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Structure-property relationships for bis-diketopyrrolopyrrole 
molecules in organic photovoltaics† 

Qiang (Mike) Wang,ab Jacobus J. van Franeker, ab Bardo J. Bruijnaers,a Martijn M. Wienk ac and 
René A. J. Janssen*ac 

The design of small organic molecules for efficient solution-processed organic solar cells is hampered by the absence of 

relationships that connect molecular structure via processing to blend morphology and power conversion efficiency. Here 

we study a series of bis-diketopyrrolopyrrole molecules in which we systematically vary the aromatic core, the solubilizing 

side chains, and the end groups to achieve power conversion efficiencies of 4.4%. By comparing the morphology and 

performance we attempt to identify and rationalize the structure-property relationships. We find that the tendency to 

aggregate or crystallize are important factors to control and that these require a subtle balance.

1. Introduction 

The surge in power conversion efficiency (PCE) of organic 

photovoltaic (OPV) cells in the last decade has primarily been 

achieved by developing new organic semiconductors that 

feature high charge carrier mobilities and carefully tuned 

frontier molecular orbital (HOMO and LUMO) levels to 

maximize the open-circuit voltage and short-circuit current. The 

progress further relied on optimizing the phase separation 

between the donor and acceptor materials via judicious 

processing to achieve high current densities and fill factors. The 

highest reported efficiencies for single junction polymer solar 

cells exceed 10%.1-6 One drawback of synthetic semiconducting 

polymers is their statistically determined nature, reflected 

−amongst others− in their molecular weight distribution and the 

occurrence of undesired homo-coupling reactions during the 

polymerization.7-10  

 Small conjugated molecules and well-defined oligomers of 

intermediate dimensions with distinct molecular structures and 

controllable purity alleviate the lack of chemical and structural 

definition of conjugated polymers. 11 , 12  Using well-defined 

oligomers and reproducible processing methods, improved 

understanding of structure-property relationships can be 

anticipated.13 Solution-processed small-molecule organic solar 

cells were first described for oligothiophenes, 14 

merocyanines, 15  and squaraine dyes. 16  Presently the highest 

PCEs of solution-processed small-molecule organic solar cells 

rival those of the most efficient polymer solar cells. 17 - 19  A 

common design element of these efficient molecules is that 

they are based on complementary electron rich (donor, D) 

(mostly thiophene based) and electron deficient (acceptor, A) 

units in D-A-D or A-D-A motifs. 

 To extend the spectral coverage to the near infrared, 

organic semiconductors based on diketopyrrolopyrrole (DPP) 

have been applied in organic solar cells. 20 - 23  DPP polymers 

exhibit high charge carrier mobilities, which add to their 

suitability for application in solar cells.24−25 Also small molecules 

incorporating a DPP unit have extensively been investigated for 

use in organic solar cells.26-42 Among the many DPP molecules 

that have been considered for use in organic solar cells, those 

incorporating the A-D-A or D-A-D-A-D motifs with DPP as 

acceptor unit have been very popular. 43 - 104  By introducing 

extended planar aromatic donor bridges between the two DPP 

acceptor units it is possible to obtain high charge mobility and 

to manipulate the energies of the frontier orbitals to control 

voltage and charge transfer to the fullerene acceptor. Several 

bis-DPP molecules afford PCEs up to 6%, and some even 

higher.72,87,90 The record PCE of 8.08% for a solution-processed 

small-molecule solar cell based on DPP units has been obtained 

for a compound comprising two DPP units linked to a central 

porphyrin via acetylene bonds.90  

 In all bulk-heterojunction organic solar cells the morphology 

of the blend and the nanoscale phase separation is crucial to 

achieve efficient exciton dissociation into charge carriers and to 

provide suitable percolating pathways to transport charges to 

the electrodes. Undoubtedly, achieving an optimized 

morphology is the key to unlock the full potential of the small-

molecule organic donors. While this is well recognized in the 

field, there is little general knowledge on how the molecular 

structure directs the blend morphology and how this is 

influenced by processing conditions such as solvent, co-solvent, 

and thermal annealing. In this paper we present a series of bis-

DPP molecules with A-D-A and D-A-D-A-D motifs with different 

central cores, solubilizing side chains, and end groups 
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connected to the two DPP units (Fig. 1). The series of molecules 

was designed to provide similar optical band gaps and HOMO 

and LUMO levels, to focus on effects of the structural changes 

in the different parts of the bis-DPP molecules on performance 

and morphology. The results contribute to establishing 

structure-performance relationships for solution-processed 

small-molecule organic solar cells.  

