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1. Introduction

Organic photovoltaics (OPVs) have seen increased interest over

Introducing neat fullerenes to improve the
thermal stability of slot-die coated organic
solar cellst

Bradley Kirk, Xun Pan, Martyn Jevric, Gunther Andersson 2 and
Mats R. Andersson 2 *

For organic photovoltaics (OPVs) to be considered commercially viable, the devices should not only
achieve high performances, but also have relatively long lifespans. In fact, a major source of lifespan
reduction is associated with the “burn-in process”, resulting in a sharp initial reduction in performance.
PPDT2FBT:PC7,BM and PPDT2FT:PCgBM both represent highly robust and efficient cells when
fabricated under ambient conditions via slot-die coating and have been shown to be tolerant to
elevated temperatures. With accelerated thermal aging at 120 °C, such devices were found to be
affected by the burn-in process, greatly diminishing their efficiency. The addition of pristine Cyq, to the
PPDT2FBT:PCg1BM bulk-heterojunction (BHJ) was found to improve the thermal stability of slot-die
coated OPVs at high temperatures while the addition of Cgo speeds up the burn-in process. Initially, the
ink preparation for the active layer and fabrication conditions for slot-die coating were optimised to
improve the flexible device performance for PPDT2FBT:PC;BM and PPDT2FBT:PCg,BM cells, reaching a
power conversion efficiency (PCE) of 8.49% and 7.63%, respectively. A subsequent investigation into the
thermal stability of PPDT2FBT:PCg;BM devices at 85 °C found no significant burn-in process that
reduces device performance, which was evidenced at 120 °C, but a continuous degradation process
that slowly reduces the device performance. We have found that the addition of 5.0% w/w of C;q (with
respect to PCBM) into the active layer blend suppressed the thermal degradation at 120 °C, compared
to the binary blend. Dynamic mechanical thermal analysis (DMTA) measurements on the bulk-
heterojunction blends further revealed that the thermal behaviour is significantly changed after the
addition of small amounts of C;o. When compared with the addition of neat Cgo, a known nucleating
agent, the addition of C;q instead appeared to inhibit crystal formation and growth, rather than induce
the formation of many smaller crystals. We anticipate that this improved formulation will improve the
device lifetimes significantly at lower temperatures.

introduced early in the development of OPVs.” Recently there
has been a significant increase in record power conversion
efficiencies (PCEs), exceeding 18% for single junction

the past decade owing to their potential to be fabricated as
flexible devices, roll-to-roll processability and relatively low
fabrication cost.'™ Since the early developmental stages of
OPVs, fullerenes have been the most widely used acceptor
materials, especially PC4;BM, due to the material’s relatively
low production cost.”* To enhance the absorption of visible light
and increase the power conversion efficiency, PC,;BM was also
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devices.®® This is mainly due to the development of strongly
absorbing acceptor molecules, however, these molecules are
normally produced via multi-step synthesis and are therefore
quite expensive to produce. The development of efficient
small-scale laboratory fabricated devices has prompted a shift
towards large-scale devices which could potentially be used for
commercial purposes. In order to fulfill this vision, several
coating techniques, including slot-die,” " blade,’>"* screen'*™®
and spray coating,"” ™ are currently being investigated to reduce
the performance gap between small and large area devices. The
advantage of these techniques over small-scale spin-coated
devices is the relatively low material wastage and feasibility of
upscaling (>1 m?) fabrication of flexible devices. Recently, there

© 2022 The Author(s). Published by the Royal Society of Chemistry
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has been increased interest in these materials for their potential
usage as indoor solar cells.*

Though performance is an important aspect of OPV devel-
opment, material/fabrication cost and stability are areas that
are not as extensively investigated when it comes to large-area
devices. For OPV technologies to be competitive with other
types of photovoltaic devices, they need to be relatively
inexpensive to manufacture and have a comparable lifespan
(at least 10 years).”" There are several mechanisms of degrada-
tion that have been identified to have significant influence on
the lifetime of OPVs. These include thermal,®**® oxygen and
moisture,>**> UV radiance®>*” and mechanical®***° degrada-
tion. These factors are responsible for two significant decay
trends of PCE: burn-in and linear degradation.**? For burn-in,
the performance drop is relatively quick and is usually where
the largest decrease in performance occurs, however, the
impact of this degradation decreases as time progresses.’>™**
After the burn-in, a linear degradation occurs, resulting in a
relatively low rate of decay in PCE. It has been shown that the
origin behind severe burn-in losses in many systems depends
on morphological changes in the active material.***>

The continuous illumination of the sun can result in an
increase in the working temperature of the OPV in outdoor
fixtures. It is known that polymers have structural mobility,
especially if the environmental temperature exceeds their glass
transition temperatures.’®?” This can result in a change of
morphology, such as degree of phase separation, over time, for
donor-acceptor blends. In the case of polymer:fullerene com-
posites, the thermal energy can lead to the crystallization of the
polymer and fullerene components, which leads to a decreased
performance.*®3° The formation of large crystals when exposed
to heat can lead to a reduction in performance as inefficient

