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Abstract
Most optimized, high performance, bulk-heterojunction polymer solar cells have an active
layer thickness of about 100nm. The thin active layer is unfavorable for optical absorption and
film coating. This contribution employs a ternary cell to address this problem. In this paper,
thick BHJ cells can be fabricated that retain 90% PCEs of the optimized thin-film cells. The
BHJs under investigations are PTB7:PC71BM, PTB7-Th:PC71BM and P3HT:PCBM. Into
these BHJs, a ternary component, p-DTS(fbtth2)2 is introduced. Without p-DTS(fbtth2)2, the
binary thick-film devices (~200nm, ~200nm and ~400nm) have PCEs of 6.3%, 7.4% and
3.2%. With p-DTS(fbtth2)2, the corresponding BHJs have markedly improved PCEs of 7.6%,
8.3% and 3.9%, respectively. The results are more than 90% the PCEs of the optimized binary
BHJs. The origins of the improvement are investigated. Addition of the ternary component pDTS(fbtth2)2 enhances hole mobility and reduces trap states. Both observations are well
correlated with improved FFs of the ternary BHJ cells. Photothermal deflection spectroscopy
and 1H nuclear magnetic resonance are used to trace the electronic and the nano-scale
interactions of the p-DTS(fbtth2)2 with the polymer and fullerene. The results suggest the pDTS(fbtth2)2 behaves as conducting bridges in between two neighboring polymer segments.

1. Introduction
Bulk-heterojunction (BHJ) organic photovoltaic (OPV) devices are appealing because of
their high flexibility, light weight, and capability for large-area fabrication.[1-5] For a typical
donor:acceptor (D:A) BHJ solar cell that employs a polymer as the donor, the polymer
contributes also to optical absorption and hole transport; the acceptor usually absorbs less
incident photons, and is mainly responsible for electron transport.[6,7] The certified power
conversion efficiency (PCE) of the best BHJ OPV devices now exceed to 10%.[8,9] Among
many tested OPV systems, BHJs of PTB7:PC71BM and PTB7-Th:PC71BM BHJ are, perhaps,
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the most popular; their best certified PCEs are 9.3% and 9.9% respectively.[10,11] For these
optimal OPV devices, the thickness of devices is about 100nm.[12,13] However, for OPV
devices with such thicknesses, it is difficult to be fabricated in large-area roll-to-roll BHJ
films reproducibly because of the presence of pin holes and restriction of techniques for
manufacturing.[14] Therefore, it is highly desirable to make OPV devices with thicker films in
order to meet industrial needs. For thick film devices, the loss of the fill factor (FF) is the
main hurdle for getting an acceptable device performance. Studies have indicated that the
losses may arise from high recombination rates and the short exciton diffusion lengths.[15-17]
In order to achieve a thick-film OPV device with a high performance, the transport
properties of the BHJ film must be further improved, and at the same time its optical
absorption should not be compromised.[18] Many research groups have reported well
performed thick-film OPV devices through different materials with properties of high optical
absorptions, sufficient and balanced carrier mobilities, and well-formed microstructures of the
active layers. Price et al. synthesized a highly planar fluorinated donor polymer PBnDTFTAZ, and achieved a PCE of 7.1% with the acceptor of PCBM at the BHJ film thickness of
around 250nm.[19] Yang et al. designed a family of large planar polymers PffBT4T-2OD,
PBTff4T-2OD and PNT4T-2OD based on teracyclic fused rings, and the efficiencies of thickfilm (~300nm) OPV devices are up to 10.8%, with a remarkable FF of 77%.[20] Choi et at.
demonstrated how to fabricate the diketopyrrolopyrrole-based (DPP-based) semiconducting
polymer DT-PD2PP-TT:PC71BM OPV devices with the active layer thickness of 340nm, and
achieved the PCE of 9.4% (Jsc of 20.1mA/cm2, FF of 70%).[21]
Ternary OPV cells have shown attractive potential in OPV device fabrication due to their
abilities to be used in a variety of D–A BHJ films with various functionalities, e.g.,
enhancement of light absorption, exciton dissociation, or the carrier transport properties in
BHJ films.[22-25] Here, we adopt a ternary strategy to realize thick-film OPV devices with
relatively high performance. We demonstrate how to use p-DTS(fbtth2)2 as the ternary
3

