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Abstract

Organic solar cells (OSCs) have attracted tremendous attention during the last two decades
because of their specific properties. Any effort to optimize the performance of OSCs while
maintaining their power conversion efficiency (PCE) is of high importance for expanding
their applications. One of the most noticeable methods for enhancing the efficiency of the
OSCs is tuning their morphology, specifically the active layer morphology. For this
purpose, different techniques have been proposed. Post-treatment processes including
thermal annealing (TA) and solvent vapor annealing (SVA) treatments are among the most
applied and studied procedures. This study aims to give a summary of the paths through
which TA and SVA affect the morphology and performance of OSCs by reviewing some
of the recent studies in this area.
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1. Introduction

The crystalline silicon solar cell is the most studied
technology in photovoltaics (PV), so the lower cost of
silicon solar cells in comparison with organic solar
cells (OSCs) is expected because of its long-time
industrial production [1]. However, OSCs are
considered a low-cost source of renewable energy [2].
In addition, properties such as color tunability, simple
device structure, low-cost manufacturing,
biocompatibility, low toxicity, and scalability are the
reasons for considering OSCs as alternatives for
silicon-based solar cells [3-8]. The way to compete
with crystalline solar cells is developing the unique
characteristics of OSCs by focusing on innovation in
their features such as their lightweight properties,
semitransparency, and flexibility along with
improving their lifetime and the power conversion
efficiency (PCE) [1, 9]. In addition, the energy
payback times of OSCs, which is defined as the
operation time required to regain the energy expended
for device fabrication, are considerably shorter than
those of single crystalline silicon solar cells [10].
Substantial progress in organic semiconductors results
in considerable improvements in the design and
application of OSCs, which can be noted by surpassing
the PCE of 10% and reaching the PCE of 16% for
single-junction OSCs, making them comparable with
inorganic solar cells [11, 12]. The benefits of OSCs
bulk heterojunction (BHJ), which is made by preparing
blends of donors/acceptors, can be shorter exciton
diffusion lengths and bicontinuous carrier transport
pathways, which lead to remarkable enhancement in
exciton dissociation efficiency [13].

For large-scale production, it is vital to gain a multi-
perspective view from the film evolution, as it is of
important information about the morphology and
affects device performance, and this is one of the most
influencing approaches in optimization [9, 14-17]. The
parameters such as pressure and temperature impact
the properties like Kkinetics and aggregation of the
polymers of active layers. Zhao and coworkers [18]
evaluated the effect of temperature by applying hot
hydrocarbon solvent via slot-die coating for OSCs
production using PBDB-T-F:BTP-4F as the active
layer. In their study, three solvents of chlorobenzene
(CB) at 80 °C, orthoxylene (0-XY) at 100 °C, and
1,2,4-trimethylbenzene (TMB) at 110 °C were used
and caused an increase in the PCE of devices to the
values of 15%, 15.2%, and 15.2%, respectively. As
they reported, although open-circuit voltage (VOC),
short-circuit current density (JSC), and fill factor (FF)
were improved by increasing the temperature, but

temperatures higher than these values resulted in the
reduction of the PCE. Some of the reported results
related to the effects of SVA and TA on the
photovoltaic properties of the OSCs are summarized in
Table 1.

Solvent selection, TA, solvent vapor annealing
(SVA), ternary strategy, and additives are among the
applied morphological control methods which have
been proven to be successful methods with promising
results showing the enhancement of the device
performance [17, 19-25]. Applying high boiling point
solvent additives, which extends the drying time,
allows the film to reach a thermodynamic equilibrium
[5]. SVA and TA of organic photovoltaics (OPVs) are
among the most applied post-treatments, and their
effects on device performance during film formation
have been analyzed; they can be mentioned as the
methods to reach acceptable levels of reproducibility,
scalability, and tunability [26]. Datt and coworkers
[27] compared the PCE of as-cast, vacuum annealed,
solvent vapor annealed, and thermal annealed devices.
The results, indicated the range of SVA>VA>TA>as-
cast for the PCE of the related devices with different
acceptors and also the best photovoltaic properties
such as the highest FF, Voc and Jsc for the SV A-treated
device.