CeH13

CgHi7
PPDT2FBT

Fig. 1
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exciton dissociation can occur and charge transfer decreases
as a result from decrease of the donor/acceptor interfaces.
To address fullerene crystallization, one reported method men-
tioned using nucleating agents to limit the size of fullerene
crystallites in the active layer, thus improving the thermal
stability.*>*" Lindqvist et al. demonstrated that the addition
of as little 2% w/w Cgo improved the thermal stability of
TQ1:PC4BM based OPVs, even when heated up to 130 °C,
which is above the glass transition temperature of this parti-
cular bulk-heterojunction (BHJ).**

There are several active materials that have been shown to
reach high performances, with some reaching beyond 18% for
single junction OPVs.®® However, most of these high perform-
ing materials were only fabricated into small-scale cells using
rigid glass substrate, and the deposition process was protected
by nitrogen, which is not easily applicable to large-scale printing/
coating method. As of 2021, the highest efficiency to be achieved
for large area (=1 cm?) OPVs has been 12.6%.* In addition, these
high performing materials are also known to have complex
synthesis and require many purification steps that make them
expensive to upscale and thus, less desirable to use in the
fabrication of large-area OPVs.***> As seen in Table S1 in ESI,}
the high performing materials (PM6, ITIC & Y6) are far more
expensive than more maturely developed materials (Ceo,
PCq:BM, PC,;BM, P3HT).

Poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-
di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)]:[6,6]-phenyl-C61-
butyric acid ester (PPDT2FBT:PC¢;BM) is a promising material
combination that can be used as the donor:acceptor material in
slot-die coated devices (Fig. 1a). These organic materials have
been used to fabricate devices via slot-die coating (rigid*® &
flexible?” substrates) with minimal performance losses upon
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(@) Chemical structure of PPDT2FBT, Cgo, C70, PC1BM and PC,BM; (b) schematic illustration of inverted OPV structure used in this work.
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upscaling. In addition, these materials are relatively in-expensive
and the synthesis is scalable.® Lastly, there is a relatively small
gap between spin-coated and slot-die coated PPDT2FBT:PC,;BM
devices, with efficiencies reaching up to 9.39%*° and 7.61%"
respectively.

A few studies have investigated the stability of spin-coated
and slot-die devices using PPDT2FBT:PCBM. In 2014, Nguyen
et al. showed that PPDT2FBT:PC,,BM based devices were
thermally robust at 130 °C for 200 hours of temporal stability
(Cycling between room temperature and 130 °C).*° Later in
2018, UV activated crosslinking of copolymers based on
PPDT2FBT, having vinyl end groups on the side chains, were
used to fix the morphology in the active layer, improving
the thermal stability of the OPVs at 120 °C.>° As for slot-die
coated devices, Song et al. briefly highlighted the impact that
solvents and solvent additives could have on the thermal
degradation at 25 °C & 120 °C as well as photodegradation
under ambient conditions. The conclusion of this work was,
that the addition of a high boiling point — low vapour pressure
solvent additive reduced the overall stability of PPDT2FBT:PC,;BM
devices.”

In this work, we have investigated the thermal stability of
slot-die coated inverted devices made of PPDT2FBT:PCy;BM
(Fig. 1b). Before investigating the thermal stability, coating
conditions were adjusted to optimise the performance of slot-
die coated PPDT2FBT:PC,,BM and PPDT2FBT:PC¢;BM devices.
These devices were all fabricated on flexible PET/ITO substrates
via a slot-die coating technique under ambient conditions. The
initial stability studies revealed that up to 85 °C under nitrogen
storage condition the PPDT2FBT:PCs;BM devices are relatively
stable and do not suffer from severe loss of the efficiency.
To further study the thermal stability, devices were aged at
120 °C to accelerate the degradation. This revealed a significant
thermal “burn-in” degradation that can be suppressed by the
addition of C,, into the active layer. We found that the major
source of degradation was from the crystallization of fullerene,
verified by characterisation using scanning electron micro-
scopy (SEM) and auger electron spectroscopy (AES) techniques.
Dynamic mechanical thermal analysis (DMTA) was implemen-
ted to investigate the thermal properties of the neat polymer
and the bulk-heterojunction blends, and this revealed that the
thermal behaviour is significantly changed after the addition of
small amounts of C.

2. Experimental section
Materials

Donor material poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-di-
fluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)] (PPDT2FBT)
was synthesised using a direct arylation polymerisation according
to literature.® The molecular weight of PPDT2FBT was deter-
mined via Gel Permeation Chromatography (Agilent 1260 Infinity
II High-Temperature GPC System) using trichlorobenzene at
150 °C, giving a number average molecular weight (M,,) of 50 of
kg mol " with a PDI of 2.60 relative to polystyrene standards.

