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ABSTRACT: Conjugated polymers and small molecules based on alternating electron donating (D) and electron accepting (A)
building blocks have led to state-of-the-art organic solar cell materials governing efficiencies beyond 10%. Unfortunately, the con-
nection of D and A building blocks via cross-coupling reactions does not always proceed as planned, which can result in the generation
of side products containing D-D or A-A homocoupling motifs. Previous studies have 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 well as a profound understanding of the underlying causes of the device deterioration. To
differentiate the combined effect of molecular weight and homocouplings in polymer solar cells, a systematic study on a small mol-
ecule system (DTS(FBBTh,),) is presented here. The impact of homocouplings on the blend nanomorphology, thermal, and electro-
optical properties is investigated. It is demonstrated that small quantities of homocouplings (<10%) already lead to sub-optimal 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 varia-
tions.

terest in organic photovoltaics (OPV’s) has led to record effi-

1. INTRODUCTION

Semiconducting polymers and analogous small molecules offer
vast potential toward organic electronic applications such as
photodetectors, transistors, and light-emitting diodes.** Fur-
thermore, their tunable material properties render them excel-
lent candidates for solar cell applications. The wide research in-

ciencies up to an impressive 12% for single junction cells.>®
However, these top results have been achieved with small lab-
scale devices. Since the applied device preparation methodol-
ogy (i.e. usually spin-coating) is not compatible with the pro-
duction of large area solar cells, a translation to printing tech-
niques such as spray coating and roll-to-roll coating has to be
made. For this purpose, material availability on a reasonable



scale (i.e. multi-gram to kilogram), in high quality and with re-
producible properties, is of crucial importance and yet to be
achieved in the field. Although during recent years the access
to state-of-the-art materials has significantly improved due to
the start-up of some small and medium sized companies, it often
remains difficult to reproduce results, which has been attributed
to batch-to-batch variations in quality of the active material, es-
pecially for semiconducting polymers. Besides the effects of
varying end groups,”®branching,® and the impact of trace impu-
rities of residual metal catalysts,™ it has been shown that the
molecular weight of semiconducting polymers and its distribu-
tion have a strong effect on the electro-optical performances of
the corresponding electronic devices. Several studies have re-
vealed that removal of low molar mass components in push-pull
polymers is crucial toward optimization of device performance
and stability. 14

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, hereby in-
creasing photon collection. This strategy has the additional ad-
vantage that the highest occupied molecular orbital (HOMO)
and lowest unoccupied molecular orbital (LUMO) energy lev-
els can be tuned rather independently. These low band gap pol-
ymers are typically prepared via palladium catalyzed cross-cou-
pling polycondensation reactions (mostly Stille®) between an
aryl halide and an organometallic monomer. Ideally, this syn-
thesis procedure yields perfectly alternating copolymers, since
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 pro-
ceed as intended, as we recently demonstrated for a series of
commercial PTB-7 ((poly{[4,8-bis(2’-ethylhex-
yloxy)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)}) batches.'® The presence of homocoupled products was
observed within the low molar mass parts of the (bimodal) pol-
ymer distributions, supporting the report by Yu et al. that homo-
couplings can occur and affect the photovoltaic efficiency.®’
The detrimental effect of homocouplings on photovoltaic per-
formance has also been observed for other polymer systems.®
23 Table S1 (see Supporting Information (Sl)) provides an over-
view of the few previous studies which link photovoltaic per-
formance to the possible presence of homocouplings within the
polymer chain distribution. The data clearly illustrate the diffi-
culty in disentangling the influence of homocouplings from mo-
lecular weight effects in polymer solar cells. It has to be empha-
sized 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 ho-
mocouplings on the opto-electronic properties and device char-
acteristics, especially since this side reaction can occur unex-
pectedly. Previous work by Janssen et al. and Yu et al. has
shown that homocoupling can even occur under optimized re-
action conditions, forming up to 10% of the undesirable side
products.”*8 In this context, small molecules can be very inter-
esting probes since they have a defined molecular structure and,
more importantly, they allow for a straightforward structural
characterization via NMR spectroscopy and mass spectrometry.
The push-pull design strategy has led to a drastic decrease of
the HOMO-LUMO gap of small molecules, also resulting in top
OPV efficiencies exceeding 10%.52426 Therefore, these com-
pounds are often presented as viable alternatives for polymer

