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ABSTRACT: The development of a high performance polymer PBDT-BT for bulk heterojunction solar cell devices is 
summarized. The polymer was first synthesized by Stille polycondensation and solar cell devices in conventional geome-
try was optimized through the use of a lithium salt cathode interlayer reaching 6% power conversion efficiency. Im-
provements were made to the synthesis of the polymer using Suzuki polycondensation giving high molecular weight ma-
terial in the Mn 100 kg/mol range. Further device optimization in inverted geometry gave power conversion efficiency of 
over 9%. The synthesis scalability as well as the batch-to-batch reproducibility of the polymer were extensively investigat-
ed. 

Introduction 

In the last decade, the development of polymer so-
lar cells has been driven by research in chemistry, 
physics and engineering making it a truly interdisci-
plinary topic. The various performance benchmarks 
could not have been achieved without the close col-
laboration of synthetic chemists, physical chemists, 
device physicists and engineers. In a bid to demon-
strate the possibility of printing large area flexible 
polymer solar cells with good performance and stabil-
ity, our team embarked on a project that involved the 
development of new materials, device architecture, 
printing processes and device encapsulation. In this 
article, we report the material and device optimiza-
tion of a donor-acceptor conjugated polymer system 
which cumulated in the publication of high perfor-
mance bulk heterojunction (BHJ) solar cell devices of 
over 9% power conversion efficiency (PCE).1 This 
work was performed over a period of several years 
with contributions from a substantial number of re-
searchers working in various relevant scientific disci-
plines. A number of new results are included in this 
paper – 1. A solution processable lithium salt interlay-
er was used in a polymer solar cell for the first time; 
2. The rapid synthesis of the polymer was demon-
strated in flow processing and; 3. Batch to batch pol-
ymer variation was investigated in relation to their 
device performance. It is envisaged that this report 
will serve as a guide not only for the development of 
polymer solar cells but organic electronic devices in 
general. 

Materials Design 

The initial part of our printed solar cell research pro-
gram relied on materials that are available in substan-
tial quantities.2, 3 As such, poly(3-hexylthiophene) 
P3HT and phenyl-C61-butyric acid methyl ester 
(PC61BM) were the photoactive material combination 
of choice. However, that system has limited perfor-
mance in devices. In order to quickly develop higher 
performance in-house materials, reported literature 
was used extensively to guide the design of materi-
als.4 In particular, benzodithiophene (BDT) based 
donor-acceptor conjugated polymers were proving 
very popular with numerous examples showing im-
pressive performance.5-7 Structural variations were 
made to tune the photophysical properties, such as 
spectral coverage and absorptivity, as well as solution 
processability, crystallinity and charge transport 
properties. When considering the design of materials 
for large area printed devices, the essential criteria 
are material availability and solution processability.8 
Therefore, we aimed to keep the polymer backbone 
structure as simple as possible with side chain varia-
tions to tune solubility (Figure 1). Once the promising 
structure was identified, most of our research effort 
was directed towards the optimization of the 
polymerization process (vide infra). 



 

 

Figure 1. Chemical structure illustrations of high per-
formance polymer PBDT-BT developed in this work 
and commercially available polymer PBDT-TPD. 

 

Device Structure 

Optimization of device structure and fabrication pro-
cess must be performed to achieve high performance 
solar cells. A common approach is to use a standard 
set of fabrication conditions and device structure to 
screen materials. This ensures higher throughput 
testing and feedback to improve material design. A 
set of materials property parameters, such as spectral 
absorption range and intensity, frontier orbital ener-
gy levels and solution processability, was used to 
identify promising materials.9 Once a candidate was 
chosen, maximum performance of the material can 
be extracted through device optimization. Device 
optimization is a multi-component problem. Basic 
variations include polymer-fullerene blend ratio, film 
thickness, processing solvent, the use of additives and 
post-deposition annealing. These parameters have 
significant effects on the nanostructure of the active 
layer films.10 Ideal nanostructure means high efficien-
cy of exciton separation and transport of charges to-
wards the electrodes. The extraction of charges from 
the active layer to the electrodes can be improved by 
using interlayer materials.11-14 Interlayers can enhance 
both physical and electronic contact between the ac-
tive layer and the electrodes. Once the overall effi-
ciency has been optimized, the stability of devices has 
to be considered. It has been well established that 
devices fabricated with inverted geometry are much 
more stable than ones in conventional geometry. 
However, different active layer material combinations 
can have varying performance when used in these 
device geometries. In this study, a range of device 
optimization methods were employed to increase the 

PCE of polymer solar cells containing PBDT-BT from 
2% to over 9%. 

