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ABSTRACT

Here we report the application of a conjugated copolymer based on thiophene and
quinoxaline

units,

namely

poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-

thiophene-2,5-diyl] (TQ1), to nanoparticle organic photovoltaics (NP-OPVs). TQ1 exhibits
more desirable material properties for NP-OPV fabrication and operation, particularly a high
glass transition temperature (Tg) and amorphous nature, compared to the commonly applied
semicrystalline polymer poly(3-hexylthiophene) (P3HT). This study reports the optimisation
of TQ1:PC71BM (phenyl C71 butyric acid methyl ester) NP-OPV device performance by the
application of mild thermal annealing treatments in the range of the Tg (sub-Tg and post-Tg),
both in the active layer drying stages and post-cathode deposition annealing stages of device
fabrication, and an in-depth study of the effect of these treatments on nanoparticle film
morphology. In addition, we report a type of morphological evolution in nanoparticle films
for OPV active layers that has not previously been observed, that of PC71BM nano-pathway
formation between dispersed PC71BM-rich nanoparticle cores, which have the benefit of
making the bulk film more conducive to charge percolation and extraction.
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Water processable solar cells, nanoparticle, organic photovoltaic, blend morphology, glass
transition temperature, scanning transmission X-ray microscopy
1. INTRODUCTION

Organic photovoltaics (OPVs) offer an attractive, renewable energy solution to the demands
of the planet’s growing population in that they can be manufactured by high throughput
methods reducing the fabrication costs, and are light-weight and flexible increasing their
range of potential applications. In the last decade impressive results have been achieved for
bulk heterojunction (BHJ) OPVs, such as power conversion efficiencies (PCEs) exceeding
the 10% benchmark [1] and projected lifetimes of OPV on rigid substrates of over 7 years [2].
As the roll-to-roll (R2R) printing process is the envisioned technique for high-throughput
manufacturing of OPVs, so-called solar inks need to be produced which, however, are often
based

on

harmful

chlorinated

solvents

such

as

chloroform,

chlorobenzene

or

dichlorobenzene. More recently, the OPV community has switched to less harmful solvents
like toluene, o-xylene, mesitylene or mixtures thereof [3-6], but much more ideal would be
inks based on green solvents such as ethanol or the absolute champion solvent, water.
The relatively recent introduction of nanoparticle organic photovoltaics (NP-OPVs) offer
several advantages; the first and foremost being the manufacturing of OPVs from easily
produced water-based solar inks [7]. Furthermore, an additional level of morphological
control of the photoactive layer can be achieved [8-10], an appealing feature due to the
importance of morphology to OPV performance [11-14] which involves a delicate balance
between (1) mixing on a sufficiently small scale to provide a large surface area of contact
between donor and acceptor materials for efficient exciton dissociation, and (2) mixing to be
such that a network of connected donor and acceptor nano-domains exists to provide charge
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percolation pathways for holes and electrons to the anode and cathode, respectively, for
effective charge extraction [15]. In addition, the production of NP-OPV solar inks does not
require any chemical modification of conjugated polymer backbones [16,17], which
simplifies material synthesis. Even though NP-OPVs are yet to reach the efficiencies of their
BHJ counterparts, the rapid improvement of device PCEs from 0.55% [7] to 4.1% [18] in a
mere three years, forecasts a fast catchup to BHJ OPV performance in the near future.
The production of NP-OPVs requires thermal treatment after deposition of the solar ink to
remove water and to sinter the nanoparticles together to form a continuous interconnected
film [8,9,18,19]. Previous work has shown that the glass transition temperature (Tg) of the
semiconducting materials plays a major role in determining the optimal annealing conditions
for tuning the final morphology of the photoactive layer blend film [20-23]. If the material Tg
is too high, this can lead to difficulty in annealing the material films without degrading other
components of the OPV devices [24]. But even more importantly, if the Tg is too low (below
OPV operating temperatures - which can reach up to 85 °C [25]) severe phase segregation
can occur and a reduction in PCE results. The Tg also needs to be sufficiently high to allow
mild drying treatments to remove residual casting/printing solvent without affecting film
morphology [9]. The crystallinity of the polymer material is a second material property that is
relevant to film morphology; blend films containing a semicrystalline polymer, such as
poly(3-hexylthiophene) (P3HT), can undergo excessive phase separation rapidly during
annealing treatments [26]. Additionally, a predominantly core-shell structure is retained with
NP-OPVs based on P3HT [8,9,27], and depending on the purity of the domains, this structure
is not always ideal for efficient charge transport. To sinter NP-OPVs, the blend needs to
exhibit some viscous flow during thermal treatment. This property is more easily achievable
in amorphous materials as their viscosity drops more rapidly over Tg while crystalline

4

polymers such as P3HT incorporate physical crosslinks (crystallites) that restrict the required
viscous flow.
TQ1 [28], possessing a high Tg (~ 100 °C) [29] and non-crystalline nature [24,30,31], has
herein proven to be an interesting candidate for NP-OPV device fabrication. TQ1, in a blend
system with PC71BM, has facilitated the development of nanoparticle film morphologies that
promise to be more optimal than the morphologies previously reported for semiconducting
nanoparticle films [8,27,32]. This paper reports a thorough study of this material system by
combining scanning transmission X-ray microscopy (STXM), transmission electron
microscopy (TEM), scanning electron microscopy (SEM), UV-vis spectroscopy and OPV
device performance indicators to explore the structure-function relationships in TQ1:PC71BM
NP-OPVs. The application of TQ1 to NP-OPVs has enabled something closer to a BHJ
nanostructured active layer, with bicontinuous percolation pathways throughout the bulk film,
to be achieved. This type of modification to film nanostructure has been attributed to the
material properties of TQ1, and the use of mild thermal annealing treatments in the range of
the Tg to make delicate modifications to the nanostructure of the OPV active layer.
2. RESULTS AND DISCUSSION