donor materials in organic solar cells, with the benefits of re-
duced batch-to-batch variation, straightforward chemistry and
purification. Recent studies on different series of D-A solution
processed small molecules revealed also 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 to identify the true
origin of their influence on device performance, a systematic
study of homocouplings in a solution processable small mole-
cule system is presented in this work. By combining morpho-
logical characterization, thermal analysis, and advanced elec-
tro-optical techniques, we demonstrate the pronounced effect of
homocouplings on the blend nanomorphology. To examine the
electronic structure of DTS(FBTThy), and DTS(FBTTh2)2-homo,
density functional theory (DFT) calculations were performed.
The molecular packing and electronic properties of the photo-
active layer are strongly altered upon addition of homocoupled
compounds, leading to a serious deterioration of device effi-
ciency. These results clearly demonstrate the importance of ma-
terial purity to reduce batch-to-batch variations.
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Figure 1. Chemical structures of DTS(FBTTh2) and
DTS(FBTThz)2-homo.

Table 1. Overview of the different mixing ratios of
DTS(FBTTh2)2:DTS(FBT Thz2)2-homo:PC71BM and the sam-
ple nomenclature used throughout this study.

Saml DTS(FBTThy)2: Fraction of homo-
n:n”fl‘g € DTS(FBTThs)ztom: PCiBM  coupled product
mixing ratio X" (%)

Xgomo 60:0:40 0

ghome 54:6:40 10

ngmo 48:12:40 20

gome 30:30:40 50

ghome 0:60:40 100

2. RESULTS AND DISCUSSION

2.1 Synthesis and characterization

To perform an in-depth study on the impact of homocoupling
on the physicochemical material properties of molecular chro-
mophores and the corresponding device features, the small mol-
ecule DTS(FBTThy), was selected, as it is a high-performing
OPV material which has already been studied thoroughly in lit-
erature. If homocoupling would occur during the last (Stille
cross-coupling) synthesis step, a small molecule with two adja-
cent central DTS (4H-dithieno[3,2-b:2’,3'-d]silole) units would



be generated. To allow a systematic study, this homocoupled
small molecule (DTS(FBTTh2)2-nomo, Figure 1) was synthesized
and mixed with DTS(FBTTh,), in known quantities (see Table
1 for the mixing ratios and the denotation of the different sam-
ples). The synthesis protocol toward DTS(FBTTh2)2-nomo iS in-
cluded in the SI. DTS(FBTTh,), was acquired from 1-Material.
The purity of both materials was verified by NMR spectroscopy
and mass spectrometry (see SlI). The MALDI-TOF mass spec-
trum of the commercial DTS(FBTTh,), sample reveals the pres-
ence of a small amount of DTS(FBTThy)2-nemo (Figure S5.1).
However, from the analysis of the x*l‘gm" sample (without
PC7:BM), it is clear that MALDI-TOF is particularly sensitive
to the presence of DTS(FBTTh).-nemo 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(FBTThy).-neme are substantially
smaller than the 13C satellite signals of DTS(FBTTh,). (see SI).
Therefore, it can be concluded that only trace amounts (< 0.5%)
of DTS(FBTThy)2-hemo are present in this commercial batch of
DTS(FBTThy)..

5x10° — - — v — .
Ml @ i G
ax10* i § 1
3
© g ;
—~ 3x10* : -
(] :
= :
[ — - :
s : \
'g 2x10° R 2™ = 100% 1
a —m—0%
- 10% :
1x10‘ - 20% homo _ g -
i =0% :
—v—50% Pt 0
——100% i .
o 1 1 : 1 1 1 .
300 400 500 600 700 800 900
Wavelength (nm)
Figure 2. Optical absorption spectra of

DTS(FBTTh2)2:DTS(FBTTh2)2:-homo:PC7:BM blend films for dif-
ferent mixing ratios.

