
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/2
9/

20
25

 4
:2

1:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The molecular o
aDepartment of Physics and the Centre for

College London, London, SW7 2AZ, UK. E-m
bDepartment of Chemistry and the Centre fo

College London, London, SW7 2AZ, UK
cSchool of Materials Science and Engineering

Technology (GIST), Gwangju 500–712, Repu
dHeeger Center for Advanced Materials (H

Technology (GIST), Gwangju 500–712, Repu
eResearch Institute for Solar and Sustainab

Science and Technology (GIST), Gwangju 50
fDepartment of Energy and Materials Engin

04620 Republic of Korea. E-mail: kwansc12
gPohang Accelerator Laboratory (PAL), Poha

(POSTECH), Pohang 790–784, Republic of K

† Electronic supplementary informa
https://doi.org/10.1039/d2ta07209b

‡ J. L. and Y. J. contributed equally to thi

Cite this: J. Mater. Chem. A, 2023, 11,
1281

Received 13th September 2022
Accepted 2nd December 2022

DOI: 10.1039/d2ta07209b

rsc.li/materials-a

This journal is © The Royal Society o
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A ternary blend, wherein a tertiary acceptor is incorporated into a donor:non-fullerene acceptor (NFA)

binary blend has emerged as a promising strategy for improving power conversion efficiency and stability

of organic bulk heterojunction photovoltaics (OPVs). However, the effects of the tertiary component

remain elusive due to the complex variation of crystallinity and morphology of donor and acceptor

phases during thermal annealing. Herein a combination of in situ transmission electron microscopy and

X-ray diffraction spectroscopy utilized during annealing identifies that (1) the addition of the tertiary

component (O-IDFBR) delays the glass transition temperature of edge-on-oriented polymer donor

(P3HT), prohibits the glass transition of face-on-oriented polymer donor (P3HT), broadens the

crystallization temperature of O-IDTBR, and enhances the overall crystallinity of the donor and acceptor

phases (P3HT and O-IDTBR), and (2) the ternary component induces homogeneously distributed

nanoscale domains rather than a microscale separation between the donor and acceptor as observed in

the binary blend. The optimized nanoscale domain morphology, driven by slower crystallization and

enhanced overall crystallinity leads to a more stable morphology, resulting in superior device

performance and stability.
Introduction

Solution-processed bulk heterojunction (BHJ) organic photo-
voltaics (OPVs) comprised of p-conjugated electron donors and
acceptors are emerging as a promising technology for renew-
able energy harvesting systems due to their aesthetic and
mechanical properties, as well as the potential for low-cost,
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high-throughput, solution-processed fabrication using
printing technologies.1–7 Due to the various advantages of OPVs,
much attention has been given to improving their power
conversion efficiencies (PCEs) and lifetimes in an attempt to
realize their commercialization.1–9 Thus far, many efforts have
been devoted to improving the PCE by novel material
synthesis,10–12 interfacial engineering13–17 and morphological
control.18–21 Instead of using conventional high-bandgap
fullerene derivative acceptors, low band-gap non-fullerene
acceptors (NFAs), which cover a wider absorption spectrum
and have tunable chemical structures and electronic energy
levels, have reinvigorated improvements in OPV performance in
recent years, with efficiencies now exceeding 18%.1,9,11,16,22–26

One avenue explored for further improvement of efficiency is
the use of ternary blends in which a third minority photoactive
component is added to the BHJ photoactive layer (PAL),
resulting in a recent record of 19% (certied value of 18.7%) in
PCE.26 Ternary blend systems have an advantage over binary
blend systems by (i) maximizing the absorption spectral range,
(ii) aligning energy levels to achieve a favorable cascading
energy landscape to reduce recombination losses and (iii)
improving the nanoscale morphology of the blend.27

