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Abstract

Polymer:fullerene nanoparticles (NPs) offer two key advantages over bulk heterojunction (BHJ) films for organic photovoltaics (OPVs),
water-processability and potentially superior morphological control. Once an optimal active layer morphology is reached, maintaining this
morphology at OPV operating temperatures is key to the lifetime of a device. Here we study the morphology of the PDPP-TNT (poly{3,6-dithio-
phene-2-yI-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-alt-naphthalene}):PC;1BM ([6,6]-phenyl C7¢ butyric acid methyl ester) NP
system and then compare the thermal stability of NP and BHJ films to the common poly(3-hexylthiophene) (P3HT): phenyl Cgy butyric acid
methy! ester (PC¢1BM) system. We find that material 7y plays a key role in the superior thermal stability of the PDPP-TNT:PC,1BM system;

whereas for the P3HT:PCg1BM system, domain structure is critical.

Plastic solar cells are receiving increasing attention as a renew-
able energy option due to their flexibility for diverse applica-
tions, ability to be printed economically on a mass-scale, and
the fast improvements in power conversion efficiency that are
being reported by the research community.!"**! Currently in
the plastic solar cell research field four key focuses include:
(a) lowering the material band gap in order to harvest a larger
portion of the solar spectrum,™* (b) tuning the blend morphol-
ogy such that the donor and acceptor material domains are of a
similar size as the exciton diffusion length,>! (c) investigating
means of printing the photoactive materials from environmen-
tally friendly solvents,”*”) and (d) improving the stability of
the photoactive layer to both photochemical and morphological
degradation."™! Here we report a nanoparticle (NP) photoactive
layer prepared from the low band gap polymer PDPP-TNT [poly
(3,6-dithiophene-2-yl-2,5-di(2-octyldodecyl)-pyrrolo[3,4-c]pyr-
role-1,4-dione-a/t-naphthalene)] and fullerene acceptor phenyl
C5; butyric acid methyl ester (PC7;BM) that seeks to address
all four of these criteria. That is, PDPP-TNT possesses an optical
band gap of 1.5eV,") NPs have been fabricated from
PDPP-TNT (in a blend with PC;;BM) that enable films to be

spin coated from water-based inks, and the NP films are morpho-
logically stable under thermal stress, with the maximum condi-
tions tested being 130 °C for 60 min and 150 °C for 10 min.
NP photoactive layers represent a new and interesting option
for tailoring the donor—acceptor (D-A) domain size at the
nanoscale. The semiconductor material domain sizes can be
controlled prior to film deposition by altering particle size, as
well as post-deposition by applying thermal annealing treat-
ments. While considerable effort is invested by the wider
research community into optimizing the nanoscale morphology
of interpenetrating donor and acceptor materials in organic pho-
tovoltaic (OPV) photoactive layers [whether they be solution-
cast bulk heterojunction (BHJ) or nanoparticulate], it is also
recognized that stable materials and morphology are required
for the long-term operation of the solar cells; especially given
that a common degradation process in OPV devices is gross
phase separation of pure material domains.l'™'"!" A simple
method of gauging morphological stability is heating the pho-
toactive layer to 85 °C (the maximum standard OPV operating
temperature),’'*! or above, and checking for signs of morpho-
logical degradation. The excellent photochemical, mechanical,

MRS COMMUNICATIONS - VOLUME 7 - ISSUE 1 - www.mrs.org/mrc M 67



mRs / Communications

W2

and thermal stability reported for DPP-based materials makes
them a promising option, and has led to their extensive use
as high-performance pigments in paints, plastics, and inks.['*)

Initial reports of the use of DPP-based polymers in NPs for
OPV applications have shown encouraging results for this new
material system.!”"'*! However, these studies did not investigate
the morphology of the NPs beyond that of simple imaging of
the film surface. The correct phase separation within the photo-
active layer, more specifically the size and purity of the donor
and acceptor material domains, is crucial to the successful func-
tion of that layer in an OPV device.””) In addition, once the
photoactive layer morphology has been optimized, the suscept-
ibility of this morphology to thermal degradation during OPV
operation is of paramount importance to the lifetime of solar
cells. This paper investigates the morphology of PDPP-TNT:
PC,,BM NP layers, and the subsequent stability of these layers
to morphological degradation.

