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1. Introduction

Investigation of different degradation pathways
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The lifetime of organic photovoltaics (OPVs) is a significant challenge for the technology to become
commercially viable. Mechanisms of thermally induced degradation are extremely complex due to the
nature of the materials and structures in OPVs, each with varying responses to thermal cycling. To date,
approaches have focused on small-scale devices, with a limited number of studies focusing on cells
made by scalable methods, leaving the stability of materials for large scale devices a substantial unsolved
challenge. Ageing OPVs at elevated temperatures is normally performed to reduce experimental times
but care must be taken to not introduce new degradation pathways which are not relevant for actual
operational conditions. In this paper, we have investigated the thermal degradation of active layer blend
of PPDT2FBT:PCg1BM that has been deposited via slot-die coating. By combining surface and thin-film
characterisation techniques with dynamic mechanical thermal analysis (DMTA), we have investigated the
thermal behaviour of the blend, and how it changes upon annealing at two elevated temperatures;
85 °C, and 120 °C. Our results show that at 120 °C large crystals made of PCg;BM are formed already
after 8 h while at 85 °C large crystals did not form even after 6 months annealing. The fullerene
crystallisation at 120 °C plays a significant role in fast thermal degradation of the solar cells, whereas at
85 °C the change in thermal behaviour is dominated by small morphological changes that affect
changes in OPV performance. These results clearly shows that care must be taken when performing
accelerated ageing of OPV materials.

decade, there has been significant improvements of device
performance for OPV technology, leading to power conversion

With the push towards cost-effective, renewable energy sources,
there has been an increased interest in the development of
highly functional organic photovoltaics (OPVs). The potential is
owed to their ability to fabricate these thin, lightweight, and
flexible devices using scalable, low cost roll-to-roll coating/
printing methods resulting in lower manufacturing costs when
compared to conventional silicon solar panels."” In the past
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efficiencies (PCEs) exceeding 19% for small-scale single junc-
tion devices,*” while large-area OPV modules (> 100 cm?) have
reached above 12%.° There has also been an interest in the
development of OPVs for indoor applications due to their
ability to work effectively under low-light and artificial lighting
conditions.”™

Although performance and fabrication cost are important
aspects for the development of OPVs, device lifetime/stability is
equally important, yet has seen less research focus'® and needs
to be improved."" In terms of stability, there are five major
factors that can negatively impact the device performances
during normal operation of OPVs: thermal cycling due to environ-
mental conditions,'>"® exposure to oxygen, moisture,"*'® UV
radiation,'®!” and mechanical’®*?° degradation. These factors
typically combine to produce two significant decay trends in the
device performance: an initial drop in efficiency referred to as
the “burn-in loss”, followed by a longer term sustained linear
degradation in the efficiency.*’ >

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Continuous illumination from a light source can result in an
increase of the working temperature, especially when operating
in outdoor conditions with direct sun-exposure, which is rele-
vant for the thermal stability. As the majority of OPVs contain a
bulk-heterojunction (BHJ) structured active layer where a donor
and an acceptor material are intermixed at the nanometre
scale, there is a substantial risk that the thermal energy
increases the mobility of these active materials, resulting in a
change in morphology of the active layer, especially when the
temperature exceeds the glass transition temperatures of the
active layer blend.>** This elevated temperature may also lead
to degradation via the material diffusion at the interface of
electrodes and transport/extraction/interface layers.>*2*

To date, it has been agreed that 65-85 °C range is the typical
maximum temperature experienced by OPVs in their opera-
tional environments, known as the high temperature dark
storage condition, and recognised as a global standard by the
International Summit on OPV Stability (ISOS) consensus test
community.? As such, a few reports have examined the degra-
dation of OPVs at this high temperature ageing condition. This
includes Chaturvedi et al. who investigated the degradation of
different device configurations of PTB7-Th:IEICO-4F devices for
an period of 750 h (31 days),*® while Wu et al. used 85 °C for
4000 minutes (2.7 days) to demonstrate their improved thermal
stability using a newly synthesised donor polymer, PMZ2, when
compared with PM6.*"

The problem associated with testing devices at this ageing
temperature, especially for more thermally robust devices, is
that long periods of, sometimes surpassing 1 year, are required
for a significant amount of degradation to occur.**** This
length of time to generate data can result in difficulties
comparing materials and strategies for improving device life-
span, slowing the rate of research. In order to shorten these
experiments, higher temperatures (> 85 °C) are often employed
to accelerate degradation mechanisms in OPV devices, redu-
cing degradation test time to less than a month.">"*?* A wide
range of elevated temperatures have been used to accelerate
degradation, including 80 °C,**” 85 °C,>7?%3%38%3 g °C *
100 oc,13,34,45 110 oC’46 120 oc’47,48 130 oc’49 140 OC,SO 150 oc’51—53
160 °C,* 180 °C,"* and even up to 200 °C.**

CeH1a
PPDT2FBT

CgHy7

Fig. 1
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An issue that arises from using elevated temperatures
for ageing studies is the potential of additional degradation
pathways that only occur at elevated temperatures, well above
normal operating temperature of the OPV. For example,
He et al. had observed that for an inverted OPV configuration,
heating to 200 °C caused silver penetrating into the active layer,
resulting in a reduction of device performance, which was not
observed at lower temperatures.** Jang et al. also observed that
when comparing devices fabricated using PTB7:PC,,BM either,
heating at 80 °C for 10 days showed minimal change in perfor-
mance, while exposure at 140 °C resulted in significant burn-in
degradation for the devices fabricated using a single deposition of
the active layer, while sequential deposition of the active layer
devices were not affected.>® Xu et al. have heated devices at a
range of ageing temperatures, and found that PBTTT-EFT:PC,,BM
started to degrade significantly above 80 °C, whereas for a PBTTT-
EFT:PC,,BM blend, performance started to degrade at 100 °C.*’

One promising active layer material blend for scalable OPV
fabrication is poly[(2,5-bis(2hexyldecyloxy)phenylene)-ait-(5,6-
difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole)]:[6,6]-
phenyl-C61-butyric acid ester (PPDT2FBT:PCq;BM) (structures
seen in Fig. 1a). This blend can be successfully deposited
using slot-die coating.’> When incorporating PPDT2FBT with
PCq;BM, spin-coated devices achieved a PCE of 9.1%.°°
PPDT2FBT:PCs;BM has also been demonstrated to enable
slot-die coated devices at a variety of scales with minimal
performance loss.>*®>*7 Although PPDT2FBT:PC,,BM OPVs
are able to achieve higher performances,’® PC,,BM is signifi-
cantly more expensive compared to PCs;BM, which adds more
cost for large scale printed devices.””