The rst ternary blend PALs were based on poly(3-
hexylthiophene) (P3HT) with fullerene derivatives and near IR
J. Mater. Chem. A, 2023, 11, 1281–1289 | 1281
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donor polymers, dye sensitizers (i.e. SiPc and SiNC), or Ag
nanoparticles (NPs).28–30 One such example is the use of Ag NPs
in a PCDTBT/PC70BM binary blend, demonstrating a PCE
increase from 6.3% to 7.1% because of localized surface plas-
mon resonance that enhanced photon harvesting.31 Since the
emergence of mid- and low-band gap polymers, high-band gap
polymers or small molecules have been used as a second donor
component to form D1:D2:A1 ternary mixtures, which could
obtain complementary absorption and energy cascade align-
ment, leading to high PCEs of ∼11%.32,33 With the advances of
polymer:NFA binary blends such as PM6:Y6, D1:A1:A2 ternary
blend OPVs have been developed by an introduction of various
third additive components (i.e., PCBM and IT-4F), resulting in
high PCEs of >16%, in 2019.34,35 Furthermore, some employed
an alloy-like acceptor phase consisting of HDO-4Cl and eC9,
which contributed to an improved exciton diffusion length and
reduced charge recombination, thereby obtaining a high PCE of
18.86% (18.3% certied) in ternary OPVs based on a composi-
tion of PBDB-TF : HDO-4Cl : eC9 (1 : 0.2 : 1 weight ratio).25

Despite these efficiency improvements gained using ternary
blends, understanding and predicting the role of the tertiary
component in determining device performance is challenging.
This is particularly true when it comes to understanding how
the tertiary component affects the crystallinity and morphology
of the PAL because small size domains with high crystallinity
are preferred for device performance.35,36 It is therefore neces-
sary to conduct thorough in situ investigations on the
morphology and crystallinity of these blends during annealing
treatments typically employed for improving device
performance.

Herein, we use a combination of in situ and ex situ tech-
niques including in situ grazing-incidence wide-angle X-ray
scattering (GIWAXS), in situ scanning transmission electron
microscopy (STEM) with in situ selective area electron diffrac-
tion (SAED), and in situ energy dispersive spectroscopy (EDS).
These techniques allow us to obtain essential information
about the parameters in binary and ternary blends during and
aer annealing, which can then be correlated to photovoltaic
performances of the devices which are heat-treated at the cor-
responding temperatures. We choose the binary and ternary
blends whose compositions are P3HT : O-IDTBR = 1 : 1 and
P3HT : O-IDTBR : O-IDFBR = 1 : 0.7 : 0.3, respectively (see
detailed information in Methods). These blends are the highest
performing P3HT blends, with the ternary blend showing
improved photovoltaic performance over the binary blend.36

Given the synthetic simplicity of P3HT, it still maintains
potential for up-scaling and low-cost production. Additionally,
P3HT has been used as a model polymer in the OPV eld and as
such is a sensible choice when applying new measurement
approaches and techniques.

Using the in situ techniques mentioned above, when
approaching temperatures at which the best device perfor-
mances are obtained (125–140 °C), we observe the following
characteristics: (1) the crystallinity of the face-on oriented donor
(P3HT) in the ternary blend is enhanced in contrast to that of
the binary blend where the corresponding phase undergoes
a glass transition. The O-IDTBR acceptor in both ternary and
1282 | J. Mater. Chem. A, 2023, 11, 1281–1289
binary blends crystallizes in a face-on orientation, but the
former exhibits a greater crystallinity than the latter. Therefore,
the crystallinity of the ternary blend becomes superior to that of
the binary blend. (2) The ternary blend maintains small nano-
scale domain structures while the binary blend experiences
a chemical phase separation occurring vertically through the
blend, preventing efficient charge generation and transfer. (3)
Such phase instability in the binary blend becomes exacerbated
at elevated temperatures while the morphology of the ternary
blend remains constant. Results (1) and (2) explain why the
ternary device outperforms the binary one in a wide range of
timeframes and why both devices have varying performances at
different temperatures, and result (3) explains the improved
lifetime observed in the ternary blend.
Results
Binary vs. ternary OPV device performance