2. Results and discussion 

2.1. Synthesis 

The bis-DPP molecules shown in Fig. 1 were synthesized via 

Stille reactions using the appropriate bis(trimethyltin)-

substituted aromatic core and 3-(5-bromothiophen-2-yl)-2,5-

bis(dialkyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-

1,4-dione in toluene at 115 °C using 

tris(dibenzylideneacetone)dipalladium(0) as a catalyst (Scheme 

1). For BDT-EH-S-BT, 3-(5-(benzo[b]thiophen-2-yl)thiophen-2-

yl)-6-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-

c]pyrrole-1,4-dione was used instead. All products were 

purified via column chromatography or preparative recycling 

gel permeation chromatography and characterized with NMR 

and MALDI-TOF mass spectrometry. The details of the synthesis 

and characterization of the molecules shown in Fig. 1 can be 

found in the Electronic Supplementary Information (ESI†). 

 

2.2. Optical absorption 

The UV-vis absorption spectra of the bis-DPP molecules in 

solution are similar (Fig 2a). The optical absorption of bis-DPP 

molecules with a benzo[1,2-b:4,5-b']dithiophene (BDT) core is 

slightly hypsochromically shifted with respect to those of the 

thieno[3,2-b]thiophene (TT) and dithieno[3,2-b:2',3'-

d]thiophene (DTT) cores. The five bis-DPP derivatives with a BDT 

core show a vibronic transition at lower wavelengths, whereas 

the other bis-DPPs show a featureless absorption band. The two 

benzo[b]thiophen-2-yl (BT) end groups in BDT-EH-S-BT cause a 

substantial bathochromic shift, compared to BDT-EH-S. On the 

other hand, the two 2-thienyl substituents on the 4 and 8 

positions of BDT have a negligible effects on the optical 

absorption in solution.  

In thin solid films all compounds exhibit a substantial 

bathochromic shift of the optical absorption and all compounds 

show fine structure as a consequence of vibronic transitions and 

coupling of transition dipoles (Fig. 2b) of nearby molecules. The 

magnitude of the bathochromic shift in thin films is similar for 

 

Name Core End group Alkyl chain 

TT-S TT H EH 
DTT-S DTT H EH 
DTT-L DTT H HD 
BDT-S BDT H EH 
BDT-L BDT H HD 
BDT-EH-S BDT-EH H EH 
BDT-2C6-S BDT-2C6 H EH 
BDT-EH-S-BT BDT-EH BT EH 

Fig. 1 Structures of bis-DPP molecules. 

 
 

Scheme 1 Generalized synthetic procedure of the bis-DPP molecules.  
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Fig. 2 UV-vis absorption spectra of bis-DPP molecules shown in Fig. 1 in (a) 
solution and (b) thin films. 
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all bis-DPPs, except for BDT-L which is less shifted. The relative 

intensity of the longest wavelength absorption band is the 

highest for BDT-EH-S-BT and then reduces along the series BDT-

2C6-S, BDT-S, BDT-EH-S, TT-S and DTT-S to lower values for DTT-

L and BDT-L. A low relative intensity of the longest wavelength 

absorption band in the solid state can point to the formation of 

H-type aggregates.39 Especially for BDT-L, for which λmax in 

solution (614 nm) is larger than in the film (604 nm), the optical 

absorption is reminiscent of an H-type aggregate in the film.  

Cyclic voltammetry was performed in dichloromethane to 

determine the frontier orbital energy levels of the bis-DPP 

molecules (Fig. 3). The corresponding cyclic voltammograms are 

collected in Fig. S1 (ESI†) and show that the oxidation and 

reduction waves are in general chemically reversible. The 

electrochemical band gaps determined from the differences 

between the potentials at the onsets of the redox waves are 

similar to the optical band gaps determined from the onsets of 

absorption (in the solution spectra) (Table 1), but consistently 

somewhat smaller. From the cyclic voltammetry we find that 

the HOMO levels of the bis-DPP molecules are at −5.515 (±0.03) 

eV, using −5.23 eV vs. vacuum for the ferrocene/ferrocenium 

redox couple. Based on these small differences in the oxidation 

potentials, no large differences are expected in the open-circuit 

voltage (Voc) of the solar cells based on these bis-DPP molecules. 

 
2.3. Solar cells and morphologies 

Organic solar cells were fabricated by sandwiching a bulk 

heterojunction of the bis-DPP molecules and [60]PCBM 

between a transparent ITO/PEDOT:PSS front electrode and a 

LiF/Al back electrode on glass substrates. The active layer was 

deposited via spin coating from chloroform with and without 

co-solvents. All photoactive layers were extensively optimized 

for their photovoltaic performance by adjusting the solvent 

mixture, spin speed, and applying thermal annealing conditions. 