Results and Discussion 

As indicated in the introduction, the development of ma-
terials and devices presented in the sections below oc-
curred over a significant time period with a number of 
researchers involved. The description of the work has 
been divided into two parts. The initial phase is material 
design and device testing to screen materials. The second 
phase is materials synthesis and device optimization. 

First Generation Materials and Devices 

At the start of the development on BDT-based poly-
meric materials, a few examples stood out with their 
good device performance.6 The chemical structure of 
one example, PBDT-TPD, is shown in Figure 1.15-17 As 
the priority of the project was to obtain high perfor-
mance in-house materials as quickly as possible, we 
set about making easily interchangeable variation 
with the acceptor building block of the polymer and 
adding side chains to ensure solution processability. 
A series of polymers were synthesized and tested in 
devices with some examples published.18-22 In this 
article, the focus is on the optimization of the benzo-
dithiophene-benzothiadiazole copolymer, PBDT-BT.1 

 

Figure 2. Synthesis of PBDT-BT via Stille and Suzuki 
polycondensation. 

 

PBDT-BT was first synthesized by Stille coupling be-
tween the BDT bis-tin compound 1 and dibromoben-
zothiadiazole 2 (Figure 2, see Supporting Information 
for details). While polymeric material of reasonable 
molecular weight was obtained from this reaction, 
reproducibility was a problem with batch to batch 
molecular weight variations. It was found that small 
scale polymerizations using highly purified BDT 1 
gave substantially high molecular weight material 
compared to large batches. The stability of the BDT 
monomer 1 was such that recycling gel permeation 
chromatography (GPC) was the only purification 
method capable of delivering high purity material.22 
However, the scalability of this method was severely 
limited. Full characterization of the polymer was ob-
tained from a larger scale synthesis which was also 



 

used in the initial device testing and optimizations 
(see Supporting Information). The molecular weight 
of this polymer batch was found to 17 kg/mol number 
average (Mn) with polydispersity index (PDI) of 2.4 in 
high temperature GPC measurements against narrow 
polystyrene standards. 

 

Figure 3. Normalized UV-Vis absorption spectrum of 
PBDT-BT in chloroform solution and in thin film. 

 

Figure 4. (a) Current density vs. voltage curves and 
(b) photo-response data for devices containing 
PBDT-BT with various cathode layers. 

 

The decomposition temperature (5% weight loss from 
thermal gravimetric analysis) for polymer fractions 

was at ca. 420 °C and no thermal phase transitions 
were detected in differential scanning calorimetry. 
The UV-Vis absorption maximum for the polymer 
was 650 nm in solution and 660 nm in film (Figure 3) 
while the photoluminescence maximum was 690 nm. 
The highest occupied molecular orbital (HOMO) en-
ergy was measured using both electrochemical exper-
iments (-5.43 eV) and the photo-electron spectrosco-
py in air technique (-5.29). It is important to note 
that these basic polymer characterization data was 
essentially identical for all polymer samples with dif-
ferent molecular weights and synthesized using dif-
ferent methods (vide infra, see Supporting Infor-
mation, Table S2). 