TQ1:PC71BM 1:3 blend nanoparticles were prepared with chloroform as solvent for the
organic phase and sodium dodecyl sulphate (SDS) as surfactant (at varying concentrations) in
the aqueous phase. Nanoparticles were prepared by the miniemulsion method [33], reported
previously [27]. The method has been summarised in Supporting Information. Two size
batches of nanoparticles were used for experiments, the nanoparticle size for each batch was
measured by applying a circular Hough transform algorithm to SEM images of spin coated
nanoparticle films. This method gave mean diameters of 21 ± 9 nm and 130 ± 42 for the two
nanoparticle batches. The particle size distributions in addition to the output of the circular
5

Hough transform algorithm with circles overlaid on the SEM images are presented in Figure
1.

a

d

b

e

c

f

1

0.8

Normalised Counts

Normalised Counts

1

0.6
0.4
0.2

0.8
0.6
0.4
0.2

0

0
0

15

30
45
Diameter (nm)

60

0

100

200

300

Diameter (nm)

Figure 1. (a and d) SEM showing nanoparticle size distribution, (b and e) circle identification
using a Hough transform and (c and f) the output of this analysis for both small and large
nanoparticle batches, respectively. Scale bars are 200 nm. Note the circle identification
algorithm returns only few mismatches.
UV-visible spectroscopy measurements were made on 1:3 TQ1:PC71BM nanoparticle films
both immediately following spin coating as well as after thermal treatment, in addition to
pristine TQ1 and PC71BM films, and 1:3 TQ1:PC71BM BHJ films (Figure 2a). The pristine
TQ1 film exhibits two absorption peaks as previously reported [29,34], the high-energy peak

6

at ~ 365 nm originating from the backbone π-π* transition and the low-energy peak at ~ 615
nm attributed to the intramolecular charge transfer along the backbone of the polymer
between the donor and acceptor units. A small red shift observed after the nanoparticle film is
thermally treated at T ≥ 110 °C (drying and/or annealing) is attributed to the increased
movement of the polymer chains above the Tg (~ 100 °C) [29]. This movement will cause an
increase in effective conjugation length of single polymer chains or local aggregation of
neighbouring chain segments, and would also allow for partial diffusion of PC71BM [30].
2.1 OPV device study
NP-OPVs were fabricated using a glass/ITO/PEDOT:PSS/TQ1:PC71BM NP/Ca/Al
architecture, with the photoactive layer prepared by spin coating the TQ1:PC71BM
nanoparticle ink (using the 21 ± 9 nm diameter NP batch). Thermal treatments applied to the
nanoparticle film before cathode deposition, referred to as 'drying', have the effect of
removing water deposited with the nanoparticles as well as altering the morphology of the
active layer. Thermal treatments applied after cathode deposition, referred to as 'annealing',
are mainly aimed at morphological optimisation of the active layer. First, drying conditions
were optimised (Table 1, Figure 2b and Figure S-1 a-c in Supporting Information), followed
by the optimisation of annealing conditions (Table 2, Figure 2b and Figure S-1 d-f in
Supporting Information). BHJ OPVs were fabricated with chloroform as the casting solvent
as a comparison for the nanoparticulate devices. An active layer drying temperature of 60 °C
and annealing temperature of 160 °C were chosen for the BHJ OPV devices. The BHJ OPV
data is presented in Supporting Information (Table S-2).
As the nanoparticle film drying temperature increases from 90 °C to 140 °C we observe an
increase in device performance. This trend is characterised by a large increase in both VOC
and JSC from 513 mV to 743 mV and 2.77 mA/cm2 to 7.24 mA/cm2 for the 90 °C and 140 °C
7

