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(DCVAT). The crystal structure differs from the known single crystal structure of the same compound, but

resembles the molecular packing of a methylated DCVAT. Charge transport simulations on the molecular
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www.rsc.org/advances solar cells.

I. Introduction

The efficiency of organic solar cells has seen an impressive
increase in recent years,"” reaching values of 12%.’
Improvements stem from enhanced light absorption, better
adjusted transport and excited state energy levels, and tuned
(by appropriate substitutions and processing) donor-acceptor
phase separation.*”

In spite of these improvements, the field still lacks clear
structure-property relations or, in other words, links between
the chemical structure of the donor/acceptor and the device
efficiency. To formulate such relationships, a better under-
standing of the molecular arrangement is required, especially
in thin films and at donor-acceptor interfaces, since elemen-
tary processes such as exciton diffusion and splitting,®*°
charge-carrier transport and extraction''™® are all very
sensitive to electronic couplings and the shape of the
electrostatic potential,>®>*> which intimately depends on
positions and orientations of the molecules.

Neutron scattering,” solid-state nuclear magnetic reso-
nance,**2® transmission electron microscopy (TEM)*’ and
X-ray diffraction®®* are by now routinely used to gain insight
into the local and global molecular packing. These experi-
ments, however, are often performed on single crystals, in
spite of the fact that the molecular ordering in a bulk crystal
and in a thin film (used in a device) might not be identical.
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level show that the 2 dimensional thin-film charge-transport network is well suited for hole transport in

Macroscopic properties of organic materials, e. g. charge
mobility, are known to sensitively depend on such order-
ing.'®' Thus, unveiling thin film molecular packing is
imperative for understanding a connection between the device
performance, molecular arrangement, and the underlying
chemical structures.

In this work, we study molecular packing of dicyanovinyl
end-capped quaterthiophene (DCVAT), a prototypical donor
material for small-molecule solar cells,®”*
structure of which is depicted in Fig. 1. We find that the new
thin-film and the single crystal structures are different and
that the thin-film structure resembles that of a single crystal of
the methylated compound® (DCV4T-Me, Fig. 1). We then
perform charge transport simulations on the molecular level
with different molecular arrangements and demonstrate the
impact of molecular packing on hole mobilities and solar cell
efficiencies.

the molecular

DCV4T

DCV4T-Me

Fig. 1 Chemical structures of DCV4T and DCV4T-Me.
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Il. Methods

Experimental

DCVAT was purified by one vacuum sublimation and the same
batch was used for all studies.”® 50 nm thin films were
prepared by thermally evaporating the powder in a vacuum
chamber (pressure <10~ ® mbar) and depositing the material
on a cleaned glass substrate at room temperature. The
deposition rate of 0.2 A s~' was controlled by an oscillating
quartz monitor.

Thin film XRD measurements have been carried out under
asymmetric grazing incidence conditions (GIXRD) on a Bruker
D8 Discover with 10 s sampling time per step.>® Powder XRD
measurements have been performed on an URD-6 powder
diffractometer (Seifert FPM, Germany) in Bragg-Brentano
geometry using Cu-Ka radiation and a scintillation detector.
A 20-zero shift correction has been done with mica powder
(NIST standard reference material 675). The sampling time
was 60 s per step. An intensive mortaring of the powder in
ethanol (between the measurements) and spinning (during the
measurement) were used in order to reduce the influence of
the (needle-like®*) powder texture. The intensities of Bragg
reflections did not change after the third mortaring and these
measurements were used for the structural analysis.

Unit cell reconstruction

The algorithm used to reconstruct the unit cell from the
powder diffraction data is described in ref. 29. Without going
into details, it is based on matching the pair distribution
functions (PDF). PDF is the real space pendant of the
diffraction pattern, or a correlation function which quantifies
deviations from the mean density on short scales (nan-
ometers). As such, it is a measure of the distribution of
atomic distances in the sample. The reference PDF is
calculated from the measured powder diffraction pattern®®®
by Fourier-transforming the nomalized scattering intensity.
Using the reference PDF and the geometry of a single molecule
(which is treated as a rigid body and was obtained from single
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crystal data®?), the algorithm refines the unit cell and atomic
coordinates until the best match of the PDF is achieved.
Symmetry operations are not included in the algorithm, and
therefore the reconstructed unit cell is given in the space
group P1. The final unit cell is additionally refined using the
Rietveld analysis.

Charge transport simulations

Charge transport simulations are performed using the
different molecular arrangements of DCVA4T. First, atomistic
molecular dynamics simulations of a crystal super-cell of 2880
molecules have been carried out,®” which introduces thermal
disorder in the model. After this, charge hopping rates
between neighboring molecules are evaluated using the
high-temperature limit of the Marcus theory.*®*° Finally the
master equation for a diffusing charge carrier in a box with
periodic boundary conditions was solved using the kinetic
Monte Carlo algorithm.*® All first principles calculations were
performed with the GAUSSIAN*" package, molecular dynamics
simulations with the GROMACS** package, polarized site
energy calculations using the Thole model*® as implemented
in TINKER,* and charge transport simulations with the
VOTCA*® package.