As previously demonstrated by Baran et al., the ternary
OPV devices comprised of P3HT, O-IDTBR and O-IDFBR
(their compositional ratio is 1 : 0.7 : 0.3), thermally annealed
at ∼130 °C showed much higher performance than the binary
devices consisting of P3HT and O-IDTBR. (See the chemical
structures of the three molecules in ESI Fig. S1.†) We choose
this ternary blend as a model system to understand the effect of
the ternary component on phase and morphological stability
during thermal annealing because P3HT is based on a simple
chemical structure with a high degree of orientation at its
transition temperature (Tg) allowing for accurate in
situ structural investigation.36

To this end, inverted devices (area ∼ 4 mm2) with the
structure ITO/ZnO/PAL/MoOx/Ag, are fabricated for the binary
and ternary blends at four selected annealing temperatures (50,
85, 135 and 160 °C for 10 minutes). Fig. 1a presents the
temperature-dependent J–V characteristics of binary devices.
Devices annealed at 50 °C perform poorly with a short-circuit
current (JSC), open-circuit voltage (VOC), ll-factor (FF) and
PCE of 8.3 mA cm2, 0.76 V, 0.54 and 3.38%, respectively. (Table
S1†) Annealing at 85 °C increases the FF to 0.64, leading to an
improved PCE of 4.33%. Also, a slight increase in the external
quantum efficiency (EQE) is observed at wavelengths ranging
from 410 to 700 nm, which corresponds to the absorption
region of P3HT (Fig. 1b). Annealing at 135 °C leads to an
improvement in JSC and a reduction in VOC, maximizing FF, PCE
and EQE. However, annealing at 160 °C leads to a considerable
reduction in JSC and a slight increase in VOC, bringing about
a smaller FF, PCE and EQE.

The device performance of the ternary blend devices are
shown in Fig. 1c and d. The device annealed at 50 °C shows
poorer performance (PCE∼ 0.97%) than the binary blend due to
a very low EQE, suggesting inhibited charge generation or
extraction. Aer annealing at 85 °C, the devices exhibit
dramatically improved performances with increases in the FF,
PCE and EQE. Annealing at 135 °C maximizes the PCE and EQE.
Importantly, unlike the binary blend this high performance is
mostly maintained when the device is annealed at 160 °C.
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Temperature-dependent J–V characteristics and external quantum efficiency (EQE) of binary (a and b) and ternary OPV devices (c and d).
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To evaluate device lifetime, we measured the optimized
binary and ternary OPVs which were annealed at 135 °C, by
varying device areas ranging from 4 to 81 mm2 under 1 sun
illumination in air (Fig. 2a). The device area-dependent lifetime
can be used to estimate the impact of the tertiary component in
OPVs on upscale factors for future market applications. The
fresh device performance as a function of area is given in
Fig. S2.† The larger devices have slightly lower efficiencies due
Fig. 2 (a) Lifetime measurement of binary and ternary OPVs with diffe
conditions (100 mW cm−2) in air. (b) The corresponding PCE results of bin

This journal is © The Royal Society of Chemistry 2023
to decreased FFs, which is driven by a roughly linear increase in
series resistance with increasing area. This increase in series
resistance is due to ohmic loss caused by the high sheet resis-
tance of the transparent electrode and has been observed
previously for solar cells with increasing device area.37,38 All
binary devices show a fast drop of at least 40% during the rst
50 hours of illumination, followed by linear degradation
(Fig. 2b). The initial drop corresponds to reduced values of all
rent scan areas ranging from 4 to 81 mm2 under 1 sun illumination
ary and ternary OPV devices as a function of time from 0 to 150 hours.
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device parameters but particularly JSC (Fig. S3a–c†). Taking the 4
mm2 device as an example, aer 50 hours, the VOC drops by 5%,
FF by 13%, and JSC by 38%. Aer this initial fast burn-in, a slow
linear decay is observed due to continued, albeit slower, loss in
JSC. The FF and VOC are essentially stable aer this, except for
the two larger binary devices that continue to show a small loss
in VOC. Additionally, we observe an increase in series resistance,
and a decrease in shunt resistance with increasing illumination
time (Fig. S4a and b†). The combination of this fast and slow
decay results in the 4 mm2 devices maintaining only 40% of
their initial performance aer 140 hours of illumination.