2840 | Mater. Adv., 2022, 3, 2838-2849
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The ZnO NP dispersion was prepared following a previously
published procedure.” To achieve an ideal processing concen-
tration, acetone (Chem-supply, 99.9%) was added to the NP
precipitate until a concentration of approximately 40 mg mL ™"
was achieved. Afterwards, 2-(2-methoxyethoxy)acetic acid
(Sigma Aldrich) (5% w/w in relation to ZnO NP) was then added
to the dispersion to stabilise the NPs.

Small molecule acceptors [[6,6]-phenyl-C61-butyric acid
ester (PCe;BM)], [6,6]-phenyl-C71-butyric acid ester (PC,;BM),
and neat fullerenes (Cgy & C;o) were purchased from Solenne
BV. Solvents ortho-dichlorobenzene, chlorobenzene and 1-chloro-
naphthalene were purchased from Sigma Aldrich, whereas chloro-
form (CHCl;) was purchased from Chem-Supply. All solvents were
used directly without purification.

Device fabrication

Slot-die coated devices were fabricated in a PET/ITO/ZnO NP/
BH]J layer/MoOx/Al device configuration for the three BHJ layers
of PPDT2FBT:PCy;BM, PPDT2FBT:PC,,BM & PPDT2FBT:
PC¢;BM:C5,. Active layer ink was prepared by dissolving mate-
rials, with a donor:acceptor weight ratio of 1:2, in ortho-
dichlorobenzene (total 25 mg mL ™' or 14 mg mL ') with
0.5% V/V of 1-chloronaphthalene at 60 °C overnight.

The flexible ITO substrate (50 ohm sq ™!, Dongguan Hon-
gdian Technology Co.) was attached to a mini-roll coater (FOM
technologies) with slot-die attachment and wiped with isopro-
panol soaked TerriWipes at a rotation speed of 2 m min ™" prior
to fabrication. The tubing and slot-die head was cleaned with
chloroform prior to assembly and between the change of
deposition material. Layer deposition was processed under
ambient conditions.

The ZnO NP layer (35 nm) was deposited using 0.1 mL min "
flow-rate, a drum speed of 1.0 m min~ ' and drum temperature
at 70 °C to achieve a strip width of around 13 mm. The BH]
layer (150-200 nm) was deposited via varying flow rate and
drum speed at a drum temperature at 70 °C to obtain a strip
width of around 13 mm. Wet and dry thickness for both the
ZnO NP and BH]J layers were calculated according to eqn (S1) &
(S2) in the ESL.¥

After slot-die coating, the MoOy and aluminium was depos-
ited via the following method. The MoOy (12 nm) was thermally
deposited on the BH]J layer under high vacuum using a Covap
thermal evaporation system (Angstrom Engineering). This was
followed by the evaporation of the Al electrode (80 nm) using a
shadow mask, defining the active area to 0.1 cm>.

Devices were measured using an Oriel Solar simulator fitted
with a 150 W Xeon lamp (Newport), filtered to give an output of
100 mW cm 2 at AM 1.5 (air mass) standard and calibrated
using a silicon reference cell with NIST traceable certification.
Device testing was conducted under ambient conditions. For
investigating performance and material degradation, PET/ITO/
ZnO NP/BH] layer/MoOx/Al & PET/ITO/ZnO NP/BHJ device
configurations were used respectively. Thermal annealing and
aging were conducted on a hotplate in a nitrogen-filled glove-
box with minimal light exposure.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Square-wave voltammetry

Square-wave voltammetry (SWV) measurements were carried
out for the determination of the oxidation/reduction potentials,
and in turn, the highest occupied molecular orbital (HOMO)
and/or lowest unoccupied molecular orbital (LUMO) energy
levels of PPDT2FBT, PC,,BM, PC4;BM, C5, & Cgo. An AUTOLAB
PGSTAT (Metrohm AG) instrument using three-electrode setup
with platinum wires, both the working electrode (WE) and
counter electrode (CE) and an Ag/Ag" reference electrode was
used. Detailed experimental details can be found in the ESI.}

Scanning electron microscopy

Measurements were performed using Inspect F50 Scanning
Electron Microscopy equipped with a field emission gun (FEI
Company) and a secondary electron detector. The acceleration
voltage was 10 kV, and the working distance of 10 mm. The
samples were not coated with any conducting layers.

Auger electron spectroscopy

Measurements were performed using a PHI 710 Scanning Auger
Nanoprobe system using an acceleration voltage was 10 kV and
emission current was 1 nA. Spectra were collected via point
scans as specific locations on the sample (SEM images of scan
locations can be found in the ESIt). The Auger spectra were
filtered and analysed, as well as element concentrations calcu-
lated with MultiPak Spectrum.