best dried devices, respectively (Table 1). It is interesting to note that the fill factor (FF) does
not vary greatly from 0.34 on average for the devices dried at 90 °C, 100 °C, 110 °C and 120
°C, then there is an increase to 0.41 for the drying temperature of 140 °C. For a drying
treatment at 140 °C we observe a best PCE of 2.23%, there is an increase to 2.54% when the
same temperature is utilised as a post-cathode deposition annealing treatment, this device
having the best PCE obtained. This value compares well with our TQ1:PC71BM BHJ OPV
devices (2.58% unannealed) (Table S-2, Supporting Information)) and similar devices
reported in the literature (3.1% for 1:2 TQ1:PC71BM from DCB solvent, unannealed [29]; 3%
for 1:3 TQ1:PC61BM from chloroform, unannealed [28]). This PCE is encouraging and the
presence of surfactant in the nanoparticle active layer does not appear to largely inhibit
charge transport, a finding that is consistent with our previous study where surfactant was
observed to move away from nanoparticle interfaces upon thermal treatment [10]. External
quantum efficiency (EQE) measurements were made on a sample NP-OPV device dried at
140 °C and then again following annealing at 140 °C (Figure 2c). The shape of the EQE trace
changes when going from the dried to annealed device, indicating a shift in the ratio of
photocurrent contribution of the donor and acceptor material. The increase in device
performance from 2.23% to 2.54% is attributed to a morphological change and will be
discussed in detail in the second half of this article in conjunction with STXM and TEM data.
The 140 °C annealed device data in Table 1 and Figure 2b reveal that all other devices drop in
performance when going from dried to annealed, that is, devices dried at a temperature below
140 °C (i.e. 90 – 120 °C) drop in performance upon annealing. For these devices we observe
a decrease in FF, JSC and VOC upon annealing, this trend is most clearly observed in Figure S2 (Supporting Information), showing the J-V curves for dried and annealed devices for each
of the five drying temperatures trialled.
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Subsequently, a varied annealing temperature study was performed, with NP-OPV device
data presented in Table 2, Figure 2b and Figure S-1 d-f (Supporting Information). The
annealing temperatures of 140 °C and 160 °C gave the best device performance, with 160 °C
leading to a best PCE of 2.39%, and a superior VOC and FF to the best 140 °C annealed
device (721 mV and 0.40, respectively). As the annealing temperature increased above 160
°C the device performance dropped rapidly, reducing to a PCE of 0.61% at the highest
annealing temperature trialled, 260 °C. The observed drop in device performance when
annealing temperatures exceeded 160 °C is in agreement with the Tg reported for PC71BM of
163 °C [35], which suggests a morphological explanation for this trend in device
performance.
The Resistance dependent PhotoVoltage (RPV) technique was chosen to identify the impact
of annealing on charge transport. This methodology is beneficial compared to other classical
techniques because it permits the estimation of the slower charge carrier mobility which is
critical for photocurrent values and photovoltaic performance of solar cells [36]. RPV
transients suggest that transit time of the slowest charge carrier is the same to within an order
of magnitude regardless of annealing temperature, the calculated charge carrier mobilities are
shown in Figure 3. The mobility values decrease slightly with annealing temperature,
meaning that the reduction in device efficiency observed in Figure 2b with increased
annealing temperature is, in part, caused by the photocarrier mobility. However, the
photocarrier mobility trend does not match the PCE trend. On the other hand, the extraction
times of the faster type of charge carrier is observed to become more disperse for annealing
temperatures above 160 ˚C (Figure S-3a). In addition to RPV, we have also measured the
nature of photocarrier recombination by measuring the extracted charge as a function of laser
light intensity [37]. At highest intensities, the extracted charge saturates due to fast
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bimolecular recombination processes. The total extracted charge saturates to approximately
the same value at the same light intensity in all studied devices (see Figure S-3b), which
suggests that bimolecular recombination is similar regardless of the annealing temperature.
Since there is no significant change in bimolecular recombination, it is unlikely that the
observed annealing trend in PCE is due to changes in the individual material properties, e.g.
higher charge carrier mobility. Rather, an explanation can be found by looking at the
microstructural changes of the TQ1:PC71BM NP system.
Table 1. 1:3 TQ1:PC71BM NP-OPV device characteristics of best devices for varied drying
temperatures, with the averages (± standard deviation) in parentheses.
VOC
JSC
(mV)
(mA/cm2)
Dried 90 °C 4 min.
513
2.77
(458 ±
(2.72 ±
65)
0.05)
Dried 100 °C 4 min.
552
3.00 (3.42
(470 ±
± 0.36)
82)
Dried 110 °C 4 min.
618
3.47 (2.85
(596 ±
± 0.80)
105)

Dried 120 °C 4 min.
709
4.43 (3.55
(633 ±
± 0.76)
64)
Dried 140 °C 4 min.
743
7.24
(645 ±
(7.45 ±
73)
0.99)

FF

PCE (%)

0.34
(0.33 ±
0.02)

0.48
(0.40 ±
0.05)

0.34
(0.32 ±
0.02)

0.56
(0.50 ±
0.06)

0.35
(0.31 ±
0.02)

0.74
(0.49 ±
0.16)

0.35
(0.33 ±
0.02)

1.11
(0.77 ±
0.29)

0.41
(0.36 ±
0.04)

2.23
(1.72 ±
0.33)

VOC
JSC
FF
(mV)
(mA/cm2)
Annealed 140 °C 5 min.
420
2.63
0.32
(408
(2.45 ±
(0.31 ±
± 11)
0.13)
0.00)
Annealed 140 °C for 5 min.
335
2.82
0.30
(285 ±
(2.56 ±
(0.30 ±
54)
0.29)
0.01)
Annealed 120 °C 5 min.
564
2.64
0.25
(536 ±
(2.05 ±
(0.24 ±
34)
0.46)
0.01)
Annealed 140 °C for 5 min.
371
3.25
0.26
(360 ±
(2.37 ±
(0.26 ±
36)
0.69)
0.02)
Annealed 140 °C 5 min.
373
2.92
0.24
(349 ±
(1.95 ±
(0.23 ±
67)
0.82)
0.02)
Annealed 140 °C 5 min.
696
10.06
0.36
(691 ±
(8.25 ±
(0.37 ±
39)
0.92)
0.02)

PCE
(%)
0.35
(0.31 ±
0.02
0.29
(0.22 ±
0.06)
0.38
(0.27 ±
0.08)
0.31
(0.23 ±
0.08)
0.26
(0.16 ±
0.08)
2.54
(2.10 ±
0.21)
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Table 2. 1:3 TQ1:PC71BM NP-OPV device characteristics of best devices for varied
annealing temperatures (5 min. annealing time), all devices were dried previously at 140 °C 4
min. The averages ± standard deviation are in parentheses.
Annealing
temperature (°C)
140
160
180
200
230
260