The ternary blend devices show improved stability under
light exposure compared to their binary counterparts (Fig. 2b
and S3d–f†). The 4, 25 and 49 mm2 ternary devices show nearly
linear degradation, maintaining 80% performance aer 140
hours of degradation. In all ternary devices (except for the 81
mm2 device), there is a rapid (<10 hours) 20% loss in JSC, aer
which it remains stable. This initial JSC loss is mostly offset by
an approximately 10% increase in the FF, which then undergoes
a slow linear decay. In addition, the VOC in the ternary devices is
stable within the timeframe measured. Akin to the binary blend
there is an increase in series resistance and decrease in shunt
resistance with degradation; however the decrease in shunt
resistance is less pronounced at longer degradation times for
the ternary blend (Fig. S4c and d†).
In situ GIWAXS measurements during annealing

To understand the thermal stability of P3HT, O-IDTBR and O-
IDFBR phases and their intermolecular interactions, we per-
formed in situ temperature dependent grazing-incidence wide-
angle X-ray scattering (GIWAXS) measurements on the binary
(P3HT:O-IDTBR) and ternary (P3HT:O-IDTBR:O-IDFBR) BHJ
lms (see Methods). Fig. 3 shows temperature-dependent one-
dimensional (1-D) proles of the binary (Fig. 3a and b) and
ternary (Fig. 3e and f) lms along the in-plane (IP) and out-of-
plane (OOP) directions, extracted from the 2-D GIWAXS data
(Fig. S5 and S6†).

At 50 °C, diffraction peaks of the P3HT (100) plane are
observed at 0.361 Å−1 (d(100) = 2p/0.361 = 17.4 Å) and 0.391 Å−1

(d(100)= 16.1 Å) in IP and OOP proles, respectively. These peaks
correspond to lamellar packing of P3HT with face-on (IP peak)
and edge-on (OOP peak) orientations. Additionally, the
diffraction peak of the O-IDTBR (001) plane is predominantly
observed in the IP prole at qx,y = 0.416 Å−1 (d(100) = 15.1 Å) at
50 °C, indicating that a face-on orientation is preferred for O-
IDTBR but its intensity is extremely weak below 120 °C. We
note that the O-IDFBR peaks do not appear in these measure-
ments, consistent with the amorphous nature of this acceptor
in thin lms.36

The intensities and d-spacings of the diffraction peaks for
P3HT and O-IDTBR in the binary lm are plotted as a function
of temperature to study their thermal stability (Fig. 3c and d).
From 50 °C to 117 °C, the d-spacing of the IP P3HT peak
remains constant, while its intensity slightly increases up to 90 °
C, aer which there is a signicant drop in intensity until 120 °
C. We suggest that this intensity drop is due to the glass
1284 | J. Mater. Chem. A, 2023, 11, 1281–1289
transition at which the P3HT side chains becomes more mobile
and less ordered, compared to the initial state.39 Above 120 °C,
the intensity of the IP P3HT peak remains nearly constant,
whereas its d spacing continually increases. Conversely, the
OOP P3HT peak presents different features: its intensity is
doubled and its d-spacing linearly increases as temperature
increases from 50 °C to 117 °C. At 120 °C, the peak intensity of
OOP P3HT abruptly drops but remains virtually constant with
further temperature increases, while its d-spacing linearly
increases at a slower rate with temperature. Moreover, at 120 °C,
the peaks of the (001) O-IDTBR and acceptor p–p stacking
appear at qx,y = 0.422 Å−1 (d(100) = 14.9 Å) and ∼1.6 Å−1 (dpp =

3.93 Å) in the IP direction, respectively, showing that the crys-
tallinity of O-IDTBR is suddenly enhanced at this temperature
with a favored face-on orientation. Finally, the two phases
(P3HT and O-IDTBR) melt at 190–210 °C aer which their
intensities diminish.