The optical properties of DTS(FBTTh2):DTS(FBTTh,)-
homo:PC71BM blend films with different mixing ratios were in-
vestigated by ultraviolet-visible (UV-Vis) absorption spectros-
copy (Figure 2). The absorbance has been corrected for the layer
thickness of the samples. Several features can be distinguished
when changing the homocoupled fraction (x™™) from 0 to
100%: (1) the ratio of the absorption peaks at 400 nm 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 X‘;g‘g", (3) the absorption tail red-shifts with increas-
ing %™, although the difference between x°™ and o™ is
barely visible. The ngm" sample shows a slightly more pro-
nounced red shift, but the other features do not vary much as
compared to xgom". These results indicate that the presence of

low homocoupling concentrations (3™ < 20%) does not sig-
nificantly 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 related to ordered regions within the active layer. However,
these are not significantly changing when "™ < 20%. This is

confirmed by photoluminescence (PL) measurements of
DTS(FBTTh,),:DTS(FBTTh2)2-nomo:PC71BM  blend films on
glass (Figure S13), where a clear red-shift is observed with in-
creasing 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 photovoltaic parameters as a function of the mixing ratio of
DTS(FBTTh,), and DTS(FBTThy)2.nome are shown in Table 2.
The values are averaged over 12—16 devices. The layer thick-
ness for all devices was optimized using the best performing
solvent system for DTS(FBTTh,), as found in literature.?® The
J-V curves can be found in the S, as well as an overview of the
photovoltaic parameters as a function of "™, The efficiency
obtained for DTS(FBTThy)2:PC71BM is similar to reported lit-
erature values.?® Addition of the homocoupled compound leads
to a reduction of the short-circuit current density (Jsc), fill factor
(FF) and open-circuit voltage (Voc), which results in an overall
lowering of the power conversion efficiency (PCE). The PCE
already drops significantly for x‘l‘g'“", clearly demonstrating sub-
optimal performance. The lowest value is reached for xgg“‘"
(suggesting a minimum around that composition), where the ef-
ficiency is half of the value for Xg"m". It is clear that, in contrast
to the optical properties, the photovoltaic performance is al-
ready strongly influenced by the presence of low homocoupling
concentrations. The sample xg"'“" was solely added to verify the
observed trend in decreasing solar cell performance. In the re-
mainder of this study, the origin of the reduced performance is
studied by comparing yiome, yhome, yhome, yhomo ang yhomo,
Table 2. Photovoltaic parameters for different concentra-
tions of the homocoupled product. Averages are taken over
12—-16 devices. The errors represent the standard devia-
tions. The graphical representation can be found in Figure
S6.1.

Sample  Voc Jsc Jsceqe FF PCE
name (mV) (mA cm?) (mA cm?) (%) (%)

Xhomo  774x7 131204 12.50 67510  6.820.2
xlomo  758+4 115405 / 647420  5.620.2
Xlemo 72646 10.9+0.5 10.80 629417 50203
Xiomo  689+4 8505 8.08 597420  3.5:0.3
Xiomo  664+8  9.4x0.6 8.33 63.8+1.9  4.0%0.3
Xiomo  640+5 113405 10.53 610414  4.5+0.2

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 so-
lar cells. It is known that the morphology of binary bulk hetero-
junctions can comprise multiple phases. A ‘three-phase’ mor-
phology is often mentioned as the preferred condition to achieve
optimal performance.-® These three phases consist out of pure
aggregated (i) donor and (ii) fullerene domains, and (iii) mixed
amorphous regions of the donor material with fullerene. The ag-
gregated 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 a higher charge gen-
eration.333%

Recently, Ade et al. demonstrated a direct quantitative relation-
ship between FF, Jsc, and the morphological composition of



DTS(FBTTh,),:PC1BM blend films.% The outcome of their
study was that relatively small domains, consisting of amor-
phous intermixed domains n pure aggregate phases (of -

Figure 3. Transmission electron microscopy images for %" blend films. All images were recorded in bright field with an underfocus of -
20 um and magnification of 30 kx. The scalebar always represents 200 nm.