VOC (mV)

JSC (mA/cm2)

FF

PCE (%)

696
(691 ± 39)
721
(714 ± 18)
690
(674 ± 45)
630
(544 ± 50)
519
(410 ± 66)
302
(294 ± 11)

10.06
(8.25 ± 0.92)
8.25
(7.45 ± 0.65)
6.71
(5.63 ± 0.85)
5.21
(4.43 ± 0.50)
4.02
(2.72 ± 0.76)
1.98
(1.73 ± 0.18)

0.36
(0.37 ± 0.02)
0.40
(0.39 ± 0.01)
0.36
(0.35 ± 0.03)
0.34
(0.30 ± 0.01)
0.29
(0.28 ± 0.02)
0.27
(0.27 ±0.00)

2.54
(2.10 ± 0.21)
2.39
(2.08 ± 0.22)
1.64
(1.36 ± 0.33)
1.11
(0.80 ± 0.14)
0.61
(0.32 ± 0.13)
0.16
(0.14 ± 0.02)
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°C) (open squares); the same devices subsequently annealed at 140 °C (closed squares); NPOPV devices dried at a constant temperature of 140 °C followed by annealing at various
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line) and annealed (140 °C 5 min.) (solid line) 1:3 TQ1:PC71BM NP-OPV device. For plot
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Figure 3. Slower photocarrier mobility for 1:3 TQ1:PC71BM NP-OPV devices annealed at
various temperatures.
2.2 Morphological study
The morphology of nanoparticle films exposed to various drying temperatures and also in
some cases a subsequent 140 °C annealing temperature was explored via SEM (Figure 4) to
investigate the evolution in nanoparticle film morphology with temperature, as well as to
identify any possible cause of the drop in device performance for the lower drying
12

temperature devices observed in Figure 2b. The as spun nanoparticles in Figure 4a are clearly
spherical and discrete in structure, thermal treatments of 110 °C and 120 °C (which are above
the Tg of the polymer) effectively sinter the particles together (Figure 4b, c and e), however
residual nanoparticulate structure is still clearly visible. For all nanoparticle films exposed to
a thermal treatment of 140 °C, whether it be a drying treatment or a post-drying additional
annealing treatment, the film becomes mildly blended/smoothed on the surface such that the
obvious nanoparticulate structure is no longer evident (Figure 4d, f, g and h). It is important
to note here that since this technique is a surface technique, we cannot observe whether any
structure lies below the surface, such as fullerene cores as observed in previous P3HT:PCBM
nanoparticle studies [8,27]. The most important result from the SEM though is that no signs
of gross phase separation are observed, which is known to lead to a deterioration in device
performance for NP-OPVs [9,27]. We propose therefore that the cause of the drop in device
performance upon annealing if the drying temperature previously was below 140 °C to be due
to deterioration of the cathode interface as a result of residual water in the nanoparticle active
layer. The higher the applied drying temperature, the further the residual water and
subsequent degradation would be reduced, a phenomenon which will be investigated in a
subsequent study utilising X-ray photoelectron spectroscopy (XPS).
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Figure 4. SEM of 1:3 TQ1:PC71BM nanoparticle films (a) as cast, and to match OPV device
conditions: (b) dried at 110 °C 4 min., (c) dried at 110 °C 4 min. and annealed at 120 °C 5
min., (d) dried at 110 °C 4 min. and annealed at 140 °C 5 min., (e) dried at 120 °C 4 min., (f)
dried at 120 °C 4 min. and annealed at 140 °C 5 min., (g) dried at 140 °C 4 min, (h) dried at
140 °C 4 min. and annealed at 140 °C 5 min. Scale bars are 200 nm.
Since it is difficult to investigate the morphology of OPV photoactive layers on a scale of less
than 30 nm due to the resolution of available microscopy techniques [30], a nanoparticle ink
batch with a large size polydispersity was fabricated with the aim of observing nanoparticle
and nanoparticle film morphology down to the resolution limit of the available microscopy
techniques. The morphological studies discussed herein are using this nanoparticle ink batch,
the 130 ± 42 nm diameter NP batch.
To gain access to more in-depth information for our morphological studies, STXM and TEM
were performed to investigate whether the device performance trends observed could be
attributed to structural changes within the nanoparticle film. STXM revealed that spin coated
nanoparticles possessed a TQ1-rich shell (70 – 85%) and PC71BM-rich core (75 – 90%)
14