PDPP-TNT:PC,;BM NPs were fabricated with a blend ratio
of 1:2 donor:acceptor material using the miniemulsion method
reported previously.l'>! A summary of this method is provided
in Electronic Supplementary Information. A 1:2 donor:acceptor
ratio was chosen as it had previously been reported as the opti-
mized ratio for DPP-based polymer:PC,;BM BHJ OPVs.['¢1]
The NP size and size distribution were measured by applying a
circular Hough transform algorithm to scanning electron micros-
copy (SEM) images of spin coated NP films (Fig. S1) giving a
mean particle diameter of 113 £42 nm and a median of 106 nm.

Near-edge X-ray absorption fine structure (NEXAFS) spec-
troscopy was utilized in order to determine key absorption ener-
gies of PDPP-TNT and PC;;BM. The NEXAFS spectra of
PDPP-TNT and PC;BM are presented in Fig. S2 in
Electronic Supplementary Information. An energy of 284.5
eV for PC,BM and both 285.2 and 287.8 eV for PDPP-TNT
were chosen for compositional mapping of the PDPP-TNT:
PC,;BM NP films using scanning transmission X-ray micros-
copy (STXM). PDPP-TNT:PC,;BM 1:2 NPs were spin coated
onto silicon nitride (Si;N4) window membrane substrates, and
then rastered with respect to the incident beam to produce X-ray
absorption images at the three energies. More detail on the
STXM and NEXAFS measurements performed at the
Advanced Light Source on beamline 5.3.2.2 can be found in
the Electronic Supplementary Information. SVD (singular
value decomposition) fitting was performed to generate compo-
sition maps for PDPP-TNT and PC,BM, these are presented in
Figs. 1(a) and 1(b) for as-cast NPs, with matching transmission
electron microscopy (TEM) [Fig. 1(c)] performed on a Jeol
JEM-1011 TEM. A core—shell NP morphology was observed
for all sizes of PDPP-TNT:PC;;BM NPs imaged, down to
the resolution of the STXM instrument. The STXM composi-
tional maps were used to calculate the PDPP-TNT and
PC;;BM concentrations in the two NP domain types, with
the NP shells being rich in polymer (70-85% PDPP-TNT)
and the NP cores rich in fullerene (74-96% PC,1BM).

Thermal annealing is a widely used tool for making modifi-
cations to the morphology of as-cast organic semiconductor
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films in a controlled way.!'"! Various thermal annealing treat-
ment conditions were applied to the PDPP-TNT:PC;;BM NP
films and the resultant morphology was investigated using
STXM and TEM. The annealing conditions included 130 °C
for 10 min [Figs. 1(d)-1(f)], 130 °C for 60 min [Figs. 1(g)-1
(1)] and 150 °C for 10 min (Fig. 2). Each thermal treatment
effectively sintered the NPs together (most clearly observed
in the matching TEM images shown in Figs. 1 and 2 where
NP polymer-rich shells join together), but the overall core—
shell intra-particle morphology remained intact; resulting in a
morphology beneficial for charge transport through the bulk
film to the electrodes."!

The annealing study was then repeated on additional
PDPP-TNT:PC;;BM NP films spin cast onto conductive sili-
con substrates and the morphology investigated via SEM on
a Zeiss Sigma ZP FESEM (see Electronic Supplementary
Information for more detail on sample preparation). The SEM
data presented in Fig. 3 for all three annealing conditions con-
firms the result obtained from STXM and TEM; the
PDPP-TNT:PC;;BM NP films are largely stable to annealing
at these conditions, with only subtle joining (sintering) of the
NPs observed. This result is significant in comparison with
other OPV material systems, such as the commonly utilized
poly(3-hexylthiophene) (P3HT): phenyl Cg; butyric acid
methyl ester (PC¢;BM) system, where even mild annealing
conditions can lead to gross phase separation of pure material
domains.[®'>]

Comparing the morphology of
solution-cast (BHJ) and NP films

We now consider the morphology of the PDPP-TNT:PC;,BM
NP film in the context of state-of-the-art OPV photoactive lay-
ers. The key requirements of an OPV photoactive layer are to
have nanoscale donor and acceptor domains for effective exci-
ton separation, as well as bicontinuous percolation pathways of
both donor and acceptor material for holes and electrons,
respectively, to reach the device electrodes.!! It is greatly ben-
eficial if this optimal morphology can be easily achieved with
simple processing, and if it can be achieved by casting the semi-
conductor materials from water-based inks this is even more
advantageous.