The results of Berlinghof and coworkers' study [24] on
the post-treatment of DRCN5T:PC71BM blend by
SVA showed that the phase purity of DRCNS5T
increased after SVA. Wang and coworkers [28]
investigated the three blend films of D18:Y6-based,
D18:1T-4F-based, and D18:IEICO-4Cl-based solar
cells and achieved PCEs of 17.6%, 14.9%, and 1.4%,
respectively. The low miscibility and the consequent
insufficient morphology control of the last item was
introduced as the reason for the low PCE. Low external
quantum efficiency (EQE) and low FF also proved the
morphological problem, which shows too large and too
pure domains ending in exciton harvesting losses.
Furthermore, Photoluminescence (PL) quenching
measurements for these three combinations had been
performed. Excellent quenching was observed for the
two former cases, but not for the last one, perhaps
because of the large and relatively pure domains of
both D18 and IEICO-4Cl. In addition, Chen and
coworkers [29] used the p-DTS(FBTTh2)2:PC71BM
blend as the active layer by SVA and the combination
of SVA and TA. It was shown that PCE increased from
2.31% to 7.48%, Voc decreased from 0.79 V to 0.77
V, Jsc enhanced from 8.61 mA cm to 14.8 mA cm?,
and FF increased from 34.3% to 65.4%, for as-cast and
after SVA treatment, respectively. As it can be
observed, PCE, Jsc, and FF increased, while Voc
decreased due to lowering the quasi-Fermi levels for
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carrier transport because of depleted carrier density
[29]. In their study, device parameters after TA
following SVA improved to Voc=0.80V, Jsc=15.2mA
cm?, FF=67.7%, and PCE=8.22% which are appealing
results and prove the importance of post-treatment
methods.

Based on the achieved results related to the effects of
SVA and TA on the performance and morphology of
OSCs, it can be concluded that these processes play a
meaningful role in improving the performance of
OSCs. The current paper aims to give a brief review of
the effects of these two main post-processing
treatments on the morphology and photovoltaic
properties of OSCs with a short introduction of the
application of supercritical fluids.

2. Post-treatments

Tuning domain crystallinity can be a practical
approach for improving device performance in
addition to the polymer type and fabrication
engineering methods [3]. By studying the morphology
of both as-cast and the optimal blend film, the
effectivity of annealing methods can be evaluated to
enhance and change the nanostructure of the annealed
film [30]. Kinetics and thermodynamics, including
solubility and miscibility as a result of the disordered
regimes, create the complexity of BHJ because of the
partial miscibility of the polymers involved [3]. The
aforementioned  kinetic and  thermodynamic
parameters affecting the BHJ formation, including the
temperature, pressure, vapor pressure of additives,
donor and acceptor solubility,
crystallization/aggregation  properties, interactions
between solvents and the donor and acceptor, and the
deposition conditions that influence the drying kinetics
[5]. Post-treatment by the solvent is helpful for the
surface engineering of the active layer and can enhance
the  morphology and, consequently, device
performance by controlling the nanostructure of the
blend film [31]. SVA and solubility can help to manage
the kinetics and thermodynamics of BHJ arrangement.
The molecular ordering and the morphology of blend
films determine the charge generation, dissociation,
recombination, and transporting properties [28]. By a
change in the solvent evaporation rate, temperature can
affect the morphology because of its effects on the
thermodynamic equilibrium conditions of the polymer
and the solvent mixture. Kinetic energy enhancement
of polymer chains due to an increase in the temperature
leads to a reduction in the agglomeration of polymer
chains [9]. On the other hand, the faster evaporation
speed at the higher temperature gives less time for

growing polymer chains to extend the polymer
domains [9]. Therefore, the optical and electronic
properties of BHJ can be affected by these variables
and can influence their carrier dynamics [3]. The
performance of some BHJ blend systems decreases
due to overprocessing by long-time TA or excess
solvent additive concentrations [5].