A handful of studies have been performed to investigate the
stability of both slot-die and spin-coated PPDT2FBT:PCs;BM
devices. For lower temperature degradation (60 °C), paired with
constant illumination and without humidity control, Mainville
et al. observed that the PPDT2FBT:PCqBM devices lasted
220 hours (9 days) before PCE dropped below 80% of the initial
PCE.>” PPDT2FBT:PCBM devices have also been tested at higher
degradation temperatures (120-130 °C),***>>° with one paper
demonstrating PPDT2FBT:PCg;BM devices to be stable at 130 °C
for 220 h.*’

minium

PPDT2FBT:Fullerene

Zinc Oxide nanoparticles
ITO
PET

(@) Chemical structure of PPDT2FBT & PCgBM and (b) schematic illustration of inverted OPV structure used in this work.
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Expanding on our previous thermal degradation study of
PPDT2FBT:PC¢;,BM,>® we investigated the major degradation
pathways of PPDT2FBT:PC4;BM materials at both 85 °C and
120 °C, focusing on how the morphology of the blends changed
when exposed to different elevated temperatures for specific
amounts of time, including up to 6 months at 85 °C. Scanning
electron microscopy (SEM) and Auger electron spectroscopy
(AES) techniques were used to investigate the formation of
features and defects that were seen at the surface of the aged
active layers. Dynamic mechanical thermal analysis (DMTA)
was implemented to investigate the changes of thermal beha-
viour as the active layer blends were aged at different tempera-
tures. The morphological changes were used to explain the
degradation behaviour of the devices at the studied tempera-
tures, revealing that different degradation pathways occurs at
85 °C and 120 °C for the PPDT2FBT:PC¢;BM blend.

2. Results and discussion
2.1. Device performance stability

As demonstrated previously, PPDT2FBT:PC¢;BM devices appeared
to be relatively stable when thermally annealed at 85 °C for

View Article Online
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16 days, compared to dark, room temperature ageing.>’
In order to monitor a period more relevant for thermal degra-
dation, the thermal degradation was tested for 6 months. This
length of time was hypothesised to allow for a more significant
performance decrease to be observed. For a comparison, some
devices were also aged at 120 °C in dark under nitrogen
conditions (seen in Fig. 2).

From the previous study,> the PCE degradation behaviour
for 16 days at 85 °C followed a downward linear trend, indicating
the lack of burn-in degradation within the 16 day timeframe.
In this study, when the range of degradation study was increased
to 6 months (seen in Fig. 2), the burn-in trend was more
distinguishable, lasting around 120-150 days. This result reveals
that the burn-in degradation takes a relatively long time to cause
degradation of the PPDT2FBT:PCg;BM devices at 85 °C, especially
when compared to the 120 °C degradation trend.

Another interesting observation is the magnitude of burn-in
degradation when comparing PPDT2FBT:PCs;BM devices age-
ing at 85 °C or 120 °C, dropping down to 2.7% after 183 days,
and 1.5% after 7 days, respectively. For Jsc, both 85 °C and
120 °C aged device sets saw a decrease, although at 120 °C,
Jsc decrease down to 4.7 mA cm ™ after 7 days, while at 85 °C,
Jsc decreased down to 7.8 mA cm > after 183 days. The FF also
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(a) Short-circuit current density (Jsc), (b) open-circuit voltage (Voc),
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(c) fill-factor (FF) and (d) power conversion efficiency (PCE) changes as a

function of ageing time for devices at 85 °C or 120 °C under dark nitrogen conditions.
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followed a similar trend, with FF of 120 °C aged devices
dropping down to 0.37 after 7 days, while that of 85 °C aged
devices reached 0.41 after 183 days. As for the V¢, both sets of
aged devices saw a small increase towards 0.84 V. In terms of
the decrease in Jsc and FF, it is suspected to be related to
changes of the active layer morphology, with previous studies
showing PCe,BM crystallisation to be a likely contributor.>>°%°*
The increase in Voc is likely related to the reduction of
energetic disorder at the BHJ/ZnO interface, which has been
observed for BTID-2F:PC,,BM devices when stored under dark
conditions.®>

To gain additional understanding of the degradation of PCE
under varying thermal ageing conditions, we used the
Arrhenius-type exponential (eqn (1)). In the OPV field,
Arrhenius-type exponential is for the basic prediction of device
lifespan, based on the activation energy of the degradation
pathway (E,), and the ageing temperature (7) used for the
degradation studies, as well as the reaction dependant constant
(4) and the gas constant (R = 8.314 k] mol ' K *).>°

E,
kgeg = A eXp (—R—}) (1)

Kaeg, R\T, T,

The decay rate from eqn (1) can also be used to investigate
the acceleration factor (K) between two ageing temperatures
(Ty & T) (eqn (2)). It is worth noting that this decay method is
predominately used in chemical-based degradation (including
photo-oxidation),®**® however, it has been demonstrated to
show the change in degradation rate under accelerated thermal
again conditions.®®®” The decay model also assumes the ke is
constant when ageing temperature is constant and E, is con-
stant when varying the degradation temperature.®®

To determine the decay rate at 85 °C and 120 °C, an
exponential decay fit (eqn (S1), ESIT) was computationally fitted
to the experimental data (Fig. S1 and S2, ESI{), resulting in
values of 0.02 day ' and 1.17 day ', respectively. Using the
determined activation energy of thermal degradation of OPVs
(under light soaking), 90 kJ mol *,°® it is expected, from
applying eqn (2), that a temperature increased from 85 °C
(358 K) to 120 °C (393 K) would result in an acceleration factor
of 15. Whereas from the experimental results, it was found that
the acceleration factor was 50. This large disparity in the
acceleration factor values indicates that different degradation
pathways (with different E,) dominate at the two studied
temperatures.