Ill. Results

The DCVAT thin film GIXRD pattern, shown in Fig. 2, has one
strong Bragg reflection at 20 = 12.80° (d = 6.917 A) and several
weaker ones (not shown) at 20 = 26.03° and 29.03° (d = 3.42 A
and 3.08 A, respectively) which indicates a high crystallinity
and a preferred orientation of crystallites in the layer. The
broadness of Bragg reflections is due to the small film
thickness of about 50 nm and the resulting small crystallite
sizes. Note that diffuse scattering from disordered or
amorphous materials is not visible.*

The Bragg reflections of the powder XRD pattern, also
shown in Fig. 2 and Fig. 4, are much sharper due to larger
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Fig. 2 XRD patterns of the DCVA4T single crystal and powder, as well as the GIXRD thin film pattern in (a). (b) shows the powder and single crystal patterns with the
powder pattern scaled by a factor of 50. Broadening and superposition of the two powder Bragg reections is depicted by a dashed line.
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Fig. 3 PDFs of the DCV4T powder measurement in comparison to the PDF of the best fit structure model in (a), and the PDF of the Rietveld-refined structure model
followed by a second PDF-fit in (b). The fitting is performed for r < 30 A but a reasonable agreement is achieved also for larger distances.

crystallite sizes of around 85 nm, as estimated from the
Scherrer equation. The position of one of the most intense
reflections of the powder agree well with the position of the
visible reflection of the thin film. A superposition of the two
Gaussian-broadened powder reflections at 260 = 12.66° and
13.25° matches the dominant reflection of the thin film
(Fig. 2). The size of the thin film crystallites of 11.5 nm can be
estimated from this broadening. Note that grazing incidence
measurement conditions also result in peak broadening,
hence this is only a rough (lower limit) estimate of crystallite
sizes.

We should also mention that only one Bragg reflection of
GIXRD measurements can be used for comparison with the
powder data. 2D-GIWAXS (grazing incidence wide angle X-ray
scattering) data are more suitable to obtain structure
information from thin films due to the additional in-plane
information.”® The 2D-GIWAXS data of DCV4T:C60 layers*®
shows a Bragg reflection at 20 = 12.82° in the out-of-plane
direction, which is practically identical to the strong 1D GIXRD
reflection. Another strong Bragg reflection at 20 = 26.03° in the
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Fig. 4 XRD patterns of the DCVAT powder as measured, modeled using the PDF-
fit procedure only, or combined PDF-fit and the Rietveld-refinement. The weight
distribution is 98 wt.% and 2 wt.% for the DCVAT thin film and single crystal
phases, respectively. The reference Bragg reflections of the DCVAT thin film and
single crystal are also shown.
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in-plane direction is not accessible to the 1D GIXRD measure-
ments. Hence, both most intensive Bragg reflections of DCVAT
can be found with low intensity in the powder (Fig. 4) as well
as in the thin film samples (Fig. 2 and in ref. 46) at the same
positions. We therefore conclude that the powder and the thin
film have the same crystallographic phase and molecular
packing.

At the same time, the DCVAT single crystal diffraction
pattern obtained from simulations is different from the
measured powder and thin film patterns (Fig. 2a). The first
two Bragg reflections of the single crystal phase can still be
found in the powder pattern (see Fig. 2b), and the strong
reflection (or superposition of two reflections) of the thin film
pattern does not match the single crystal data. Thus, the
powder consists of at least two different crystallographic
phases, with the single crystal phase being the minor phase. In
order to reconstruct the crystal structure of the thin film, a pair
distribution function (PDF) of the powder diffraction pattern is
inverted as described in section II. The PDFs of the converged
structure and the measured powder PDF are shown in Fig. 3b
and the obtained unit cell parameters are listed in Table 1.*”
Note that there are several reason why the two PDFs do not
perfectly agree. First, the PDF analysis optimizes the structure
model according to a powder measurement which, however, is
a mixture of two phases. Even though the amount of the minor
phase (single crystal structure) is small, it still influences the

Table 1 Lattice parameters for the DCVAT thin film obtained using PDF-Fit
before and after Rietveld fitting, as well as parameters for the DCVAT single
crystal

PDF-Fit Rietveld  Single crystal®®  DCV4T-Me
a () 7.98(5) 7.64(9) 3.8295(8) 7.3763(9)
b (A) 8.75(6) 8.61(7) 27.695(6) 8.8598(10)
c(A) 18.66(14)  17.3(2) 22.663(5) 10.3120(12)
o (9) 90.6(3) 90.5(3) 90.00 103.718(3)
B () 67.7(6) 67.4(1.5)  91.68(3) 109.276(4)
7 () 99.8(4) 97.6(5) 90.00 91.233(4)
Z 2 2 4 1
Vv (A% 1184.76 1038.87 2402.56 614.318
Symmetry  P1 P1 P24/n P—-1
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quality of the fit. Second, XRD powder measurements are
affected by the texture, even though we have tried to minimize
its effect by mortaring. Finally, the algorithm is treating
molecules as rigid bodies, i.e. neglects local disorder related to
thermal fluctuations.