The BHJ in a multicomponent solvent system has a
complex structure with complicated thermodynamic
and kinetic conditions and cannot be explained by a
simple mechanism [5]. A balanced crystallinity and
miscibility can be achieved by post-treatments, like TA
and SVA [8]. For optimizing device efficiency, tuning
the crystallinity and the phase purity of the active layer
is suggested [24]. SVA and TA lead to increase the
domain size and purity enhancement [32]. More
importantly, sufficient electron percolating pathways
are essential for achieving high performance in OSCs,
and reaching a composition of mixed domains near the
percolation threshold is vital [28].

Applying supercritical fluids like carbon dioxide
(CO2) is one of the less-studied methods for post-
treatment. By increasing the pressure and temperature
of a fluid above its critical values, the fluid is
considered as a supercritical fluid [33]. The density,
viscosity, and diffusion of the supercritical fluid in the
critical region change by slight variations of
temperature and pressure. Supercritical fluids
influence the diffusivity of a gas and the density of a
liquid. Therefore they make the supercritical phase a
promising alternative for conventional and mostly
toxic solvents [33, 34]. Supercritical fluids can be used
as solvents, antisolvents, or plasticizers, and they have
been shown to be used successfully in polymer process
applications [33, 35]. The supercritical conditions of
CO2 are Tc=304 K, Pc=7.38 Mpa, and it can be
removed and recovered by depressurization [33].
Supercritical CO2 (ScCo2) is non-flammable, and
non-toxic, with inert characteristics, negligible surface
tension, and a high diffusion coefficient, which can be
the reason of its high mass transfer [33, 34, 36, 37].
The applicability of ScCO2 as a solvent in polymer
applications has been proven for processes such as
polymer blending, foaming, and polymerization [33].
ScCO2 has shown its potential as a suitable solvent for
nonpolar (and some polar) and low-molecular-weight
compounds in comparison with the solvency potential
for high-molecular-weight polymers; on the other
hand, it is soluble in many molten polymers [33].
Based on the results reported by Yousefi and
coworkers [35], crystallinity decreased by increasing
the pressure, and it can be due to the solution
turbulency enhancement. The effects of ScCO2 on the
extraction of the polymer fraction from crystalline
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silicon solar cells was studied by Zachmann and
coworkers [38]. By reporting the Fourier-transform
infrared spectroscopy (FTIR) results, they showed that
only ester and ethylaldehydes were extracted from the
organic layer. Similarly, Amonoo and coworkers [39]
used ScCO2 for post-processing the film containing
P3HT/PC61BM. Based on their findings, ScCO2
could be considered as a solvent with a minimal
solvency effect on PC61BM, whereas it was a
considerable solvent for P3HT [39]. It was discussed
that CO2 could change the amorphous regions by
increasing the free volume and enhancing the chain
mobility after absorption into the polymer, and CO2 is
able to rearrange it into a kinetically favored state
compared to lower temperature conditions [40].
Among the reported post-treatment methods to
manipulate the morphology and, consequently, the
photovoltaic properties of OSCs, SVA and TA are two
of the most studied procedures. A summary of the path
through which these methods affect the morphology
and properties of OSCs as well as an overview of the
reported photovoltaic properties are presented in the
following sections.

