESI† and indicate a highly anisotropic growth of the
nanowires.
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Radial integration of the LDED patterns (Fig. 1d) revealed
that the P3HT developing nanostructures show increasing
crystallinity, ultimately displaying a strong (020) reection
associated with the d ¼ 0.39 nm (q ¼ 16.1 nm1) spacing of the
p–p stacking of the thiophene rings. In addition, the nal
nanowires show two weaker reections at d ¼ 0.54 nm (q ¼
11.6 nm1) and d ¼ 0.35 nm (q ¼ 17.8 nm1) corresponding to
the (300) and (012) planes, respectively. These numbers agree
well with the recently reported monoclinic 3D crystal structure
of P3HT, derived from X-ray diﬀraction, with lattice constants
a ¼ 1.64 nm, b ¼ 0.76 nm, c ¼ 0.77 nm and g ¼ 87 .41,42 In the
intermediate state and in the dispersion, an additional diﬀuse
band at d ¼ 0.46 nm (q ¼ 13.6 nm1) is observed, that has been
attributed to densely and homogeneously distributed nanocrystalline PCBM.43 This indicates that although the crystallinity
of P3HT increases dramatically in time, PCBM (diﬀuse band at
d ¼ 0.46 nm) remains in a constant nanocrystalline state. On a
timescale of weeks the nanocrystalline PCBM remains stable in
solution. We did not observe that PCBM acted as a nucleation
site for P3HT, although this can never be completely excluded.
However, we did observe that the presence of PCBM slows down
the crystallization of P3HT (see ESI†).
The structural organization along the (100) direction was
also observed directly from the 1.7 nm repeat of lamellar
stacks in high resolution cryo-TEM images (Fig. 1e). The lamella
are made from the p–p stacked conjugated backbones of the
P3HT. These lamella are held together by the aliphatic interactions between the hexyl side chains of the P3HT. The alternating higher electron density regions of the p–p stacked
conjugated backbones and lower electron density regions of the
hexyl side chains, which scatter the electrons weaker, shows up
as a repeat pattern, which can also be seen from the integrated
intensity prole. The HR cryo-TEM images show wires from the
side view. A height of the nanowire of 10–20 nm can be estimated from this data.
The crystallization of the nanowires was also observed in the
UV-vis absorption spectra (Fig. 1f). A single broad peak at lmax ¼
445 nm is split with evolution of the nanostructures into two
maxima at 570 nm and 612 nm. This can be attributed to an
increase in conjugation length of the polymer, and an increase
in interchain coupling, both resulting from the aggregation of
P3HT in solution.44 Since P3HT can easily form a physical gel
the UV-vis spectrum alone does not provide suﬃcient evidence
for the existence of the nanowires in solution. Gels from P3HT
casting solutions also have been shown to have some degree of
ordering though they do not correspond to the dispersion as we
acquired here.45 In this case cryo-TEM and LDED visualize and
provide solid evidence for the growth of P3HT nanowires and
the nanocrystalline PCBM in solution.
More details on the crystallization mechanism observed in
cryo-TEM can be found in the ESI (Fig. S2†).

Photoactive layer morphology
By spin coating the initial solutions, intermediate state solutions and dispersions (aged for diﬀerent periods) polymer solar
cells were prepared with comparable photoactive layer
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thickness (120  10 nm). Our idea is to incorporate the structure in solution directly into the device morphology, for a better
understanding of the function of these nanostructures in a
functional device. To prevent additional structure formation
during processing the drying time during processing was kept
as short as possible.
As shown in Fig. 2a–c, a structure evolution in the photoactive layers, similar as observed in the solutions. Note that
the nanocrystalline PCBM in the photoactive layer is a
stronger scatterer than the P3HT, hence the contrast is
inversed, compared to the cryo-TEM images. The P3HT is
light and the PCBM is dark. In the devices processed from the
initial solution (Fig. 2a) only small, ber-like structures of
P3HT are visible, which have most likely been formed during
processing, since we do not observe them in cryo-TEM. They
do not have a preferential orientation and are usually curved.
In the photoactive layers processed from the intermediate
state dispersions, depicted in Fig. 2b, the same phase segregation is observed as in solution. This is manifested as lighter
regions, which are P3HT-rich and darker regions, which are
PCBM-rich. In addition white thin P3HT bers can be abundantly seen similar to the nuclei, observed in cryo-TEM. These
bers are not signicantly diﬀerent from the ones in Fig. 2a,
although they originated from the processing and the ones in
Fig. 2b from nucleation in solution and partly from processing. The devices prepared from the aged dispersions showed
the same nanowires of ca. 25 nm wide and >1 mm long as we