component that behaves as a hole condeucting linker, and is used to enhance the hole
transport and extraction in BHJ films, and blend it with polymer:acceptor systems ( ⅰ)
PTB7:PC71BM, (ⅱ) PTB7-Th:PC71BM and (ⅲ) P3HT:PCBM. The resulting ternary blends
are used to fabricate thick film OPV devices. The p-DTS(fbtth2)2 molecule is small molecular
donor that possesses a symmetric structure of D-A-D-A-D.[26] Below, p-DTS(fbtth2)2 will be
abbreviated as DTS. The chemical structures and energy levels of PTB7, PTB7-Th, P3HT and
DTS are shown in Figure 1. With this ternary strategy, we fabricate thick film ternary
polymer:DTS:acceptor devices, with the active layer thicknesses of twice the standard optimal
thin film OPV devices. For control binary OPV devices using PTB7:PC71BM, the FF is
severely degraded from 65% to 48% when the BHJ film thickness is doubled. However, with
the ternary component DTS, the FF only drops from 65% to 60%. To investigate the origins
of the performance enhancement in thick film devices, we use PTB7:DTS:PC71BM BHJ as
the model system. We probe the carrier transport and sub-bandgap light absorption properties
of the BHJ films by admittance spectroscopy (AS) and photothermal deflection spectroscopy
(PDS), respectively. Distinct improvements in hole transport can be observed: hole mobilities
are enhanced by factors of 2 to 3. The energetic disorder is reduced from 77meV to 64meV.
Subgap absorptions, as revealed by PDS, indicate sharpened band edge, which suggests
reduced tailed states below the bandgap. To reveal the nanoscale interactions of DTS and the
polymer, 1H nuclear magnetic resonance (NMR) measurement were performed. The results
support a model in which DTS molecules act as a conducting linker. The symmetric D:A
moieties on both sides of the DTS bridge two polymer chains and enhances inter-chain hole
transport. As a result, polymer aggregations in such the BHJ films are reinforced and the
polymer-rich domains can be purified. Finally, steady state photoluminescence (PL)
measurement was further performed to confirm the charge transfer between polymers and
DTS molecules.
4

2. Results and Discussion
2.1. Ternary PTB7:DTS:PC71BM OPV Device Performances
First, we report the performances of both binary and ternary OPV cells as their thicknesses
are varied. Here, we chose the binary system of PTB7:PC71BM (1:1.5) as a control.[27] The
ternary BHJ counterpart is PTB7:DTS:PC71BM ratio of (0.95:0.05:1.5). So the overall D:A
ratio is the same for both the binary and ternary BHJ; however, in the ternary blend, DTS
accounts for 5% by weight of the donor materials. For this ternary blend composition, a thick
film (200nm) OPV cell has a PCE of 7.6%, in contrast to its binary counterpart which has a
PCE of merely 6.3%. Figure 2 shows the detailed thickness dependent OPV parameters of
both the binary and ternary devices. From figure 2(a), we see the PCEs of the binary BHJ of
PTB7:PC71BM are ~8% in the thin film regime between 90-120nm, which is the reported
thickness range for most OPV cells in the literatures.[28] The PCE is modulated by optical
interference effects, and reaches a local minimum at about 150nm. A broad peak in the PCE
occurs between 150-240nm thicknesses, but the peak PCE significantly reduced to ~6%.
Examinations of the FF and Jsc allow us to identify the origin of the loss of PCE for thick
film devices. For the binary BHJ, Jsc oscillates with the film thickness due to interference.
Two peaks occur for Jsc in the thicknesses under investigation. One peak is located in the thin
film regime with Jsc≈16mA/cm2; the second peak occurs at ~200nm with a higher Jsc≈
17mA/cm2. In contrast, the FF [Figure 2(b)] steadily drops from 65% to well below 50% as
the binary BHJ thickness increases from 100nm to 250nm. Thus, the loss of PCEs for the
binary BHJ of PTB7:PC71BM in thick film regime originate from the loss of FF are generally
expected. To compensate for the loss of FF in the thick film, we replace 5% of PTB7 by DTS
in the BHJ film. The resulting ternary blend is PTB7:DTS:PC71BM (0.95:0.05:1.5). This
particular ternary blend composition has been optimized. Details of the optimization results
are summarized in Figure S1. The OPV device performances of the ternary blend for
5

