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ABSTRACT: Conjugated polymers and small molecules DTS(FBTTh,),

based on alternating electron-donating (D) and electron- N

accepting (A) building blocks have led to state-of-the-art  : s . o, % of added homocouplings

organic solar cell materials governing efficiencies beyond 10%. » 0

Unfortunately, the connection of D and A building blocks via (0%) 100% 0%

cross-coupling reactions does not always proceed as planned,

which can result in the generation of side products contain- Homocoupled

ing D-D or A-A homocoupling motifs. Previous studies have DTS(FBTTh) (100%)
272 (]

reported a reduced performance in polymer and small
molecule solar cells when such defect structures are present. =
A general consensus on the impact of homocouplings on ¥
device performance is, however, still lacking as is a profound
understanding of the underlying causes of the device deteri-

oration. For differentiating the combined effect of molecular weight and homocouplings in polymer solar cells, a systematic study
on a small molecule system (DTS(FBBTh,),) is presented. The impact of homocouplings on nanomorphology, thermal, and
electro-optical properties is investigated. It is demonstrated that small quantities of homocouplings (<10%) already lead to
suboptimal device performance, as this strongly impacts the molecular packing and electronic properties of the photoactive layer.
These results highlight the importance of material purity and pinpoint homocoupling defects as one of the most probable reasons
for batch-to-batch variations.

Current Density (mA.cm™)

1. INTRODUCTION organic photovoltaics (OPVs) has led to record efficiencies up to

. . . S 5,6
Semiconducting polymers and analogous small molecules offer an impressive 12% for single-junction cells.”” However, these top

vast potential toward organic electronic applications such as

photodetectors, transistors, and light-emitting diodes."™ Fur- Received: September 28, 2016
thermore, their tunable material properties render them excellent Revised:  November 30, 2016
candidates for solar cell applications. Wide research interest in Published: December 1, 2016
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results have been achieved with small lab-scale devices. Because
the applied device preparation methodology (i.e., usually spin-
coating) is not compatible with the production of large area solar
cells, translation to printing techniques such as spray coating and
roll-to-roll coating has to be made. For this purpose, material
availability on a reasonable scale (i.e., multigram to kilogram), in
high quality and with reproducible properties, is of crucial
importance and has yet to be achieved in the field. In recent years,
access to state-of-the-art materials has significantly improved due
to the start-up of some small- and medium-sized companies;
however, it often remains difficult to reproduce results, which has
been attributed to batch-to-batch variations in quality of the
active material, especially for semiconducting polymers. Besides
the effects of various end groups,””” bralnchin%,9 and the impact of
trace impurities of residual metal catalysts,'® it has been shown
that the molecular weight of semiconducting polymers and its
distribution have a strong effect on the electro-optical perfor-
mances of the corresponding electronic devices. Several studies
have revealed that removal of low molar mass components in
push—pull polymers is crucial toward optimization of device
performance and stability."'~"*

The state-of-the-art OPV materials are composed of
alternating electron-donating (D) and electron-accepting (A)
moieties (the “push—pull” design), aiming to reduce the band
gap and thereby increasing photon collection. This strategy has
the additional advantage that the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy levels can be tuned rather independently.
These low band gap polymers are typically prepared via
palladium catalyzed cross-coupling polycondensation reactions
(mostly Stille'®) between an aryl halide and an organometallic
monomer. Ideally, this synthesis procedure yields perfectly
alternating copolymers because the carbon-halide bond can only
react with an organometallic bond and vice versa.