2.2. Charge carrier dynamics of thermally aged OPVs

To understand the changes in dynamic charge carrier genera-
tion, transport, and recombination processes in the annealed
OPV devices, the charge carrier mobility was studied using
photoCELLV, the carrier lifetime was extracted using transient
photovoltage (TPV) measurements and the photogenerated
carrier density was determined using time-resolved charge
extraction (TRCE). The photoCELIV measurements enable the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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carrier mobility to be determined from the peak time of the
current transient (¢..), the maximum value of the photo-
current transient and the capacitive current baseline value as
reported in the literature.®® The transient carrier lifetime was
determined by fitting a single exponential decay to the transi-
ent photovoltage curves measured using the TPV technique and
then converted to a carrier lifetime of the entire photogenerated
population from consideration of the rate law kinetics as
reported in previous literature.”® The charge carrier density
present at the same intensity lifetime values were determined
was calculated by integrating the current transient obtained
from the TRCE technique. Devices for these studies were
measured after an ageing treatment for a 7-day time period,
either at 85 °C or 120 °C.

As revealed in the photoCELIV curves in Fig. 3a, the thermal
ageing of the PPDT2FBT:PC4;BM devices has strong influence
over the transport processes in the devices. A systematic
decrease in ty,ax was coupled with systematic decrease in the
observed photogenerated charges as the ageing temperature
was increased from room temperature to 85 °C and then again
to 120 °C. These trends result in a clear increase in the charge
carrier mobility as the ageing temperature of devices is
increased (Fig. 3c). When averaging the charge mobility values
obtained between 0.3-1 Sun light intensity, it was determined
that devices annealed at room temperature, 85 °C and 120 °C
had carrier mobility values of (8.5 &+ 0.6) X 10> cm* V' ' s},
(9.940.9)X10>ecm*V 's 'and (12.5+ 1.8) X 10 em’*V 's7},
respectively. This increase in mobility upon thermal ageing is
likely related to increased phase purity/crystallisation of PCg;BM,
allowing for more effective movement of free charge out of the
active layer. Crystallisation has been observed in previous literature
with P3HT:PC¢BM devices, where it was found that increasing
the annealing temperature resulted in an increase in carrier
mobility.” When it comes to influencing the P3HT:PCBM OPV
device performance, it is suspected that the improvement in
mobility occurs due to the crystallisation of the P3HT
polymer”>7”? or the PCg;BM.”" It is also noted that the capacitive
current dropped once the device were subjected to a thermally
elevated ageing (either 85 °C or 120 °C), indicative of a removal
of dark doping density in the active layer with thermal ageing.

The current transients from charge extraction measure-
ments, shown in Fig. 3b, confirm that thermal ageing of the
PPDT2FBT:PCs;BM devices has a strong influence on the
photogenerated charge in the devices. There are clear changes
in the transient current pulse shape for the devices aged at
85 °C and 120 °C, with the increase in ageing temperature
resulting in a decrease in area under the pulse, indicating a
reduced amount of charge generation in these devices at
equivalent light illumination levels. When the carrier lifetime
values determined from TPV measurements are plotted against
the photogenerated charge values determined from the TRCE
measurements (Fig. 3d), a significant decrease in the carrier
lifetime is observed at equal charge densities as the annealing
temperature of the devices is increased to 85 °C, with a further
significant decrease observed upon increasing the ageing tem-
perature to 120 °C. Since the mobility of carriers was earlier

Mater. Adv, 2024, 5, 4438-4451 | 4441
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Fig. 3 Charge Carrier Dynamics of PPDT2FBT:PCg:BM devices that have either been aged at room temperature, 85 °C or 120 °C for 7 days. Figures
include (a) photoCELIV curves obtained at ~1 Sun, (b) current transients obtained from the TRCE technique, (c) charge carrier mobility obtained via
photoCELIV measurements as a function of light intensity, and (d) carrier lifetime in as a function of charge density.

established to increase with ageing temperature, the charge
extraction results from Fig. 3b suggest that the probability of
either geminate, trap-assisted or bimolecular recombination in
PPDT2FBT:PCg;BM devices increases with ageing temperature,
leading to a reduced photogenerated charge density. The
carrier lifetime results from Fig. 3d probe a longer time scale,
with the reduced lifetime indicating an increased bimolecular
recombination rate between separated free charges in PPDT2FBT:
PCs;BM devices with increases in the ageing temperature.
The slope of the lifetime vs charge density plots also changes
after thermal ageing, suggesting a change to the density of
states in the active layer material that is consistent with the
reduced dark doping density observed in the photoCELIV
measurements in Fig. 3a. The increased recombination at both
fast (geminate) and slower (bimolecular) times scales with an
increase in ageing temperature is hypothesised to originate
from the phase domain sizing increasing, or the formation and
growth of fullerene crystals within the BHJ. Previous work
has shown that when PPDT2FBT:PCy;BM was annealed at
120 °C for 8 hours, fullerene microcrystals were observable at
the surface of the active layer.>® With the formation of fullerene
microcrystals, as well as potential increased phase size in the
polymer, there is an increased probability that the induced
excitons are unable to diffuse towards the donor/acceptor

4442 | Mater. Adv, 2024, 5, 4438-445]

interface for charge separation, leading to exciton recom-
bination.