DTS(FBTTh,), and PC:1BM), are essential to obtain 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 out of
multiple phases, such as pure aggregated regions of
DTS(FBTThy),, DTS(FBTTh2)2-home, and PC71BM, and mixed
amorphous regions of both molecules with PC7,BM. Further-
more, the two molecules might also be interacting in a specific
ratio with each other.

For this reason, morphological examination of the ternary sys-
tem is done via transmission electron microscopy (TEM), graz-
ing incidence wide angle X-ray scattering (GIWAXS), and
rapid heat calorimetry (RHC). The TEM images are shown in
Figure 3. Fibrillar structures are visible for the blend xg"m", sim-
ilar to literature.®” Upon the addition of DTS(FBTTh2)2-nomo t0
the blend (x19™ and x3o™), the fiber width and length become

smaller and their density alters. Further increase in "™ (;é;g““’)

decreases the fiber size even more, eventually resulting in a

morphology with a much finer scale for yior.

The morphological differences for the studied samples with
DTS(FBTThz)2-hemo addition ranging from 0 to 20% are rather
subtle. Therefore, GIWAXS was used to gain a better under-
standing of the molecular packing and film morphology (see SI
for GIWAXS set-up). The 2D GIWAXS patterns of the

DTS(FBTTh;)2:DTS(FBTTh2)2-homo:PC71BM blends, measured
at room temperature, can be found in Figure 4. The data clearly
demonstrate that the presence of homocouplings strongly mod-
ifies 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 ex-
tract from GIWAXS data. The prowess of GIWAXS is to pro-
vide insights into crystal structures and texture with respect to
the substrate.3-4°

The DTS(FBTTh,), and DTS(FBTThy)2-heme Molecules are suf-
ficiently bulky and disordered for the scattering patterns to re-
semble 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
e.g. 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, =
h x 0.27 A (h e 1..3), which can be accounted for by a real
space repetition distance of 23 A. This suggests that the mole-
cules 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.34



For xggm", the peak is shifted to Q = 0.29 A and becomes in-
creasingly pronounced when further increasing the homocou-
pling contribution to 100%. We note that the peak actually splits
at x‘;gg“’, suggesting the presence of multiple competing arrange-
ments. There are also Debye-Scherrer rings centered at about Q
~13A1(d=48A)and Q ~1.7 Al (d = 3.7 A). The former
ring has previously been assigned to amorphous fullerene, and
indeed, it is seen in the measurement series that this ring is es-
sentially isotropic.*?
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Figure 4. Two-dimensional GIWAXS  patterns  for

DTS(FBTTh2)2:DTS(FBTThz2)2-homo:PC71BM blends with increas-
ing concentration of homocoupling. The patterns have been inter-
polated to rectilinear and orthogonal (Qxy, Qz) coordinates to cor-
rect 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 dot-
ted line at Qxy ~ 0.7 A’ in e) highlights the vertical Bragg-rod fea-
ture of increased scattering intensity, tentatively attributed to lateral
sliding of loosely ordered molecular stacks.