(Figure 5). The STXM compositional maps were used to calculate the TQ1 and PC71BM
concentrations in the different domains. Since STXM is a transmission technique, the NP
core compositions were calculated by subtracting the NP shell contribution from the
composition at the NP centre (with the full method reported elsewhere [8]). The TQ1-rich
shell / PC71BM-rich core NP composition can be explained by the relative surface energies of
TQ1 (29 mJ/m2) and PC71BM (39 mJ/m2) [38], where to minimise the total energy TQ1
would migrate to the outer surface of the miniemulsion droplets during chloroform
evaporation and nanoparticle formation. These results are similar to previous results reported
for P3HT:fullerene systems [8,27], where the polymer occupies the nanoparticle shell and the
fullerene occupies the core. At a drying temperature of 110 °C (Figure 5f-j), we observe
small morphological changes - while the PC71BM-rich cores appear to remain intact, the
TQ1-rich shells join slightly (as visible in the matching TEM (Figure 5h compared to 5c)) similar to previous reports of polymer NP shell behaviour [8].
Moving to the drying temperature of 140 °C (Figure 6a-e) we observe more changes in
morphology, connecting pathways are evident between the PC71BM-rich NP cores. These are
not evident in the STXM maps due to the resolution limit of the technique, but are evident in
the matching TEM (Figure 6c), where arrows have been used to indicate examples of these
connecting pathways. Nanoparticles annealed at 140 °C following the 110 °C drying
treatment also show indications of this behaviour, again highlighted with arrows (Figure 6h).
Figure 6f-j also confirms that drying the nanoparticle sample at 110 °C followed by an
annealing treatment of 140 °C does not result in gross phase separation of the film to form
large pure material domains, and hence is not a cause of the device performance trend
observed in Figure 2b.
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Figure 5. STXM fractional composition maps showing the concentration of TQ1 (a) and
PC71BM (b) and matching TEM (c) with corresponding STXM mass plots (d and e) for
unannealed 1:3 TQ1:PC71BM nanoparticles; STXM fractional composition maps showing the
concentration of TQ1 (f) and PC71BM (g) and matching TEM (h) with corresponding STXM
mass plots (i and j) for 1:3 TQ1:PC71BM nanoparticles dried at 110 °C 4 min. All scale bars
are 600 nm. The colour contrast is scaled such that light colours correspond to higher
component concentrations. For (a), (b) and (g) minima and maxima for the colour scale are
black = 0 and white = 100%, (f) is the exception where white is set to 70% for a clearer
visualisation of morphology. For the mass plots, (d), (e), (i) and (j), the colour scale bars
indicate concentration of component in mg/cm2.
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Figure 6. STXM fractional composition maps showing the concentration of TQ1 (a) and
PC71BM (b) and matching TEM (c) with corresponding STXM mass plots (d and e) for 1:3
TQ1:PC71BM nanoparticles dried at 140 °C for 4 min.; STXM fractional composition maps
showing the concentration of TQ1 (f) and PC71BM (g) and TEM for the same sample type (h)
with corresponding STXM mass plots (i and j) for 1:3 TQ1:PC71BM nanoparticles dried at
110 °C for 4 min. followed by annealing at 140 °C for 5 min. All scale bars are 600 nm. The
colour contrast is scaled such that light colours correspond to higher component
concentrations. For (a) and (g) minima and maxima for the colour scale are black = 0 and
white = 100%, (b) and (f) are exceptions where white is set to 80% for a clearer visualisation
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of morphology. For the mass plots, (d), (e), (i) and (j), the colour scale bars indicate
concentration of component in mg/cm2.
To fully elucidate the morphological evolution in this system a TEM study matching the
various drying and annealing treatments applied to NP-OPV devices was performed. The
varied drying temperature data is included in Figure S-4 (Supporting Information) and the
varied annealing temperature data is presented in Figure 7. It is clear from this data that the
formation of these small bridging pathways joining the PC71BM-rich NP cores progresses as
the film drying temperature increases (Figure S-4). Subsequently, when an additional
annealing treatment at 140 °C follows a drying treatment at 140 °C, an increase in the
formation of these connecting pathways between PC71BM-rich NP cores results (Figure 7a
and b). Annealing treatments above a temperature of 160 °C then lead to gross phase
separation of the film, with large PC71BM aggregates appearing in Figure 7e in addition to
the PC71BM-rich cores, then the loss of all nanoparticulate core structure in Figure 7f-h. The
point at which gross phase separation begins to occur is in good agreement with the OPV
performance data (Figure 2), where OPV device performance drops and charge transport
becomes increasingly more disperse when annealing temperatures above 160 °C are applied;
the growth of micron-sized fullerene crystals being extremely detrimental to OPV device
performance [24].
PC71BM is visibly darker in TEM images of TQ1:PC71BM BHJ blend films spin coated from
chloroform (Supporting Information, Figure S-6), where STXM has confirmed the blend film
morphology to constitute PC71BM-rich islands (400 – 800 nm in size) and TQ1-rich valleys
for a film not exposed to any thermal treatment [38]. This contrast can be attributed to the
higher density of PC71BM compared to conjugated polymers (1.6 g/cm3 vs ~ 1.1 g/cm3) [39].
Similarly, visibly darker regions appear in the centre of the NPs in the TEM images in
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Figures 5 to 7, we propose that this contrast is due to the cores being PC 71BM-rich. Hence,
due to the similar contrast of the connecting pathways joining the PC71BM-rich NP cores in
the TEM, in addition to the known behaviour of materials of low miscibility such as TQ1 and
PCBM to phase segregate [40], we propose the connecting pathways are also PC71BM-rich.
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Figure 7. TEM of 1:3 TQ1:PC71BM disperse nanoparticle films dried at 140 °C and annealed