The charge carrier dynamics measurements revealed that
the carrier mobility improved as a function of ageing tempera-
ture, however, there is also a corresponding significant increase
in the recombination. Although the increase in free charge
mobility is typically considered to be a positive driver for OPV
device performance, the increased recombination rate counter-
acts these mobility improvements. For the device aged at 85 °C,
the effects of these counteracting mechanisms appear to have a
neutral effect on the overall device performance, and thus the
PCE does not show significant reductions over a 7-day time
period. For the devices aged at 120 °C the scale of the mobility
enhancement is dominated by the scale of the increased
recombination and the performance of the devices subsequently
shows significant drops in comparison to the device aged at room
temperature. The investigations of the dynamic charge carrier
behaviour suggest it is likely that an increase in charge carrier
recombination is a leading factor for the reduction in performance
for thermally aged PPDT2FBT:PCy;BM devices.

The J-V curves measured throughout the ageing process at
85 °C and 120 °C show similar trends (Fig. S3, ESIt), with the
short circuit current dropping in magnitude to a much larger
degree than the slope of the curve changes as it passes through

© 2024 The Author(s). Published by the Royal Society of Chemistry
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short circuit and into reverse bias (where extraction is artifi-
cially accelerated due to the applied field). Examining the
current extracted at —1 V compared to the current extracted
at short circuit indicates a step change with respect to ageing
time (as seen in Fig. S4, ESIt), where ~20% more current is
extracted in reverse bias after the 4th ageing point for each
temperature (30 days for 85 °C and 1 day for 120 °C, reflecting
the accelerated degradation at 120 °C). After this time point the
ratio of current extracted in reverse bias compared to short
circuit exhibits negligible changes for all further ageing times.
The increase in the photocurrent under reverse bias around the
4th ageing point is consistent with a reduced mobility-lifetime
product, which from the data in Fig. 3 could be assigned to slow
(non-geminate) recombination. However, the dominant effect
driving performance reductions is the large magnitude of the
current reduction, which with exception of the step-change at
the 4th ageing point for each temperature, drops in consistent
proportions with respect to applied bias as the devices are aged.
This result implies that the dominant driver of the performance
reductions is a loss of free charge generation, likely due to
increased geminate recombination.

2.3. Bulk heterojunction morphology investigation

To investigate the morphological changes of the active layer
containing PPDT2FBT:PC¢;BM, half devices (PET/ITO/ZnO
nanoparticles (NPs)/BH]J) were annealed at 120 °C and 85 °C
in the dark under nitrogen. Although device performance
degradation measurements were conducted on full devices
(PET/ITO/ZnO NPs/BH]J/MoOx/Al), the half device allowed for
in-depth assessment of changes to the active layer upon ther-
mal ageing.

For PPDT2FBT:PCg;BM film annealed at 120 °C for 8 hours,
3-dimensional microcrystals appeared that are clearly distin-
guishable from the surface of the active layer as seen scanning
electron microscopy (SEM) images in Fig. 4. From previous
studies, with the utilization of Auger electron spectroscopy
(AES), these microcrystals were likely to be PCq;BM.>® The
surface of the half devices was characterised by SEM after
annealing at 85 °C for 1, 3 & 6 months, with the images shown
in Fig. 5.

Before heating, the surface of the BHJ appeared relatively
smooth and feature-less. After one month of annealing at 85 °C,
no significant change to the active layer was observed, while the

b) 8 hrs

Fig. 4 SEM images of PPDT2FBT:PCgBM BHJ surface (a) before and after
(b) annealing at 120 °C for 8 hours.

5 um

© 2024 The Author(s). Published by the Royal Society of Chemistry
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BH]J layer still remained relatively featureless. After 3 months
of annealing at 85 °C, the appearance of micro-features was
observed. The features are flat and long (~200 pm length,
~30 um width), and share a similar orientation along the layer
surface. After 6 months, the population of these features
increased, yet the size remained the same. Another observation
associated with the features is that they appeared to be present
at the very surface of the active layer, with no noticeable
shadows around the features, as in Fig. 4b. To confirm this,
stylus profilometry of the features was performed to see if the
height map is distinguishable from the BHJ surface (seen in
Fig S8 in ESI}).

The comparison of SEM images with the profilometer map
showed no significant height features that would be expected
for 3D crystals growing out of the surface. The small bright
spots, however, are assumed to be associated with aggregates
that were present prior to thermal annealing, or potential
contaminates. The question then arises, whether the flat features
observed in 85 °C aged PPDT2FBT:PCy;BM are composed of
PCg;BM, similar to the 120 °C aged active layer, or whether they
have a different composition. AES and neutral impact collision
ion scattering spectroscopy (NICISS) were utilised to investigate
this question.

2.4. Elemental characteristics of microfeatures

The advantage of AES is its short probing depth of about 10 nm,
minimising the contribution of the underlying BH]J, and elec-
trode underneath in the resulting spectra. Based on the mole-
cular structure of the photoactive materials present in the
BH]J, carbon, sulphur, nitrogen, oxygen, and fluorine would
be detectable from the presence of PPDT2FBT, while the
presence of PCs;BM would result in the signal from only carbon
and oxygen. From the resulting AES spectra (as seen in Fig. S13
in ESIT), the presence of sulphur (152 eV), carbon (272 eV) and
oxygen (508 eV) were identified, whereas nitrogen (379 eV)
and fluorine (647 eV) were not noticeable. The difference in
peak can be explained by two potential factors, the varying
number of atoms per element, as well as the elemental sensi-
tivity factors. When operating the AES with an electron beam
energy of 10 keV, the sensitivity factors for carbon, nitrogen,
oxygen, fluorine & sulphur are 0.28, 0.60, 0.79, 1.61 & 2.43,
respectively.”* Firstly, due to the relatively high sensitivity
factor, even a small amount of sulphur allows for a significant
peak to be observed, whereas for carbon, the high amount
present in both the polymer and fullerene results in a
large peak.