While the PDF provides direct information about the short
range order of the molecular arrangement, the Bragg reflec-
tions in the diffraction pattern are linked to the periodicity of
the crystalline structure and thereby provide information
about the lattice parameters of the unit cell. Both ways of
analyzing the data (in real or in reciprocal space) must lead to
the same molecular arrangement. Here, the Rietveld techni-
que*® was used to further refine lattice parameters (hence,
a,b,c,a,p,y of the unit cell). The advantage of this technique is
that it accounts for the influence of the texture and two phases
in the film. The new thin film and the single crystal phases
have been used together as initial phases for the Rietveld
refinement. The refinement did not modify the atomic
coordinates. Spherical harmonics were used to account for
the influence of texture.

The results of the Rietveld analysis are shown in Fig. 4 and
the modified lattice parameters are listed in Table 1. The
analysis predicts the weight content of 98 wt.% for the DCVAT
thin film and 2 wt.% for the single crystal phase in the powder.
The model reached an agreement weighted profile factor of
Rup = 12.0%." Finally, the Rietveld-refined thin film structure
was again optimized using the PDF-fitting software. Now, the
lattice parameters were constrained while positions and
orientations of the DCVAT molecules in the (fixed) unit cell
were allowed to change (Fig. 3 (b)). The molecular packing of
this thin film structure is visualized in Fig. 5 (middle row). A
pdb file of the new DCVAT thin film structure is available in
the supplementary informationt.

IV. Discussion and conclusions

Before discussing the implications of the different crystal
structures on solar cell functionality, we compare the
molecular arrangements of two similar compounds, DCVAT
in the thin film structure and the structure of DCV4T-Me.
Both are shown in Fig. 5 (middle and right), and are
remarkably similar. The DCV4T-Me single crystal structure is
likely to be identical to its thin film structure.® Hence, both
compounds have similar packing in a thin film, i.e. in a solar
cell device. The high similarity of the molecular packing of
these both compounds, which have an almost identical
molecular structure, can be seen as a proof of correctness of
the DCVAT thin film structure.

The characteristic of an organic thin film solar cell depends
on many different factors. One important issue is the charge
carrier mobility towards the electrodes. Thus, it is important to
have efficient charge carrier transport perpendicular to the
electrodes. Since the GIXRD diffraction data provides the
information about the molecular ordering perpendicular to
the substrate, it is automatically linked to the crystal
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orientation relevant for the charge carrier transport in a solar
cell.’® In our case it is the 100 direction (a-axis of DCVA4T thin
film phase, see Fig. 5 (c)) or a superposition of the two Bragg
reflections, 100 and 102. The pathway of the charge to the
electrodes (within the crystalline regions of DCVA4T) is the
same for the neat layers than for blend layers with C60. That is
why, the same Bragg reflection of DCVAT appears in neat layer
DCVAT and in heated DCV4T:C60 blends in the out of plane
direction.

In fact, the same situation is also observed in DCV4T-Me.
Here, the 20-angle position of the Bragg reflection of a DCVAT-
Me neat layer is identical to the position of DCVAT-Me Bragg
reflection in a blend with Cg, (evaporated on a heated
substrate).® This thin film reflection can be identified with
the single crystal reflection 010 (b-axis of DCV4T-Me phase,
see Fig. 5 (c)) or a superposition of 010 and 011. Calculated
charge carrier mobilities for these crystal directions are listed
in Table 2, indicating that DCV4T-Me has a slightly higher
hole mobility than DCVA4T in the direction perpendicular to
the electrodes. Comparing the molecular orientation of DCVAT
(along a-axis) and DCVAT-Me (along b-axis) shows a similar
molecular stacking of both molecule types on the surface of
the substrate, in Fig. 5 (c).