Interestingly, it appears that the intensity of the PC7BM ring
increases with the homocoupling density, suggesting that the
more disordered DTS(FBTTh,)2:DTS(FBTThy)2-hemo blends in-
duce increased disorder also in the PC;:BM. The other ring (Q
~ 1.7 Ay is in the range usually observed for n-stacking, and
indeed, the fact that the reflection has its maximum near the Q.-
plane is consistent with the presence of in-plane z-n 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 Qu, ~ 0.7 A (d = 9 A) for
x™°m = 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 reg-
istry 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 measure-
ments in our study clearly demonstrate that the morphology 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 yf°™and 5™ blends. In Figure
S12a, the first heating at 500 K min* (dashed line) shows the
effect of the preceding solution processing using 1,8-diiodooc-
tane (DIO). Then, slow cooling at 1 K min'* was applied to al-
low thermal structure formation in quasi equilibrium condi-
tions, 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 reorganization
during heating. The high heating rate also increases the sensi-
tivity to detect the glass transition and melting peak. Both sam-
ples show a rather narrow melting peak below 200 °C in the
second heating. The melting enthalpy of 20.5 J g™* for xg"m" is
lowered to 13 J g for xggm", after subtraction of the contribution
of cold crystallization, indicating a clearly reduced crystallinity
by addition of 20% of DTS(FBTThz)2-nomo for the same condi-
tions of solution processing and thermal analysis. The presence
of 20% homocoupled material lowers the crystallization rate of
o™ against xf°™, which is most obvious in the first heating
curves; the melting enthalpy of xggm°is only 2.5 J g%, after sub-
traction of the significant contribution of cold crystallization, in
comparison with 17.5 J g* for yfo™.

Note that for both mixtures no separate melting peak of pure
PC7:BM (around 310 °C) is observed. On the other hand, a glass
transition for both mixtures is clearly noticed. Its position is
largely influenced by DIO, acting as a plasticizer. Residues of
DIO are obviously present, although this solution processing
aid, tuning the evaporation rate of the solvent and by this the
initially developed nanomorphology, was removed in vacuo. As
an illustration, Figure S12b shows the RHC thermogram of
Xg"m" 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 is noticed. It should be emphasized that a
clear glass transition can only be observed in the presence of
PC7:BM (40%). This amorphous phase should have a mixed
composition, with contributions of all components, i.e.
DTS(FBTThy),, DTS(FBTTh2)2-nome and PC71BM (the glass
transition of pure PC7: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 Jsc 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 dif-
ferences in photocurrent and FF.

Besides the inherent de-optimization upon the presence of ho-
mocouplings, we also would like to note that there is a slight
alteration in the side chain pattern of DTS(FBTTh)2-nomo, Which
influences the solubility and the eventual morphology. Studies
on polymers and small molecules have shown a direct correla-
tion between the side chains, solubility and morphology.*+4

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 quan-
tum efficiency (EQE) spectra of the photovoltaic devices (Table
2) are shown in Figure 5a. The EQE expresses the ratio of ex-
tracted charges to incoming photons at each wavelength. Inte-
gration of the EQE over the AM1.5G spectrum yields Jsceqe
values with a similar trend to those obtained by J-V characteri-
zation with the solar simulator. Compared to the absorption
spectra, the two peaks located at 630 and 670 nm appear to flat-
ten out and red shift, similar to the shift observed in the absorp-
tion spectra (Figure 2). The trend in EQE (and thus Jsc) could
be due to differences in photon absorption. Therefore, the ab-
sorption coefficient a was determined via absolute absorption
measurements (Figure 5b). 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 spec-
trum with respect to the photon energies. The fraction of ab-
sorbed photons is calculated from o 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, abs. photons) iS
obtained. This method is solely used to perform a qualitative
analysis, as the transmission/reflection measurements were not
performed on full device stacks. Figure 5¢ displays the meas-
ured and calculated Jsc values as a function of ™™. It becomes
clear that the absorption of photons is not responsible for the
observed relationship of Jsc, as Jsc, abs. photons aNd Jsc follow a dif-
ferent trend. This suggests that the charge transport and extrac-
tion are hindered upon the incorporation of homocoupled mol-
ecules.

This is also confirmed by photo-induced charge extraction by
linearly increasing voltage (pCELIV) measurements (vide in-
fra), which reveal a slight reduction of the charge carrier mobil-
ity for the ternary blends (Figure 6c).