Dynamic mechanical thermal analysis

The dynamic mechanical thermal analysis (DMTA) was con-
ducted on a DMA Q800 (TA Instruments) equipped with a liquid
nitrogen cooling apparatus. The DMTA samples were prepared by
repeatedly drop-casting the respective solutions on pre-cut glass
mesh as described in previous literature.>*** Sample preparation
and instrument conditions can be found in the ESLt

3. Results and discussion

Adjustment of the slot-die coating conditions

To compare the thermal stability of scalable OPVs, PPDT2FBT:
PCsBM devices were fabricated on flexible ITO-coated PET in
air using a mini-roll coater. OPV devices were fabricated with
the inverted structure of ITO/ZnO NPs/PPDT2FBT:PC4,BM/
MoOy/aluminium (as seen in Fig. 1b). The coating conditions
were adjusted to optimise the PCEs and PPDT2FBT:PC,;BM
devices were also prepared to further improve the efficiency.
To optimise the slot-die coated devices, the drum-speed,
flow rate and ink concentration were adjusted for the active
layer. The ZnO NP layer that is coated over the ITO electrode is
kept constant. By analysing the Current Density/Voltage (JV)
curves of the devices, the short-circuit current density (Jsc),
open-circuit voltage (Voc), fill-factor (FF) and power conversion
efficiency (PCE) were extracted. The device characteristics under
different fabrication conditions are listed in Table S2 in the ESIL.{
When decreasing the drum speed (and proportionately the
flow-rate), it was found that despite the same theoretical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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thickness, the efficiency of these devices had increased. This
optimisation of drum/substrate speed has been observed in
literature?” and is suspected to be associated with the spear
forces between the substrate and meniscus, allowing for a more
ideal active layer deposition. It is also worth noting that the
active layer of PPDT2FBT:PCg;BM can be coated as a thicker
layer,*** allowing for improved efficiency. This is evident when
increasing the flow-rate to allow for an increase in the theore-
tical thickness from 150 nm to 200 nm.

Lastly, using an appropriate concentration was important
for active material deposition. At 14 mg mL ", it was difficult to
keep the coating width at 13 mm (width of the slot-die coater),
resulting in over-flow along the width of the strip. This was
recognized by increasing the concentration to 25 mg mL ™" (and
adjusting flow-rate accordingly) to improve efficiency. Overall,
by adjusting coating conditions for PPDT2FBT:PC,;BM and
PPDT2FBT:PCs;BM, an optimised PCE of 8.49% and 7.63%
was achieved, respectively, when using an ink total concen-
tration of 25 mg min~* and a drum speed of 0.2 m min~* (data
can be found in Table S2 in ESIt).

For the investigation of device stability, it was decided to
investigate PC¢BM as the fullerene acceptor rather than
PC;;BM. As mentioned previously, cost is an important factor
when aiming towards commercialisation of OPVs. As such, it is
known that PC,;BM is quite expensive when compared with
PCs:BM,"! making it less feasible for upscaled devices, despite
the improved performance.

Storage and thermal stability of PPDT2FBT:PCs;BM devices

To understand the stability of PPDT2FBT:PC¢;BM based OPVs
and study the influence of storage conditions, we have carried
out stability test by storing the devices under nitrogen condi-
tions at room temperature (RT) and at elevated temperatures.
As for the thermal stability measurements, we have used 85 °C
to start with, there is a consensus for this temperature in
thermal testing.>>*” The unencapsulated device characteristics
trends with aging time are shown in Fig. 2, comparing the
device aging with and without heating in dark and under
nitrogen, while device characterisation was performed in air
at room temperature. Tables of the detailed data can be found
in the ESI} (Tables S3 and S4).

For these temperatures, no significant burn-in loss was
observed, rather, a constant and gradual decrease in the PCE
due to the steady decrease in Jsc and FF was present. Overall,
though there is a gradual decrease in performance for
PPDT2FBT:PCgs;BM devices heated up to the working tempera-
ture, there is a lack of a burn-in process that would otherwise
significantly decrease the initial performance. It is worth noting
that all the devices were taken out from the glove-box prior to
J-V testing under ambient condition, the influence of air on the
device performance cannot be eliminated.

The influence of the additional C, on the device performances

Neat fullerene C, was introduced previously as a third compo-
nent to TQ1:Ce, devices to enhance the performance by improving
the thermal stability by suppressing crystal formation.”®

Mater. Adv,, 2022, 3, 2838-2849 | 2841
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Fig. 2 Device characteristic trends at room temperature aging and thermal aging at 85 °C under nitrogen of PPDT2FBT:PCg1BM based OPVs. The results

are from an average of 6 cells, with an active area of 0.1 cm?.

Additionally, the use of C,, as an additive instead of C4, can
improve light absorbance, which could potentially improve the
current density of the device. Lastly, it was shown, with the
support of Differential Scanning Calorimetry, for the addition
of C;o to the TQ1:PC4,BM blend, the neat fullerene acted as a
nucleating agenting, thus, could improve the thermal stability,
similar to Cgo.*> The study, did not, however, investigate the
thermal degradation of device performance. To study the
influence of additional C,, on the photovoltaic performances
on PPDT2FBT:PCy;BM based OPVs, different amounts of C5,
was introduced to the active material blends and the donor-
acceptor ratio was kept constant (1:2). The device perfor-
mances with different additional amount of C,, are listed
in Table 1. It is worth noting that TQ1-polymer is known to
be amorphous in nature,’>®® whereas PPDT2FBT-polymer is
known to have semi-crystalline properties.*®*'