An overview of the most relevant data can be found in Tables 

S1-S8 (ESI†). The ESI† also contains the current density – voltage 

(J−V) characteristics and the external quantum efficiencies 

(EQEs) of the optimized devices.  

2.3.1 Effect of central core  

Among the bis-DPP molecules shown in Fig. 1, there are three 

different electron-rich aromatic cores TT, DTT, and BDT. Solar 

cells of these molecules blended with [60]PCBM were optimized 

for co-solvent and thermal annealing. Adding 0.2% 1-

chloronapthalene (1-CN) as co-solvent in chloroform, gave 

better performance than using o-dichlorobenzene (o-DCB) or 

1,8-diiodooctane (DIO) for all three blends. Thermal annealing 

(110 °C, 10 min.) improved the TT-S:[60]PCBM cells by about 

25%, but resulted in a 50% or more loss in performance for the 

DTT-S:[60]PCBM and BDT-S:[60]PCBM cells. 

 In Table 2 we compare the photovoltaic parameters of the 

optimized devices of TT-S, DTT-S and BDT-S mixed with 

[60]PCBM in a 1:1 weight ratio. The highest PCE = 4.3% is found 

for TT-S:[60]PCBM, similar to the value of 4.0% reported 

previously for this compound.61 This layer possesses the highest 

short-circuit current density (Jsc) and fill factor (FF) of the three 

derivatives. The EQE of the TT-S:[60]PCBM cells reaches a 

maximum of 49% (Fig S2a, ESI†).  

 Atomic force microscopy (AFM) height and phase images 

of the TT-S:[60]PCBM blend (Fig. S11, ESI†) reveal the presence 

of fibrous surface features and a root-mean-square surface 

roughness (Rq) of 6.9 nm. In transmission electron microscopy 

(TEM), however, the TT-S:[60]PCBM blend shows little contrast 

TT-S DTT-S DTT-L BDT-S BDT-L BDT-EH-S BDT-2C6-S BDT-EH-S-BT

-5.52 -5.47 -5.47 -5.54 -5.52 -5.55 -5.52 -5.53

-3.74 -3.76 -3.71 -3.76 -3.74 -3.76 -3.73 -3.81

 
Fig. 3 Energy levels (in eV vs. vacuum) of bis-DPP molecules measured by cyclic voltammetry. 
 
Table 1 Electrochemical and optical band gaps and absorption onsets of the bis-DPP molecules in solution. 

Molecule TT-S DTT-S DTT-L BDT-S BDT-L BDT-EH-S BDT-2C6-S BDT-EH-S-BT 

Eg CV (eV) 1.78 1.71 1.76 1.78 1.78 1.79 1.79 1.72 

λmax (nm) 616 615 623 620 614 624 625 666 

λonset (nm) 689 684 691 662 657 669 669 711 

Eg (eV) 1.80 1.81 1.79 1.87 1.89 1.85 1.85 1.74 
 

 
 

Table 2 Best-performance devices of TT-S, DTT-S, and BDT-S mixed with 
[60]PCBM in a 1:1 ratio.a 

Material 

 

Annealing 

 

Jsc 

(mA cm−2) 

Voc 

(V) 

FF 

 

PCE 

(%) 

TT-S 110 °C 10 min. 9.46 0.81 0.56 4.3 

DTT-S No 6.82 0.76 0.44 2.3 

BDT-S No 6.06  0.85 0.53 2.7 

a Spin coated from chloroform containing 0.2% 1-CN. 
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(Fig. 4a and Fig S2b in the ESI†), suggesting intimate mixing, 

without large scale phase separation.  

   The DTT-S:[60]PCBM solar cell (PCE = 2.3%) has a lower FF, 

Jsc and EQE (37%) than the optimized TT-S:[60]PCBM device. The 

photocurrent is strongly bias dependent and reaches a similar 

value as the photocurrent in the TT-S:[60]PCBM cell at a reverse 

bias of -1.5 V (cf. Figs. S2a and S3a in the ESI†). This 

demonstrates that exciton dissociation into charge-transfer 

sates is similar in the two blends, but that charge extraction is 

more difficult in the DTT-S:[60]PCBM blend. This can be due to 

the much lower hole mobility of DTT-S (10−4 cm2 V−1 s−1) 

compared to TT-S (0.1 cm2 V−1 s−1), which has been reported in 

field-effect transistors of these materials.105 A low hole mobility 

reduces the rate at which photogenerated charge-transfer 

states dissociate into free charges and can also reduce the fill 

factor if the charge transport of electrons and holes is 

unbalanced.106 A second possible reason for the low FF and the 

observed field-assisted photocurrent collection is the absence 

of a percolating phase of DTT-S molecules, such that charge 

transport is hampered. Consistently, the TEM images of as-cast 

DTT-S:[60]PCBM blends (Fig 4b, and Fig. S3b in the ESI†) do not 

show significant phase separation.  