2.4 Origin of the reduced Voc

Recent studies on polymer solar cells indicate that the presence
of homocouplings often leads to a drop in Voc.!®2 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 differ-
ence in Voc can be larger (up to 170 mV).2 Instead of having a
binary bulk heterojunction, the presence of homocouplings can
be regarded as the formation of an unintended (and unwanted)
ternary system.
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Figure 5. (a) External quantum efficiency for different homocou-
pling concentrations (x"°™). (b) Absorption coefficient o for dif-
ferent x"°m and the AM1.5G photon flux (grey line). (c) Short-cir-
cuit current density (Jsc) obtained via calculation from EQE
(Jsc.eqe), absolute absorption (Jsc abs. photons), and J-V measurements
(Jsc, wv) as a function of y"°™. The dashed lines serve as guides to
the eye only.

Furthermore, it has recently been shown that multiple homo-
coupled products can reside within a batch distribution,62
which implies that a system can become very complicated to
study (as it could be quaternary, quintary, etc. depending on the



number of side products). The ability to tune the Voc is often
considered as an advantage to increase device performance in
ternary blends and has been studied by several research
groups.*** According to literature, two pathways are responsi-
ble for the tunability: compositional effects, e.g. the formation
of a specific composition, and/or morphological effects, e.g. ag-
gregated or amorphous regions. By probing the charge transfer
(CT) state, it becomes possible to study such kind of effects and
relate them to Voc.
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Figure 6. (a) FTPS-EQE spectra normalized to absolute EQE spec-
tra for the different blends. The black dashed lines correspond to
linear combinations of the DTS(FBTThz)2 and DTS(FBT Th2)2-homo
FTPS-EQE spectra, which fail to reproduce the measured spectra.
(b) qVoc and Ecras a function of the concentration of added homo-
coupled 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 var-
ying degree of homocoupling. The binary ("™ = 0 and 100%) and
ternary (x"m = 10, 20, and 50%) blends show a significant differ-
ence in mobility.

It has been shown on numerous occasions that mixing of semi-
conducting 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 (Ecr).? 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 Ecrand
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 6a 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 y5°™ and y"om°

are shown (the complete fitting summary can be found in the
SI). The evolution of qVoc (g is the elementary charge) upon
changing x™™ is plotted in Figure 6b, together with the ex-
tracted Ect. The intervals of both y-axes are set identical. The
trend in qVoc and Ecr is very similar, implying that the change
in Voc can be attributed to changes in the CT state energetics.
The energetic difference between the highest and the lowest
gVoc (and Ecr) equals to 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 morphol-
ogy. By computational analysis (see Sl for details), both com-
pounds are found to be planar, except for the terminal thio-
phene-thiophene torsions, which increase up to ~12°. As ex-
pected, the HOMO level of DTS(FBTTh,), is mainly localized
on the DTS unit. The addition of a central DTS unit in the ho-
mocoupled 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 en-
ergy, 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(FBTTh2)2-homo, resulting in
a LUMO difference of 50 meV between the two molecules.

As a consequence of the asymmetric destabilization of the fron-
tier orbitals, the band gap and the onset of the optical absorption
are red-shifted in the presence of the homocoupled compound,
consistent with the experimental data (Figure 2). The shift in
vertical excitation energies attains 0.09 eV (from 1.87 to 1.78
eV) and, in addition, for the homocoupled compound a transi-
tion occurs at 499 nm instead of 420 nm. These theoretical data,
which are fully consistent with the addition of one electron do-
nating unit in the molecular structure, also nicely follow the
trends experimentally observed by cyclic voltammetry (CV)
(see SI).

Furthermore, spectral shape analysis of the FTPS-EQE spectra
(Figure 6a) can be used to explain the non-linear behavior of
Ecr and Voc as a function of y™™. Both molecules,
DTS(FBTThy), and DTS(FBTThz)2-homo, Mmust form a specific
CT state environment with PC7:BM. In the past, it has been sug-
gested and illustrated that upon mixing of two polymers with
PC7:BM, a parallel-like bulk heterojunction tandem cell can be
formed, which can be regarded as two independent binary sub-
cells."S5 If both CT states would exist independently of each
other, it should be possible to perform linear combinations of