For the ubiquitous P3HT:PCs;BM material system, casting
films from chloroform solvent leads to a finely blended mor-
phology™! [see atomic force microscopy (AFM) in Fig. 4(d)-
inset], in such a case thermal or solvent annealing treatments
need to be applied to promote some degree of phase separation
to achieve donor and acceptor material domain sizes in the exci-
ton diffusion length range (~10 nm).*"! Interestingly, casting
the same two materials from a higher boiling point solvent,
such as trichlorobenzene (B.P. 214 °C), results in a mildly
phase separated morphology with D—A material domain size
at ~20 nm.*?! The reason behind this morphology difference
with casting solvent is thought to be the slower rate of solvent
evaporation of the high boiling point solvent, meaning the
two materials have more time to de-mix and form ordered
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Figure 1. STXM fractional composition maps showing the concentration of PDPP-TNT (left column) and PC741BM (middle column), with matching TEM (right
column) in spin-coated 1:2 PDPP-TNT:PC7,BM NPs (a—c) as-cast (0 min), (d—f) annealed at 130 °C for 10 min, and (g—i) annealed at 130 °C for 60 min. All scale
bars are 600 nm. The color contrast is scaled such that light colors correspond to higher component concentrations. Minima and maxima for the color scale are
black = 0 and white = 100%, with the exception of (a), (d), and (g) where white is set to 85% for a clearer visualization of morphology.
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Figure 2. STXM fractional composition maps showing the concentration of (a) PDPP-TNT and (b) PCz¢BM, with (c, d) corresponding STXM mass plots and (e)
matching TEM for 1:2 PDPP-TNT:PC,4BM NPs annealed at 150 °C for 10 min. All scale bars are 1 um. The color contrast is scaled such that light colors
correspond to higher component concentrations. Minima and maxima for the color scale bar in (a) and (b) are black = 0 and white = 100%. For (c) and (d) the

color scale bars indicate concentration of component in mg/cm?.
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Figure 3. SEM of 1:2 PDPP-TNT:PC-4BM NP films (a) as-cast (0 min), (b) annealed at 130 °C for 10 min, (c) annealed at 130 °C for 60 min, and (d) annealed at

150 °C for 10 min. Scale bars are 600 nm.

domains.?” It is then of note that the opposite effect is observed
for DPP-based polymer:PC7;BM blend films.**) Here, chang-
ing from a low boiling point solvent to a higher boiling point
solvent results in a reduction of D—A material domain size,
~140 nm for chloroform (B.P. 61 °C), to ~50 nm for chloro-
benzene (CB) (B.P. 131 °C), and 20-30 nm for dichloroben-
zene (DCB) (B.P. 181 °C).**! For the case of a chloroform
cast BHJ film of PDPP-TNT:PC;;BM, the morphology is
cobblestone-like!'® [see AFM in Fig. 4(b)-inset], consisting of
PC5BM-rich islands (200-500 nm in size) surrounded by
PDPP-TNT polymer-rich valleys. Zoombelt et al.**! suggest
that the large-scale morphology in some solvents can be attrib-
uted to a larger difference in solubilities of the polymer and ful-
lerene. As the solvent evaporates, the fullerene crystallizes first,
as the polymer stays solvated for longer, and then begins to
aggregate.* A similar trend is observed for other polymer sys-
tems, such as TQ1:PC,;BM, where a cobblestone-like film mor-
phology also exists and the PC,;;BM-rich islands vary in size
from 400-800 to 200—400 to 50-100 nm for the solvents chlo-
roform to CB to DCB, respectively.! For both the PDPP-TNT
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and TQ1 material systems, the use of additives has shown to be
effective in optimizing film morphology, these have the effect of
reducing the solubility of the polymer, hence forcing it to aggre-
gate and precipitate sooner in the film-drying process.!'®*% All
of this work emphasizes the tedious yet necessary task of mor-
phology optimization of the photoactive layers in BHJ] OPV
devices.