 For BDT-S:[60]PCBM blends (PCE = 2.8%), the FF is enhanced 

compared to DTT-S:[60]PCBM, but the photocurrent and 

maximum EQE (31%) are lower and do not significantly increase 

in reverse bias (Fig. S4a, ESI†). Hence, charges are generated 

less efficiently than in the other two blends but are relatively 

easily transported. This would be consistent with a more phase-

separated morphology in which pure domains facilitate charge 

transport but where a decreased donor-acceptor interface area 

reduces the exciton dissociation. The TEM images of the BDT-

S:[60]PCBM blend (Fig 4c, and Fig S4b in the ESI†), however, do 

not show distinct evidence of such coarser phase separation, 

although there is contrast on larger length scales than in the 

blends of TT-S and DTT-S with [60]PCBM.  

 

2.3.2 Effect of side chain on DPP 

To investigate the effect of side chain length and solubility, we 

synthesized DTT-L and BDT-L with longer 2-hexyldecyl side 

chains. Optimized devices of DTT-L with [60]PCBM show a 

higher PCE than the corresponding short-side chain DTT-S (cf. 

Tables 2 and 3). The increase is due to a slightly higher Voc and 

considerably improved fill factor. The higher Voc of the solar cells 

based on DTT when longer side chains are used on the DPP units 

is possibly related to the smaller bathochromic shift going from 

solution to film and the concomitant wider optical band gap. 

The wider optical band gap of DTT-L will deepen the HOMO 

energy level and increase open-circuit voltage. For BDT-

L:[60]PCBM the overall performance is very similar to that of 

BDT-S:[60]PCBM. Both provide a PCE of 2.7%, but with rather 

low maximum EQEs of 32% and 34%, respectively (Figs. S5a and 

S6a, ESI†). 

 The fill factor of 0.60 of the DTT-L:[60]PCBM cell is 

comparatively high for a solution-processed small molecule 

solar cell and much higher than the value of 0.44 for the short 

chain DTT-S:[60]PCBM blends. Compared to the intimately 

mixed DTT-S:[60]PCBM blend, the DTT-L:[60]PCBM films display 

distinct contrast on a length scale of less than 50 nm in TEM  

(Fig. 4d and Fig. S5b in the ESI†). This coarser phase separation 

improves percolation of charges and enhances the fill factor.     

  Also the morphology of BDT-L:[60]PCBM films shows large 

(~100 nm) darker [60]PCBM rich domains (Fig 4e and Fig. S6b in 

the ESI†) in TEM. These images are reminiscent of the polymer-

fullerene morphologies in which spinodal liquid-liquid demixing 

occurs before the film is dry. 107  For polymer-fullerene bulk 

heterojunctions this predominantly happens under conditions 

where the polymer has good solubility and aggregation only 

occurs in the last stages of film drying.108 This is consistent with 

the present result where long side chains impart increased 

solubility on BDT-L compared to BDT-S. In the regions in 

 
 

Fig. 4 TEM images of optimized photoactive layers of (a) TT-S:[60]PCBM, (b) 
DTT-S:[60]PCBM, (c) BDT-S:[60]PCBM, (d) DTT-L:[60]PCBM, and (e) BDT-

L:[60]PCBM. 

 

TT-S:[60]PCBM

100 nm

DTT-S:[60]PCBM

100 nm

100 nm

DTT-L:[60]PCBM

100 nm

100 nm

BDT-S:[60]PCBM BDT-L:[60]PCBM

a

b

c

d

e

Table 3 Best-performance devices of DTT-L and BDT-L mixed with [60]PCBM in 
a 1:1 ratio.a 

Material 

 

Annealing 

 

Jsc  

(mA cm−2) 

Voc 

(V) 

FF 

 

PCE 

(%) 

DTT-L No 5.83 0.81 0.60 2.8 

BDT-L No 5.53 0.85 0.58 2.7 

a Spin coated from chloroform containing 0.2% 1-CN. 
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between the dark [60]PCBM domains the blend has distinct 

crystalline domains as inferred from the lattice fringes in the 

TEM images (Fig. S6b, ESI†). The main lattice spacing estimated 

from the Fourier transform of the TEM image is 1.9±0.1 nm (Fig. 