2.1 Solvent vapor annealing (SVA)

SVA treatment is done by transferring the blend film
to a chamber containing a solvent vapor made out of
evaporated solvent without any direct contacts, and the
molecules take up the solvents (Figure 1) [41, 42]. In
the SVA treatment, the donor and/or acceptor materials
can be reorganized by the penetration and diffusion of
the solvent vapor into the blend film, and a more
thermodynamically favorable morphology in the blend
will be achieved by the absorption [19, 26]. In fact, the
active layer is exposed to the applied solvent vapor to
provide the condition needed for its diffusion into the
organics. It is also noteworthy that some factors
including the solubility of the active layer's molecules,
partial pressure of the solvent, and the applied time are
effective on the efficiency of the SVA treatment [43].
Other than the conventional SVA methods, which are
putting the substrate into a petri dish [27], Zomerman
and coworkers [26] developed an approach by
applying different vapor pressures by a flow of wet
carrier gas to improve reproducibility. Bell jar, which
is performed by evaporation of the solvent in an
enclosed box or jar, for producing a concentration
gradient of the used solvent, can also be considered as
one of the simplest SVA options [26]. Zhang and
coworkers [44] studied the effects of upside-down TA
(DTA) and SVA (DSVA), and showed an increase in
the PCE after these post-processing treatments. They
concluded that the enhancement was due to the suitable

crystallinity of the donor and the produced purified
acceptor domain. It was also explained that the
optimized phase separation in the vertical direction
because of the gravity and capillary force might be the
reasons for the better results. SVA showed promising
results in self-assembling of high-molecular-weight
polymers or polymers with high interaction
parameters. The solvation state makes this process
faster in comparison with TA; however, the
reproducibility of the film swelling process is hard to
control [45]. For solving this problem, different
approaches have been proposed. For example,
Hulkkonen and coworkers [45]reported applying an
automated system for SVA Dby following
preprogrammed annealing profiles to control the film
swelling by local heating or cooling based on the
information derived from a feedback loop. It was
reported that this approach could also shorten the

annealing time to less than 15 min.
‘/"’_""\_ - -

Solvent vapor Vacuumdrying

Figure 1. The schematic illustration of solvent vapor
annealing (SVA) treatment

The solvents selection can be based on their solubility
power for the acceptor, donor, or both of them, as was
followed by Berlinghof and coworkers [24]. They
reported that the selected solvents for annealing
affected the annealing kinetics and, consequently, the
required time for that, but they were not so influential
on the crystalline structure. When the applied acceptor
in the OSC is fullerene, it is sensitive to the SVA time
because of its spherical molecular structure, and
applying an optimum SVA time is required [23].

The organization of the molecules at a lower energy
state and increasing the molecular mobility occur
because of the decrease in the glass transition
temperature by the SVA treatment, which causes easier
translational movement of polymer chains [21, 46, 47].
The solvent vapor penetrates the film, causes
thermodynamic rearrangement, and enhances the
miscibility, molecular orientation, and conformation
[32]. It has been proven that the application of SVA,
during- or post-casting the active layer, can
substantially enhance its photovoltaic properties for
both fullerene and non-fullerene photovoltaic blends
[10, 28, 44]. For small-molecule donor-based devices,
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solvent-molecular interaction is vital and cannot be
achieved easily. It is because of the similar chemical
structure and properties of the donor and acceptor, the
importance of reaching balanced miscibility and the
appropriate phase separation, which is essential for
achieving high performance [8, 23, 31, 42, 48].
Controlling the active layer morphology in OPVs is
one approach for device performance optimization
[21]. In the SVA treatment, phase separation,
nucleation, and growth are the dominant processes for
the kinetics of the morphology evolution of the small-
molecule BHJ blends [21]. The crystallinity of the
active layer is one of the determining factors on the
charge transport and collection, and it can affect the
overall performance of the BHJ OSC [49]. It has been
shown that SVA can influence the crystallinity of
polymeric donors and acceptors, along with the scale
of phase separation between them in BHJ, and it can
improve phase purity [16, 19, 42]. SVA had been
proved as a method to optimize the film morphology in
BHJ OSCs, and because of the relation between SVA
with crystallization and carrier effects that are charge
generation, transport, recombination, and extraction,
this optimization is mainly related to improvements in
these areas which can affect PCE and FF [16, 43]. This
can mean reaching a bicontinuous network of donor—
acceptor, as the charge separation and charge
transporting are determined by the interpenetrated
networks of the bulk [19, 21, 25].