It was observed that the addition of more C,, into the active
layer led to a significant increase in jsc due to the increased
light absorption and a decrease in the Voc. However, the

additional of C,, did not improve the PCE. For comparison
5% w/w of Cg, with respect to PCBM was also added to the
PPDT2FBT:PCs;BM blend and was able to achieve an average
Jsc of 15.6 mA ecm™2, Vo of 0.76 V, FF of 0.57, and PCE
of 6.72%. Initially, it was suspected that the energy level
alignment of materials was influencing the performance of
the devices, especially the Voc. To confirm this, square-wave
voltammetry (SWV) was measured for pristine materials
(PPDT2FBT, PC¢BM, PC,:BM, Cqo & C;o). The energy level
results from the SWV are illustrated in Fig. 3, (SWV curves
can be found in the ESI,T Fig. S1).

As seen in Fig. 3, there is a reduction between the energy
difference between the HOMOpoiymer/LUMOneat fullerene than
that compared to the HOMO,,lymer/LUMOpc, M- It has been
shown that the open-circuit voltage of OPVs is strongly influ-
enced by the energy difference between the HOMOqonor and the
LUMO,ccepror levels.®>®* In the case of the fullerene acceptors,
the Cq and C-, have relatively lower LUMO levels (—4.12 and
—4.13 eV respectively) when compared with PCsBM and

Table 1 Device characteristics of PPDT2FBT:fullerene devices with varying weight ratios of PCg;BM:C5o

PPDT2FBT:PCg;BM:C5, (W:W:w) Jsc (A cm™2) Voc (V) FF PCE (%)

1:2:0 15.9 £ 0.3 0.80 % 0.00 0.62 £ 0.01 7.27 £ 0.09
1:1.9:0.1 15.9 £ 0.5 0.74 % 0.01 0.61 % 0.01 7.16 + 0.24
1:1.8:0.2 16.9 £ 0.5 0.72 £ 0.01 0.53 £ 0.02 6.47 £ 0.16
1:1.6:0.4 17.4 £1.5 0.70 £ 0.01 0.53 £ 0.03 6.47 £ 0.48

Average cell no. 6 cells/device area: 0.1 cm®/inverted devices coating conditions: flow-rate: 0.050 m min~'/drum-speed: 0.2 m min~'/ink

concentration: 14.0 mg mL .
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Fig. 3 Illustration of energy levels of the active layer materials estimated
from square-wave voltammetry measurements under identical conditions;
PPDT2FBT (HOMO/LUMO), PCgBM, PC7,BM, Cgg & C70 (LUMO only).

PC,;BM (—3.99 and —4.10 eV). Hence, the addition of neat
fullerenes to the active layer blend led to the decrease in Voc
when compared with the binary system. Furthermore, the
increased amount of C5, also resulted in a further decrease in
the Voc.

Though Cg, was observed to have a higher LUMO level than
Cso, the addition of Ce, resulted in a reduced performance. This
difference is accredited the significant decrease in the fill-factor,
having dropped down to 0.57. It is known that nucleating agents,
such as small molecules, can influence the morphology of active
layer blends,®”® therefore, the addition of Cg could have
negatively influenced the PPDT2FBT:PCs;BM blend, resulting in
a decreased efficiency.

Overall, the difference in energy level alignment between
active layer materials resulted in the reduced performance of
the devices. To minimise the impact of the neat fullerene
addition on Vy¢, 5% w/w of C,, was selected for further stabi-
lity studies and 5% w/w of Cs, was also investigated for
comparison.

Thermal stability at 120 °C

As discussed above, it is observed that the PPDT2FBT:PC4,BM
was fairly stable at RT and 85 °C, only showing a slow gradual
decrease in Jsc, FF, and PCE over long term storage. To test the
device stability under accelerated condition, 120 °C was used as
the aging temperature, and the device performances were
tested for the cells with and without additional neat fullerene.
Furthermore, this temperature has been reported to induce a
significant burn-in process to slot-die coated PPDT2FBT:PC,,BM
inverted devices."”

Fullerene Cgq, has been previously reported to improve
thermal stability by acting as a nucleating agent when intro-
duced to TQ1:fullerene based devices.** In that study Cg, Was
found to be a better nucleating agent for PCBM than C,,
however, C,, would also result in decreased crystal size and
increased crystal population. As of this, Ce and C;, addition to
the BHJ was performed to see if it can improve the thermal
stability of the devices in this work. The idea is that the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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nucleating agents will induce the growth of many small crystals
instead of a few large ones, resulting in suppressed perfor-
mance reduction.

With this in mind, PPDT2FBT:PCy,BM, PPDT2FBT:PCs; BM:Cy,
and PPDT2FBT:PCgs;BM:C;, devices were fabricated and thermally
aged at 120 °C under dark conditions in under nitrogen atmo-
sphere, while device testing, itself, was performed in air at room
temperature. The results of the thermal aging can be seen in Fig. 4
(table of results can be found in the ESIY).