However, the alternation of D and A units does not always
proceed as intended, as we recently demonstrated for a series of
commercial poly{[4,8-bis(2’-ethylhexyloxy)benzo[1,2-b:4,5-b']-
dithiophene-2,6-diyl]-alt-(3-fluoro-2-[ (2'-ethylhexyloxy)-
carbonyl]thieno[3,4-b]thiophene-4,6-diyl)} (PTB-7) batches."®
The presence of homocoupled products was observed within the
low molar mass parts of the (bimodal) polymer distributions,
supporting the report by Yu et al. that homocouplings can occur
and affect photovoltaic efficiency.'®'” The detrimental effect of
homocouplings on photovoltaic performance has also been
observed for other polymer systems.'®™>* Table S1 provides an
overview of a few previous studies that link photovoltaic
performance to the possible presence of homocouplings within
the polymer chain distribution. The data clearly illustrate the
difficulty in disentangling the influence of homocouplings from
molecular weight effects in polymer solar cells. It has to be
empbhasized that, for polymers, it is not straightforward to reveal
and quantify the presence of homocouplings. These issues limit
the suitability of polymers to systematically study the effect of
homocouplings on the optoelectronic properties and device
characteristics, especially because this side reaction can occur
unexpectedly. Previous work by Janssen et al. and Yu et al. has
shown that homocoupling can even occur under optimized
reaction conditions, forming up to 10% of the undesirable side
products."”"® In this context, small molecules can be very
interesting probes because they have a defined molecular
structure and, more importantly, they allow for a straightforward
structural characterization via NMR spectroscopy and mass
spectrometry.
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The push—pull design strategy has led to a drastic decrease of
the HOMO—LUMO gap of small molecules, which also results
in top OPV efficiencies exceeding 10%.%>*~*° Therefore, these
compounds are often presented as viable alternatives for polymer
donor materials in organic solar cells with the benefits of reduced
batch-to-batch variation and straightforward chemistry and purifi-
cation. Recent studies on different series of D—A solution-
processed small molecules also revealed for these materials the
importance of homocoupled side products and their pronounced
effect on photovoltaic performance.”””* Removal of the homo-
coupled products is, however, not as straightforward as often
thought or claimed, and several purification steps might be
needed to eradicate the unwanted structures.

To eliminate the molecular weight issue and identify the true
origin of their influence on device performance, a systematic
study of homocouplings in a solution processable small molecule
system is presented in this work. By combining morphological
characterization, thermal analysis, and advanced electro-optical
techniques, we demonstrate the pronounced eftect of homocou-
plings on the blend nanomorphology. To examine the electronic
structure of DTS(FBTTh,), and DTS(FBTTh,), home We pet-
formed density functional theory (DFT) calculations. The
molecular packing and electronic properties of the photoactive
layer are strongly altered upon addition of homocoupled com-
pounds, leading to a serious deterioration of device efficiency.
These results clearly demonstrate the importance of material
purity to reduce batch-to-batch variations.

2. RESULTS AND DISCUSSION

2.1. Synthesis and Characterization. For performing an
in-depth study on the impact of homocoupling on the
physicochemical material properties of molecular chromophores
and the corresponding device features, the small molecule
DTS(FBTTh,), was selected, as it is a high-performing OPV
material that has already been studied thoroughly in the
literature. If homocoupling would occur during the last (Stille
cross-coupling) synthesis step, a small molecule with two
adjacent central 4H-dithieno[3,2-b:2',3’-d]silole (DTS) units
would be generated. To allow a systematic study, we synthesized
this homocoupled small molecule (DTS(FBTTh,); homos
Figure 1) and mixed it with DTS(FBTTh,), in known quantities
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Figure 1. Chemical structures of DTS(FBTTh,), and DTS-
(FBTThZ)thomo'

(see Table 1 for the mixing ratios and the denotation of
the different samples). The synthesis protocol toward DTS-
(FBTTh,) homo i included in the Supporting Information (SI).
DTS(FBTTh,), was acquired from 1-Material.

The purity of both materials was verified by NMR spectros-
copy and mass spectrometry (see SI). The MALDI-TOF mass
spectrum of the commercial DTS(FBTTh,), sample reveals the
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Table 1. Overview of the Different Mixing Ratios of
DTS(FBTTh,),:DTS(FBTTh,); 1omo:PC;;BM and the
Sample Nomenclature Used Throughout This Study

fraction of

sample DTS(FBTTh,),:DTS(FBTTh,), 4ome:PC/BM  homocoupled
name mixing ratio product o™ (%)
yhomo 60:0:40 0

yhome 54:6:40 10

yhome 48:12:40 20

e 30:30:40 50

yhome 0:60:40 100

related to ordered regions within the active layer. However,
these do not significantly change when )(h""m < 20%. This is
confirmed by photoluminescence (PL) measurements of
DTS(EBTTh,),:DTS(EBTTh, ), me:PC7BM blend films on
glass (Figure S13), where a clear red-shift is observed with
increasing amount of homocoupled species. The PL spectra do
not reveal any significant difference in PL quenching between the
various samples, especially for "™ < 20%.