at (a) 140 °C, (c) 160 °C, (e) 180 °C, (f) 200 °C, (g) 230 °C and (h) 260 °C. (b) Zoomed in
region of (a) showing formation of nano-pathways connecting the PC71BM-rich nanoparticle
cores. Several nano-pathways have been indicated with arrows. (d) Zoomed in region of (c).
All scale bars are 600 nm.
2.3 Material Tg investigation
To dissect the nature of this type of material behaviour, the Tg of this material system was
investigated by monitoring the UV-vis transmission of a chloroform cast film over a heating
regime of 40 °C to 180 °C (data presented in Supporting Information, Figure S-5) using the
method reported by Lindqvist et al. [31]. This method was utilised as an alternative to
differential scanning calorimetry (DSC) as previous reports have shown DSC to be
ineffective in measuring the Tg of TQ1 material systems [41]. The transmission of the film
gradually increased with temperature, with a slight increase in slope around 110 °C
resembling a phase transition which is attributed to the Tg of the TQ1-rich phase. A further
increase in temperature led to a sudden decrease in transmission just past 160 °C,
corresponding to the formation of large PC71BM crystals which scatter light significantly,
signalling a second material Tg. Optical microscopy confirms the system is indeed grossly
phase separated above 160 °C. This result of two Tgs, that is, one at approximately 110 °C
and the second just above 160 °C, is characteristic of a binary system that is not
homogenously mixed [42]. Considering the morphology of a chloroform cast TQ1:PC71BM
film is known to comprise laterally phase separated domains of PC71BM-rich islands (400 –
800 nm in size) surrounded by a TQ1-rich continuous phase [38], the Tg of 110°C is assigned
to the TQ1-rich phase containing a small concentration of PC71BM, and the Tg just above 160
°C is assigned to the PC71BM-rich distributed domains. Such a morphology is analogous to
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the TQ1:PC71BM nanoparticle films, which also comprise PC71BM-rich islands (that is the
nanoparticle cores) surrounded by a TQ1-rich continuous phase (the neighbouring
nanoparticle shells).
2.4 Proposed mechanism for nano-pathway formation and improved NP-OPV performance
It then becomes evident that the morphological changes observed in this current study can be
accounted for by the material properties of the system. Between 110 °C and 160 °C, small
connecting pathways of PC71BM between the PC71BM-rich NP cores form when the 70-85%
TQ1 / 30-15% PC71BM nanoparticle shell material transitions from the glassy state to the
rubbery state; neighbouring shell domains join, and this largely immiscible system begins to
separate with the local diffusion of PC71BM (on a molecular scale) in parallel with the
movement of polymer chain segments. At the 110 – 160 °C temperature range the PC71BMrich cores remain largely in the glassy state and hence the material is predominantly
immobile, as observed in the TEM (Figure S-4). This mild form of thermal annealing permits
sufficient molecular motion to optimise the nanostructure and in turn enhance OPV
performance. Above 160 °C the PC71BM-rich nanoparticle core domains transition to the
viscous state (Tg of PC71BM ~ 163 °C [35]) and this material too becomes free to move
within the bulk film, with consequential gross phase separation occurring, accompanied by a
drop in OPV device performance as observed in Figure 2b. It is interesting to note the
difference in morphological evolution between the TQ1:PC71BM system and the previously
studied P3HT:PC61BM NP system [8], where for the P3HT:PC61BM nanoparticle system
entire PC61BM-rich NP core units are observed to move above the Tg of the materials.
However, this behaviour is not evident in the TQ1:PC71BM NP films when analysing the
TEM images for samples annealed above 160 °C (Figure 7e – h). This difference can be
attributed to the difference in the phase separation process of a semicrystalline
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polymer:fullerene system (P3HT:PCBM) compared to a non-crystalline polymer:fullerene
system (TQ1:PC71BM). The mechanisms of PCBM diffusion in a polymer:fullerene
nanoparticle system comprising a semicrystalline polymer vs an amorphous polymer will be
discussed in a subsequent study.
Decomposition of the EQE data presented in Figure 2c (by a method reported previously
[43]) shows that PC71BM contributes 70% to total photocurrent for the 140 °C dried device.
The PC71BM current then increases by 10% of the original value following annealing of the
device at 140 °C, hence in agreement with the morphological result of increased connection
between PC71BM core domains following mild thermal annealing. Although we do not
observe the nano-pathways in the 160 °C annealed nanoparticle film TEM (Figure 7c and d),
the similar performance indicators of the NP-OPV devices in this group is indicative of a
similar active layer structure. We observe an apparent swelling of the NP cores in the
micrographs which could be influencing the ability to resolve the intricate nano-pathways
with microscopy.
An improvement in the connection between PC71BM-rich NP core domains by the formation
of interconnecting pathways would facilitate charge transport of electrons through the
interconnected PC71BM phase in the bulk film to the cathode (depicted in Figure 8).
Consequently, an exciton generated in either the TQ1 material or the PC 71BM material could
either dissociate directly in this domain (as it contains a small component of the other
material) or diffuse to and dissociate at a TQ1-rich NP shell / PC71BM-rich NP core interface,
with the electron then travelling to the cathode through the interconnected PC71BM-rich NP
core network, while the hole travels to the anode through the joined TQ1-rich NP shell
network. Hence this mild thermal annealing method is beneficial to the overall morphology
of the nanoparticle films, the structure somewhat resembling an optimal BHJ film
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morphology where bicontinuous percolation pathways throughout the bulk film exist for
effective charge extraction.