Despite the synthesis issues, the PBDT-BT material 
was tested in devices giving promising results. Initial 
device optimization included film thickness and pol-
ymer-fullerene blend ratio (Table 1, entry 1-3). A 
PBDT-BT:PC61BM weight ratio of 1:1.5 was found to 
be optimum with PCE of 4.5% recorded. The films 
were deposited by spin coating from chlorobenzene 
solution (37.5 mg/mL). The basic device geometry 
used for materials screening in our laboratories was 
ITO/PEDOT:PSS/active layer/Al. To further improve 
device performance, a variety of cathode interlayer 
treatments were examined.11, 23, 24 

Solution processed interlayer materials were particu-
larly attractive for our program as the ultimate goal 
was to fabricate large area devices using roll-to-roll 
printing.3 Vacuum deposited calcium, a commonly 
employed cathode interlayer material, was compared 
with the solution processable 
bis(trifluoromethane)sulfonimide lithium salt (Li-
TFSI). Li-TFSI has been used extensively as an addi-
tive in solid state dye sensitized solar cells to promote 
the doping of the solid state electrolyte.25, 26 As the Li-
TFSI was deposited from methanol solution, devices 
simply treated with methanol were also tested as 
methanol has been shown to enhance performance.23 
A summary of device performance results are pre-
sented in Table 1. To show the applicability of the Li-
TFSI layer, devices were prepared with a commercial-
ly available polymer, PBDT-TPD. It is noteworthy 
that the optimal concentration of the Li-TFSI solu-
tion was 5 mg/mL spin coated at 5000 rpm leading to 
extremely thin coatings. 

The device performance improvements with the use 
of Li-TFSI was significant (Table 1 and Figure 4). As 
expected, increase in open circuit voltage (Voc) was 
observed for all interlayer treatments compared to 
the use of Al only.11 It was also encouraging to observe 
increase in short circuit current density (Jsc) and fill 
factor (FF) when comparing the Li-TFSI with Ca and 
methanol. This was true for both PBDT-BT and 
PBDT-TPD polymer systems. The interlayers sub-
stantially lowered the sheet resistance (Rs) of the de-
vices and improved the shunt resistance (Rsh). The 
maximum PCE was recorded for devices containing 
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Table 1. Device data for solar cells containing PBDT-BT (Mn 17 kg/mol) synthesized by Stille polycondensation and 
PBDT-TPD in conventional device geometry. 

Entry Device geometry 
Voc 

V 

Jsc
 a 

mA/cm2 

FF 

% 

PCE b 

% 

Rs 

Ωcm2 

Rsh 

Ωcm2 

1 ITO/PEDOT:PSS/PBDT-BT:PC61BM (1:1)/Al 0.74 6.82 45 2.25 (2.15 ±0.12) 27 230 

2 ITO/PEDOT:PSS/PBDT-BT:PC61BM (1:2)/Al 0.84 10.68 (10.37) 46 4.13 (3.93 ±0.20) 25 340 

3 ITO/PEDOT:PSS/PBDT-BT:PC61BM (1:1.5)/Al 0.86 10.41 (10.31) 50 4.48 (4.28 ±0.09) 22 480 

4 ITO/PEDOT:PSS/PBDT-BT:PC61BM (1:1.5)/Ca/Al 0.94 9.92 (9.72) 53 4.96 (4.76 ±0.10) 17 650 

5 ITO/PEDOT:PSS/PBDT-BT:PC61BM (1:1.5)/MeOH/Al 0.96 10.39 (10.24) 55 5.60 (5.42 ±0.15) 14 590 

6 ITO/PEDOT:PSS/PBDT-BT:PC61BM (1:1.5)/Li-TFSI/Al 0.96 10.98 (10.54) 57 5.97 (5.60 ±0.19) 11 630 

7 ITO/PEDOT:PSS/PBDT-TPD:PC61BM (1:1.5)/Al 0.74 9.47 (9.04) 55 3.52 (3.28 ±0.10) 16 580 

8 ITO/PEDOT:PSS/PBDT-TPD:PC61BM (1:1.5)/Ca/Al 0.82 9.52 58 4.54 (4.30 ±0.15) 10 600 

9 ITO/PEDOT:PSS/PBDT-TPD:PC61BM (1:1.5)/MeOH/Al 0.92 9.59 (9.41) 57 5.07 (5.03 ±0.02) 12 610 

10 ITO/PEDOT:PSS/PBDT-TPD:PC61BM (1:1.5)/Li-TFSI/Al 0.94 10.00 (9.92) 62 5.80 (5.51 ±0.24) 9 790 
a Current density calculated from EQE data in brackets; b Device performance are from the best devices with average PCE 
values based on 12 devices shown in brackets. 
 

the Li-TFSI interlayer for both PBDT-BT and PBDT-
TPD polymer systems at 5.97% and 5.80% respective-
ly (Table 1, entry 6 and 10). The spectral response of 
the devices showed that higher external quantum 
efficiency (EQE) was observed in the 500 nm to 700 
nm region with Li-TFSI interlayer (Figure 4b). This 
corresponded to the improved current output of 
those devices. While the device performance im-
provement is not very large going from methanol 
treated to Li-TFSI treated devices, there is a statistical 
difference (Table 1, entries 5-6 and 9-10). 