2.2. Photovoltaic Performance. The J—V curves and
photovoltaic parameters as a function of the mixing ratio of
DTS(FBTTh,), and DTS(FBTTh,), omo are shown in Figure 3.

presence of a small amount of DTS(FBTTh,), home (Figure SS.1).
However, from the analysis of the y!$™ sample (without
PC,;BM), it is clear that MALDI-TOF is particularly sensitive to
the presence of DTS(FBTTh,); home and this technique does
not allow quantification of the amount of impurities. Therefore,
detailed 'H NMR analysis was performed. It is shown that
the signals arising from DTS(FBTTh,),pome are substantially
smaller than the °C satellite signals of DTS(FBTTh,), (see SI).
Therefore, it can be concluded that only trace amounts (<0.5%)
of DTS(FBTTh,), jomo are present in this commercial batch of
DTS(EBTTh,)..

The optical properties of DTS(FBTTh, ),:DTS(FBTTh,), 1omo:PC; BM
blend films with different mixing ratios were investigated by
ultraviolet—visible (UV—vis) absorption spectroscopy (Figure 2).
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Figure 2. Optical absorption spectra of DTS(FBTTh,),:DTS-
(FBTTh,); homoe:PC71BM blend films with different mixing ratios.

The absorbance has been corrected for the layer thickness of the
samples. Several features can be distinguished when changing the
homocoupled fraction (™) from 0 to 100%: (1) the ratio of
the absorption peaks at 400 and 480 nm decreases upon
increasing the homocoupling concentration, (2) the ratio of
the two vibronic peaks between 600 and 700 nm changes
significantly for "™ > 20% and the peak positions red-shift for
yoome and (3) the absorption tail red-shifts with increasing yhome,
althou%h the difference between y 5™ and y1$™ is barely visible.
The y30™° sample shows a slightly more pronounced red shift,
but the other features do not vary much as compared to those
of yhom™. These results indicate that the presence of low
homocoupling concentrations (™™ < 20%) does not signifi-
cantly influence the overall optical properties. The change in the
vibronic peak ratio between 600 and 700 nm could be an

indication that the film morphology differs, as these peaks can be
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Figure 3. (a) Current density versus voltage plot for OPV devices
containing different concentrations of DTS(FBTTh,), ;oo ranging from
no homocouplings ("™ = 0%) to only homocouplings (yhome = 100%)
(see also Table S2). The optimal layer thickness varied between 90 and
110 nm depending on »"°™. (b) Photovoltaic parameters for OPV
devices containing different concentrations of DTS(FBTTh,), home-

The values are averaged over 12—16 devices. The numeric values
can be found in Table S2. The layer thickness for all devices
was optimized using the best performing solvent system for
DTS(FBTTh,), as found in the literature.”” The efficiency
obtained for DTS(FBTTh,),:PC,;BM is similar to reported
literature values.”” Addition of the homocoupled compound
leads to a reduction of the short-circuit current density (Jgc), fill
factor (FF), and open-circuit voltage (Vi ), which results in an
overall lowering of the power conversion efficiency (PCE). The
PCE already drops significantly for 5™, clearly demonstrating
suboptimal performance. The lowest value is reached for y55™
(suggesting a minimum around that composition), where the
efficiency is half of the value for y5°™. It is clear that, in contrast
to the optical properties, the photovoltaic performance is already
strongly influenced by the presence of low homocoupling con-

centrations. Sample y 2°™ was solely added to verify the observed
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trend in decreasing solar cell performance. In the remainder of
this study, the origin of the reduced performance is studied by

homo , homo , homo , homo homo

comparing ¥ "™, ¥10" s X201 Xs0 s and Yoo -
2.3. Origin of the Reduced Jsc and FF. 2.3.1. Relation to

Morphology. The photocurrent and FF depend strongly on the
morphological composition of the photoactive layer in bulk
heterojunction solar cells. It is known that the morphology of
binary bulk heterojunctions can comprise multiple phases.

A “three-phase” morphology is often mentioned as the preferred
condition to achieve optimal performance.’®™* These three
phases consist of pure aggregated (i) donor and (ii) fullerene
domains and (iii) mixed amorphous regions of the donor
material with fullerene. The aggregated regions of the pure
materials assist the extraction of charges generated in the mixed
regions. It has been suggested by several studies that a high
degree of intermixing of fullerene and polymer or small molecule
results in higher charge generation.33_35

Recently, Ade et al. demonstrated a direct quantitative
relationship between FF, Js, and the mo?hologlcal composition
of DTS(FBTTh,),:PC,;BM blend films.’® The outcome of their
study was that relatively small domains consisting of amor-
phous intermixed domains and pure aggregate phases (of
DTS(FBTTh,), and PC,BM) are essential for obtaining
optimal device performance. In this system, a small modification
in the morphological composition can thus already strongly
affect the device performance.