Journal of Materials Chemistry A

observe in the cryo-TEM images (Fig. 2c). In contrast with the
former ber-like structures, these nanowires are rigid and
their lamella lie consistently parallel to the substrate, which
can be deducted from the constant 25 nm width of the
nanowires as well as from the absence of the (100) reections
in the LDED patterns. Because most of the polymer phase is
incorporated in the nanowires, there is no signicant change
in structure during processing.
The radially averaged LDED pattern in Fig. 2d demonstrated,
that aging of the solutions leads to an increased crystallinity of
the P3HT in the corresponding devices as the P3HT-peak at d ¼
0.39 nm (q ¼ 16.1 nm1) becomes sharp and high as compared
to the PCBM-peak at d ¼ 0.46 nm (q ¼ 13.6 nm1). The same
state of PCBM is observed in all the photoactive layers. Because
the LDED pattern in Fig. 1d of the solution did not show the
same nanocrystalline PCBM peak, the nanocrystalline PCBM in
this case must have grown fast during the deposition process.
Comparing Fig. 1d and 2d, nanocrystalline, PCBM can grow
either during processing or in solution and signicantly faster
than the P3HT.
The increased crystallinity of P3HT was conrmed by the
appearance of a strong (100) reection at d ¼ 1.7 nm (q ¼ 3.7
nm1) and the higher order reections in the wide angle X-ray
(WAX) diﬀractograms (Fig. 2e) of the lms, as well as by the UVvis absorption spectrum of the photoactive layers which showed
an increasing red shi with increasing aging time of the used
solutions (Fig. 2f).

(a–c) TEM images of photoactive layers of the solution, intermediate state and dispersion device, respectively. The P3HT is light and PCBM
dark. The insets are the LDED patterns corresponding to the images. (d) Radially integrated LDED patterns. (e) WAX diﬀraction patterns of the
photoactive layers. (f) UV-vis absorption spectra of the photoactive layers. Please note that the ﬁnal PCBM has a higher density than P3HT, so that
the contrast is inverted and P3HT will show up as lighter areas. In contrast the cryoTEM images show P3HT as dark areas against a background of
vitriﬁed solution of PCBM in toluene.

Fig. 2

This journal is © The Royal Society of Chemistry 2015
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With respect to the most stable form of P3HT, Prosa et al.46
stated in 1996 that it is not clear which form, I (non-interdigitized
side chains) or II (interdigitized side chains), is the most stable
one. Rahimi et al.47 mention that phase II P3HT is the most stable.
However, several papers report that phase I P3HT is the most
common one.47,48 Upon heating, form II irreversibly transforms
into form I.48,49 Finally, Poelking et al.49 provide evidence that
phase I is the thermodynamically stable form. This seems to
indicate that, even if side chain melting were to happen, phase I
P3HT, which we observe here, is the most stable form.
It is clear that these structures formed in solution had a large
impact on the morphology of the photoactive layers. Our visual
data proves that if nanostructures from a pre-crystallized
dispersion are fully developed, tuning of the morphology of
devices, independent of the way they are processed and without
having to use post-treatments, is possible.