different thicknesses are shown also in Figure 2. From Figure 2(a), it can be seen that in the
thin film regime between 90-120nm, the PCE of the ternary blend is clearly improved (8.1%)
compared to the binary BHJ. The differentiations between the ternary and binary devices are
even more distinct in the thick film regime at ~200nm. There, the ternary device has a
champion PCE 7.6%, which is markedly improved compared to the binary BHJ (~6%).
Moreover, the PCE of the thick film ternary cell of 7.6% is also comparable to the best binary
cell in the thin film regime. Examinations of Figure 2(b) and 2(c) show that the improvement
in the ternary blends originate from the much improved FF for most of the film thicknesses.
Figure 3(a) shows the current density-voltage (J-V) characteristics of thick film binary and
ternary OPV devices with two DTS compositions: 5% and 15%. The thickness is about
190nm, where their Jscs reach their maxima. The corresponding photovoltaic parameters of
the OPV devices are summarized in Table 1. The thick film (197nm) ternary device with 5%
DTS in weight achieved the highest PCE of 7.6% (Voc of 0.74V, Jsc of 17.1mA/cm2 and FF
of 59%), while the binary thick film (175nm) device only yielded the PCE of 6.3%, with the
Voc of 0.74V, Jsc of 17.2mA/cm2 and FF of 48%. A higher DTS content of 15% can further
improve the FF to 62%; however, this device suffers from reduced Jsc and therefore an
overall reduction of PCE to 7.2%.(Table 1) The external quantum efficiency (EQE) spectra of
corresponding binary and ternary OPV devices are shown in Figure 3(b). For both the binary
and ternary device (5% DTS), the EQE spectra are very similar. When DTS is in excess
(15%), the ternary devices show an EQE attenuation in the wavelength region from 530nm to
800nm. For example, the EQE peak of the binary device is above 75% in the wavelength of
590nm, whereas this peak value drops below 65%, after 15% DTS in weight blending into the
BHJ system. The UV-visible optical absorption spectrum (Figure S2) indicates that the
decrease of Jsc is caused by reduced absorbance in polymer absorption region.
Atomic force microscopy (AFM) and grazing X-ray incidence diffraction (GID) were
performed to detect the morphological change after the DTS blending. The AFM images are
6

used to investigate if the ternary component, DTS, would induce phase segregation between
the donor and acceptor in the BHJ films. Previous reports by Machui et al.[29] And Chen et
al.[30] Have shown that a ternary component of PCPDTBT and P3HT-b-PEO in BHJ films
facilitated phase segregation with significant morphological and phase changes. However, in
our PTB7:DTS:acceptor ternary films as shown in the AFM images, the ternary DTS has no
such additional aggregation effects, and the BHJ films remain featureless even with a high
weight ratio of 15%. By comparing the morphological images by the AFM (Figure S3), we
observe that there is no obvious height and phase changes for both the binary and ternary BHJ
films. This result shows that the ternary DTS has no additional aggregation effects, and the
BHJ films remain amorphous even with a high weight ratio of 15%. Besides AFM, we also
used GID to study the nano-scale ordering of the blend films. The change in π-π* stacking
is due to the change in packing order and packing distance between the polymer chains.
Apparently, the absence of any changes in the GID images (Figure S4) suggest the polymer
packing remain largely unchanged with the additonal DTS compared to the binary BHJ films.
The GID images of BHJ films with various DTS weight ratios are consistent with the AFM
images, and indicates that the ternary BHJ films remain amorphous and the crystallization
does not happen up to 15% DTS in weight.

2.2. Hole Transport Analysis for Ternary PTB7:p-DTS(fbtth2)2:PC71BM Films
In order to understand the enhancement of ternary OPV devices performance, we used
admittance spectroscopy (AS) to measure both hole mobilities of the BHJ films. The principle
of AS is well-documented.[31-37] Figure 4(a) shows the hole mobilities of the binary and
ternary devices versus the electric field at room temperature. Generally, the hole mobilities for
all samples are field independent. Addition of DTS enhances the hole mobilities by factors of
2 to 3 up from a value of about 1×10-4 cm2V-1s-1 for the binary BHJ. For example, for DTS
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weight ratio of 15%, the hole mobility is increased to about 2.7 × 10-4 cm2V-1s-1.
Correspondingly, the electron mobilities for the binary and ternary films with DTS weight
ratios of 5% and 15% are similar, with the values of 7.0×10-5 cm2V-1s-1, 7.0×10-5 cm2V-1s-1
and 7.2×10-5 cm2V-1s-1 respectively.
Temperature dependent mobilities were carried out in order to probe in depth the transport
parameters of the binary and ternary blends. Briefly, field dependent mobilities were
measured at different temperatures. At each temperature T, the zero field mobility 𝜇0 was
extracted. The results were analysis by the Gaussian Disorder Model (GDM):
2𝜎

2

𝜇0 = 𝜇∞ 𝑒𝑥𝑝 [− (3𝑘𝑇) ]