S6b, ESI†) and corresponds to the value of 2.0 nm of pure BST-L 

inferred from the X-ray diffraction at 2θ = 4.40° (Fig S14, ESI†).  

 We see that for these two examples the longer side chains 

result in a coarser and more distinct phase separation with 

[60]PCBM as compared to the blends of the same compounds 

with shorter side chains. In analogy with previously studied 

polymer-fullerene blends we attribute this effect to an 

increased solubility. There are two effects that play as role. First, 

a higher solubility implies that spinodal liquid-liquid demixing 

can occur before the molecules aggregate or crystallize.108 This 

results in large, almost pure domains as seen in the BDT-

L:[60]PCBM films. Second, the critical size at which a nucleus 

becomes stable against re-dissolving is larger for more soluble 

molecules. Hence, phase separation with narrow fibres and 

small crystallites can be expected for less soluble compounds.109     

 

2.3.3 Effect of side chain on central core 

An alternative method to modify the solubility of the bis-DPPs 

is by introducing side chains on the aromatic core. For this 

reason we studied BDT-EH-S and BDT-2C6-S which possess the 

same π-conjugated backbone and side chains on the DPP units 

as BDT-S, but have alkyl-substituted 2-thienyl groups on the 

central BDT core (Fig. 1). TEM reveals that spin coating blends 

of both molecules with [60]PCBM from chloroform containing 

0.2% 1-CN results in an intimately mixed morphology (Fig. 5a 

and 5c) which results in PCEs of 2.4% and 1.1% (Table 4) for the 

corresponding solar cells.  

 After thermal annealing, the BDT-EH-S:[60]PCBM film shows 

small but distinguishable domain features in TEM (Fig. 5b and 

Fig. S8b ESI† for TEM at higher magnification) and a significantly 

increased PCE of 4.4%, mainly as a result of an increased 

photocurrent and fill factor. The maximum EQE is 52% (Fig. S8a, 

ESI†). For BDT-EH-S:[60]PCBM films a higher PCE of 5.79% has 

been reported for a layer processed from chloroform and 

annealed at 110 °C for 10 min.53 The photovoltaic parameters 

of the reported record device (Jsc = 11.97 mA cm−2, Voc = 0.84 V, 

FF = 0.576)53 show that the main difference with our result is a 

higher short-circuit current. In our hands processing from 

chloroform in combination with thermal annealing gave PCE = 

4.3% (Table S6, ESI†). 

 Thermal annealing of the BDT-2C6-S:[60]PCBM films, on the 

other hand, results in a significant loss of the PCE, mainly due to 

a loss of photocurrent and a fill factor that remains low. In TEM 

the BDT-2C6-S:[60]PCBM active layer exhibits large worm-like 

domains after thermal annealing (Fig. 5d and Fig. S9b ESI† for 

TEM at higher magnification). The increased domain size can 

explain the lower photocurrent, but does not explain the very 

low FF, which might be due to the absence of percolating 

pathways for charges. 

  The TEM images in Fig. 5 show that in the blends of BDT-EH-

S and BDT-2C6-S with [60]PCBM the degree of phase separation 

is similar directly after spin coating from chloroform containing 

0.2% 1-CN, but that thermal annealing results in much larger 

domains for BDT-2C6-S:[60]PCBM than for BDT-EH-S:[60]PCBM. 

The difference is likely related to the different tendency of the 

two molecules to crystallize. X-ray diffraction (XRD) on pure (i.e. 

without [60]PCBM) drop-cast films of BDT-EH-S and of BDT-2C6-

S shown in Fig. 6 reveals that the main diffraction peak is much 

more intense for BDT-2C6-S than for BDT-EH-S. This lends 

support to the conclusion from TEM that BDT-2C6-S crystallizes 

more easily than BDT-EH-S. The TEM results indicate that in as-

cast films the crystallization of bis-DPP molecules is reduced in 

the presence of [60]PCBM and that the extent to which 

crystallization can be enhanced by thermal annealing depends 

on the molecular structure. 

 Table 4 shows that both the BDT-EH-S:[60]PCBM and BDT-

2C6-S:[60]PCBM solar cells have a ~100 mV lower open-circuit 

voltage after thermal annealing of the active layer. We attribute 

 

Fig. 5 TEM images of optimized photoactive layers of BDT-EH-S (a,b) and BDT-
2C6-S (c,d) spin coated from chloroform containing 0.2% 1-CN before (a,c) 

and after (b,d) thermal annealing at 110 °C for 10 min. 