It was found that when the devices were aged at 120 °C, there
are several trends that are common to all systems. Firstly, there
is a significant decrease in the Jsc and FF with different degrees
of thermal “burn-in” occurring in the first 24-48 hours. These
changes in Jsc and FF are suspected to be a result from the
morphology change in the BHJ layer, with the PCs;BM likely to
crystallize under heated conditions.®®®” As for the Vo, all
systems had seen an increase within the first 80 hours before
remaining constant. The increase in the Vo is likely due to the
elimination of the energy disorder at the BH]J/ZnO interface,
which has also been observed for BTID-2F:PC,,BM devices
when stored under dark conditions.®®

With the addition of Cg, to the active layer, there is a fast
“burn-in” within 4 hours of aging, however, the degree of a
performance drop is less than the PPDT2FBT:PCq;BM. It is also
observed that after the initial burn-in, the devices remained
stable with a slightly higher PCE. As for the addition of C,, the
burn-in loss is slower, having lasted for around 40 hours
instead of 48 hours for the binary blend and 20 hours after
the addition of Cg,. It is also noted that the burn-in loss is less
than for PPDT2FBT:PC4,BM. Once the burn-in process has
passed, the degradation of the ternary blends follows a similar
rate to that of the binary PPDT2FBT:PC¢;BM devices.

Overall, the addition of C,, was able to improve the thermal
stability of PPDT2FBT:PCes;BM devices by reducing the impact
from the thermal burn-in process at 120 °C, whereas the
addition of Cg, resulted in a faster burn-in process with slightly
higher performing devices over longer times.

Imaging of microcrystals at BH]J surface

To investigate the morphological change during thermal aging,
half-devices (PET/ITO/ZnO NP/BHJ) were heated at 120 °C for
8 hours under nitrogen. The BH]J layers before and after 120 °C
heating was characterised under SEM and the images are
shown in Fig. 5. Without heating, all BHJ layers were observed
to be smooth and free of aggregates/crystals, but after thermal
annealing, micro-sized crystals were formed on the BHJ/air
surface.

We also found that different annealed BH]J layers showed
slightly different degrees and shapes of crystals on the surface.
It was assumed that these crystals on the surface were most
likely consisting of PCs;BM, consistent with previous reports.

For PPDT2FBT:PC4;BM, relatively large crystals had
appeared on the surface after heating, which could be a result
from the crystallisation of PCs;BM. In the case of the PPDT2FBT:
PCq:BM:Cq, the size of the crystals is smaller than those seen
with PPDT2FBT:PC¢;BM, the number of them present at the
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Fig. 4 Device characteristics trends at 120 °C thermal aging under nitrogen. The results are from an average of 6 cells, with an active area of 0.1 cm?.

Fig. 5 SEM images of PPDT2FBT:PCgBM (1:2) (a and d), PPDT2FBT:PCgBM:C70 (1:1.9:0.1) (b and e) & PPDT2FBT:PCg:BM:Cgp (1:1.9:0.1) (c and f)
before (a—c) and after (d—f) heated for 8 h at 120 °C under dark nitrogen conditions.

surface has significantly increased. This behaviour is consistent
with earlier studies that the addition of Cs, can act as a nucleating
agent. After the addition of C, there is a significant reduction of
the number of crystals compared to the other samples.

As Cgp acts as a nucleating agent, crystal nuclei are formed to
allow for crystal growth, thus, more crystals are created.
As there is limited space within the film inside the devices,

2844 | Mater. Adv, 2022, 3, 2838-2849

the growth of the crystals is restricted. This can explain why
there is a steeper burn-in process as the crystals begin to grow,
however, due to the restricted crystal size, the magnitude of the
faster decrease is not as severe after the addition of C,, as the
decrease seen in the PPDT2FBT:PCg,BM. The addition of C, is
significantly reducing the crystallisation rate of PC4;BM in the
PPDT2FBT:PC¢;BM blend, visible in both a slower burn-in and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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crystallisation process. In literature, it was determined that the
addition of C,, into the TQ1:PCs;BM blends, would result in
the neat fullerene acting as a nucleating agent,** however, this
does not appear to be the case in this study.

Next, we investigated how the performance degradation
differed between devices that were annealed at 120 °C for
24 hours before and after deposition MoOx/Al on top of the
BH]. As seen in Fig. 5, the crystals had appeared at the top
surface of the BHJ, which could result in a layer of fullerene at
BHJ/MoOy interface. The jV-curves of devices at different
annealing stages can be seen in Fig. S2 in the ESL¥

For devices that were annealed after completion of the
fabrication, though there is a change in the shape of the J-V
curve, it still showed photovoltaic effect (above 1% PCE). As for
those devices heated prior to MoOx/Al deposition, the efficiency
is very low (below 0.1% PCE).

Without the coating on top of the BH]J layers, there is space
for the microcrystals to grow above the surface of the BH]J.
As for the complete devices, the top and bottom sides of the
BH]J are “blocked” by interface materials (MoOx & ZnO NP
respectively), preventing the crystals from growing outside of
the layer. This likely explains the performance difference
between devices heated before and after MoOx/Al deposition.