‘When homocouplings are present, the binary system becomes
an unintended ternary system, which may be comprised of multiple

phases, such as pure aggregated regions of DTS(FBTTh,),,
DTS(FBTTh,)shome and PC,BM and mixed amorphous
regions of both molecules with PC,;BM. Furthermore, the two
molecules might also interact in a specific ratio with each other.

For this reason, morphological examination of the ternary
system is performed via transmission electron microscopy (TEM),
grazing incidence wide-angle X-ray scattering (GIWAXS), and
rapid heat calorimetry (RHC). The TEM images are shown
in Figure 4. Fibrillar structures are V1s1b1e for the blend yhome
similar to those in the literature.”” Upon the addition of
DTS(FBTTh,), jome to the blend (¥55™° and y15™°), the fiber
width and length become smaller and their densities are altered.
Further increasing 7™ (y15™°) decreases the fiber size even
more, eventually resulting in a morphology with a much finer
scale for yhome,

The morphological differences for the studied samples with
DTS(FBTTh,),home 2ddition ranging from O to 20% are
rather subtle. Therefore, GIWAXS was used to gain a better
understanding of the molecular packing and film morphology
(see SI for GIWAXS setup). The 2D GIWAXS patterns of the
DTS(FBTTh,),:DTS(EBTTh,), 4one:PC,BM blends, meas-
ured at room temperature, can be found in Figure S.

The data clearly demonstrate that the presence of homocou-
plings strongly modifies the molecular packing motifs, driving the
molecules to qualitatively different morphologies. Owing to the
GIWAXS scattering geometry, the resolution is restricted, and it
is thus not possible to estimate the crystallite size based on these
data. Similarly, the absolute degree of crystallinity is difficult to

homo’

(e) qu

(C) Xhomo'(ZO%):

(100%)

Figure 4. Transmission electron microscopy images for "™ blend films. All images were recorded in bright field with an underfocus of —20 gim and

magnification of 30000X. The scalebar always represents 200 nm.
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Figure 5. Two-dimensional GIWAXS patterns for DTS-
(FBTTh,),:DTS(FBTTh;); homo:PC-1BM blends with increasing con-
centration of homocoupling. The patterns have been interpolated to
rectilinear and orthogonal ( Q. Q.) coordinates to correct for the
curvature of the Ewald sphere. This procedure reveals the missing wedge
of data near the Q, axis. The black arrows in (a) indicate the well-defined
scattering along an axis near Q.. The dotted line at Q,, % 0.7 AVin (e)
highlights the vertical Bragg-rod feature of increased scattering intensity,
tentatively attributed to lateral sliding of loosely ordered molecular
stacks.

05" 1.0

extract from GIWAXS data. The prowess of GIWAXS is to
provide insights into crystal structures and texture with respect to
the substrate.**™*°

The DTS(FBTTh,), and DTS(FBTTh,), ,omo molecules are
sufficiently bulky and disordered for the scattering patterns to
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resemble those found for many conjugated polymers. It is thus
tempting to refer to the three low-Q reflections as arising from a
rather well-defined lamellar stacking, which in conjugated
polymers corresponds to the molecular spacing warranted by,
for example, alkyl side chains. For a homocoupling concentration
of 0 and 10%, the scattering patterns exhibit a lamellar stacking
with a well-defined texture near the Q, (meridian) axis having
Q,=hx 027 A™" (h € 1..3), which can be accounted for by a
real space repetition distance of 23 A. This suggests that the
molecules are oriented with their long axis parallel to the
substrate and the side chains oriented parallel to the substrate
normal, as often observed for alkyl-substituted conjugated
polymers.***" For y5om°, the peak is shifted to Q = 0.29 A~
and becomes increasingly pronounced when further increasing
the homocoupling contribution to 100%. We note that the peak
actually splits at y%5™°, suggesting the presence of multiple
competing arrangements. There are also Debye—Scherrer rings
centeredat Q~ 1.3A™' (d=4.8A)and Q= 1.7A™' (d=3.7A).
The former ring has previously been assigned to amorphous
fullerene, and indeed, it is seen in the measurement series that
this ring is essentially isotropic.**