b

a

Nanoparticles

Si3N4
substrate

140 C

140 C

d

c

PCBM-rich
cores

TQ1-rich
joined shell
network

Figure 8. (a) Schematic of TQ1:PC71BM NP film as cast and (b) TEM of the spin coated film.
(c) Schematic of TQ1:PC71BM NP film following mild thermal annealing showing
movement of materials and (d) TEM of the NP film following this thermal treatment. Scale
bars are 100 nm. In schematics (a) and (c) the PC71BM-rich NP cores are coloured redbrown, and the TQ1-rich NP shells and joined shell regions are coloured grey. The insert in
(c) focuses on the local movement and alignment of polymer chain segments, this mobility in
the polymer chains allows the movement of PC71BM molecules and hence the formation of
bridging pathways between dispersed PC71BM-rich NP cores. The schematic included in (d)
shows exciton generation, dissociation and charge transport mechanisms in an annealed
TQ1:PC71BM NP film. Here, percolation pathways exist due to the joined TQ1-rich NP shells
and connected PC71BM-rich NP cores. Note that the TEM image utilised in (d) depicts the
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lateral nanoparticle film morphology, however has been adapted here as the vertical active
layer structure for conceptual purposes, considering that a 100 nm film composed of 21 ± 9
nm diameter nanoparticles is analogous in structure. Depictions are not to scale.
3. CONCLUSIONS
TQ1 has been successfully applied to NP-OPVs giving a best PCE of 2.54%. The
optimisation of device performance involved the application of mild thermal annealing
conditions in the range of the Tg to make slight modifications to the nanoparticle film
morphology such that connecting pathways between PC71BM-rich nanoparticle cores could
be developed to facilitate charge extraction. Such annealing treatments induce local changes
in the polymer conformation in addition to limited fullerene aggregation, resulting in a more
optimised morphology for OPV performance. TQ1 possesses a relatively high Tg, and since
long term stability is one of the primary concerns for commercial OPVs the high Tg of TQ1
also has the potential of providing stability to the system at operating conditions (which can
reach up to 85 °C).
4. METHODS
4.1 Materials
Phenyl C71 butyric acid methyl ester (PC71BM) was purchased from Solenne. Anhydrous
chloroform and sodium dodecyl sulphate (SDS) were purchased from Sigma Aldrich.
PEDOT:PSS Clevios HTL Solar was purchased from Heraeus and filtered through a 0.45 μm
PVDF filter prior to use.
4.2 TQ1 synthesis and characterisation
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Poly[2,3-bis-(3-octyloxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl]

(TQ1)