Device performance
The average photovoltaic performance of >12 of these devices was
analyzed and the device statistics are shown in Fig. 3 and Table 1.
Most notably, by increasing the aging time from 0 to 16 days, the
short circuit current (Jsc) increased by a factor of more than 2,
from 3.0  0.4 to 6.8  0.3 mA cm2. This increase indicates that
the device processed from the aged, pre-crystallized dispersion
provides more eﬃcient pathways to extract the charges as
compared to the device processed from the initial solution.
However, during the crystallization process the open circuit
voltage Voc decreased from 0.62  0.03 to 0.51  0.01 V due to a
lowering of the P3HT band gap. This is completely consistent with
the observation that the energy of the charge transfer state can be
signicantly lowered for blends with a high crystalline P3HT wire
content.50 The ll factor FF did not show signicant improvements giving average values ranging from 0.43 to 0.52. Normally
for annealed solar cells, better charge transport properties, due to
more phase separation and crystallinity, lead to better ll factors.
As a test we annealed some solution cells at 120  C for 10 min and
dispersion cells at 80  C and we observe an improvement of the FF
and the Jsc. When annealing the dispersion device at 120  C, the
performance drops dramatically, most likely because the crystallinity is lost and the phase separation becomes too coarse. For the
present non-annealed devices, shunts and charge traps are
probably the cause for the relatively low ll factors.51
The three contributions combined lead to a net gain in
performance of 100% from 0.8 to 1.7% power conversion eﬃciency (PCE).
By blending in additional amorphous polymer and using a
combination of structure and morphology formation during
processing, and using other casting solvents very promising
higher eﬃciencies (>3%) can be achieved.23,24 However, our aim
here was to transfer the structure in the solution in a reproducible
way to the device, to understand the function of the nanostructures, which were observed in solution, and to realize an ink
containing building blocks for the morphology, rather than realizing optimized devices. The signicant trend in Voc and Jsc is a
consequence of the change in the structures in the dispersions
and eventually in the photoactive layer morphologies.

5036 | J. Mater. Chem. A, 2015, 3, 5031–5040

Fig. 3 (a) Average Voc and Jsc. (b) PCE and FF of devices at diﬀerent
points in time. The error bars correspond to a 95% conﬁdence interval.
(c) Typical JV-curves dark (dashed line) and under 1 sun (solid line) for
the three diﬀerent morphologies presented.

The increase in photocurrent in the devices, the formation of
a crystalline network and the decrease of the series resistance of
the devices, as can be deduced from the JV curves in the rst
quadrant, are proof that the conductivity increases. The
increased conductivity of crystalline P3HT is indicated in
several papers, see, e.g., ref. 52 and 53.

Percolating network
To establish a connection between the morphology and the
device performance it is important to understand the origin of
the contrast between P3HT and PCBM. To provide experimental
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Table 1 Device statistics collected as a function of crystallization time in solution. The notation a  b corresponds to the average value and the
95% conﬁdence interval

Aging (days)

Voc (V)

Jsc (mA cm2)

FF

0
0 annealed (120  C, 100 )
1
7
10
16
16 annealed (80  C, 100 )