Interestingly, it appears that the intensity of the PC,;BM ring
increases with the homocoupling density, suggesting that the
more disordered DTS(FBTTh,),:DTS(FBTTh,), ,m, blends
also induce increased disorder in PC,BM. The other ring (Q =~
1.7 A™') is in the range usually observed for z-stacking, and
indeed, the fact that the reflection has its maximum near the
Q y-plane is consistent with the presence of in-plane 7—7 stacking.

A noteworthy observation is the presence of additional
features in the scattering patterns, including a vertical streak of
increased intensity (diffuse Bragg rod) seen at Q,, ~ 0.7 A™'
(d =9 A) for y"™ = 100%. The origin of this feature might be
lateral sliding of complete loosely ordered molecular stacks with
respect to each other, in other words, lamella having lost their
lateral registry with respect to each other.*’ The fact that the
Bragg peaks on the Q, axis remain sharp is consistent with this
structural model of smectic layers. The TEM and GIWAXS
measurements in our study clearly demonstrate that the mor-
phology and molecular packing are significantly altered upon the
presence of homocouplings.

As it was not possible to quantify the crystalline regions via
GIWAXS, thermal analysis by rapid heat—cool calorimetry
(RHC) was performed on the 5™ and y33™ blends. In
Figure S12a, the first heating at S00 K min™" (dashed line)
shows the effect of the preceding solution processing using
1,8-diiodooctane (DIO). Then, slow cooling at 1 K min~" was
applied to allow thermal structure formation in quasi equilib-
rium conditions, followed by a second heating at high rate
(500 K min™'; solid line) to preserve the effects of the preceding
slow cooling and minimize cold crystallization and crystal reor-
ganization during heating. The high heating rate also increases
the sensitivity to detect the glass transition and melting peak.
Both samples show a rather narrow melting peak below 200 °C in
the second heating. The melting enthalpy of 20.5 ] g ™" for 6™ is
lowered to 13 J g for y/55™ after subtraction of the contribution
of cold crystallization, indicating a clearly reduced crystallinity by
addition of 20% of DTS(FBTTh,), 1,omo for the same conditions
of solution processing and thermal analysis. The presence of
20% homocoupled material lowers the crystallization rate of
yhomo against yhome which is most obvious in the first heating
curves; the melting enthalpy of y33™ is only 2.5 J g™" after
subtraction of the significant contribution of cold crystallization

in comparison to 17.5 J g~ for yho™.
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Note that for both mixtures no separate melting peak of pure
PC;,BM (around 310 °C) is observed. On the other hand, a glass
transition for both mixtures is clearly noted. Its position is largely
influenced by DIO acting as a plasticizer. Residues of DIO are
obviously present, although this solution processing aid, which
tunes the evaporation rate of the solvent and thus the initially
developed nanomorphology, was removed in vacuo. As an
illustration, Figure S12b shows the RHC thermogram of (™
processed without DIO. In this case, a glass transition around
130 °C and an even sharper melting peak with a melting enthalpy
of 23 J g~" are noted. It should be emphasized that a clear glass
transition can only be observed in the presence of PC, BM
(40%). This amorphous phase should have a mixed compo-
sition with contributions of all components, i.e., DTS(FBTTh,),,
DTS(FBTTh,); pome and PC,BM (the glass transition of pure
PC,,BM is around 166 °C).

The TEM, GIWAXS, and RHC measurements demonstrate
that the morphology and molecular packing are significantly
altered upon the presence of homocouplings. It seems that
the presence of homocoupled molecules inherently drives the
morphology away from the optimal composition, which is
extremely critical for Jic and FF, as already illustrated by Ade
et al. for the DTS(FBTTh,), model system.”* The molecular
arrangement of the fullerene is also modified. All these arguments
suggest that changes in the nanomorphology are the main driver
for the differences in photocurrent and FF.