The ternary blend X-ray peak changes with temeprature are
similar to those of the binary blend, except for a few important
distinctions (Fig. 3g and h). Unlike the binary blend, at lower
temperatures (50–117 °C), the d-spacing of IP P3HT in the
ternary blend gradually increases while its peak intensity
remains virtually constant. The OOP P3HT peak behaves
differently, with a signicant increase in intensity and an
increasing d-spacing up to 117 °C. Above 117 °C, three events
take place – a large drop in the OOP P3HT peak intensity,
a slight increase in the IP P3HT peak intensity and the
appearance of the IP O-IDTBR peak. These trends continue up
to 137 °C, demonstrating much broader OOP P3HT glass
transition and O-IDTBR crystallization temepratures
compared to the binary blend. These features can be related
to an intermolecular interaction between O-IDFBR and IP P3HT,
which inhibits the glass transition of IP P3HT and promotes the
slow crystallization of O-IDTBR. Intriguingly, all of the three
peaks in the ternary blend in this regime are higher than those
in the binary blend by two-fold, indicating that the crystallinity
of the ternary blend is superior to that of the binary blend. The
two phases (P3HT and O-IDTBR) melt at a similar range of
temperatures to those in the binary blend. We note that the
GIWAXS data of the p–p stacking of the binary and ternary
blends follow similar trends as those of the alkyl stacking (Fig.
S7†) and all these results remain identical aer cooling to room
temperature, indicating that the changes in crystallinity are
irreversible.
In situ STEM measurements during annealing

To comprehend how the temperature dependent molecular
packing evolves at the nanoscale, we conducted temperature
dependent in situ STEM at 25–160 °C. Fig. 4 shows a series of
plan-view high-angle annular dark-eld scanning TEM (HAADF-
STEM) images of binary and ternary lms obtained at four
designated temperatures with insets of corresponding selected
area electron diffraction (SAED) patterns. The binary and
ternary lms show no signicant morphological differences at
50 °C (Fig. 4a and e) and the diffused rings in the SAED patterns
show that these lms are amorphous with no detectable long-
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) and (b) Temperature-dependent one-dimensional (1-D) GIWAXS profiles of the binary blend along the OOP and IP directions,
respectively. (c) and (d) Intensities and d spacings of the diffraction peaks for P3HT and O-IDTBR in the binary film along the OOP and IP
directions. (e) and (f) Temperature-dependent one-dimensional (1-D) GIWAXS profiles of the ternary blend along the OOP and IP directions,
respectively. (g) and (h) Intensities and d spacings of the diffraction peaks for P3HT and O-IDTBR in the binary film along the OOP and IP
directions. The shaded areas in (c), (d), (g) and (h) represent the glass transitions for the binary (blue) and ternary (red) blends.

This journal is © The Royal Society of Chemistry 2023 J. Mater. Chem. A, 2023, 11, 1281–1289 | 1285
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Fig. 4 A series of plan-view high-angle annular dark-field scanning TEM (HAADF-STEM) images of binary (a), (b), (c) and (d) and ternary films (e),
(f), (g) and (h) obtained at the four designated temperatures (50 °C, 80 °C, 135 °C, and 160 °C) with the insets of the corresponding selected area
electron diffraction (SAED) patterns. (i) and (j) Cross-sectional STEM images and electron dispersive spectroscopy (EDS) line profiles of the binary
and ternary blends annealed at 135 °C, respectively. Each red dotted line indicates the position of the EDX line scan.
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range molecular ordering. As the temperature increases,
a gradual increase in crystallinity (via molecular ordering)
occurs in both lms as proven by diffraction spots and their
associated rings in the SAED patterns (see insets of Fig. 4b, c, d,
f, g and h). Above 135 °C, the outermost ring pattern of both
blends, which correspond approximately to P3HT and O-IDTBR
becomes obvious as their p–p stacking distances are ∼3.80 and
∼3.65 Å, respectively (see Fig. S6†). Also, the contrast of the ring
pattern of the ternary blend is stronger than that of the binary
blend, indicating that the crystallinity of the two phases (P3HT
and O-IDTBR) in the ternary blend is superior to that in the
binary blend, in agreement with the GIWAXS results. We
presume that other spots and rings in the patterns originate
from the unexpected ordering of misaligned molecular stacks
or formation of tiny polymorphs (that are not detectible in
GIWAXS), and the diffraction spots from alkyl stacks are hidden
due to the strong transmitted beam.