(1)

where 𝜎 is the energetic disorder, 𝜇∞ is the carrier mobility when the temperature tends to
infinite, 𝑘 is the Boltzmann constant, and 𝜇∞ is the y-intercept from the plot of 𝜇0 against
1/T2.[38,39] Figure 4(b) shows such the analysis for the hole mobilities of the binary and
ternary hole-only devices with the DTS contents of 5% and 15%. The results indicate that the
hole mobilities of ternary devices are larger than the binary. Meanwhile, there is a significant
reduction of σ after the addition of DTS. Without DTS, σ is 77meV, and σ is sharply reduced
to 64meV when 15% of DTS is introduced. Since σ is a measure of the energy spread of the
HOMO, the reduction suggests that DTS can reduce the energy spreading of the transporting
site manifold, and therefore enhance the hole mobility.
Figure S5 summarizes the variations of the transport parameters with different DTS
contents. These data are compared to the device FFs. The transport data and the FF show clear
correlations: OPV devices with relatively higher FFs have higher hole mobilities. The ternary
device with 15% DTS in weight has a FF of 62%, which is the highest among devices with
various DTS contents in the thick film region (~200nm).
The previous results on DTS effects for hole transports were confined to an overall D:A
ratios of 1:1.5. Further insights on the role of DTS can be obtained by altering the fullerene
8

acceptor content.[40] So now the overall D:A ratio is 1:x, where x=0, 1.5 and 3, while the
donor content is fixed with 95% PTB7 and 5% of DTS by weight. Figure 5 shows the hole
mobilities versus the electric field for the BHJ s with these compositions at room temperature.
As controls, corresponding results for samples with no DTS are also shown. For the films
without PC71BM (x=0), both the pure PTB7 and PTB7:DTS films have the same electric field
independent hole mobility of about 4×10-4 cm2V-1s-1. This result indicates that the DTS
cannot improve hole transport when PC71BM is absent. However, when PC71BM is present
(x=1.5 and 3.0), DTS enhances the hole mobility as indicated in Figure 6(b) and 6(c). For
example, when the D:A ratio is 1:3, DTS enhances the hole mobility from about 3×10-5
cm2V-1s-1 to 6.6 × 10-5 cm2V-1s-1. Table 2 lists the zero-field hole mobilities and the
improvements for their ternary devices at different D:A ratios, comparing with the control
devices. The enhancement is larger when more fullerene is present. The results suggest DTS
enhances hole mobilities in PTB7:PC71BM.

2.3. Sub-bandgap Optical Absorptions
Photothermal deflection spectroscopy (PDS) was performed to investigate the subgap states
of the PTB7:DTS:PC71BM ternary BHJ films. PDS is a highly sensitive and well-established
technique for measuring the subgap optical absorptions of electronic materials.[41-43] The
principle of PDS can be found elsewhere.[44] Just below the bandgap of an amorphous
semiconductor, the absorption coefficient α can be modeled by the Urbach formula:
ℎ𝜈−𝐸𝑔

α = 𝛼0 exp[

𝐸𝑢

]

(2)

where 𝛼0 is the absorption coefficient at the bandgap energy 𝐸𝑔 ;ℎ𝜈 is the photon energy and
𝐸𝑢 is the Urbach energy.[45] The Urbach energy can be interpreted as the width of the tail of
localized states in the forbidden band gap.[46] Figure 6 shows the PDS-derived absorption
spectra of the binary and ternary films. The compositions of the films are the same as those in
9

Figure 4, and the overall D:A ratio is 1:1.5. From Figure 6, it can be seen that there are (ⅰ) a
slight, yet distinct blue shift in the energy gap, and (ⅱ) a distinct reduction of Urbach
energies 𝐸𝑢 when DTS is added into PTB7:PC71BM. The reduction in 𝐸𝑢 can be better
observed in the inset of Figure 6 as an increase in the slope of the band edge region just below
the bandgap. The observation of absorption just below the energy gap is generally associated
with “tailed states” arising from disorders. So a reduction in 𝐸𝑢 can be interpreted as reduced
disorder arising from the addition of DTS.

2.4. 1HNMR Measurements of PTB7:DTS Interaction
Based on the carrier transport and subgap optical absorption analysis above, we put forward
a model to explain the beneficial role of DTS in the ternary blend of PTB7:DTS:PC71BM. In
the presence of DTS molecules, hole transport in the BHJ films is improved due to better
connected polymer domains. Figure 7 is the schematic diagram to elaborate the interactions
among the PTB7, DTS and PC71BM in ternary BHJ films. The blue long chains are the PTB7
molecules, and the brown balls and red sticks represent the small PC71BM aggregations and
DTS molecules respectively. To substantiate the model in Figure 7, the 1HNMR measurement
was performed to further analyze the supramolecular donor:acceptor interactions. The NMR
signal is obtained by detecting the re-emitted electromagnetic radiation of nuclei in a
magnetic field.[47,48] The relationship between the chemical shift δ and absolute resonance
frequency γ can be given by:
δ=

𝛾−𝛾𝑟𝑒𝑓

(3)