Besides the inherent deoptimization upon the presence of
homocouplings, we also would like to note that there is a slight
alteration in the side chain pattern of DTS(FBTTh,), omo, which
influences the solubility and the eventual morphology. Studies on
polymers and small molecules have shown a direct correlation
between the side chains, solubility, and morphology.****

2.3.2. Relation to Absorption. Besides the morphological
features, the photocurrent depends strongly on the absorption
characteristics and charge transport (which also depends on the
nanomorphology). External quantum efficiency (EQE) spectra
of the photovoltaic devices (Table S2) are shown in Figure 6a.
The EQE expresses the ratio of extracted charges to incoming
photons at each wavelength. Integration of the EQE over the
AML.5G spectrum yields Jscpqg values with a similar trend to
those obtained by J—V characterization with the solar simulator.
Compared to the absorption spectra, the two peaks located at
630 and 670 nm appear to flatten out and red shift, similar to the
shift observed in the absorption spectra (Figure 2). The trend
in EQE (and thus Js) could be due to differences in photon
absorption. Therefore, the absorption coeflicient o was deter-
mined via absolute absorption measurements (Figure 6b). The
blend films were deposited on glass substrates using the same
processing conditions as for the optimized devices. From the
obtained spectra, it is possible to estimate the flux of absorbed
photons by integrating the product of the fraction of absorbed
photons and the AM1.5G solar spectrum with respect to the
photon energies. The fraction of absorbed photons is calculated
from a by taking the optimal layer thickness of the active layer
and reflection of the back electrode into consideration but
neglecting any interference effects.*

By multiplying the absorbed photon flux by the electron charge,
an estimate for the maximum attainable current (Jsc,apsphotons) S
obtained. This method is solely used to perform a qualitative
analysis, as the transmission/reflection measurements were not
performed on full device stacks. Figure 6¢ displays the measured
and calculated Jq. values as a function of "™, It becomes clear
that the absorption of photons is not responsible for the observed
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density (Jsc) obtained via calculation from EQE (Jscgqg), absolute
absorption (Jsc,ubs photons) and J—V measurements (Jscv) as a function
of "™, The dashed lines serve as guides to the eye only.

relationship of Jsc, as Jscabs photons a0d Jsc follow different trends.
This suggests that the charge transport and extraction are
hindered upon the incorporation of homocoupled molecules.
This is also confirmed by photoinduced charge extraction by
linearly increasing voltage (pCELIV) measurements (vide infra),
which reveal a slight reduction of the charge carrier mobility for
the ternary blends (Figure 7c).

2.4. Origin of the Reduced V. Recent studies on polymer
solar cells indicate that the presence of homocouplings often
leads to a drop in Vo'~ Although this is a rather small drop in
the case of polymer solar cells, it could be a useful fingerprint to
track the presence of electron-rich homocoupled molecules
when comparing solar cells with the same device architecture.
For small molecules, the difference in V¢ can be larger (up to
170 mV).” Instead of having a binary bulk heterojunction, the
presence of homocouplings can be regarded as the formation of
an unintended (and unwanted) ternary system. Furthermore,
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Figure 7. (a) FTPS-EQE spectra normalized to absolute EQE spectra
for the different blends. The black dashed lines correspond to linear
combinations of the DTS(FBTTh,), and DTS(FBTTh,), yomo FTPS-
EQE spectra, which fail to reproduce the measured spectra. (b) gV
and Ecr as a function of the concentration of added homocoupled
product. Both y-axes show the same energy interval. The green and blue
dashed lines serve as guides to the eye only. (c) Photo-CELIV mobility
as a function of the electric field with varying de%rees of homocoupling.
The binary (y"°™ = 0 and 100%) and ternary ("™ = 10, 20, and 50%)
blends show significant differences in mobility.

it has recently been shown that multiple homocoupled products
can reside within a batch distribution,"®*® which implies that a
system can become very complicated to study (as it could be
quaternary, quintary, and so forth depending on the number of
side products). The ability to tune the Vi is often considered as
an advantage for increasing device performance in ternary blends
and has been studied by several research groups.*’ =" According
to the literature, two pathways are responsible for the tunability:
compositional effects, e.g., the formation of a specific compo-
sition, and/or morphological effects, e.g,, aggregated or amorphous
regions. By probing the charge transfer (CT) state, it becomes
possible to study such effects and relate them to V.