A suitable solvent with a high vapor pressure
crystallizes donor molecules, resulting in increased
length scale of phase separation and enhancing the
purity of the domain, which can increase the device
performance [31]. In contrast, a poor solvent has a
lower ability to drive molecules and, consequently,
with fewer changes in crystalline content and phase
separation [31]. By defining the crystallinity as “the
ratio of crystalline fractions to amorphous fractions”
based on the definition followed by Berlinghof and
coworkers [24], an optimum crystallinity with a focus
on the crystallite size is required. It is because high
crystallinity ends in high charge carrier mobilities,
while large crystallite sizes can affect the separation of
the electron-hole-pair [24]. With 20 s of SVA exposure
on the BDT[2F]QdC:PC71BM active layer, the change
in morphology to a favorable cocontinuous network
which is appropriate for charge generation and charge
collection processes was observed by Babics and
coworkers [43]. However, they reported that
increasing the exposure time caused the performance
of the device to deteriorate, due to the formation of the
domains with sizes greater than the exciton diffusion
length, which can affect charge generation [43]. The J-
V characteristics of the aforementioned samples

subjected to various SVA times and it implies that
larger JSC which is 11.4 mA/cm2 and, consequently,
the highest PCE which reaches 7.1% is achievable by
20s of SVA [43]. In the Wang and coworkers' study
[15], the interpenetrating network by separation of the
donor-acceptor phase and the consequent increase in
the roughness of the film surface from 0.7 nm without
SVAto 1.2 nm and 1.1 nm after 60s and 80s of SVA,
respectively, were considered the results of the driving
force provided by SVA for facilitating domain grow
[15]. In their study, SVA of the device fabricated with
NDPPFBT:PC71BM by tetrahydrofuran (THF) vapor
and the better solubility of the donor in the solvent
caused higher penetration of the solvent into the active
layer, led to film morphology tuning, and enhanced the
PCE of the device to over 7% [15].

In the study reported by Wang and coworkers [16], the
small root-mean-square (RMS) roughness (0.5 nm) of
active layers composed of BIT4FTh:PC71BM and
BIT4AFSe:PC71BM before SVA showed a smooth
surface, uniform morphology, and good mixing of the
donor with the acceptor. While, after the SVA
treatment for 30s with methylene chloride (CH2CI2),
the RMS roughness of 0.8-1.0 nm showed a rougher
surface and more phase separation. They concluded
that SVA with this solvent could form a good
interpenetrating network. In the same study, by using
the combination of BIT4FFu:PC71BM, a reduction in
the RMS roughness from 3.2 nm to 1.5 nm after SVA
was observed, which can be inappropriate for exciton
diffusion/dissociation, and consequently, a lower Jsc
was achieved by SVA. On the other hand, they
reported phase separation and a bicontinuous
interpenetrating network with domain sizes of 15-20
nm and 20-25 nm for BIT4FTh:PC71BM and
BIT4FSe:PC71BM, respectively, which are favorable
for exciton diffusion/dissociation and charge transport
[16]. In addition, the efficient exciton separation and
charge collection efficiency because of the SVA
treatment reported by Jiao and coworkers could
increase the Jsc of the solar cell [23].

Li and coworkers [21] applied four different annealing
solvents, carbon disulfide (CS2), chloroform (CHCI3),
tetrahyrofuran (THF) and methylene chloride
(CH2CI2), to study their impacts on the morphology of
the active layer. They concluded that solvent
molecules caused the mobility of both the acceptor and
the donor, which affected the molecule crystallization.
They also showed that the better solubility power of
the solvent for the acceptor and donor led to better
improvement in device performance, and those with
higher solubility and a lower boiling point were the
best in morphology control. They reported that the
crystal size of PC71BM, which increased with SVA
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time, showing the importance of PC71BM aggregation
in enhancing device performances. Li and coworkers
[21] explained that the increase in the length scale of
phase separation and the improved domain purity
could be beneficial for the charge transport and
collection. It could be the reason for the reduction in
charge recombination, and consequently could lead to
device performance improvement, regarding the fact
that the length scale of phase separation was near the
exciton diffusion length [21].