was

synthesised by the copolymerisation of monomers 5,8-dibromo-6,7-difluoro-2,3-bis(3(octyloxy)phenyl) quinoxaline and 2,5-bis(trimethylstannanyl)thiophene, this procedure is
described in detail in Supporting Information. The resultant polymer was characterised via
size exclusion chromatography (SEC) and the number average molecular weight (Mn), weight
average molecular weight (Mw) and polydispersity (PDI) are reported in Supporting
Information (Table S-1) in addition to the SEC measurement conditions.
4.3 UV-vis Tg measurement
The Tg characterisation of the TQ1:PC71BM system was carried out using UV-vis
spectroscopy by monitoring transmission according to the method reported by Lindqvist et al.
[31] TQ1 was dissolved in a 1:3 stoichiometry with PC71BM in chloroform, with a total
concentration of 15 g L-1 and filtered through a 0.2 m PTFE filter prior to spin-coating on
cleaned glass slides (sonication in water + surfactant, water, isopropanol and acetone,
followed by rinsing with chloroform, acetone and isopropanol). Spin-coated films were dried
for at least 24 hr in the dark. Annealing was carried out under a nitrogen atmosphere with
light protection on a heating plate (calibrated with K-type beaded thermocouple from
OneTemp that was kept in place by thermally resistant adhesive tape; estimated error ± 0.1
°C, time allowed to reach stable temperature ≈ 5 min.). UV-vis transmittance spectra were
recorded with a Cary 300 Bio spectrophotometer relative to a reference glass substrate, using
a wavelength of 850 nm. The samples were placed with the spin-coated sample facing the
incident light beam.
4.4 Nanoparticle fabrication
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TQ1:PC71BM nanoparticles were fabricated with a feed ratio of 1:3 donor:acceptor material
using the miniemulsion method reported previously [27]. To summarise this method here, 7.5
mg of TQ1 and 22.5 mg of PC71BM were dissolved in 560 μl of chloroform to form the
organic phase (‘oil’ phase of the emulsion), and 33 mg of sodium dodecyl sulfate (SDS)
surfactant was dissolved in 2.8 ml of water to form the aqueous phase. The nanoparticles
fabricated for STXM morphological investigations had a reduced concentration of surfactant
in the aqueous phase (0.36 mg/ml) with the aim of achieving both larger particles and a broad
distribution in particle sizes for imaging. A macroemulsion was generated by combining the
organic and aqueous phases and stirring at 1100 rpm, 33 °C for 1 hour. A miniemulsion was
then formed using ultrasonication via a Branson Sonifier 450, the macroemulsion was
sonified for 2 min., with the use of an ice bath to prevent overheating. The miniemulsion was
then transferred immediately to a hotplate stirrer (60 °C, 1200 rpm) to evaporate the
chloroform from the emulsion droplets to form the nanoparticle dispersion. This evaporation
was performed for a minimum of 3 hours to ensure complete removal of chloroform. The free
surfactant in the aqueous continuous phase was then removed/reduced using centrifugal
dialysis, following the centrifugal dialysis the final nanoparticle ink volume was 0.5 ml with
a 6 wt% solids content.
4.5 Nanoparticle characterisation
Samples were prepared for scanning transmission X-ray microscopy (STXM) by spin coating
2.5 μl nanoparticle dispersion onto low stress silicon nitride (Si3N4) windows with silicon
dioxide coating (window dimensions 0.25 x 0.25 mm2, window thickness 15 nm, frame 5 x 5
mm2) at 3000 rpm, 1 min., low acceleration of 112 rpm/s. Unannealed (or ‘as cast’) samples
were air dried. Drying and annealing steps matched OPV device conditions. STXM
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measurements were performed on beamline 5.3.2.2 at the Advanced Light Source [44], with
the full method reported in Supporting Information.
The silicon nitride substrates with deposited nanoparticles were transported back to the
University of Newcastle (Australia) where transmission electron microscopy (TEM) was used
to re-image the same particles where possible for matching. TEM was performed on a Jeol
1200 EXII at an accelerating voltage of 80 kV at varying magnification ranges. Samples were
prepared for SEM by spin coating 2.5 l of a 1/5 dilution of the nanoparticle suspension
(3000 rpm, 1 min., low acceleration of 112 rpm/sec) onto a conductive silicon substrate. SEM
was performed on a Zeiss Sigma ZP FESEM at accelerating voltage of 2 kV, and
magnification ranges of 10,000 to 100,000X.
For the UV-vis characterisation in Figure 2a, the nanoparticle ink, BHJ active layer solution
and TQ1 and PC71BM pristine solutions in chloroform were spin coated onto quartz glass
slides at OPV device preparation conditions, film spectra were then normalised to a
consistent film thickness. Films were measured in the as cast, dried and annealed states on an
ultraviolet-visible absorption spectrophotometer (UV-vis, Varian Cary 6000i) in the
wavelength range 300 – 800 nm.
4.6 Device fabrication and testing (NP and BHJ)
PEDOT:PSS films were spin-coated (5000 rpm) on pre-cleaned patterned ITO glass slides
and annealed at 140 °C for 15 min. to eliminate water in the films. TQ1:PC71BM nanoparticle
layers were deposited by spin coating (1750 rpm for 1 min.) 35 µl of dispersion (6 wt%
solids) in air. Nanoparticle film thickness was measured to be 100 ± 7 nm on a KLA-Tencor
Alpha-step 500 surface profilometer. Following deposition, the films were dried (at various
temperatures: 90 °C, 100 °C, 110 °C, 120 °C and 140 °C) in air for 4 min. and then transferred
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into a vacuum chamber for cathode evaporation. Calcium/aluminium (Ca/Al) electrodes were
evaporated on the active layers in vacuum (2×10-6 Torr). The thickness of the Ca and Al
layers were measured to be ~ 30 nm and 90 nm respectively using a quartz crystal monitor.
After Ca/Al electrode deposition, devices were annealed on a hotplate in a nitrogen
atmosphere (at various temperatures: 140 °C, 160 °C, 180 °C, 200 °C, 230 °C and 260 °C) for
5 min. Note: in this study ‘drying’ refers to thermal treatments applied before cathode
deposition and ‘annealing’ refers to thermal treatments applied post-cathode deposition.
Photocurrent density-voltage (J-V) measurements were conducted on both the dried and
annealed devices using a Newport Class A solar simulator with an AM 1.5 spectrum filter.
The light intensity was measured to be 100 mW cm-2 by a silicon reference solar cell
(Newport-Oriel, NREL certified) and the J-V data were recorded with a Keithley 2400 source
meter. The J-V data reported is unmasked, masking resulted in an approximate 30%
reduction in performance. External quantum efficiency (EQE) measurements utilised an Oriel
Cornerstone 130 monochromator and tungsten halogen lamp, a Stanford Research Systems
SR830 DSP digitising lock-in amplifier measured device current.
The Resistance dependent PhotoVoltage (RPV) technique was chosen to identify the impact
of NP-OPV device annealing on the charge transport. The operational principles of this
technique have already been published [36], but essentially it is based on estimating the time
required to extract the charge photogenerated in the film by a short laser pulse. Knowing the
film thickness and applied (or built-in) electric field, the photocarrier drift velocity and
mobility are calculated. In addition to RPV, we have also measured the nature of photocarrier
recombination using variable laser intensities. This methodology is published elsewhere [37].
It is conceptually based on measuring the extracted charge as a function of laser light
intensity. At highest intensities, the extracted charge saturates due to the fast bimolecular
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recombination processes. The bimolecular recombination values can be estimated from the
saturated extracted charge.
The same device architecture was used for BHJ devices. Active layer solutions were prepared
in a 1:3 TQ1:PC71BM ratio at a concentration of 22 mg/ml in chloroform. The active layer
was then spin coated at 2000 rpm in a N2 atmosphere, followed by drying at 60 °C for 5 min.
After Ca/Al electrode deposition, devices were annealed at 160 °C for 5 min.
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1.
2.
3.
4.
5.

NPs enable fabrication of OPVs from environmentally friendly water-based inks.
TQ1:PC71BM NPs show a superior level of morphological control in thin films.
Bicontinuous percolation pathways throughout thin films can be achieved with NPs.
Carefully annealing the high Tg material domains facilitates nano-pathway formation.
PC71BM nano-pathways bridge the divide between dispersed PC71BM-rich NP cores.
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