In comparison, semiconducting material NPs have the
immediate advantage of allowing the morphology optimization
to be decoupled from the solution casting stage of solar cell fab-
rication, in addition to enabling the photoactive layer to be
printed from eco-friendly water-based inks. This is because
the D—A domain sizes are pre-determined by the NP size,
prior to casting the photoactive layer.*'”! The donor and
acceptor domains in the PDPP-TNT:PC;;BM NPs studied in
this paper are approaching the exciton diffusion length in
size (20-50 nm PDPP-TNT-rich NP shells and 50-110 nm
PC5;BM-rich NP cores) and can be further reduced by decreas-
ing the NP size. The connected nature of the PDPP-TNT-rich
NP shells following sintering is ideal for facilitating hole
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Figure 4. UV-vis transmittance plots of (a) PDPP-TNT:PC-4BM NP film, (b) PDPP-TNT:PC7BM BHJ film (spin-cast from chloroform), (c) P3HT:PCg;BM NP
film, and (d) P3HT:PCg:BM BHJ film (spin-cast from chloroform) exposed to a heating regime of 40 °C to 160 °C. Transmittance is a result of not only material
absorption and film morphology (scattering), but also film thickness. Film thicknesses were: (a) 130 nm, (b) 225-230 nm, (c) 100 nm, and (d) 100 nm. The red
shading in (c) and (d) indicates the temperature range where P3HT:PCg1BM films enter a regime in which the morphology can quickly become non-optimal as
the material 7,s have been passed. The insets in (a) and (c) are SEM of the NP films prior to thermal treatment (1 x 1 pum? area), and the insets in (b) and (d) are

AFM height maps of the BHJ films prior to thermal treatment (1 x 1 pm? area).

transport to the anode, while the small fraction of PC7;BM in
the NP shells (15-30%) facilitates the transport of electrons
through the bulk film to the cathode.

Morphological stability of blend films
to thermal stress

The thermal stability of an organic semiconductor blend film is
critical for its long-term use. Gradual evolution of the film
nanostructure through phase separation and/or crystallization
during operation is likely to affect the OPV device perfor-
mance.!"! If the material glass transition temperature (7, o) of
the polymer:fullerene blend system is below the standard oper-
ating temperature of the solar cell, a change in blend film mor-
phology is possible during operation, such as gross phase
separation and the growth of micrometer-sized fullerene aggre-
gates for binary systems of low thermodynamic miscibility.
The T, of organic semiconductor materials is often considered
when choosing suitable thermal annealing conditions for the
optimization of D—A blend film morphology, but the T, must

also be considered relative to the maximum operating temper-
ature of OPVs, which is reported to be 85 °C.['%

Although there are conflicting measurements of the 7, of
P3HT,?”! the value is generally accepted to be around room
temperature. The T, of PDPP-TNT is ~85 °C."I Note though
that the 7, of polymers can vary somewhat with molecular
weight.?®! The T, of PC¢BM is reported to be 131 and
163 °C for PC71BM.[1 ' In addition, for two finely mixed mate-
rials only one 7, (intermediate between that of the individual
components) will exist. This case is observed for a 1:1
P3HT:PC4BM BHJ blend film cast from solvent, which is
finely mixed, hence exhibiting a single T, in the temperature
range 40-60 oC [11.27.29]

An investigation of the relative thermal stability of four mate-
rial films, namely PDPP-TNT:PC;;BM NP, PDPP-TNT:
PC;1BM BHIJ (spin-cast from chloroform solution), P3HT:
PC4;BM NP, and P3HT:PC4;BM BHIJ (spin-cast from chloro-
form solution), was undertaken using the method reported
by Lindqvist et alB” (procedure detailed in Electronic
Supplementary Information). Here the UV—vis transmission of
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each film is measured while heating from 40 to 160 °C and phase
separation resulting in large fullerene aggregates is signaled by an
increase in optical scattering and consequent reduction in trans-
mitted light. The transmission plots for the four material films
are presented in Fig. 4 (with full optical spectra of the material
films at the initial thermal treatment (40 °C) and following the
final thermal treatment (160 °C) available in Electronic
Supplementary Information—Fig. S3). The P3HT:PCqBM
NPs were prepared in a similar manner to the PDPP-TNT:
PC,1BM NPs, with the method reported in our previous
papert’” and summarized in the Electronic Supplementary
Information for this paper. For the PDPP-TNT:PC;;BM BHIJ
film [Fig. 4(b)] the UV—vis transmission was relatively invariant
over the temperature range applied, indicating that the film is
resistant to morphological degradation, as there is little to no
increase in light scattering commonly attributed to the formation
of micron-sized PCBM crystallites. A slight systematic decrease
in transmittance is observed above ~120 °C for the PDPP-TNT:
PC,;BM NP film [Fig. 4(a)]; however, no concomitant change in
NP morphology is observed in the microscopy. At higher temper-
atures [130 °C (Fig. 1) and 150 °C (Fig. 2)] we do observe the
gradual formation of small features on the SizN, substrate upon
heating, which we hypothesize is due to the aggregation of surfac-
tant; resulting in the observed minor decrease in transmission.
Overall these results are in agreement with the STXM and elec-
tron microscopy data presented in Figs. 1-3 for the
PDPP-TNT:PC5;BM NP system, where no morphological degra-
dation was observed for the various thermal annealing treatments
applied.