 

BDT-EH-S:[60]PCBM

BDT-EH-S:[60]PCBM

annealed

100 nm

100 nm

100 nm

BDT-2C6-S:[60]PCBM

BDT-2C6-S;[60]PCBM

annealed

100 nm

a

b

c

d

Table 4 Best-performance devices of BDT-EH-S. BDT-2C6-S and BDT-EH-S-BT 

mixed with [60]PCBM in a 1:1 ratio. 

Materials 

 

Annealing 

 

Jsc 

(mA cm−2) 

Voc 

(V) 

FF 

 

PCE 

(%) 

BDT-EH-S a No 6.76 0.92 0.39 2.4 

BDT-EH-S a 110 °C 10 min. 9.36 0.83 0.56 4.4 

BDT-2C6-S a No 3.59 0.97 0.30 1.1 

BDT-2C6-S a 110 °C 10 min. 2.43 0.86 0.29 0.6 

BDT-2C6-S b No 5.67 0.80 0.56 2.5 

BDT-EH-S-BT c 110 °C 10 min. 9.90 0.77 0.56 4.3 
a Spin coated from chloroform containing 0.2% 1-CN. b Spin coated from 

chloroform containing 0.3% 1,8-diiodooctane. c Spin coated from pure 

chloroform. 
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this to the aggregation of the two molecules and a concomitant 

shift of frontier orbital energy levels. In the XRD of the pure BDT-

2C6-S films we see a narrowing and shift of the diffraction peak 

of BDT-2C6-S after annealing. The shift indicates a changes of 

the lattice constants and crystal structure.  

 The best performance for BDT-2C6-S:[60]PCBM (PCE = 2.5%. 

and maximum EQE = 36%) was obtained when the layer was 

spin coated from chloroform containing 0.3% 1,8-diiodooctane 

(DIO) (Table 4). The increase in Jsc and FF and concomitant 

decrease in Voc
 for this device as compared to the un-annealed 

layer from chloroform containing 0.2% 1-CN, suggest that the 

use of DIO enhances the formation of crystalline domains.  

 

2.3.4 End group extension 

So far BDT-EH-S has provided the highest PCE in this study. The 

molecule can be further extended with benzo[b]thiophen-2-yl 

(BT) units on both sides (Fig. 1). The optimized device of BDT-

EH-S-BT with [60]PCBM shows a slightly higher short-circuit 

current density but a correspondingly smaller open-circuit 

voltage than that of BDT-EH-S (Fig. 7a), while the fill factors and 

the overall efficiencies are almost the same (Table 4). Also the 

maximum EQEs (52% vs. 49%, Fig 7b) are very close. TEM images 

show virtually identical morphologies for the two blends (Fig. 8). 

The small difference in short-circuit current density can be 

related to the different optical band gaps, which are 1.65 and 

1.55 eV for BDT-EH-S and BDT-EH-S-BT, respectively as 

determined from the onset of the EQEs in the thin films (Fig. 

7b).  The smaller optical band gap provides a better overlap with 

the photon flux of the AM1.5G solar spectrum, resulting in an 

increased Jsc. The reduction of the Voc for BDT-EH-S-BT indicates 

that in the solid state the energy difference between the highest 

occupied molecular orbital (HOMO) level of the bis-DPP and the 

lowest unoccupied molecular orbital (LUMO) level of the 

[60]PCBM acceptor is smaller than for BDT-EH-S. In solution, 

however, the oxidation potentials of the two compounds are 

virtually identical (Fig. 3).  

 

2.3.5. Effect of the co-solvent 

Most bis-DPP molecules in this study exhibited the highest PCE 

in photoactive layers with [60]PCBM when deposited from 

chloroform with 0.2% 1-CN as co-solvent. In Table 6 we 

compare the effect of 1-CN, DIO, and o-DCB as co-solvents in 

mixtures with chloroform for blends of the bis-DPP molecules 

with [60]PCBM. The results do not show a clear trend. The 

efficiency of the bis-DPP:[60]PCBM devices presented in Table 

5, is primarily determined by the combination of the molecular 

structure and nature of the co-solvent, and considerable fine 

tuning of this combination is required for device optimization. 

 

 

Fig. 6 X-ray diffractograms of thin films of (a) BDT-EH-S and (b) BDT-2C6-S 

before and after thermal annealing. 
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Fig. 7 (a) J−V characteristics and (b) EQE of optimized devices of BDT-EH-S 

and BDT-EH-S-BT with [60]PCBM. 