Improvement in hole and electron mobilities has also
been reported after SVA. The hole and electron
mobilities of the device fabricated based on BIT4FSe
increased from 2.7x10-5cm2V-1s-1 to
3.3x10—-4cm2V-1s-1, and from 1.4x10—4cm2V-1s-1
to 1.5x10—4cm2V-1s-1 after SVA for 30 s, in the study
conducted by Wang and coworkers [16]. They
explained that SVA increased the hole mobility and
caused a better-balanced hole and electron mobility,
which resulted in a higher charge-carrier extraction
efficiency, and could be considered the reason for their
high FF. In their study, the lower charge-
recombination losses led to an increase in FF from
0.48-0.62 before SVA to 0.70-0.75 after SVA by
CH2CI2 for 30 s.

Wang and coworkers [15] reported an increase in the
hole mobility of the device fabricated by NDPPFBT
which was SVA-treated with CH2CI2 for 30 s from
5.66x10-6 cm2V-1s-1 to 3.94x10-5 cm2V-1s-1 and
further enhancement to 2.40x10-4 cm2V-1s-1 by
increasing the time to 60 s. Furthermore, the electron
mobility increased from 1.26x10-4 cm2V-1s-1 to
1.67x10-4 cm2V-1s-1 after SVA for 60 s. The
resulting better-balanced charge carrier mobility, in
this study, caused the FF improvement which reaches
0.73 [15]. As the carrier mobilities of electron and
hole, and their ratio are related to the accumulation of
space charges and recombination of charge carriers,
they explained that enhancement in Jsc and
performance of the devices were due to SVA which
results in better charge transport, and less charge
recombination loss.

Radford and coworkers [50] used PBDBT:ITIC as the
active layer compounds and examined the effects of
different vapor pressures of 50%, 75%, and 95% of
solvent concentration during SVA. They got the
noticeable increase in PCE (22%) at 75% solvent
concentration. Based on their reported results, SVA
treatment of these active layers showed crystallization
of the ITIC at the expense of PBDB-T crystallinity; to
reach the best balance, the 75%-annealed sample had
been proposed to the best ordering of the ITIC acceptor
[50]. In this study, a drop in Jsc with film swelling
during annealing is reported, and it is due to the

reduction in the probability of intermolecular charge
transfer. Additionally, they reported that the FF had
been improved as a result of the better balancing of the
electron and hole mobilities [50].

Solvent annealing in all-polymer systems, like
PNDISHD:PBDTT-FTTE, shows slow organization or
crystallization process by solvent annealing with
chlorobenzene (CB) via producing a more suitable
bulk morphology. This phenomenon indicates easier
charge separation and less edge-on oriented polymer
chains which facilitate carrier mobility [31]. Wang and
coworkers [28] showed that SVA was able to enhance
molecular ordering in the blended-films of D18:I1T-4F
and D18:IEICO-4ACI; however, it could affect the
D18:Y6 blend only slightly . In another study, Datt and
coworkers [27] investigated the device performance
and compared the effect of the SVA post-treated
substrate with the vacuum annealed treatment on PCE.
According to their results, the SVA-treated and the
vacuum annealed films increased PCE of the device
from 8.6% to 9.7%, respectively, and SVA could
enhance PCE for the used small molecule non-
fullerene acceptor. Facilitating the formation of a fine,
self-organized interfacial layer between the BHJ layer
and the electrode is also reported, which could yield
the enhancement of PCE for cases with SVA in
comparison with the cases without SVA [6].