𝛾𝑟𝑒𝑓

where 𝛾𝑟𝑒𝑓 is the resonance frequency of the standard compound. Figure S6 shows the
1

HNMR spectroscopy of (a) pure DTS solution (10mg/mL); (b) DTS:PTB7 solution with the

weight ratio of 1:1 (10mg/mL); and (c) DTS:PTB7 solution with the weight ratio of 1:1
(20mg/mL). Deuterated chloroform (CDCl3) was used as the solvent with tetramethylsilane
10

(TMS) as the internal standard. When the PTB7 and DTS are blended together with the
weight ratio of 1:1, all aromatic protons on DTS showed significant peak shifts to the
shielding region on the 1HNMR spectrum. The shifts became more obvious with the increase
of solution concentrations. By comparison with the relevant reference[49], we can assign the
relative protons on DTS to its

1

HNMR spectrum. The peaks of proton 2 in 5-

fluorobenzo[c][1,2,5]thiadiazole and proton 4 in thiophene have the greatest chemical shifts,
with chemical shifts δ2shift = -0.131 ppm, δ3shift = -0.100 ppm, δ4shift = -0.108 ppm from pure
DTS respectively, whereas proton 5 shows a moderate shift and proton 6 and proton 1 have
relatively weaker chemical shifts after blending PTB7 into the DTS solution with the donor
concentration of 20mg/mL. This result indicates that there is a change in magnetic
environment once the two compounds were mixed. A possible explanation for this would be
the presence of π-π interactions between the polymer chains and the DTS molecules. The
interactions involved could possibly due to the donor acceptor pairs of the thiophene donor
and the 5-fluorobenzo[c][1,2,5]thiadiazole acceptor moieties on DTS with the 3fluorothieno[3,2-b]thiophene acceptor and BDT donor on the PTB7 polymer backbone.
Moreover, the bulkiness of the carbon chains on DTS sterically hindered any π-π interactions
on the terminal thiophene ring and the central silolo[3,2-b:4,5-b’]dithiophene moiety. As a
result, proton 6 and proton 1 which are located near to the alkyl chains on DTS received the
least chemical shift among the aromatic protons on DTS. From the concentration dependent
experiment in NMR studies, together with the electronics data obtained, we can conclude that
DTS acts as a bridging linker between PTB7 polymers in a supramolecular scale. The
connected PTB7 polymers promote the transport of hole carriers. The energy transfer between
polymers and molecules were investigated by the steady state photoluminescence (PL)
measurement.(Figure S7) An significant fluorescence quenching can be observed in the
PTB7:DTS film, indicating that energy transfer occurs between PTB7 and DTS molecules.
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2.5.PTB7-Th:DTS:PC71BM and P3HT:DTS:PCBM Ternary Devices
One appealing aspect of the ternary approach to make thick film OPV cells is the potential
generality. Here, we further test this concept with two well-known donor polymers, namely
PTB7-Th and P3HT. OPV devices were fabricated with a normal structure of
ITO/PEDOT:PSS/polymer:DTS:acceptor/LiF/Al. The thin film control devices (no DTS)
have PCEs of 8.7% and 3.8%, respectively, for PTB7-Th and P3HT. For PTB7-Th devices,
the PCE is comparable to those in the literature (7.5%-10%).[50-53], although it is still behind
the highest reported PCE of ~ 10%[54] as we have not treated our devices with special
interlayers and solvents.
The

thickness

dependent

OPV

parameters

of

PTB7-Th:DTS:PC71BM

and

P3HT:DTS:PCBM ternary BHJ OPV devices and their corresponding control binary devices
are shown in Figure 8. Similar to the PTB7:DTS:PC71BM system, the performances of
ternary OPV devices are enhanced as the BHJ film thickness increases. The thick-film
(195nm) PTB7-Th:DTS:PC71BM device can achieve a PCE of 8.3%. Its control thick-film
binary device has a PCE of 7.4%. The P3HT:DTS:PCBM ternary devices also exhibit
enhancements. The PCE of control P3HT:PCBM OPV device drops to 3.2% as the BHJ film
thickness increase to 400nm, with both decreased Jsc and FF of 10.7mA/cm2 and 50%
respectively. Whereas for the P3HT:DTS:PCBM ternary OPV devices with the weight ratio of
0.9:0.1:1, the tendency of PCE remains above 3.9% in the BHJ film thickness region of
220nm to 500nm. It is worth noting that the Jscs of P3HT:DTS:PCBM ternary OPV devices
continue to grow due to the complementary optical absorptions of two donor materials.
Figure S8 shows the EQE spectra of optimized thick-film PTB7-Th:DTS:PC71BM and
P3HT:DTS:PCBM ternary OPV devices and the control binary devices.
1