It has been shown on numerous occasions that mixing of
semiconducting organic molecules (e.g., polymer and fullerene)
leads to a new intermediate state, which is defined as the charge
transfer or CT state with a distinctive energy (Ecy).”” The CT
state can be probed by sensitive photocurrent measurements
such as Fourier transform photocurrent spectroscopy (FTPS) or
sensitive external quantum efficiency (sEQE) measurements.
Vandewal et al. revealed a linear relationship between E.r and
Voc. Furthermore, they showed that Ecr is strongly related to the
energy gap between the HOMO of the donor and the LUMO
of the acceptor.” It is generally accepted that a deeper lying
HOMO level of the donor material gives rise to a higher Voc.>*
The FTPS-EQE spectra (colored lines) shown in Figure 7a were
scaled to the absolute EQE measurements and merged together.
Ecr was determined via fitting of the CT absorption according to
Marcus theory.>” For clarity, only the fits of y(°™ and x5 are
shown (the complete fitting summary can be found in the SI).
The evolution of gV, (with g being the elementary charge)
upon changing "™ is plotted in Figure 7b together with the
extracted Ecr. The intervals of both y-axes are set identical.
The trend in qVyc and Ecrp is very similar, implying that the
change in V¢ can be attributed to changes in the CT state
energetics. The energetic difference between the highest and the
lowest gV (and E¢r) equals roughly 130 meV. These differences
can be caused by morphological changes and/or changes in the
electronic configuration of the different molecules.®! In our case, it
is not straightforward to differentiate between these two causes as
it could be a combination of both. We already pointed out that
there are differences in molecular packing and morphology.

By computational analysis (see SI for details), both com-
pounds are found to be planar, except for the terminal thiophene-
thiophene torsions, which increase up to ~12°. As expected, the
HOMO level of DTS(FBTTh,), is mainly localized on the DTS
unit. The addition of a central DTS unit in the homocoupled
compound leads to a marked destabilization of the HOMO,
resulting in a difference of 170 meV for the HOMO levels
between the two molecules. This change in HOMO energy, in
good agreement with the measured shift of 130 meV, allows
rationalizing the observed trend in Ecr and Voc. The LUMO
level, which is mainly localized on the benzothiadiazole units, is
slightly destabilized in DTS(FBTTh,), omes resulting in a
LUMO difference of 50 meV between the two molecules. As a
consequence of the asymmetric destabilization of the frontier
orbitals, the band gap and the onset of the optical absorption are
red-shifted in the presence of the homocoupled compound, con-
sistent with the experimental data (Figure 2). The shift in vertical
excitation energies attains 0.09 eV (from 1.87 to 1.78 eV), and
additionally for the homocoupled compound, a transition occurs
at 499 nm instead of 420 nm. These theoretical data, which are
fully consistent with the addition of one electron donating unit in
the molecular structure, also nicely follow the trends experi-
mentally observed by cyclic voltammetry (CV) (see Table S4).

Furthermore, spectral shape analysis of the FTPS-EQE spectra
(Figure 7a) can be used to explain the nonlinear behavior of
Ecr and Ve as a function of ™. Both DTS(FBTTh,), and
DTS(FBTTh,), pomo must form a specific CT state environment
with PC,;BM. In the past, it has been suggested and illustrated
that, upon mixing of two polymers with PC,;BM, a parallel-like
bulk heterojunction tandem cell can be formed, which can be
regarded as two independent binary subcells.”** If both CT
states would exist independently of each other, it should be
possible to perform linear combinations of the yi°™ and the
yhome (100%) CT band spectra and reconstruct the CT bands of
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homo

yhomo yhomoand yhSm°, The dashed black lines in Figure 7a
represent linear combinations of blends of DTS(FBTTh,), and
DTS(FBTTh,), pome With PC,;BM. 1t is clear that it is not
possible to reconstruct any of the CT band spectra with linear
combinations. Extraction of Ecr yields a linear decrease upon
increasing homocoupling concentration (Table S3), which
implies that, upon intermixing of DTS(FBTTh,), and DTS-
(FBTTh,);pome Specific interactions interfere, giving rise to
obvious nonlinear behavior, as is also the case in mixtures showing
a eutectic phase diagram or in mixtures forming new “compounds”
(molecular complexes) at specific compositions.**">* Note that
the latter are also called “alloys” in OPV literature.