The active layer film surface was examined to ascer-
tain the effect of the Li-TFSI treatment. X-ray photoe-
lectron spectroscopy showed the presence of lithium 
and fluorine atoms on the polymer film surface (Fig-
ure S14). Atomic force microscopy (AFM) images of 
the polymer surface before and after Li-TFSI treat-
ment were very similar (Figure S12). The treatment 
did not have significant effects on the surface struc-
ture of the polymer films which meant that the device 
improvements could be attributed to electronic ef-
fects of the Li salt. The solution deposition of Li-TFSI 
is convenient and low-cost and should be widely ap-
plicable as the cathode interlayer in BHJ devices with 
conventional geometry. 

Materials Synthesis and Device Optimization 

At the time of the study, materials that showed 6% 
PCE in devices were considered a significant bench-
mark. In fact, the HOMO and LUMO energy of the 
PBDT-BT polymer was -5.45 eV and -3.7 eV respec-
tively. Some theoretical estimates for solar cell device 
performance have indicated potential PCE of ~8% for 
a donor material with these energy level values.9 
With an in-house material of good performance, the 
next target was to produce larger quantities of the 
PBDT-BT material and use it in our printed solar cell 
program. As mentioned in the previous section, the 
Stille polycondensation method was not very reliable 
especially at large scale. In addition, the demands of 
roll-to-roll printing meant that 10’s to 100’s of gram 
quantities had to be considered. Parallel to the mate-

rials and device development program, our group was 
working on alternative synthesis techniques to over-
come scale-up issues. We demonstrated that it was 
possible to synthesize a variety of organic electronic 
materials, including conjugated polymers, using con-
tinuous flow methods.27-31 Related examples of conju-
gated polymer synthesis in continuous flow has also 
been demonstrated by others in the literature.32, 33 

At first, Stille polycondensation in flow to produce 
PBDT-BT was examined. It was quickly found that 
the solubility of the dibromobenzothiadiazole 2 was 
not compatible with the flow process. The polymeri-
zation reaction occurred most efficiently at monomer 
concentrations of at least 0.1 M but compound 2 did 
not have that level of solubility in toluene. While this 
was not an issue in conventional batch reactions, rea-
gents had to be fully dissolved to enable unobstruct-
ed flow through the pumping mechanism of the flow 
synthesis equipment.27, 30 As such, there were two 
very good reasons to redesign the synthesis – 1. solu-
bility of reagents and 2. avoid the use of organotin 
monomer 1 which had stability issues and was diffi-
cult to purify. 

The use of Suzuki polycondensation solved the prob-
lems associated with the Stille reaction (Figure 2). 
The solubility of the benzothiadiazole building block 
was greatly improved when functionalized with bo-
ronic acid pinacol esters required for Suzuki cou-
pling. In addition, both the boronic acid pinacol ester 
compound 3 and the diiodo-BDT monomer 4 were 
easily purify by recrystallization. It was noteworthy 
that diiodo monomer 4 was used instead of the more 
commonly observed arylbromide compounds in Su-
zuki polycondensations. The bromination of the BDT 
core had significant regioselectivity issues in attempts 
to obtain the dibromo analogue of 4 via a number of 
synthetic approaches, such as bromination with N-
bromosuccinimde. Lithiation and iodination gave 
high purity monomer 4 after column chromatography 
and recrystallization. 