Interestingly, large grains whose sizes are in a range of ∼2
mm are shown in the binary blend at 135 °C and the grains
continue to grow up to 4 mm as the temperature increases to
160 °C due to grain coarsening (Fig. 4c and d). A larger view
image reveals detailed morphologies of individual grains and
the SAED pattern taken from a region 250 nm in diameter (the
smallest aperture size) in a single grain (marked by a yellow
circle) presents a signature of polycrystallinity, indicating that
the grain is made up of many small domains of different phases
of weakly-ordered molecules in a variety of orientations (Fig.
S8†). However, the ternary blend features a ne-grained nano-
structure with domains in the order of tens-of-nanometers and
its morphological change is negligible with temperature,
1286 | J. Mater. Chem. A, 2023, 11, 1281–1289
implying that the three phases (P3HT, O-IDTBR and O-IDFBR)
in the lm are randomly mixed and thermally stable (Fig. 4e–h).

To probe the composition throughout the depth of the lm,
the cross sections of the binary and ternary blend lms
annealed at 135 °C were examined using STEM and electron
dispersive spectroscopy (EDS). The STEM image of the binary
blend presents two vertically separated phases, identied by
using two areas with different contrasts (Fig. 4i). The EDS line
scan shows that the nitrogen contents of the two layers are
different: 18% for the top layer (∼78 nm in thickness) versus 5%
for the bottom layer (∼22 nm in thickness). The nitrogen in the
blend is due to O-IDTBR, so the top layer is O-IDTBR rich, whilst
the bottom layer is P3HT-rich. Differently, the image of the
ternary blend shows a uniform contrast and the composition of
nitrogen is constant throughout the blend, indicating that the
phases of P3HT and O-IDTBR are homogeneously mixed
(Fig. 4j). We note that the results shown above remain identical
aer cooling to room temperature, indicating that the phase
and morphological changes are irreversible.
Models for phase stability of the two blends at elevated
temperatures

From the in situ TEM and GIWAXS analyses discussed above,
schematics illustrating the molecular-level structural evolution
of binary and ternary blends during annealing (before melting)
are proposed in Fig. 5. The phases in the binary blend change in
the following way (Fig. 5a): at 50 °C, there are randomly orien-
tated tiny domains of weakly crystallized IP and OOP P3HT
phases and an amorphous O-IDTBR phase. At 90 °C, the
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Detailed mechanism of the molecular-level structural evolution of (a) the binary and (b) ternary blend systems at the designated
temperatures of 50 °C and 90 °C and above 120 °C.
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crystallinity of P3HT is enhanced but O-IDTBR remains non-
ordered, this is consistent with the increase in JSC and EQE
for these devices, in which a more ordered polymer would have
a higher absorption coefficient due to enhanced chain persis-
tent lengths in the crystalline polymer.40 At 110–120 °C there is
a sharp transition temperature at which IP and OOP P3HT
crystallinities are reduced and IP O-IDTBR crystallinity sharply
increases, forming domains with random orientations. These
domains are grouped in large grains in which P3HT-rich and O-
IDTBR-rich phases are vertically separated. Therefore, the
enhanced JSC and reduced VOC of devices annealed at 125 °C
result from the improved crystallinity of O-IDTBR which
enhances both charge generation and transport. Above this
transition temperature, the grains continue to grow, and this
vertical phase separation is exacerbated, demonstrating an
unstable morphology and resulting in a signicant drop in
device performance. For example, the difference in the nitrogen
compositions of the separated layers at 160 °C becomes greater
compared to that at 135 °C as shown in Fig. S9.†