The low sensitivity factor and low atomic concentration of
nitrogen and oxygen leads to the peaks being either difficult to
distinguish, or unable to be resolved from the background.
What is difficult to explain is, although fluorine has a high
sensitivity factor, the fluorine peak is unable to be distin-
guished from the background of the AES spectra, even though
the element is present in PPDT2FBT. As a theoretical compar-
ison of atomic percentages of carbon and sulphur, it is expected
that PPDT2FBT, containing 52 carbons & 3 sulphurs per repeat-
ing unit, would have a carbon and sulphur atomic percentage
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Fig. 5 SEM images of PPDT2FBT:PCg;BM BHJ surface after either annealing at 85 °C for either (a) 1 month, (b) 3 months or (c) 6 months.

of 94.5% and 5.5% respectively, whereas PCq;BM would have
100% carbon due to no sulphur being present in the molecule.
As such, the change in sulphur atomic percentage can be
implemented for determining the unit: molecule ratio of poly-
mer : fullerene at specific locations.

From AES results (Table 1), the surface of the BHJ appears
to have a high percentage of PPDT2FBT polymer, rather than
PC¢;BM based on the relative atomic percentage between
sulphur and carbon at the surface. The sulphur content of a
thin film of pure PPDT2FBT was determined to be 3.8 & 0.8%,
while the BHJ had a percentage for 4.0 + 0.5%. Regardless of
annealing temperature, the BH]J surface (not including crystals)
appears to be dominated by the polymer.

When investigating the composition of the features identi-
fied as crystals, the sulphur/carbon ratio was also calculated;
with a value close to 5.5% sulphur indicating the presence of
pure PPDT22FBT polymer, while a value close to 0% indicating
the presence of pure PC4;BM fullerene. The composition of the
features identified as “crystals”” showed 0% S to be present
confirming that these regions are indeed likely to be pure PC¢;BM
fullerene. A significant decrease of the sulphur percentage was
found for all three shapes of crystals examined, with measures over
crystals (short and long) and flat features that have sulphur
percentage of 1.8 £+ 0.2%, 1.7 &+ 0.2% & 2.0 + 0.5%, respectively.
Although fullerene crystals do not contain sulphur atoms within
their molecular structure, there were still sulphur features
observed in the AES spectra. For the 3-dimensional crystals, it is
suspected that these crystals grow within the BH] before migrating
to the surface. This type of crystal formation and migration has
been reported Zhong et al., with the PCs;BM crystallisation being
investigated for a polymer: fullerene BHJ under post-annealing
conditions.” This may result in some of the polymer position at
the surface to be taken up the fullerene crystal.

Table 1 Calculated atomic percentages of carbon and sulphur at various
locations based on Auger spectroscopy measurements. Percentages are
calculated in relation to the presence of carbon and Sulphur only

Location %Carbon %Sulphur

BH]J (85 °C annealed) 96.0 +0.5 4.0 +0.5
BHJ (120 °C annealed) 96.4 +0.2 3.6 +0.2
Short crystals 98.2 +0.2 1.8 +0.2
Long crystals 98.3 +0.2 1.7 +0.2
Flat feature 98.0 +0.5 2.0 +0.5
PPDT2FBT 96.2 +0.8 3.8 +0.8
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As for the flat feature, if their thickness is less than 10 nm
sulphur should be visible. Some beam damage was observed
during the AES measurements, due to the use of high energy
and intensity electron beam. This damage could result in some
of the active layer material underneath the flat features being
within the effective depth of the AES. There may be some
polymer present on top, or within the flat features. Lastly, all
three crystal types that have been observed for PPDT2FBT:PCs;BM
showed sulphur present in the spectra. There are a few reasons
that could cause the sulphur peak appearing in the spectra,
including the beam radius being large enough to incorporate
the BH]J surrounding the crystal, the migration of crystal brings up
some of the polymer on its surface, and/or the BHJ underneath
the crystals and features being within the effective depth of the
spectroscopy method.

2.5. Depth profiling of bulk-heterojunction surface
containing microfeatures

To support the observations found from AES and SEM, neutral
impact collision ion scattering spectroscopy (NICISS), an ele-
mental depth profiling method, was performed on the
annealed half devices. This technique does not provide lateral
resolution on the scale of the crystallite dimensions and
averages the depth profile of the surface of the BHJ and any
features present due to annealing.

Initially, a NICISS measurement was performed on a pristine
PPDT2FBT film (~ 100 nm thickness) that was slot-die coated
over a PET/ITO/ZnO NP substrate. The PPDT2FBT:PCqBM
samples were measured at specific thermal ageing conditions,
non-annealed, 85 °C for 6 months and 120 °C for 24 hours. The
NICIS spectra are shown on the time-of-flight (TOF) scale in
Fig. S14 in the ESI.{ Contributions from the elements sulphur
(S), fluorine (F), oxygen (O), nitrogen (N) and carbon (C) can be
seen in the TOF spectrum, with the S feature being converted
into concentration depth profiles.

From the raw spectra of PPDT2FBT polymer, both the
sulphur and carbon features are significant in the spectra,
because S has the largest back scattering cross section of all
elements present, while the polymer has a large number of
carbon atoms per polymer unit. Other atoms (fluorine, oxygen,
and nitrogen) though are observed in the spectra, their small
signal-to-noise ratio makes it difficult to determine the concen-
tration of the elements accurately. Additionally, the small at
4.7 ps is silicon (Si), indicating a presence of impurities, most

© 2024 The Author(s). Published by the Royal Society of Chemistry
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likely being siloxane,”®””® with likely sources of contamination
being from plastic syringes and glovebox oil pumps.”

To convert the ToF spectra into a concentration depth
profile, a data conversion method that has been previously
published was implemented.®® To convert the count rate to
concentration, the sulphur step height of the count rate was
based on the step height of carbon, with the S:C height ratio
from the PPDT2FBT being the reference for 100% polymer
composition, and a ratio of 0 being 100% fullerene composi-
tion. This relative measurement for S concentration was used
for the depth profile in Fig. 6. The region where relative S
concentration is higher than 1 (2-4 nm) is due to the presence
of silicon contamination.