 

 

Fig. 8 TEM images of optimized photoactive layers of BDT-EH-S (left) and BDT-

EH-S-BT with [60]PCBM after thermal annealing at 110 °C for 10 min. 
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 The role of the co-solvent in solution-processed small-

molecule solar cells remains a point of discussion. A very strong 

dependence of the PCE on subtle changes in the amount of co-

solvent has been noted before for small-molecule bulk-

heterojunctions solar cells,110 but also less pronounced effects 

have been reported.111 For DPP-based polymers it was recently 

shown that the solubility of the DPP-polymer determines the 

width of the polymer fibrils formed.109 Co-solvents that provide 

a lower solubility for the DPP-polymer, gave smaller domain 

sizes and higher PCEs. In general the effect of the co-solvent for 

the bis-DPP:[60]PCBM mixtures is less outspoken than for the 

polymers and there is no obvious trend in the data. There is an 

important difference, between co-solvents used for small-

molecule and for polymer solar cells. The amount of co-solvent 

that gives optimized performance is smaller for bis-DPP small 

molecules (~0.2 vol.%) than for DPP polymer solar cells (>3 

vol.%). Because the co-solvents have a lower evaporation rate 

than the main solvent, this implies that for polymer solar cells 

the last phase of film drying where the main solvent has 

evaporated, the deposition is almost exclusively from the co-

solvent. In contrast, for small-molecule bis-DPPs, where the 

amount of co-solvent is a factor of ten less, the primary solvent 

plays a significant role during the entire deposition. In fact, for 

the bis-DPP molecules the optimal amount of co-solvent of 

about 0.2 vol.% (corresponding to 2.4 to 3.6 mg ml−1, depending 

on the co-solvent) is less than the concentration of the 

semiconductors (typical total concentration used 10-20 mg 

ml−1). 

 

2.3.6 Effect of thermal annealing 

For the optimized solvent/co-solvent deposition conditions, the 

device performance with or without thermal annealing is 

compared in Table 6. Thermal annealing is beneficial for TT-S, 

BDT-EH-S and BDT-EH-S-BT. In each of these cases the as-cast 

film exhibits little or no phase separation suggesting that the 

molecules have a limited tendency to aggregate or crystallize in 

the blends with [60]PCBM. In accordance, the X-ray 

diffractograms of pure drop-cast films of these compounds 

show small signs of crystallinity only (Figs. S13 and S14, ESI†). In 

these cases thermal annealing helps to induce crystallization 

and phase separation.  For all other molecules listed in Table 6, 

thermal annealing results in lower PCE. For DTT-L and BDT-L we 

attribute this to the fact that these compounds already give 

significant phase separation in as-cast films due to spinodal 

demixing and a larger critical crystallization nucleus as discussed 

in section 2.3.2. In these cases thermal annealing enhances the 

phase separation further, resulting in a loss of photocurrent and 

PCE (cf. Tables S4 and S5). For BDT-2C6-S we discussed in 

section 2.3.3 that thermal annealing also enhances the domain 

size (cf. Fig. 5c and 5d). For the remaining two molecules listed 

in Table 6, DTT-S and BDT-S, the explanation is less clear. In both 

cases thermal annealing causes a significant reduction of PCE as 

a consequence of a reduction of Jsc and FF. The reduction of the 

FF is appreciable; from 0.44 to 0.36 for DTT-S (Table S2, ESI†) 

and from 0.53 to 0.46 for BDT-S (Table S3, ESI†). The only other 

molecule in this series that gives a similarly large decrease in FF 

upon thermal annealing is BDT-2C6-S where the FF decreases 

from 0.35 to 0.24 (Table S7, ESI†). In all other cases the FF 

remains constant or is significantly increased. Another common 

feature of the annealed blends of DTT-S, BDT-S and BDT-2C6-S 

with [60]PCBM is the appearance of longer, worm-like features 

in the TEM images (see Fig. S3b, S4b, and S9b, ESI†). This 

suggests that the morphology of these films has a common 

underlying structure, e.g. vertical stratification, that 

deteriorates the FF.  

3. Conclusions 

The effects of structural variations in the core, the side chains, 

and the end groups on the photovoltaic performance has been 

studied in a series of bis-DPP small molecules for organic solar 

cells in an attempt to understand structure – processing – 

morphology – performance relationships. Molecules BDT-EH-S 

and BDT-EH-S-BT reach PCEs of ~4.3% in blends with [60]PCBM 

after thermal annealing. Each of these blends has a morphology 

that features small, but distinct domains. For TT-S the PCE also 

reaches 4.3% in combination with [60]PCBM. In this case TEM 

Table 5 Uncorrected PCEa values for bis-DPP:[60]PCBM films deposited using 

different co-solvents. 