the xpo™ and the "™ (100%) CT band spectra, and reconstruct

the CT bands of 5"0™, xbom, and 20™. The dashed black lines



in Figure 6a represent linear combinations of blends of
DTS(FBTTh,), and DTS(FBTThy)z.nemo With PC7BM. It is
clear that it is not possible to reconstruct any of the CT band
spectra with linear combinations, which implies that upon inter-
mixing of DTS(FBTTh,), and DTS(FBTThy)2-homo, SPecific in-
teractions interfere, giving rise to obvious non-linear behavior,
as is also the case in mixtures showing an eutectic phase dia-
gram or in mixtures forming new ‘compounds’ (molecular com-
plexes) at specific compositions.5¢-%® Note that the latter are also
called “alloys’ in OPV literature.5°%°

This non-linear behavior is supported by pCELIV measure-
ments. pCELIV is a powerful method to gain insight in the mo-
bility of charge carriers within a real device structure.5! The mo-
bility of the charge carriers (MpceLiv) 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 6c.
More information on the method, calculation and devices used
to obtain the mobility values can be found in the SI. It is possi-
ble to divide the samples into two classes: binary blends ("™
= 0 and 100%) and ternary blends (x™™ = 10, 20, and 50%).
For the binary systems, [pceuv ~ 8.8 X 107 cm?V-1s?, while for
the ternary systems, MpceLiv ~ 3.8 X 104 cm?V-1s, It 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(FBTTh2)2-nome UpoNn mixing, with their own specific fea-
tures.

To gain more insight in the mixing behavior of DTS(FBTThy),
and DTS(FBTThy)2-neme Without PC7:BM, binary mixtures of
different mixing ratio were studied by RHC. The mixtures were
prepared without DIO as processing additive to avoid uncer-
tainty in the positions of the thermal transitions (vide supra).
Figure S12c shows the second heating thermograms for compo-
sitions ranging from pure DTS(FBTTh,), (100:0) to pure
DTS(FBTThz)z2-nemo (0:100). A eutectic phase behavior is ob-
served. DTS(FBTThy), and DTS(FBTTh2)2-nemo have a narrow
melting peak at 207 °C and 231 °C and similar melting en-
thalpies of 42.5 J g and 40.5 J g%, respectively. For intermedi-
ate 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
composition. For concentrations < 30% homocoupled material,
eutectic melting in combination with the melting trajectory of
pure excess DTS(FBTThy), is seen. For concentrations >30%
homocoupled material, eutectic melting followed by the
broader melting trajectory of pure excess DTS(FBTThz)z-homo iS
observed. The eutectic composition is the result of specific in-
teractions 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 indi-
cates a lower crystallinity than 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 eu-
tectic behavior of these binary mixtures provides a rationale for
the role of homocoupled material on the electro-optical proper-
ties (vide supra). The physicochemical properties of possibly
formed compounds (‘alloys’) and their influence on charge
transport and formation of traps are subject of a future study.

3. CONCLUSIONS

In this work, the origin of the detrimental effect of homocou-
plings on the photovoltaic device performance has been eluci-
dated by performing a systematic study on a push-pull small
molecule system (DTS(FBTThy),). Low quantities (5%) of ho-
mocoupled 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 non-optimal morphol-
ogy at different length scales, strongly affecting all photovoltaic
parameters. The presence of homocouplings seems to inher-
ently alter the structural composition of the morphological
phases and to reduce the overall crystallinity of the mixtures.
Furthermore, we conclude from sensitive photocurrent meas-
urements that it is likely for homocoupled products to form eu-
tectic 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 cur-
rent, 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 of the overall HOMO energy level,
thereby decreasing the open-circuit voltage.

In general, homocouplings can appear in various push-pull con-
jugated 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 obviously has the preference since
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 elec-
tronic properties, which can give rise to a significantly reduced
device performance. Although the present study focuses on or-
ganic solar cells, the results certainly also impact other domains
in which these donor-acceptor type low band gap materials have
recently taken up a prominent role (e.g. transistors, photodetec-
tors, and bio-imaging applications).®°

4. EXPERIMENTAL SECTION

The experimental section can be found in the Supporting Infor-
mation.
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