0.62  0.03
0.54  0.02
0.56  0.01
0.53  0.02
0.53  0.01
0.50  0.01
0.49  0.01

3.0 
6.7 
4.7 
6.3 
6.2 
6.8 
6.9 

0.45
0.56
0.52
0.43
0.43
0.49
0.53

0.4
0.6
0.4
0.5
0.3
0.3
0.2

proof for the existence of contrast between amorphous P3HT
and PCBM, a model system was made by microtoming a bilayer
of P3HT and PCBM yielding a layer of P3HT and PCBM side-byside of 100 nm. These layers were imaged with BFTEM at
underfocus values of 0, 5, 10, 15 mm as shown in Fig. 4. In
regions close to each other but in the diﬀerent phases, indicated
by yellow boxes, intensities are collected and depicted in the
histograms next to the micrographs. The histogram for the 0 mm
defocus image clearly shows separated distributions for amorphous P3HT and PCBM indicating amplitude contrast. This
originates from the density diﬀerence between these two
materials. Using larger underfocus values, the P3HT phase
becomes more grainy in the image and the intensity distribution of P3HT overlaps more with the one of PCBM. At 10 mm
underfocus there is some overlap, but still a signicant diﬀerence exists between the two distributions. Increasing the
underfocus value will also increase the contrast between the
crystalline P3HT nanowires and the amorphous structure. By
measuring at intermediate defocus values, suﬃcient contrast
between the PCBM and (amorphous) P3HT phase can be
obtained. This, in combination with electron tomography on
devices, provides valuable information on the morphology.
Another option is to use energy ltered TEM to enhance the
contrast between P3HT and PCBM as reported here.33,54
To explain the device performance increase in more detail,
electron tomography (ET) was performed on three representative devices prepared from a fresh solution (0 days), an intermediate state (1 day) and a nal dispersion (16 days). From the
3D reconstructions the phase separation in the three devices
becomes clearly visible aer segmentation (Fig. 5 le). Orthoslices through the reconstructions of the photoactive layers
were taken near the Al/LiF electrode, the middle of the device,
and near the PEDOT : PSS interface (Fig. 5 right). All three
reconstructions show a homogeneous distribution of nanostructures of P3HT along the z-height direction. Because we
used a fast evaporating solvent and spin coating, the nanostructures did not reorder or interdiﬀuse, but just spread
homogeneously during the drying of the lm. It was reported in
some instances, that a P3HT : PCBM gradient was present in
the photoactive layer of annealed devices.31 This could imply
that before annealing there is enrichment of PCBM at the
cathode. However, our electron tomograms do not show any
form of material gradient and the JV-curves (Fig. 3c) do not show
an S-shape which is typical for the presence of a blocking layer.43
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 0.05
 0.05
 0.06
 0.04
 0.02
 0.03
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PCE (%)

# devices

0.8  0.3
2.0  0.5
1.4  0.3
1.5  0.2
1.4  0.1
1.7  0.2
1.9  0.1

32
16
12
23
19
24
8

Fig. 4 (Left) TEM image of a microtomed section of an amorphous
P3HT : PCBM bilayer at diﬀerent defocus values. Defocus equals 0, 5,
10, 15 mm from top to bottom. (Right) Histograms corresponding to the
intensities acquired from the yellow integration boxes on the left. Each
integration box spans an area of 2500 pixels. The larger the defocus
value the more the intensity distributions overlap.

In line with the projection images in Fig. 2 we observe ne berlike P3HT structures throughout the device prepared from the
fresh solution. In the device prepared from the intermediate
state dispersion these structures become more abundant and
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Fig. 5 (Left) A 3D model of the dispersion device. Inside the black box the yellow phase is P3HT while the transparent phase is PCBM. (Right)
Slices from the tomographic reconstruction at diﬀerent locations in the devices.