The sulphur concentration depth profile of the pure polymer
(Fig. 6) shows a region at the surface and a second, high
concentration region at 5-9 nm, which could be associated
with polymer morphology. This same sulphur concentration
dependence can be observed for the BHJ exposed to only 25 °C,
however, the concentration is lower than in the pure polymer,
indicating that the BHJ samples contain a mixture of polymer
and PCq;BM at the surface and bulk of the active layer. This
depth dependence of sulphur disappears after annealing at
85 °C and 120 °C indicating a reduction of polymer and
corresponding to an increase in PCq;BM. To calculate the
concentrate of sulphur, and in turn, the concentration of
PPDT2FBT polymer and PCq;BM in the bulk material, the step
height of the sulphur and carbon were used. Step height values
and relating composite values can be seen in Table 2.

By calculating the material composition based on the S:C
step height ratio, it was found that the bulk of the BHJ
contained a mixture of polymer and fullerene materials. Based
on theoretical calculations of PPDT2FBT polymer unit:fullerene
molecule ratio based on a 1:2 w/w ratio, it is expected the
unit: molecule ratio would be 1:9.5 throughout the entire
layer. Instead, the calculated ratio is closer to 3:4, indicating
that there is an enrichment of polymer at the surface. As seen in
Table 2, the BHJ annealed at 85 °C has far less polymer at the
near-surface (49%) compared to both the non-annealed and the

)
“5 1.4{——PPDT2FBT
c ——BHJ (25 °C)
6 1.21——BHJ (85°C)
= ——BHJ (120 °C
S 10/ (12070
© 0.8

O

So06-

(&)

© 0.4

& 0.2-

Depth (nm)

Fig. 6 Concentration depth profiles of either pristine PPDT2FBT (black
line) or PPDT2FBT:PCg:BM BHJ (coloured lines). The BHJ is either non-
annealed (25 °C) (red line), aged at 85 °C for 6 months (blue) or aged at
120 °C for 24 hours (green line).
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Table 2 Step height of the count rate for sulphur and carbon, step height
ratio and calculated material composition of polymer in the PPDT2DBT, as
well as non-annealed and annealed BHJ. The material composition was
calculated based on the C:S step height ratio of pristine PPDT2FBT

Step height

(arb units) Material composition

— S:Cstep
Sample Sulphur Carbon height ratio Polymer (%) Fullerene (%)
PPDT2FBT 4800 65000 0.074 100 0
BHJ 25 °C 3900 71000 0.055 74 26
BHJ 85 °C 2800 77000 0.036 49 51
BH]J 120 °C 4000 89000 0.045 61 39

120 °C annealed samples (61%). Unlike 3-dimensional full-
erene crystals that may have polymer at their surface due to
either the migration process or formation of the said crystals
near the surface of the active layer, it is suspect the flat features
on the surface of the 85 °C annealed sample to be purely
PCs;BM within the effective depth of the NICISS. To support
this argument, the percentage of PCs;BM determined from the
NICISS was compared with the surface area of the flat features
observed from the SEM (seen in Fig. S15 in ESIf).

With the SEM image of the active layer surface, the bright
area of the surface was measured with Image], using the
measure threshold function. From the images, it was found
the surface area consisted of approximately 20% of flat full-
erene features. From NICISS it can be seen that the bulk
polymer composition decreases by approximately 20% from
the non-annealed to the 85 °C aged BH] sample. This is an
increase of fullerene by the same amount, supporting the
observation that the increase in fullerene at the surface and
near-surface is from the flat features. By implementing SEM,
AES and NICISS to investigate the flat features at the surface of
the PPDT2FBT:PCes;BM blend after being thermally aged 85 °C,
the flat features are rich in PC¢,BM, while there is a depletion of
polymer near the surface after annealing. As for 120 °C, the
NICISS supports the observation from AES that there may be
PPDT2FBT polymer on the surface of the 3-dimensional full-
erene crystals. With composition of the crystals and features
now determined for the thermally annealed PPDT2FBT:PCq;BM
films, the next step was to investigate how the thermal beha-
viour changes upon different ageing conditions, with the use of
dynamic mechanical thermal analysis.

2.6. Thermal degradation behaviour

Dynamic mechanical thermal analysis (DMTA) is a technique
that has been implemented for the investigation of the thermal
behaviour of OPV active layer blends and is a useful method for
understanding the thermal transitions of pure materials and
blends, as well as a tool to understand the morphological
change of the BHJ layer upon thermal annealing.®"®* In this
work, this technique was used to investigate the thermal
behaviour of the active layer blend reinforced with glass fibre.

In a previous work, DMTA was demonstrated to show how
the addition of C;, was able to influence the thermal properties
of PPDT2FBT:PC¢;BM, resulting in the fullerene crystallisation
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to occur at a higher temperature.> In this work, the purpose of
the DMTA measurements was to observe how the thermal
transitions changed after the samples experienced different
temperatures and durations of annealing. It was hypothesised
that, as the morphology changes, that there may be a shift in
certain thermal transitions.

For pure PPDT2FBT polymer (seen in Fig. 7a), one sub-glass
transition (sub-T,) was observed at around —25 °C (having been
determined from tan delta peak), while no clear T, was detected
with DMTA, indicating the lack of amorphous phase in the
solid state,®' and similar phase behaviour had been reported
for other high performing polymers.®** The lack of amor-
phous phase was further supported by previous work, where
grazing-incidence wide angle x-ray scattering (GIWAXS) spectro-
scopy result showed the PPDT2FBT to be a partially crystallising
polymer.”®®* There also appears a minor thermal transition
that moves from 75 °C to 175 °C after annealing the DMTA
samples at different temperatures.