2.2 Thermal annealing (TA) and the combination of
TA and SVA

To attain an acceptable morphology of the active layer,
different techniques can be considered. One of the
most noticeable ones is applying post-treatments and
manipulating the drying process by procedures such as
TA which its schematic illustration is shown in Figure
2 [14]. TA has been applied for both of polymer-based
PVs and small molecule-based PVs [51]. For example,
Sanchez and coworkers [25] showed that when
inverted polymer solar cells are fabricated at 100 °C,
the performance of the device is dependent on the
thickness of the applied active layer, PBDB-T:IT-M,
whereas this dependency is less determining for the
device which is annealed at 160 °C. The achieved
results by Qiu and coworkers [48] revealed that the TA
treatment could effectively improve the photovoltaic
performance of the small molecule-OSCs, which was
considered as the result of changes in the morphology
of the active layer after TA. They reported an
enhancement in both the hole and electron mobilities
after the TA treatment and the appropriate
interpenetrating network of the acceptor and donor,
leading to the effective exciton dissociation and charge
transportation. The increase in hole mobilities due to
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SVA and TA+SVA treatments was also observed by
Wang and coworkers [52], which the increase in the
combined process was larger.

[ Thermal annealing (TA) ]

Figure 2. Schematic of the thermal annealing (TA)
process

TA could reorganize some P3HT molecules chains
presented in amorphous forms and in the P3HT:PCBM
matrix to the crystalline forms [53]. The clusters of
PCBM, which were shaped with different dimensions
in the P3HT:PCBM matrix, prevented orderly
dispersing and orientation of the P3HT molecular
chains [53]. Wang and coworkers [52] investigated
SVA followed by TA on BIT4F, BIT8F, and BIT10F
with PC71BM blends, and the results showed both
SVA and SVA+TA could result in the enhancement of
the donor/acceptor molecular interaction and
crystalline order in the films. They reported that SVA
or TA+SVA allowed the movement of the molecules
and, consequently, the crystalline content of the film
and phase separation could change [52]. They had
concluded from the uniform TEM image in SVA+TA
treatment that TA could lead to better bicontinuous
morphology and, consequently, to an increase in FF
and PCE. On the other hand, they showed that SVA
promoted the mobility of donor molecules. The more
crystalline content and enlarged crystal size were
achieved as the result of nucleation and growth, and
the combined processes ended in favorable crystal
sizes. Accordingly, the resulting effective crystalline
morphology improved charge carrier transport and
charge collections [52]. Besides, Abdullah and
coworkers [54] studied the effect of TA treatment at 70
°C for 30 min for one and two times on the device
fabricated based on the PCDTBT:PC71BM blend.
Based on their results, efficiency decreased upon
conducting TA from 9.3% to 4.8% and 2.3% before
TA and after one and two times of annealing,
respectively, but the stability increased after TA. By
annealing the active layers made of P3HT:PCBM
above the transition temperature, the amorphous
aggregate structure with cavities between their
structures was converted into crystallites with lower

specific volume and had led to a reduction in the
amorphous P3HT:PCBM matrix [53]. Therefore, the
volume occupied by water and oxygen molecules
decreased [53].

Domain purity due to TA improved to a lesser extent
against SVA treatment, which showed that TA could
cause higher molecular ordering in films in
comparison with SVA, though this observation was not
totally acceptable by the observed topography images
in Min and coworkers' study [3]. In another study [8],
after TA of BSCIL:IDIC-4CI as the active layer, at 120
°C for 10 min, PCE, Jsc, and FF improved, and Voc
decreased to the values of 10.57%, 19.1 mA cm-2,
65.6%, and 0.845 V, respectively, while PCE, Voc,
Jsc, and FF for the as-cast device were 2.35%, 0.900V,
7.7 mA cm-2, and 33.9%, respectively. In this work, a
decrease in donor packing ability after SVA with a
stronger molecular crystalline by TA were reported. As
a result, they concluded that SVA after TA could
enhance the molecular miscibility of the donors and
acceptors.