On the other hand, the phases in the ternary blend vary with
the following sequence (Fig. 5b): at 50 °C, similar to the binary
blend, there are randomly orientated tiny domains of weakly
crystallized IP and OOP P3HT phases with amorphous acceptor
phases. At 90 °C, only the crystallinity of OOP P3HT is enhanced
with that of the other phases remaining constant. Unlike the
binary blend, such an improvement in P3HT crystallinity results
in a much improved JSC and EQE, resulting in improved charge
generation from the more planar P3HT, and better charge
transport. As the temperature increases further, there is a broad
transition (110–140 °C) in which the crystallinity of OOP P3HT
is reduced, crystallinity of IP P3HT is slightly improved and O-
IDTBR crystallinity is dramatically improved. For the devices
This journal is © The Royal Society of Chemistry 2023
annealed at 135 °C, there is a signicant improvement in the FF,
suggesting improved charge extraction, likely coming from the
better charge transport properties of the more crystalline
acceptor, in conjunction with maintaining P3HT crystallinity
due to the slower broad transition temperature. It is important
to note that although O-IDTBR crystallinity is improved at this
temperature (see Fig. 3g), there appear to be well mixed nano-
scale domain distributions (see Fig. 4j). At temperatures above
140 °C, crystallinity of all three components is maintained and
no large grains form, suggesting a much more stable
morphology than the binary blend. This is evident in the
temperature dependent device performance in which ternary
devices annealed at 160 °C essentially maintain the perfor-
mance of devices annealed at 135 °C.
Conclusions

Using in situ STEM, SAED, GIWAXS and EDX measurements,
detailed information on the phase and morphology of the
selected binary and ternary blends upon thermal annealing is
attained and compared with the OPV device performance at the
corresponding annealing temperatures. Tracking the intensi-
ties of both alkyl and p-stacking spectra from GIWAXS data is
effective for quantitatively estimating the change in crystallinity
at varied temperatures and comparing the crystallinities of the
two blends. Moreover, STEM imaging combined with electron
diffraction obtained at localized areas (from 250 nm to a few
micrometers) and EDX analyses provide essential information
on phase crystallinity, domain structure and phase separation.
Such comprehensive information allows us to interpret the
characteristics of the binary and ternary blend OPVs annealed at
various temperatures. Our approach utilizing multiple in situ
J. Mater. Chem. A, 2023, 11, 1281–1289 | 1287
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techniques is demonstrated to be a highly effective tool in
optimizing the performance of polymer blend based OPVs by
manipulating the crystallinity and morphology of the blend via
thermal annealing. This provides us with key information on
understanding the role of the third component in determining
overall phase behavior, morphological stability, and device
performance. Our results may extend to other ternary blends,
particularly those that demonstrate improved morphological
stability compared to their binary counterparts. In order to
conrm the generality of our results it is important to apply
similar in situ temperature dependent measurements to
a variety of ternary systems, particularly the high efficiency
blends incorporating the Y6 family of acceptors.

Methods
Materials

High-purity electronic-grade semiconducting poly(3-hexyl thio-
phene) (P3HT) as a donor (∼98%) was synthesized by 1-Mate-
rials, Canada and was used as received. (5Z,5′Z)-5,5′-((7,7′-
(4,4,9,9-Tetraoctyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b′]dithio-
phene-2,7-diyl)bis(benzo[c][1,2,5]thiadiazole-7,4-diyl))
bis(methanylylidene))bis(3-ethyl-2-thioxothiazolidin-4-one) (O-
IDTBR) and 5,5′-[(6,12-dihydro-6,6,12,12-tetraoctylindeno[1,2-
b]uorene-2,8-diyl)bis(2,1,3-benzothiadiazole-7,4-
diylmethylidyne)]bis[3-ethyl-2-thioxo-; (5Z,5′Z)-5,5′-((7,7′-
(6,6,12,12-tetraoctyl-6,12-dihydroindeno[1,2-b]uorene-2,8-diyl)
bis(benzo[c][1,2,5]thiadiazole-7,4-diyl))bis(methanylylidene))
bis(3-ethyl-2-thioxothiazolidin-4-one) (O-IDFBR) NFAs were
synthesized by the McCulloch group at Imperial College Lon-
don. To establish the binary and ternary system, we used
a blend ratio of P3HT : O-IDTBR = 1 : 1 (w/w) and P3HT : O-
IDTBR : O-IDFBR = 1 : 0.7 : 0.3 (w/w), respectively.36,41