When the PPDT2FBT is subjected to annealing at elevated
temperature for 24 hours prior to DMTA measurements (Fig. 7b
and c), the transition at 75 °C appears to shift, with the feature
located at 140 °C and 175 °C after annealing at 85 °C and
120 °C, respectively. For 120 °C exclusively, the feature at 175 °C
is accompanied by an increase in E'. It is suspected that this
feature is associated with the cold crystallisation of the
PPDT2FBT. The shift of the peak could be associated with the
polymer re-organising itself. As partially crystalline polymers
may have several transitions present during heating, including
T, cold crystallisation and melting.*® As the thickness of the
polymer layer is adjusted, temperature that these transitions
occur at including 7,*” and cold-crystallisation.®® Based on the
DMTA results, the heating of the polymer likely leads to
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increased size of crystalline phase of PPDT2FBT, before cold-
crystallisation happened. It is also found that the sub-T; did not
see any significant temperature shift, regardless of the change
in pre-annealing conditions.

For the blend that has been annealed at 40 °C (to remove
thermal history®®) (Fig. 8a), one extra thermal relaxation at
~100 °C, seen by the E” peak, as well as a thermal transition
without stiffness change at ~70 °C. After annealing the sam-
ples at 85 °C for 8 hours, it is observed that the ~100 °C
thermal relaxation peak shifts to ~130 °C (Fig. 8b), while the
thermal transition at ~70 °C shifts to a lower temperature
at ~50 °C.

This shift in the ~100 °C thermal relaxation is suspected to
be associated with the cold crystallisation of PCs;BM, especially
when, after 1 week of pre-annealing at 85 °C (Fig. 8c) resulted in
E’ increase from ~100 °C to ~ 145 °C, indicating the formation
of crystals during the DMTA scan. This feature has also been
reported in previous work, which attributed the E’ increase to
the cold crystallisation of Y6 at 190 °C.%®

As the SEM images showed a lack of 3-dimensional full-
erenes on the 85 °C annealed PPDT2FBT:PCg,BM surface, it can
be speculated that this crystal formation occurred once a higher
temperature was reached during the DMTA measurement.
As such, the DMTA results supported the idea that annealing
at 85 °C results in the change in morphology, allowing for purer
PCs:BM and polymer phases to form. Once these phases
have increased in purity, and potentially in size, a substantial
amount of crystallisation can be observed during DMTA
measurement. The increase in the suspected PCq;BM cold
crystallisation temperature initially found at ~100 °C and
shifted at ~130 °C is likely due to the increased size in
fullerene phase. As discussed previously, there is a size
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Fig. 7 DMTA of pure PPDT2FBT after thermal annealing: (a) 40 °C for 30 minutes, (b) 85 °C for 24 hours, and (c) 120 °C for 24 hours.
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Fig. 9 DMTA of PPDT2FBT:PCe:BM samples after thermal annealing: (a) 120 °C for 30 minutes, (b) 8 hours, and (c) 1 week.

dependency for thermal transitions.*®®” Based on these obser-
vations, as the blend is heated at 85 °C, the fullerene phase in
the blend increases in size and purity, before reaching a point
where, during the DMTA measurement, the cold crystallisation
of fullerene can significantly influence the stiffness of the
sample.

The last observation found with the 85 °C aged PPDT2FBT:
PC4,BM, is the feature at —25 °C, which is confirmed to be the
sub-T, of the PPDT2FBT polymer (seen in Fig. 7a). It does not
appear to significantly shift in temperature position. With the
axis of the E” kept constant, it appears that the height of the
E" peak reduces as the PPDT2FBT:PC¢;BM blend is annealed at
85 °C, even after 30 minutes (as seen in Fig. S16 in ESI}). There
is also a partial reduction of the E” peak when compared with
pure PPDT2FBT polymer and it is consistent with better pack-
ing of the polymer chains after annealing as the side-chains
have limited movement This embrittling of the Sub-T, has been
previously observed for TQ1:PC4;BM, with a reduced tan delta
signal related to the restricted movement of the polymer’s side
chains.®

Unlike the 85 °C pre-annealed PPDT2FBT:PCs;BM blends,
the samples that had experienced different annealing times at
120 °C (Fig. 9) resulted in the 100 °C thermal transition feature
(seen in Fig. 8a) mostly disappearing. It is expected that during
the annealing of the sample at the higher temperature the
PC¢:BM undergoes crystallisation, resulting in no further cold
crystallisation observed in the DMTA scan. It is also seen that
there are minimal differences between the 120 °C annealed
samples at various times (8 hours, 1 week), with it being
attributed to the lack of morphology change after annealing
for 8 hours (Fig. 9b).

3. Conclusion

In this work, it was observed that, when annealing the
PPBT2FBT:PCy,BM devices at two different temperatures, maxi-
mum working temperature (85 °C) and accelerated ageing
temperature (120 °C), the dominating degradation pathway of
the active layer appeared to be significantly different. This is
evident by comparing the power conservation efficiency in
relation to ageing time, with devices ageing at 120 °C experien-
cing a more significant reduction in OPV performances than
that compared to 85 °C aged devices. The characterisation of
thermal aged active layer with surface techniques, SEM, AES,

© 2024 The Author(s). Published by the Royal Society of Chemistry

NICISS, and 2D-stylus profilometry revealed that 120 °C anneal-
ing led to the formation of fullerene crystals, whereas 85 °C led
to flat features that were rich in PC4,BM.

By implementing the DMTA technique to study the change
in thermal behaviour after annealing the PPDT2FBT:PCs;BM
blends, it was found that the major degradation pathway at
120 °C is associated with fullerene crystallisation, while 85 °C
resulted in significant changes to the morphology, with the
increased phase separation between PPDT2FBT and PC4;BM.
This work clearly demonstrates that performing accelerating
ageing at 120 °C is not suitable for PPBT2FBT:PC¢;BM devices
and highlights the importance of performing thermal degrada-
tion studies at annealing temperatures that do not introduce
new degradation pathways. From the DMTA measurements,
with the support of SEM, AES and NICISS, it is clear that the two
ageing temperatures (85 °C and 120 °C) affects the BHJ material
differently. For 120 °C, large 3D fullerene crystallisation forms
relatively quickly (within 24 hours), resulting in a significant
decrease in device performance. Whereas for 85 °C aged
materials, the degradation is more associated with the changes
in morphology, resulting the movement of PPDT2FBT polymer
side-chains being restricted, and slow increase in phase purity/
size. This work clearly shows that care must be taken when
performing accelerated ageing of OPV devices and materials,
ensuring that the studied degradation pathways are the same as
under operating conditions.