 

With significant quantities of pure monomers for Su-
zuki coupling, the polymerization was examined in 
both conventional and flow conditions. Biphasic Su-
zuki reaction conditions (toluene/water) were inves-
tigated with a number of palladium catalyst and base 
combinations. The most reactive combination was 
found to be tris(dibenzylideneacetone)-
dipalladium(0) with tris(o-tolyl)phosphine as the cat-
alyst species and aqueous carbonate as base. A phase 
transfer reagent was required and Aliquat 336 was 
used initially. The rate of polymerization was surpris-
ingly fast. Formation of a dark blue polymer gel was 
observed in less than 30 min when the reaction was 
heated at up to 100 °C. Analysis of the molecular 
weight of these polymer batches were found to be 
extremely high with one measurement recorded with 
weight average (Mw) of 3700 kg/mol. Given the solu-
bility of the polymers, the accuracy of the molecular 
weight numbers could be questioned but it was still 
an indication of polymerization rate.  Clearly, it was 
necessary to have better control over the reaction. 

With 0.2 M monomer concentration and reaction 
temperature of 65 °C, gelation of the reaction mixture 
was observed after 1 h and polymeric material was 
isolated by solvent extraction after a further hour of 
heating and end capping (see Supporting Information 
for details). A typical batch reaction performed under 
those conditions would result in four solvent extract-
ed fractions – dichloromethane (DCM), chloroform 
(CF), toluene (Tol) and chlorobenzene (CB). These 
fractions were thoroughly examined in our previous 
communication and the Tol fraction with Mn of 112 
kg/mol showed a maximum performance of 9.4% 
PCE.1 A discussion on the device optimization is pro-
vided after the synthesis discussions below. 

Armed with a good knowledge of the reactivity in 
conventional batch synthesis, flow synthesis of 
PBDT-BT was investigated (Figure 5). Keeping the 
monomer concentration at 0.1 M and 4 mol% Pd 
catalyst, variations on residence time and tempera-
ture were tested (see Supporting Information for de-
tails). From the results, it was apparent that Suzuki 
polycondensation in flow could not achieve the mo-
lecular weight ranges obtained in batch reaction but 
was still superior to the molecular weight of material 
from batch Stille polycondensations (Table 2). Direct-
ly sampled from the reaction mixtures, Mn as high as 
73 kg/mol was recorded (Table 2, entry 7). Toluene 
extracts gave values of 43 kg/mol and 101 kg/mol for 
Mn and Mw respectively. The most interesting aspect 
of the flow polymerizations was that reactions heated 
at 130 °C reached maximum molecular weight after 5 
min. Such short reaction times for conjugated poly-
mers is highly unusual with the majority of literature 
Stille and Suzuki polycondensations requiring several 
hours to several days.30 

Despite the relatively successful outcome of the flow 
reactions, significant quantities of the high perfor-
mance PBDT-BT material (i.e. the toluene extract) 

could only be obtained by conventional batch pro-
cessing. Further complicating our efforts was the fact 
that scaling up the batch reactions did not produce 
polymeric material with reliable molecular weight 
distributions. For example with monomer concentra-
tion at 0.2 M, a 5-mL reaction would give a different  

 

Figure 5. Continuous flow setup for the synthesis of 
PBDT-BT via Suzuki coupling. 

 

Table 2. Reaction conditions and molecular weight 
outcome for PBDT-BT. 

Entry Setup Temp 
°C 

Time 
min 

Mn 
kg/mol 

PDI 

1 Stille a 170 60 17 2.4 
2 Suzuki batch b 30 120 28 2.5 
3 Suzuki batch b 40 120 124 3.6 
4 Suzuki batch b 60 60 151 5.8 
5 Suzuki flow c 90 100 15 3.5 
6 Suzuki flow c 120 20 20 2.4 
7 Suzuki flow c 130 5 73 2.7 

Note that molecular weight data in this table (except for 
entry 1) was obtained from crude polymer directly sam-
pled from the reaction without extraction. a Stille reaction 
performed with microwave heating in o-xylene. b Suzuki 
coupling tested in conventional batch reaction using the 
same reagents as in flow. c Continuous flow synthesis 
conditions described in Figure 5. 