HNMR measurements were also performed to detect the supramolecular donor:acceptor

interactions in PTB7-Th:DTS:PC71BM and P3HT:DTS:PCBM ternary systems. Figure S9
and S10 shows the 1HNMR spectroscopy DTS solution (10mg/mL) and polymer:DTS
12

solutions with various concentrations and the steady-state PL spectra of pure polymer and
polymer:DTS (1:1) films. All aromatic protons on DTS show significant peak shifts to the
shielding region on the 1HNMR spectrum after the polymer blending, and the shifts become
more obvious with the increase of solution concentrations. Table S1 shows the average
chemical shifts of the DTS aromatic protons in different DTS:Polymer blend systems. The
peaks of proton 2 in 5-fluorobenzo[c][1,2,5]thiadiazole and proton 4 in thiophene have the
greatest chemical shifts, and this results are consistent with the 1HNMR results discussed in
Section 2.4. It is interesting to find that all proton peaks of PTB7-Th:DTS solutions broaden,
indicating the formation of alloys due to the strong supramolecular interactions pull the DTS
and PTB7-Th molecules closer. Also, after the polymers and DTS blending, the significant
fluorescence quenching were observed, and indicates the energy transfers occur between
polymers and DTS molecules.

3. Conclusion
We

demonstrate

how

to

fabricate

thick-film

(190nm

to

500nm)

ternary

PTB7:DTS:PC71BM, PTB7-Th:DTS:PC71BM and P3HT:DTS:PCBM OPV devices with
various DTS weight ratios. All the thick film ternary OPV devices possess better PCEs and
FFs, comparing with the control binary devices. We used PTB7:DTS:PC71BM system as a
model system to further investigate the role of DTS in the polymer:acceptor BHJ system. AS
and PDS were performed to test the transport properties and sub-bandgap optical absorptions
of binary and ternary BHJ films. Hole mobilities can be enhanced by factors of 2-3 after the
DTS blending, with a significant reduction of energetic disorder, and electron mobilities of
corresponding BHJ films still maintained on the same level. Meanwhile, sharpened band tails
can be observed in the ternary BHJ films. Proton NMR measurements support a model in
which the symmetrical DTS has supramolecular interactions with polymer molecules, and
links the donor polymer chains together. As a result, the hole mobilities can be enhanced.
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Finally, we want to point the potentials of this DTS ternary strategy to fabricate the thick-film
and large-area OPV devices. Large area OPV cells generally suffer from poor FFs. With the
ternary strategy proposed here, the FFs can be improved and can be easily adapted to slot die
coating technique for large area solar cells.

4. Experimental Section
Materials: PTB7, PTB7-Th, and DTS were purchased from 1-Material, and P3HT was
purchased from Ricke Metals, Inc. (RMI). PCBM and PC71BM were obtained from Nano-C.
DIO, CuPc, spiro-TPD, PEDOT:PSS were obtained from Tokyo Chemical Industry Co.,
Sigma-Aldrich, Luminescence Technology and Heraues, respectively.
PTB7 and P3HT OPV Devices Fabrication: The ITO patterned glass substrate was cleaned
by deionized water, acetone, and 2-propanol in ultrasonic bath for 40 min respectively.
PEDOT:PSS layer was spin coated in air at the spin speed of 7000RPM for 60s, and then post
annealed for 10 min at 140°C. The sample was then transferred into the nitrogen glovebox.
Polymers, acceptors and DTS were dissolved in chlorobenzene (CB) and the solutions were
stirred at 70°C hotplate overnight. The active layers were spin coated in glove box with
different spin speeds, to form various thicknesses of BHJ films. The BHJ film covered
substrates then transferred into the high vacuum chamber ( <4×10-6 Torr) to evaporate 1nm
LiF and 130nm Al.
PTB7-Th OPV Devices Fabrication: The PTB7-Th, DTS and PC71BM were dissolved by
the weight ratio of 0.95:0.05:1.5 in chlorobenzene (CB) with the donor concentrations from
10mg/mL to 25mg/mL (3 vol% DIO additive). The solutions were stirred at 70°C hotplate
overnight. The PEDOT:PSS based substrates were spin coated the PTB7-Th:DTS:PC71BM
solutions in golve box with the spin speeds from 700RPM to 300RPM, to form the thickness
dependent (80nm ~ 240nm) BHJ films. The samples were post annealed at 40°C hotplate for
12hrs, and then transferred into the high vacuum chamber ( <4×10-6 Torr). The 1nm LiF was
14

evaporated by the speed of 0.1nm/s for 10s, and after cooling down, 130nm Al electrode was
evaporated.
Hole- and electron-only Devices Fabrication: The preparation method of the single-carrieronly device was similar to the corresponding OPV devices. The structure of the hole-only
device was ITO/PEDOT:PSS/BHJ/spiro-TPD:CuPc /Au, and the structure of the electrononly device was ITO/Al/BHJ/LiF/Al.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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(a)