4. Experimental section

4.1. Materials

Donor material poly[(2,5-bis(2hexyldecyloxy)phenylene)-alt-(5,6-
difluoro-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 determined
via Gel Permeation Chromatography (Agilent 1260 Infinity IT High-
Temperature GPC System) using trichlorobenzene at 150 °C, giving
a number average molecular weight (M) of 27 of kg mol " with a
PDI of 3.5 relative to polystyrene standards.

The ZnO nanoparticle (NP) dispersion ink was prepared
based on a previously published procedure®® with some mod-
ifications. To achieve an ideal processing concentration, acet-
one (Chem-supply, 99.9%) was added to the NP precipitate
until a concentration of approximately 35-40 mg mL™"' was
achieved. Afterwards, 2-(2-methoxyethoxy)acetic acid (Sigma
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Aldrich) (5% w/w in relation to ZnO NP) was added to stabilise
the NP dispersion. Further details can be found in ESL ¥

Small molecule fullerene acceptor [6,6]-phenyl-C61-butyric
acid ester (PCs;BM) was purchased from Solenne BV. Solvents
ortho-dichlorobenzene, chlorobenzene and 1-chloronaph-
thalene were purchased from Sigma Aldrich, whereas chloro-
form (CHCl;) was purchased from Chem-Supply. All solvents
were used directly without purification.

4.2. Device fabrication

Slot-die coated devices were fabricated in a PET/ITO/ZnO NP/
BH] layer/MoOx/Al device configuration, where the BH]J layer
was composed of a PPDT2FBT:PCs;BM blend. Active layer ink
was prepared by dissolving materials, 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 under ambient conditions.

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 (13 mm width meniscus
guide) and wiped with isopropanol 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 assem-
bly and between the change of deposition material. Layer
deposition was processed under ambient conditions.

The ZnO nanoparticle 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]J layer (150-200 nm) was deposited via varying flow rate
and drum speed at a drum temperature of 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 MoO, (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. The
photocurrent-voltage (I-V) characteristics of the devices were
measured through a Keithley 2450 source meter unit. For
investigating performance and material degradation, PET/
ITO/ZnO NP/BH]J layer/MoOx/Al & PET/ITO/ZnO NP/BH]J device
configurations were used, respectively. Thermal annealing and
ageing were conducted on a hotplate in a nitrogen-filled glove-
box with minimal light exposure.

4.3. Charge carrier dynamics

Photoinduced charge extraction by linearly increasing voltage
(photoCELIV), transient photovoltage (TPV) and time-resolved
charge extraction (TRCE) measurements were conducted using

4448 | Mater. Adv, 2024, 5, 4438-445]

View Article Online

Paper

a commercially available PAIOS 2 system (Fluxim AG). For
carrier transport determined via photoCELIV, a light pulse
from a white LED (Cree, xp-g) was used to put devices into an
open circuit condition, with the removal of light simultaneous
with the application of a linearly increasing reverse bias voltage
(50 V. ms™"). For charge carrier lifetime measurements, the
devices were placed into an open circuit condition under
illumination and then a small light pulse was used to induce
a transient increase in photovoltage (~ 5 mV), with the decay of
the voltage back to Vo fitted to determine the lifetime. The
charge density generated in the devices under illumination was
determined via TRCE, where devices were held in an open
circuit condition under illumination, with removal of light
simultaneous with a square-step reverse bias extraction voltage.
The current transients were recorded by the integrated PAIOS
hardware.

4.4. Scanning electron microscopy

Measurements were performed using Inspect F50 scanning
electron microscopy (SEM) (https://doi.org/10.25957/flinders.
sem) 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. ImageJ was used to analyse
the surface features that were observed on the thermally aged
samples.

4.5. Stylus profilometry

Measurements were performed using the Bruker DektakXT
stylus profilometer, equipped with a 2 um probe, and 2-di-
mensional stage movement controllers. The vertical measure-
ment range of the profilometer was set to 6.5 um, with a vertical
resolution of 0.1 nm.

4.6. Auger electron spectroscopy

Measurements were performed using a PHI 710 Scanning Auger
Nanoprobe system. The acceleration voltage was 10 kv and
emission current were 1 nA. Spectra were collected via point
(0.65 um diameter) scans as specific locations on the sample
(SEM images of scan locations can be found in the ESI}). The
Auger spectra were filtered and analysed, as well as element
concentrations calculated with MultiPak Spectrum. The peak
height to atomic concentration values for specific elements
were based on previously published work.”*

4.7. Neutral impact collision ion scattering spectroscopy

Elemental depth profiling at a depth resolution of a few
Angstroms (A) was performed using neutral impact collision
ion scattering spectroscopy (NICISS) with the details of the data
evaluation described in previous publications.”®”®°! Pulses of
positively-charge helium ions with a kinetic energy of 3 keV
were used as projectiles. Projectiles backscattered from the
sample are detected with a time-of-flight (ToF) detector, with
a count rate of approximately 200 counts per second. In the
NICISS results, the different elements in the sample are repre-
sented as peaks and steps. The photon peak is the first peak in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the NICISS spectrum which corresponds to the first interaction
between He" and the sample surface resulting in the emission
of photons with a TOF of 4 ns. In concentration depth profiles
count rate can be found at negative depth in non-deconvoluted
NICISS, which has a lack of physical significance. This phe-
nomenon is associated with the finite energy resolution of the
method which is discussed in detail in a paper by Zhao et al.®>
Analysis of NICISS spectra is based on previous literature that
had determined the composition of the surface and near sur-
face of a blend of P3HT:PCBM, identifying a layered structure at
the surface.”® The known bulk concentration of a sample is
used to convert the measured count rate into concentration.”?

4.8. 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 ESL¥
Preheating of samples were performed under dark, nitrogen
conditions.
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