This nonlinear behavior is supported by pCELIV measure-
ments. pCELIV is a powerful method to gain insight into the
mobility of charge carriers within a real device structure.”’ The
mobility of the charge carriers (,LLPCELN) was calculated by using
the numerical correction factor used for the moderate mobility
case and is plotted as a function of the electric field in Figure 7c.
More information on the method, calculation, and devices used
to obtain the mobility values can be found in the SI. It is possible
to divide the samples into two classes: binary blends ("™ =
0 and 100%) and ternary blends ("™ = 10, 20, and 50%).
For the binary systems, y,cpr iy & 8.8 X 107 ecm? V™! s7!, whereas
for the ternary systems, p,cprv & 3.8 X 107* em? V7' 7l Tt is
striking that, within the same “class” (binary vs ternary), the
mobility is very similar. We believe this could be related to the
formation of additional interactions between DTS(FBTTh,),
and DTS(FBTTh,), home Upon mixing with their own specific
features.

For more insight to be gained on the mixing behavior of
DTS(FBTTh,), and DTS(FBTTh,), ome without PC,BM,
binary mixtures of different mixing ratios were studied by RHC.
The mixtures were prepared without DIO as processing additive
to avoid uncertainty in the positions of the thermal transitions
(vide supra). Figure S12c shows the second heating thermo-
grams for compositions ranging from pure DTS(FBTTh,),
(100:0) to pure DTS(FBTTh,), pome (0:100). A eutectic phase
behavior is observed. DTS(FBTTh,), and DTS(FBTTh,), 1omo
have narrow melting peaks at 207 and 231 °C and similar melting
enthalpies of 42.5 and 40.5 J g™/, respectively. For intermediate
compositions, the narrowest melting peak around 196 °C with a
reduced melting enthalpy of 34 J g™' is observed for the 70:30
composition, which should be very close to the eutectic compo-
sition. For concentrations with <30% of omocoupled material,
eutectic melting in combination with the melting trajectory of
pure excess DTS(FBTTh,), is seen. For concentrations >30%
of homocoupled material, eutectic melting followed by the
broader melting trajectory of pure excess DTS(FBTTh,), nomo iS
observed. The eutectic composition is the result of specific
interactions and is expected to lead to a typical, finely grained
(nano)morphology of crystallites of both components. The
lower melting enthalpy at the eutectic composition also indicates
lower crystallinity than that of the pure components. Note that
for all binary mixtures no glass transition could be detected.
At this stage of investigation, no clear indications are found
for the formation of an extra compound (molecular complex).
The eutectic behavior of these binary mixtures provides a
rationale for the role of homocoupled material on the electro-
optical properties (vide supra). The physicochemical properties
of possibly formed compounds (“alloys”) and their influence on
charge transport and formation of traps are the subject of a future
study.

59,60
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3. CONCLUSIONS

In this work, the origin of the detrimental effect of homo-
couplings on the photovoltaic device performance has been
elucidated by performing a systematic study on a push—pull
small molecule system (DTS(FBTTh,),). Low quantities ($%)
of homocoupled side product are sufficient to significantly
decrease the device performance. The presence of homocoupled
side products in a material batch results in a multicomponent
solar cell system, which translates itself into a nonoptimal
morphology at different length scales, strongly affecting all
photovoltaic parameters. The presence of homocouplings seems
to inherently alter the structural composition of the morpho-
logical phases and to reduce the overall crystallinity of the
mixtures. Furthermore, we conclude from sensitive photocurrent
measurements that it is likely for homocoupled products to form
eutectic mixtures with the neat material, thereby reducing the
charge carrier mobility only slightly. The configuration of the
energy levels of the homocoupled product is, besides the current,
of major importance for the open-circuit voltage. In this study,
it is shown that homocoupling of an electron-rich donor unit
leads to an increase in the overall HOMO energy level, thereby
decreasing the open-circuit voltage.

In general, homocouplings can appear in various push—pull
conjugated small molecules and polymers, giving rise to batch-to-
batch variation. These side products should always be avoided,
either by purification after synthesis or by designing optimal
synthetic routes.”> The latter is obviously preferable because
every purification step will introduce extra costs.”> The general
message is that the presence of homocouplings strongly impacts
the molecular packing of aggregated regions but also the
electronic properties, which can give rise to significantly reduced
device performance. Although the present study focuses on
organic solar cells, the results also certainly impact other domains
in which these donor—acceptor-type low band gap materials have
recently taken up a prominent role (e.g, transistors, photo-
detectors, and bioimaging applications).”>"*

4. EXPERIMENTAL SECTION

The experimental section can be found in the Supporting Information.
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