Elemental characteristics of microcrystals

To further understand the origin of the microcrystals, auger electron
spectroscopy (AES) was used to detect the presence of different
elements on different features on the annealed (120 °C, 24 h)
PPDT2FBT:PC¢;BM surface. The advantage of the technique is that
it is allowed for specific scanning areas with an effective analysis
depth of around 10 nm,* meaning that the underlying BH]J/inter-
face/electrode should not interfere with the measurements. Under-
standing that the layer consisted of a combination of PPDT2FBT
and PCyBM, it was suspected that carbon, nitrogen, oxygen,
fluorine, and sulphur peaks would be present in the spectra.
From the AES spectra (Fig. 6), it was found that both carbon
(272 eV’°) and sulphur (152 eV’°) were the easiest to resolve

View Article Online
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from the background signal. Whereas oxygen (508 eV’°) was
more difficult to resolve, yet, could still be resolvable in some
spectra. Lastly, nitrogen (379 eV’°) and Fluorine (647 eV’°) were
incredibly difficult to resolve from the background, with most
times the peaks for these elements not being able to be
observed entirely. To give a quantitative comparison between
positions, the sulphur to carbon ratio was compared. As of this,
the carbon/sulphur ratio was compared to estimate material
composition.

This difference in peak intensity can be attributed to two
factors, amount of the element present and the sensitivity
factor. When operating an electron beam at 10 keV, the
sensitivity factors for carbon, nitrogen, oxygen, fluorine and
sulphur are 0.28, 0.60, 0.79, 1.91 and 2.43, respectively.””
As sulphur has a relatively high factor, a low amount of sulphur
results in a resolvable peak, whereas carbon, even though
having a low factor, there is a large amount of the element
present in both materials. For oxygen, even though it has
a lower peak, the element is present in both polymer and
fullerene materials. Lastly, both nitrogen and fluorine have a
low sensitivity factor, plus is only present in the polymer
material, resulting in peak intensities that would be difficult
to resolve from the background. As both carbon and sulphur
were easy to resolve, the analysis of the spectra involved the
comparison between these two elements.

For the investigation, 3 positions were measured using
“point scan” of the specific locations. These include short
crystals (position 1), long crystals (position 2) and the surface
of the active layer (position 3). For the BHJ (position 3), it was
suspected that these locations contained a mixture of PCs;BM
and PPDT2FBT. To determine what material the crystals con-
sisted of, it was hypothesised that if a feature was PPDT2FBT,
an increase in sulphur would accord compared to position 3
spectra, while, a decrease in sulphur would indicate the
presence of PCs;BM. The experimental spectra from the scans
can be found in the ESI,{ while the resulting atomic composi-
tion % can be found in Table 2.

Counts/Second

2000+ Position 1
] Position 2
01 —— Position 3
T T T T ¥ T
200 400 600 800 1000
Kinetic energy (eV)

Fig. 6 Flattened and smoothed Auger spectrums of three positions that were measured on the PPDT2FBT:PCg,BM surface, including the predicted peak
position of elements of interest. The spectrums are an average of 5 different scanning areas.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Atomic percentages of carbon and sulphur at three different
locations. Percentages are calculated in relation to the presence of carbon
and sulphur only

Position Description Carbon % Sulphur %
1 “Short” crystal 98.2 £ 0.2 1.8 +£0.2
2 “Long” crystal 98.4 £ 0.3 1.6 £ 0.3
3 BH]J surface 96.5 £ 0.2 3.5£0.2

From the Table 2, position 1 and 2, scanning on the crystals,
show a decrease in the presence when compared with position
3. The two crystal positions are within significant figures of
each other. Also, from the scans, the oxygen peaks associated
with position 2 & 3 are resolvable. This supports the hypothesis
that the micro-crystals that formed during thermal aging at
120 °C consists of PCgBM. In cases that sulphur is detected, it
is likely as the fullerene grows and moves up from the surface,
some of the polymer is taken up with it, remaining on the
surface of the crystal. Another likely source of sulphur is the
surroundings of the crystal being detected, with the diameter of
the beam during the scan being approximately 650 nm.
As some of the crystals had similar sizes as the beam, it is
likely that the beam was also analysing the surface of the BH],
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especially for position 1 scans. Overall, with support from the
Auger microscopy measurements, it is likely that the micro-
crystals at the surface of the BHJ consists of fullerene.

Thermal analysis

In OPV research, dynamic mechanical thermal analysis (DMTA)
technique was previously used to understand the thermal
transitions of pure materials and blends and is a useful tool
to characterise the morphology of BHJ layer.>*”*7? In this work,
it was used to understand the effect of annealing on the BH]J
layers and to study the difference among binary blend and the
ternary ones with the addition of Cg, or Cy.

In the DMTA scans, E’ reflects the stiffness, E” peak feature
suggests the thermal transitions, and tan delta = E"/E'.
Traditionally, the peak temperature of the tan delta peak is
commonly used to define the thermal transition temperatures.