distribution of polymers to a 20-mL reaction. It was 
found that the onset of high viscosity in the reaction 
mixture as the polymers formed severely affected the 
mixing of the biphasic reaction. In fact, the reaction 
was so sensitive that reaction vessel size, stirrer bar 
size, stirring speed and small fluctuations in reaction 
temperature had some impact on the molecular 
weight outcome. Further investigations and modifica-
tions were made to target the prime PBDT-BT mate-
rial with improved yield and reproducibility. It was 
important to note that numerous polymer batches 
were synthesized by this stage of the development 
along with their device performance parameters (Ta-
ble 4). It was clear that the prime PBDT-BT material 
should have Mn of ~100 kg/mol and polydispersity of 
3 to 5 in order to achieve devices with >9% PCE. Pol-
ymeric material with molecular weight lower and 
higher than this optimum range showed substantially 
lower device performance (Table 3). 



 

Table 3. Performance parameters for devices with inverted geometry, ITO/ZnO/active layer/MoO3/Ag. 

Entry a Active layer 
Mn 

kg/mol 

Voc 

V 

Jsc
 b 

mA/cm2 

FF 

% 

PCE c 

% 

1 PBDT-BT(Stille):PC61BM (1:2) 17 0.94 8.6 59 4.8 (4.5 ±0.3) 
2 PBDT-BT(Stille):PC71BM (1:2) 17 0.92 9.5 60 5.3 (5.0 ±0.3) 
3 PBDT-BT(DCM):PC71BM (1:2) 19 0.92 9.4 (9.0) 49 4.6 (4.2 ±0.2) 
4 PBDT-BT(CF):PC71BM (1:2) 78 0.92 13.9 (13.2) 59 7.8 (7.6 ±0.3) 
5 PBDT-BT(Tol):PC71BM (1:2) 112 0.92 14.9 (14.4) 62 8.5 (8.3 ±0.3) 
6 PBDT-BT(CB):PC71BM (1:2) 136 0.92 13.1 (12.7) 53 6.8 (6.5 ±0.3) 

a Data in entries 3-6 were shown in our previous communication1; b Current density calculated from EQE data in brackets; 
c Average PCE values based on 12 devices shown in brackets. 

Table 4. Device performance of toluene fractions from various batches of synthesis with interlayer optimization.a 

Entry 
Mn/Mw 
kg/mol 

Interlayer 
Voc 
V 

Jsc 
mA/cm2 

FF 
% 

PCE 
% 

1 75/281 
ZnO 0.92 12.7 63 7.3 (7.2 ±0.2) 

ZnO/PCBE-OH 0.92 13.5 66 8.2 (8.0 ±0.2) 

2 88/442 
ZnO 0.92 14.1 65 8.4 (8.2 ±0.2) 

ZnO/PCBE-OH 0.92 15.1 67 9.3 (9.0 ±0.3) 

3 96/437 
ZnO 0.92 14.2 63 8.2 (8.0 ±0.3) 

ZnO/PCBE-OH 0.92 15.0 65 9.0 (8.8 ±0.2) 

4 102/509 
ZnO 0.92 14.9 62 8.5 (8.3 ±0.3) 

ZnO/PCBE-OH 0.92 15.7 66 9.5 (9.2 ±0.3) 

5 104/349 
ZnO 0.92 16.0 57 8.4 (8.2 ±0.3) 

ZnO/PCBE-OH 0.92 16.7 60 9.2 (8.9 ±0.2) 

6 108/474 
ZnO 0.92 14.2 63 8.3 (8.2 ±0.2) 

ZnO/PCBE-OH 0.92 15.0 66 9.1 (8.9 ±0.3) 

7 112/469 
ZnO 0.92 14.5 64 8.5 (8.4 ±0.2) 

ZnO/PCBE-OH 0.92 15.4 66 9.4 (9.2 ±0.2) 
a Device performance are from the best devices with average PCE values based on 12 devices shown in brackets. Infor-
mation on the PCBE-OH interlayer can be found in the literature.1, 20 

 