Film characterization

The morphologies, and structural and chemical properties of
the prepared samples were examined by using a eld-emission
transmission electron microscope (Tecnai G2 F30 S-Twin, 300
keV, FEI) equipped with a scanning transmission electron
microscope (STEM) and energy dispersive X-ray spectrometer
(EDS) using an in situ heating holder (model 652, Gatan). The
plan-view samples were obtained by peeling the pre-deposited
lm (t z 70 nm) from a glass substrate, and the lms were
transferred onto carbon-coated 200-mesh copper grids (Elec-
tronMicroscopy Sciences). The cross-sectional samples (tz 100
nm) were prepared by using the focused ion beam (FIB) milling
technique.

Structural analyses

In situ GIWAXS measurements were performed at the 3C-SAXSl
beam line in the Pohang Accelerator Laboratory (PAL) using
a monochromatized X-ray radiation source at an energy of
10.55 eV (l = 0.117 nm) and a 2-D charge-coupled device (CCD)
detector (Mar165 CCD). C8-BTBT rod samples were mounted
onto a z-axis goniometer equipped with a vacuum chamber
(z10−3 Torr) and a Peltier plate, which provided excellent
1288 | J. Mater. Chem. A, 2023, 11, 1281–1289
temperature accuracy along with a reliable cooling/heating rate
(10 °C min−1). The samples were placed at a distance of 0.201 m
from the CCD detector. The incident angle of each X-ray beam
was set as 0.1°, and the scattering angles were determined from
the positions of the X-ray beam reected from the silicon
substrate using pre-calibrated silver behenate. In situ scanning
transmission electron microscopy (STEM) imaging and energy
dispersive X-ray spectroscopy (EDS) measurements were per-
formed using a high resolution transmission electron micro-
scope (TEM, Tecnai™ G2, F30 S-Twin, operating at 80–300 keV,
FEI) which was equipped with an in situ heating holder (652
double tilt, Gatan).

Device and lm preparation

ITO-coated glass substrates with a sheet resistance of ∼15 ohm
per square were cleaned by sequentially ultrasonicating the
material with detergent, deionized water, acetone, and iso-
propanol. Subsequently, the material was dried for 1 hour in an
oven. A 125 mg mL−1 solution of zinc acetate dehydrate
(Zn(OAc)2$2H2O, Sigma-Aldrich) in methanol, was spin coated
on an ITO substrate at 2500 rpm for 60 s, followed by annealing
at 200 °C for 10 min to obtain a ZnO layer with a thickness of
80 nm. A solution of P3HT : O-IDTBR (1 : 1) or P3HT : O-
IDTRBR : O-IDFBR (1 : 0.7 : 0.3) in chlorobenzene with
a concentration of 1 wt% was spin-cast on top of the ITO/ZnO
layer in the clean room. The resulting BHJ lm with a thick-
ness of ∼100 nm was dried at 50, 80, 135, or 160 °C for 10 min.
Finally, a MoOx (10 nm)/Ag (70 nm) electrode was thermally
deposited under vacuum (10−7 Torr; 1 Torr ∼ 133 Pa) on top of
the BHJ layer.

Calibration and device characterization

The spectrum obtained from the xenon (Xe) lamp (300 W Oriel)
of a solar simulator was calibrated using a calibrated standard
silicon solar cell with a protective window comprising KG5 lter
glass produced by the National Renewable Energy Laboratory
(NREL). The current–voltage (J–V) characteristics of the devices
were measured using a Keithley 236 SMU, and simulated 100
mW cm−2 sunlight from the calibrated Xe lamp was employed.
In the measurements, an AM 1.5-G lter was utilized under a N2

atmosphere.
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