Another important observation can be made by comparing
charge transport in the single crystal phase and the thin film
phase of DCVAT. The crystal structure of the DCVAT single
crystal has a distinct direction with strong electronic cou-
plings.”” Counterintuitively, this topology of the charge
transporting network is not beneficial: strong electronic
couplings in one direction tend to suppress couplings in the
other directions and, when combined with the substantial
energetic disorder, are prone to charge trapping and hence low
mobilities. Contrary, the topology of the charge transporting
network in DCV4AT-Me is more diverse and less affected by the
energetic disorder. Since our results indicate that the crystal
structure of the DCVA4T thin film is similar to the single crystal
structure of DCV4T-Me, one might expect that the charge
carrier mobility of DCVAT is higher in the thin film structure
than in the single crystal structure.

To confirm this, the transporting networks of DCVAT in a
single crystal and a thin film phase, as well as DCV4AT-Me
crystal are shown in Fig. 5. One can see that the DCV4T-Me
and DCV4T thin film networks are similar, with less
pronounced one-dimensional character as compared to the
DCVAT single crystal structure. This has an immediate
implication on charge mobility: the simulated mobility of
the DCVAT thin film phase (maximum value of 2.9 x 10~ > ¢cm”
Vv~ 's7") is more than an order of magnitude higher than that
of the DCVA4T single crystal (maximum value of 1.1 x 10 cm?®
V™' s71). Note, that the energetic disorder is the same for both
systems and the higher mobility is due to an advantageous
topology of the charge transporting network (electronic
coupling elements).

A detailed analysis of the small differences between the
DCVAT thin film structure and the DCVA4AT-Me structure
reveals a higher symmetry in case of the DCV4T-Me. The

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 (a—d) Unit cells of DCVAT (single crystal), DCVA4T (thin film) and DCV4T-Me (crystal). Orientations are chosen to emphasize similarity between the two structures
DCVAT (film) and DCV4T-Me (crystal). Note that the DCVA4T (film) unit cell has been reduced to one molecule (The DCVA4T thin film crystal structure contains two
molecules per unit cell with only very small deviations concerning the orientation of these. Therefore the reduction to one molecule per unit cell is in good
approximation possible.) (e) Charge transport networks of DCVAT and DCV4AT-Me single crystals as well as DCVAT thin film. Here, the centers of mass of the molecules
are shown as black spheres, while electronic couplings are shown as edges whose thickness is proportional to the logarithm of the average coupling elements. Colors
reflect distinct transport directions in a unit cell.
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Table 2 Simulated charge carrier mobilities for the indicated lattice directions of the DCVA4T thin film and DCV4T-Me single crystal structures. These crystal

orientations are relevant for charge transport in organic solar cells

DCVA4T thin film DCVA4T thin film DCV4AT-Me DCV4AT-Me
hkl 100 102 010 011
20 () 12.66 13.25 10.34 12.05
p(em?> v tsTh 1.6 x 1072 3.6 x 107° 8.7 x 1072 1.5 x 1072

DCV4AT-Me molecules in the upper row cover the two
molecules below each by half (see Fig. 5 (b) for DCVAT thin
film and DCV4T-Me). On the other hand, in the DCVAT thin
film structure, the upper molecule is only shifted by 33% (not
by 48% as in the case of DCV4T-Me, 50% would be completely
symmetrical). Thus, the DCVAT molecules don’t have such a
symmetrical covering like the DCV4T-Me. This symmetrical
covering, in case of DCV4T-Me, tends to be optimal for charge
carrier transport and results in the highest charge carrier
mobility (maximum value of 1.6 x 10~ ' ecm® V' s™"). The
increase of symmetry results in an increase of charge carrier
mobility, by adding new, easy accessable pathways for charge
carrier transport. Hence, a further improvement of the charge
carrier transport properties based on this structure (DCV4AT
thin film and DCV4T-Me) should not be expected by a slightly
rearrangement of the molecular packing. The almost optimal
arrangement with the highest symmetry is still achieved for
DCV4T-Me.

A direct comparison of simulation results to experimental
data is, however, not possible, due to lack of (orientation-
dependent) single crystal mobility measurements. OFET
mobilities of these compounds are available and are of the
order of 10™* em® V™!
much lower than those calculated here since OFET has
polycrystalline order. Nevertheless, DCV4T-Me has higher
mobility than DCV4T,® which is in agreement with simulation
results. Moreover, the DCV4T-based solar cell has efficiency of
1.5%, while the efficiency of the DCV4T-Me cell is 3.8%, which
correlates with the better hole mobility in DCV4T-Me.

To summarize, lattice parameters and molecular packing of
a thin vacuum-deposited film of DCVAT is determined by
inverting its X-ray powder diffraction pattern. We find that
crystal structures of the powder (major component) and the
thin film are identical but differ from the previously reported
single crystal structure of DCVAT. The identified thin film
packing is shown to be similar to the single crystal structure of
DCV4T-Me and is found to be beneficial for hole transport in
crystal directions relevant to thin-film small-molecule based
organic solar cells.

s 1.° The absolute values are of course
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