(b)

Figure 1. (a) Chemical structures of p-DTS(fBTTh2)2, PTB7, PTB7-Th and P3HT; (b) energy
levels of p-DTS(fBTTh2)2, PTB7, PTB7-Th, P3HT, PC71BM and PCBM.
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Figure 2. Thickness dependent OPV performances of binary PTB7:PC71BM control binary
devices and ternary PTB7:DTS:PC71BM device with 5% DTS in weight. (a) PCE; (b) FF; (c)
Jsc; (d) Voc.
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Figure 3. (a) JV characteristics of binary PTB7:PC71BM and ternary [5% and 15% DTS in
weight] thick-film (~190nm) OPV devices under 100 mW/cm2 of AM1.5G solar illumination.
Square data points indicate the binary device; the data points in red filled circles are the
ternary device with 5% DTS in weight; the data points in open circles show the ternary
devices with 15% DTS in weight. (b) EQE spectra for corresponding OPV devices.
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Figure 4. (a) Hole mobilities versus electrical field. The data points in squares indicate the
binary device; the data points in red filled circles are the ternary device with 5% DTS in
weight; the data points in green open circles show the ternary devices with 15% DTS in
weight; (b) Zero-field carrier mobilities of the binary PTB7:PC71BM and ternary (5% and
15% DTS in weight) hole-only devices vs 1⁄𝑇 2 obtained by AS measurements. Solid lines
are the linear fits by Eq. (2). The slopes of the plots yield the energetic disorders and the yintercepts yield the high temperature limits of the carrier mobilities.
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Figure 5. Effects of varying fullerene contents in the binary and ternary blends. Hole
mobilities were measured versus the electrical field at room temperature for the binary and
ternary (5% DTS in weight) hole-only devices with the D:A ratios of (a) 1:0; (b) 1:1.5; and (c)
1:3.
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Figure 6. Subgap optical absorption spectra from PDS measurements for PTB7:PC71BM BHJ
films with various DTS weight ratios. The insets show linear fits to the band tail states. The
slopes of the fits are used to determine the Urbach energies.

24

Figure 7. A cartoon showing how DTS molecules “purifies” PTB7:DTS:PC71BM ternary
BHJ films. DTS molecules act as bridges in between two adjacent polymer chains and
promote interchain hole transports.
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Figure 8. Thickness dependent OPV performances of (a) PTB7-Th:DTS:PC71BM and (b)
P3HT:DTS:PCBM ternary BHJ OPV devices and control binary devices.
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Table 1. OPV cell parameters for binary PTB7:PC71BM OPV devices and ternary devices
with DTS for two representative weight %.

BHJ

DTS
Weight %

Binary
PTB7:PC71BM

0

Ternary
PTB7:DTS:PC71
BM

5
15

Thicknes
s (nm)

Jsc (mA/cm2)

Voc (V)

FF
(%)

17.2

0.74

48

17.1
15.8

0.74
0.74

175

197
185

59
62

PCE (%)

6.3

7.6
7.2

Table 2. Influence of DTS on hole transport when the fullerene content is allowed to vary.
Zero field hole mobilities at room temperature for the control and ternary (5% DTS in weight)
hole-only devices with the D:A ratios of (a) 1:0; (b) 1:1.5; and (c) 1:3.
D:A Weight
Ratio

DTS Weight %

𝜇0,ℎ (cm2V-1s-1)

Improvements

1:0
(no PC71BM)

0
5

3.9 × 10−4
3.9 × 10−4

N.A.
1.0

1:1.5

0
5

1.1 × 10−4
2.1 × 10−4

N.A.
1.8

1:3

0
5

3.0 × 10−5
6.6 × 10−5
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N.A.
2.2

Table 3. Summary of Urbach energiesu and corresponding FFs of the binary and ternary BHJ
films.
BHJ

DTS
Weight %

Urbach Energy
(meV)

Binary
PTB7:PC71BM

0%

54.6

48

Ternary
PTB7:DTS:PC71
BM

5%
15%

49.9
49.6

59
62
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FF (%)

Thick-film ternary OPV devices retain 90% PCEs of the optimized binary thin film cells.
The ternary component p-DTS(fbtth2)2 enhances hole mobilities and reduces trap states. The
photothermal deflection spectroscopy (PDS) and 1H nuclear magnetic resonance (NMR)
measurements suggest that the p-DTS(fbtth2)2 behaves as bridges in between two neighboring
polymer segments.