The DMTA scans of pure PPDT2FBT and BH] blends are
presented in Fig. 7. To reduce the amount of conjugated
materials, woven glass fibre mesh was used as a support, thus
the absolute value of E’ cannot be used to characterise the
sample rigidity. Instead, the trend of E' and E” change during
heating is the main focus in the following discussion. Similar
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b): o 406 -200
______ R ---- No annealing
1 - —— 120 °C annealed
1000—E S 4160
:@‘ 104 120,‘,’\
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Fig. 7 DMTA plots of pristine PPDT2FBT (a), PPDT2FBT:PCe:BM (b), PPDT2FBT:PCg:BM:Ceq (c) and PPDT2FBT:PCgBM:C5o (d) before and after

annealing (30 min).
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sample dimensions and amounts of materials are used so
qualitative comparison of the data in Fig. 7 can be made.

For pure PPDT2FBT, one sub-T, is observed at around
—25 °C (extracted from tan delta peak temperature), and no
clear T, was detected, indicating the lack of amorphous phase
in the solid state®® of the pure polymer, in accordance with
previously published works describing similar polymers.>*”*
In the case of PPDT2FBT:PCs,BM blend, the sub-T, peaks can
still be clearly detected and there is no shift of the peak
temperature, which further confirmed that this feature is not
originated from a glass transition. When no annealing was
applied on the binary sample before the DMTA measurement,
one extra thermal relaxation was found at ~100 °C, seen by the
E" peak, which is not observable from the sample annealed at
120 °C for 30 min. This result indicates that the binary blend
exhibits some mobility during heating, thus changes in the
morphology of BHJ is expected when annealed at 120 °C.
However, no clear cold crystallisation was detected, which
seems to conflict with the SEM results. The conflicting results
might be caused by the relatively fast heating during DMTA
measurement (3 °C min~') compared to long time annealing
(8 h) of the SEM sample, the growth of crystals in the DMA
sample were not quick enough to be reflected in increased E'.

With the addition of Ce, into the PPDT2FBT:PCq;BM blend,
the previously observed feature at ~100 °C in the binary
sample is absent (Fig. 7c). The samples before and after
annealing show almost identical thermal mechanical proper-
ties, suggesting the addition of Ce, results in restricted mobility
of the BH]J layer, possibly originating from already formed
small crystals in the materials.

Differently, introducing C;, to the blend yielded a second
transition temperature (tan delta) that shifts from 85 (non-
annealed one) to ~155 °C after annealing, which is suspected
to be due to the formation of more pure phases, induced
by heating. The non-annealed sample showed a minor E’
increase at ~180 °C, indicating the crystal formation at this
high temperature. After annealing at 120 °C for 30 min, clearer
crystallisation was observed at 170 °C indicated by the E’
increase after the thermal relaxation of the fullerene rich
phase.®® The reason of clearer crystallisation observed in
annealed PPDT2FBT:PC¢;BM:C;, sample is indicative of the
small crystal formation during 120 °C annealing, which
further grow to larger crystals upon applying high thermal
energy. By having the main crystallization at such a higher
temperature, this system is expected to be more stable at the
described aging condition. From the DMTA measurements it
is clear that the addition of Cg, and C,, alters the thermal
behaviour of the blends in different ways. This explains
why, with the addition of C,y, the burn-in process rate is
slightly slower than that of PPDT2FBT:PC4s;BM and
PPDT2BT:PC4;BM:Cyg, at 120 °C.

We assume that the addition of C,, will increase the thermal
stability further at 85 °C based on the results derived from the
accelerated aging experiments at 120 °C. Our results indicate
that PPDT2FBT:PCs;BM:C;, is a promising system for large
scale printed OPVs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

In conclusion, the addition of as low as 5% w/w C, (in respect
to PCe;BM) to the slot-die coated bulk-heterojunction of
PPDT2FBT:PCq;BM was successfully demonstrated to improve
the thermal stability. Initially, we have optimised the ink
preparation and the coating conditions to reach an average
power conversion efficiency of 8.49% and 7.63% for PPDT2FBT:
PC;;BM and PPDT2FBT:PC,;BM devices, respectively. A subse-
quent investigation of the thermal stability of PPDT2FBT:
PC4,BM at 85 °C revealed that there was no burn-in loss as
was observed in 120 °C aged devices. With support of scanning
electron microscopy and auger electron spectroscopy, it was
found that the growth of fullerene-rich crystals in the bulk-
heterojunction is the likely source of thermal degradation at
120 °C.

Addition of Cg, to the PPDT2FBT:PC¢;BM appeared to act as
a nucleating agent, with increased number and reduced size of
the crystals. In comparison with the addition of C;, to the
PPDT2FBT:PC¢;BM, the magnitude and rate of the burn-in loss
was significantly reduced. Subsequently, the C;, did not appear
to behave as a nucleating agent, instead, it was found that the
rate of crystal growth reduced with the addition of the neat
fullerene. Our results demonstrate that the small addition of
C,o could improve the thermal stability of slot-die coated OPVs.
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