slightly wider, while in the device prepared from the aged
dispersion the crystalline nanowires have developed even
further and P3HT and PCBM are more phase separated.
The increase in current density must be related to the presence of the broad nanowires which form larger and more phase
separated domains in the percolating network throughout the
volume of photoactive layer. These larger domains have been
reported to signicantly reduce the recombination of charges
and so improving the charge transport.55 Further, the crystalline
nature of the nanowires and the formation of a crystalline
network are also benecial for the charge percolation,42 i.e.
better hole transporting through the P3HT phase. Moreover, it
has recently been shown that the resistance of the bridging
points between two wires is signicantly lower than the bulk
resistance of a single wire,52 which means that the connection
between two wires is not a bottleneck for charge transport.
Consequently a close-packed web of wires with this particular
morphology increases the current density with increasing aging
time of the casting solution. In summary the phase separation
introduced by the crystalline network is benecial for the device
performance.
The above conclusion is based on the trend presented in this
study. Normally solar cells are made by using slow evaporating
solvents and applying annealing to induce phase separation or
using new high-performance absorbers with markedly less
diﬀraction strength than P3HT, resulting in much better performing devices. However, when comparing these dispersion
born solar cells to the much better performing conventional
solar cells, made by deposition and annealing, the general
applicability of the above conclusion needs some elaboration.
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The presence of the crystalline nanowires has an eﬀect on the
morphology and the crystallinity. The morphology improvement – clearly visualized in this study – has a much greater
impact than the crystallinity. The crystallinity is mildly benecial because it increases the hole mobility, but on the other
hand also signicantly decreases Voc. Crystalline nanowires are
benecial because the phase separation they induce, but in
many cases more amorphous morphologies have also good
percolating properties.56 However, the idea of a fast deposition
of morphology created in a non-halogenated organic solvent
has the possibility of decreasing the cost of printing organic
solar cells without having to use cumbersome post-treatments
or drying in a controlled atmosphere. In this respect the
procedure could be useful for more cost-eﬀective production of
organic solar cells.
In addition, as the exciton diﬀusion length (the average
distance excitons can diﬀuse through a phase before recombining) in P3HT is around 8.5 nm,57 the domain size of the
crystalline network 25 nm is narrow enough to allow most
excitons to reach the interface before recombination and at the
same time wide enough to sweep out the formed charges eﬃciently. The 25 nm phase separation has slightly larger dimensions than the 10 nm phase separation that exciton diﬀusion
needs. The latter number, however, is not a hard gure but
rather a balance between good charge transport properties and
limited exciton recombination losses. Hence, although recombination losses are increased, the improved current seems to
dominate the greatly improved charge transport properties. It
would be interesting to see what the perfect balance between
exciton diﬀusion and charge transport is, how crystallinity
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aﬀects exciton diﬀusion and which role delocalization of the
electron wavefunctions play. These points still need to be
investigated.
The connectivity of the phases in the z-height direction is
most strongly related to the charge percolation. Oen this is
extrapolated from TEM projection images or AFM surface plots,
but in our case 3D information is provided to clearly show the
bulk morphology of the photoactive layer. The reconstructions
reveal the nanostructures more clearly compared to the TEM
projection image or AFM surface plots, they are homogeneously
distributed and form a percolating network and provide an
opportunity to do more quantitative analysis to understand how
device performance and morphology are related in functional
devices.

Conclusions
We have allowed a solution of P3HT : PCBM in toluene to
crystallize prior to organic solar cell production. This process
was studied for the rst time with cryo-TEM – not commonly
used for organic solvents – in combination with LDED. Our
unique analysis using 2D and 3D TEM and cryo-TEM shows that
nanowires with increasing crystallinity form upon aging and
that these structures can be preserved during processing. We
clearly show that apart from the contrast of the nanowires, there
is amplitude contrast between amorphous P3HT and PCBM,
which supports our claims about the morphology. The nanostructures were homogeneously distributed throughout the
devices. We provided clear evidence for the decoupling of the
structure and morphology formation, e.g. no signicant additional structure formation happens during processing. Intrinsic
to the crystalline structures, there is a small decrease in open
circuit voltage. In contrast, the evolution in morphology from
very intermixed with a few brillar structures to a phase-separated network with large polymer crystals leads to a signicant
increase in photocurrent.
Understanding the role of morphological variations will be
key to the eﬃcient large scale production of polymer solar cells
and also opens the road to create more innovative designs for
the internal structure of such devices. We demonstrate here that
following the structure formation from the solution to the
device provides valuable structural information of the materials
in solution and in the devices, furthermore this structural study
provides valuable information for the application of printing
technology for organic solar cells. As the wires studied here
seem to be the most stable form of P3HT, their application as
preformed structures will prevent signicant morphological
changes that could aﬀect the long-time performance of many
device structures.
Previous cryogenic electron microscopy studies58,59 have
revealed already some insight in photo-voltaic structures. In
this paper, the relation between starting dispersions and the
resulting photo-voltaic structures is elucidated as an example of
how cryo-electron tomography can help to understand the
connection between structures in solution and the resulting
solid state morphology.
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