By contrast, for the P3HT:PC4;BM material system signifi-
cant reductions in transmission are observed for both the NP
and BHJ films upon heating. In the case of the P3HT:
PCgBM NP film [Fig. 4(c)], a systematic reduction of transmit-
tance is observed from 110 °C which accelerates from approx-
imately 130—-140 °C. For the corresponding BHJ film [Fig. 4
(d)], we observe a slight systematic decrease in transmittance
from 40 to 110 °C. At 110 °C the rate of the decrease in trans-
mittance increases until a total reduction of ~7% is observed at
160 °C [Fig. 4(d)] with optical microscopy confirming the for-
mation of Micron-sized fullerene aggregates.

When comparing the PDPP-TNT:PC,;BM results to that of
the P3HT:PCg;BM material system we hypothesize that the lat-
ter is less stable due to the lower T, of both P3HT and PC4;BM
compared with that of PDPP-TNT and PC,;BM. Although there
are several factors that affect morphological evolution in these
thin films (such as relative crystallinity of the two fullerenes),
for the temperature range investigated here (40—160 °C), many
of these factors (such as PC,;BM crystallization) are not acti-
vated until the 7, of PC7;BM (163 °C) is exceeded (e.g., the tem-
perature required for crystallization in PC;;BM). As such, we
speculate that T}, is an important activation threshold for morpho-
logical evolution in these complex thin films. This concept is
further strengthened by the fact that the inferior stability of the
P3HT:PCs;BM BHJ film compared with that of the P3HT:
PCs;BM NP film can be attributed to a blend T, of the BHJ
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film of 40-60 °C.['"**) Thus, for the temperature range explored
here, the BHJ system very quickly becomes mobile (rubbery
state) and gross phase separation occurs. By contrast, the
P3HT:PC¢;BM NP film is not finely mixed as it is comprised
fullerene-rich core domains and polymer-rich shell domainst'™!
and hence does not exhibit a single low blend T, g.[31]
Therefore, the onset of gross phase separation for the P3HT:
PC¢;BM NP system will be at a higher temperature than for
the BHJ system. Moreover, the semicrystalline nature of the
P3HT in the shells of the P3HT:PCq;BM NPs [evidenced by
P3HT vibronic peaks'® in the UV—-vis spectrum Fig. S3(c)-40
°C] further stabilizes this system, as only the amorphous, disor-
dered polymer fraction in the NP shells will display a glass tran-
sition.''! By contrast, the absence of any vibronic structure in
the P3HT component of the UV-vis spectrum for the P3HT:
PCs;BM BHIJ film following the 40 °C thermal treatment
[Fig. S3(d)] provides strong evidence that this film is mixed on
a fine scale, with no crystalline P3HT domains. The blend 7,
of this BHJ film is then passed quickly and micron-sized fuller-
ene aggregates grow, resulting in the reduced transmittance
[Fig. 4(d)], and the P3HT forms crystalline domains, evidenced
by the appearance of strong P3HT vibronic peaks in the UV—vis
spectrum measured after the final thermal treatment at 160 °C
[Fig. S3(d)]. Indeed, it is clear from the UV—vis spectra in
Fig. S3 that for the four film types, the P3HT:PCs;BM BHJ
film underwent the most change during the thermal treatment
regime.

Overall this is a promising result for the PDPP-TNT:
PC;;:BM NP material system, showing that the nanoscale
domain size established pre-film deposition is stable to mor-
phological degradation at standard OPV operating conditions.
Furthermore, these results reveal that for the P3HT:PCs;BM
system the NP films are more thermally stable than their BHJ
counterparts, most importantly at the standard maximum oper-
ating conditions (85 °C). The results indicate that nanoparticu-
late material systems offer potential for the fabrication of
thermally stable OPV devices and highlight the relevance of
material 7, and domain composition to material stability.

Supplementary material
The supplementary material for this article can be found at
https:/doi.org/10.1557/mrc.2017.3.
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