thick-film organic photovoltaic devices, ternary devices, enhanced hole mobility,
photothermal deflection spectroscopy, nuclear magnetic resonance measurement
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Figure S1. Device parameters of optimized thick-film (~190nm) ternary OPV devices with
various DTS weight ratios.
Figure S2. UV-visible optical absorption spectra of PTB7:DTS:PC71BM BHJ films with
various DTS weight ratios.
Figure S3. AFM images of PTB7:DTS:PC71BM BHJ films with various DTS weight ratios.
Figure S4. Grazing Incidence Diffraction (GID) images of PTB7:DTS:PC71BM BHJ films
with various DTS weight ratios.
Figure S5. Summary of transport parameters with different DTS contents.
Figure S6. 1HNMR spectroscopy of DTS and DTS solutions.
Figure S7. Steady state PL image of PTB7 and PTB7:DTS (1:1) films.
Figure S8. EQE spectra of PTB7-Th:PC71BM and P3HT:PCBM OPV devices.
Figure S9. 1HNMR spectroscopy DTS solution (10mg/mL) and polymer:DTS (1:1) solutions
with various concentrations.
Figure S10. Steady-state PL spectra of polymer and polymer:DTS films.
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Table S1. Average chemical shifts of the DTS aromatic protons in different DTS:polymer
blend systems.
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Figure S1. Parameters of optimized thick-film (~190nm) ternary OPV devices with various
DTS weight ratios.

Figure S2. UV-visible optical absorption spectra of PTB7:DTS:PC71BM BHJ films with
various DTS weight ratios.
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Figure S3. AFM (a) height; (b) phase images for PTB7:DTS:PC71BM BHJ films with (ⅰ)
0%, (ⅱ) 5%, (ⅲ) 7% and (ⅳ) 15% DTS weight ratios.
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Figure S4. GID images of PTB7:DTS:PC71BM BHJ films with various DTS weight ratios.
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Figure S5. Influence of DTS on the transport parameters of hole-only devices. The data are
extracted from Figure 4. (a) Room temperature mobilities; (b) Energetic disorders. The plot in
the bottom panel (c) shows the FFs from OPV devices.
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Figure S6. 1HNMR spectra of DTS and PTB7:DTS with the weight ratio of 1:1 in
chloroform: (a) DTS solution in 10mg/mL; (b) PTB7:DTS solution in 10mg/mL; and (c)
PTB7:DTS solution in 20mg/mL. The numbers label the position of the aromatic protons in
the DTS molecule.
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Figure S7. Steady state PL image of PTB7 and PTB7:DTS (1:1) films. The thickness of films
is around 100nm, which is the BHJ film thickness of the optimized PTB7 OPV devices.

Figure S8. EQE spectra of PTB7-Th:PC71BM and P3HT:PCBM OPV devices;
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Figure S9. 1HNMR spectra showing the aromatic region of a) DTS. b) DTS:PTB7 = 1:1
(10mg/mL). c) DTS:PTB7 = 1:1 (20mg/mL). d) DTS:PTB7-Th = 1:1 (10mg/mL). e)
DTS:PTB7-Th = 1:1 (20mg/mL). f) DTS:P3HT-Th = 1:1 (10mg/mL). g) DTS:P3HT-Th = 1:1
(10mg/mL).
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Figure S10. Photoluminescence (PL) spectra of polymer and polymer:DTS (1:1) films (a)
PTB7-Th; (b) P3HT. The thicknesses of PTB7-Th and P3HT films are 100nm and 200nm
respectively, which are the BHJ film thicknesses of their optimized OPV devices.
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DTS

Δδ1
0.000

Δδ3
0.000

Δδ2
0.000

Δδ4
0.000

Δδ5
0.000

Δδ6
0.000

DTS:PTB7 = 1:1 (10mg/mL)

-0.024

-0.044

-0.054

-0.048

-0.046

-0.043

DTS:PTB7 = 1:1 (20mg/mL)

-0.053

-0.100

-0.131

-0.108

-0.100

-0.088

DTS:PTB7-Th = 1:1 (10mg/mL)

-0.106

-0.173

-0.201

-0.175

-0.135

-0.184

DTS:PTB7-Th= 1:1 (20mg/mL)

-0.168

-0.257

-0.315

-0.270

-0.208

-0.284

DTS:P3HT = 1:1 (10mg/mL)

-0.028

-0.074

-0.110

-0.071

-0.055

-0.042

DTS:P3HT = 1:1 (20mg/mL)

-0.044

-0.116

-0.179

-0.115

-0.088

-0.066

System

Table S1. Average chemical shifts of the DTS aromatic protons in different DTS:polymer
blend systems.
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