Material 
 

No co-solvent 
 

DIO 
(0.2%) 

o-DCB 
(0.2%)  

1-CN 
(0.2%) 

TT-S 2.9 b 1.8 2.3 b 4.8 b 

DTT-S 2.2 1.8 1.8 2.5 

DTT-L 1.1 1.2 1.7 2.6 

BDT-S 1.7 1.5 1.3 c 2.7 

BDT-L 0.8 b 1.2 b 1.1 b 2.3 

BDT-EH-S 4.3 b 4.5 b,d 3.4 c 4.3b 

BDT-2C6-S 1.5 b 2.5 e 1.1 1.2 

BDT-EH-S-BT 4.6 b 3.7 4.0 b 4.3 b 
a These PCE values were obtained from the J−V characteristics under white 
light illumination and can differ from the more accurate values mentioned in 
Tables 2-5 where the Jsc was obtained from integration of the EQE spectrum. 
b

 After thermal annealing at 110 °C for 5 or 10 min. c Using 0.5% o-DCB. d 

Using 0.1% DIO. e Using 0.3% DIO. 

 

 
 

 

Table 6 Uncorrected PCEa values for bis-DPP:[60]PCBM films before and after 
annealing 

Material Solvent As cast Annealed b +/− 

TT-S CHCl3/1-CN (0.2%) 3.9 4.8 + 

DTT-S CHCl3/1-CN (0.2%) 2.5 1.1 − 

DTT-L CHCl3/1-CN (0.2%) 2.6 1.6 − 

BDT-S CHCl3/1-CN (0.2%) 2.7 1.8 − 

BDT-L CHCl3/1-CN (0.2%) 2.3 1.9 − 

BDT-EH-S CHCl3/1-CN (0.2%) 2.5 4.3 + 

BDT-2C6-S CHCl3/DIO (0.2%) 1.9 0.5 − 

BDT-EH-S-BT CHCl3 4.2 4.6 + 
a These PCE values were obtained from the J−V characteristics under white 
light illumination and can differ from the more accurate values mentioned in 
Tables 1-4, where the Jsc was obtained from integration of the EQE spectrum.  

bAt 110 °C for 5 or 10 min. 

 

 

Page 7 of 12 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal of Materials Chemistry A 

8  |  J. Marer Chem . A,  2016, 00 , 1-3  This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

gives no clear evidence of phase separation, but AFM shows 

distinct surface features. 

 Molecules with longer side chains (DTT-L and BDT-L) give 

coarser phase separation because they can give rise to spinodal 

demixing of the solution and because their critical nucleus size 

is larger. To achieve small domain sizes that provide efficient 

exciton dissociation and good efficiency, the solubility of the 

compounds is a critical parameter that should not be too high. 

 For the bis-DPP molecules the use of co-solvent results in an 

improved solar cell performance after spin coating. While co-

solvents such as DIO and o-DCB can be used, 1-CN provided in 

general the best performance. For the bis-DPPs molecules the 

amount of co-solvent required for best performance is usually 

0.2 vol.%, and hence much less than typical values (3 vol.% to 

10 vol.%) needed for reaching optimized performance for DPP 

polymers.107-109 For DPP polymers we have previously 

established that the co-solvent induces polymer aggregation in 

the last stages of the drying where the total solvent content has 

decreased to about 80% and the remaining solvent fraction is 

mainly comprised of the high-boiling co-solvent.108 At the low 

concentrations of co-solvent used for the bis-DPP molecules, 

the mechanism is likely to be different, because the amount of 

co-solvent in the casting solution is initially of the same order, 

or even less, as that of the semiconductors. Thus the film will be 

virtually dry before the co-solvent has become the main solvent 

component. 

 Thermal annealing improves the efficiency of the cells of TT-

s, BDT-EH-S and BDT-EH-S-BT where casting results in intimately 

mixed films. By blending with [60]PCBM the crystallization of 

these bis-DPP is retarded and it can be accomplished by thermal 
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By comparing the morphology and solar cell performance it possible to identify 

structure-property relationships for bis-diketopyrrolopyrrole molecules. 

 

R

R

S

S

O
N

O
N

R

R

S

S

O
N

O
N

Core End groupEnd group

 

   

Page 12 of 12Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t