The Suzuki Pd catalyst system was revisited along 
with reaction solvent and phase transfer reagent (Ta-
ble S1). Sampling a wider range of Pd sources and lig-
ands as well as recrystallization of the catalyst species 
largely did not improve on the first generation opti-
mization. The molecular weight outcome of polymer-
ization was significantly affected by the use of differ-
ent reaction solvents. Solvents, such as cyclohexane, 
methylcyclohexane and mesitylene, were tested to try 
and reduce the amount of ultra-high molecular 
weight chlorobenzene-soluble polymer fraction. Un-
fortunately, these solvents did not improve on the 
yield of the desired toluene-soluble fraction. At-
tempts were made to control the molecular weight by 
adjusting monomer ratios as well as adding end cap-
ping reagents. The bromo analogue of BDT monomer 
4 was also tested to observe the effect of lowering the 
monomer reactivity. These experiments were largely 
unsuccessful in improving the quantity of the prime 
molecular weight material for devices (see Supporting 
Information). Lastly, phase transfer reagent, Aliquat 
336, was replaced with tetradecyltrimethyl-
ammonium bromide (TTAB) to improve mixing be-
tween the organic and aqueous phases. While the 
polymerisation still gave highly polydispersed reac-

tion mixtures, the batch-to-batch reproducibility was 
improved with TTAB. 

As mentioned above, the toluene fraction of PBDT-
BT ultimately gave high performance devices of 9.4% 
PCE. Much like the device optimizations discussed in 
the first part of this article, several adjustments were 
made to the device architecture to reach that bench-
mark. It was decided that inverted device geometry of 
ITO/ZnO/active layer/MoO3/Ag would be used in-
stead of the conventional geometry. It has now been 
demonstrated by a number of research groups that 
inverted structures give more stable devices and are 
suited to large area roll-to-roll printing.3 The poly-
mer:fullerene ratio in the inverted devices was 1:2. 
The lower molecular weight PBDT-BT material from 
Stille coupling gave comparable performance in con-
ventional and inverted device geometry (Tables 1 and 
3). Substituting PC61BM with PC71BM gave expected 
improvement in device current density (Table 3, en-
tries 1 and 2). 

As we have reported previously, the fractionation of 
the polymeric mixture from Suzuki coupling gave 
samples with a range of molecular weights from Mn of 
19 kg/mol to 136 kg/mol (Table 3). Device perfor-
mance clearly improved from the DCM fraction (4.6% 
PCE) to the Tol fraction (8.5%). There is a drop in 



 

performance (6.8%) for the CB fraction primarily as 
result of poorer processability of the viscous polymer 
solution. The performance of the prime Tol fraction 
was further increased to 9.4% with the addition of a 
fullerene interlayer on top of the ZnO.1, 34 The atomic 
force microscopy image of the active layer film with 
various fractions of the polymer are shown in Figure 
S13. The surface structure of both films from the CF 
and Tol fractions indicated favourable nanoscale 
phase separation with domain size of less than 25 nm 
whereas the film with the DCM fraction showed in-
creased domain size. 

As discussed in the synthesis optimization, it was dif-
ficult to reproducibly obtain the prime fraction of 
PBDT-BT in terms of molecular weight range and 
yield. Table 4 shows the device performance data for 
toluene fractions obtained from different batches of 
synthesis. While the molecular weight variation was 
significant, PCE of close to 9% was commonly rec-
orded for devices containing polymer samples with 
Mn of ~100 kg/mol. 

Conclusion 

The full story of the development of a high performance 
polymer PBDT-BT has been summarized in this paper. 
Starting from the initial design and synthesis of the poly-
mer, the performance of the material was hugely im-
proved through both device and material synthesis opti-
mizations. Power conversion efficiency began at just over 
2% for conventional devices to over 9% for devices with 
inverted geometry. The fact that the optimization process 
involved several researchers from two institutions over a 
number of years highlights the difficulties and persistence 
required to achieve state-of-the-art performance. While it 
was possible to reproduce the high performance material 
and devices multiple times, it was difficult to obtain a 
large enough quantity of prime material for large area 
device studies due to inherent problems in the polymeri-
zation process. In future studies, it will be interesting to 
examine devices containing PBDT-BT with non-fullerene 
acceptor materials.35, 36 It is possible that the molecular 
weight sensitivity of PBDT-BT/fullerene devices is less 
significant with the use of other electron acceptor com-
ponents.  
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