Furthermore, Zhang and coworker [55] studied the
effects of TA on the PffBT4T-20D:PC71BM blend
film. They concluded that the existence of the longer
exciton diffusion length and, consequently, the larger
size of the PffBT4T-20D domains meaning a
reduction in exciton dissociation efficiency of the
donor. Their conclusion was based on the achieved
longer PL decay lifetime, assuming that the diffusion
coefficient of the PffBT4T-20D excitons was constant
and the exciton dissociation probability at the interface
did not change after annealing. An appropriate phase
separation is required for a promoted charge transport
and limiting the carrier recombination loss of polymer
solar cells [55]. After TA treatment of a PffBT4T-
20D:PC71BM blend film, due to the disarrangement
caused in the originally ordered PffBT4T-20D, the
probability of the movement of photogenerated
PffBT4AT-20D+ from the interface would be lower and
could lead to an increase in the bimolecular
recombination [55].

For any given annealing time, optimum temperature
determination for TA is required [53]. In the study
conducted by Yi and coworkers [51], by TA treatment
of the film comprising solution-processable small
molecule (DRDTSBDTT) at 80 °C, a more suitable
interpenetrating network was observed with the phase
separation and, by annealing at higher temperatures,
both the crystal size and the phase separation became
larger, which indicates a better interpenetrating
network [51]. This observation seemed unfavorable for
the exciton diffusion to the donor—acceptor interface,
while it could be effective for the separated free charge
transporting to the electrode [51].
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Improved hole mobility is reported due to the self-
organization of conjugated polymers from the TA
treatment of the active layer [56]. Traps of electrons
and holes in the donor—acceptor interface caused by
defects could be decreased by structural improvements
in the active layer, and decreases in the traps could lead
to the increase in the number of charge carriers [53]. In
addition, barrier for holes in the P3HT caused by the
amorphous and irregular regions could be decreased,
which results in the mobility enhancement of the holes,
and annealing of the electrodes could increase the
contact surface to the electrodes and the active layer
[53]. TA could lead to the smoother surface of the
blend film, which means a better contact with the
electrode and charge collection efficiency
improvement [56].

It has been reported that TA treatment can cause more
charge extraction from the OSCs, which is related to
the enhanced light absorption, better exciton
separation, and/or charge collection efficiency [56].
Likewise, this treatment can increase the Jsc and,
consequently, the PCE of solar cells [56]. It was also
reported by Wan and coworkers [56] that TA caused
more efficient percolation channels and, Jsc, charge
separation and collection efficiency increment [56].

On the other hand, impedance spectroscopy in Sanchez
and coworkers' research [25], implies that the charge-
transfer in the bulk layer was increased by annealing at
160 °C, while, by decreasing the annealing
temperature to 100 °C, lower charge-transfer
resistance through involved layers in the charge
extraction was observed. Facilitation in the efficient
exciton dissociation and charge transport could be
considered as the main reasons of improving the EQE
after TA followed by SVA treatment [29]. Chen and
coworkers [29] reported that charge collection
efficiency and the charge transport property were
improved after SVA and TA treatments, ending in
reduced bimolecular recombination loss and,
consequently, enhancing Jsc and FF [29]. The study of
Sanchez and coworkers [25] revealed that
recombination losses were controlled by non-geminate
recombination mechanisms when the device was
annealed at 160 °C, whereas, by annealing at 100 °C,
recombination losses were mostly because of band-tail
trap states [25]. In addition, Wang and coworkers [52],
concluded that the better charge transport and less
charge recombination loss led to the increase in FF
after SA or TA+SVA [52].

Table 1. The effects of SVA post-treatment on photovoltaic properties

Active layer BHJ/Active Jsc o o
compounds layer Processes Voc (V) (mAJem2) FF (%0) PCE (%) Reference
DRCN5BT-
HH:PC61BM SVA(0s) 0.99 0.19 0.26 0.05
DRCN5BT-
Glass/ITO/
HH:PC61BM SVA(60s) 1.10 4.45 0.67 3.26
PEDOT:PSS/ [22]
DRCN5BT-
DRCN5BT-
TT-PC61BM SVA(60s) 0.94 0.79 0.42 0.31
ITO/PEDOT:PSS/ BDT[2F]QdC:
SVA (0s) (CF) 0.96 6.9 33 2.2 [43]

Active layer/Ca/Al PC71BM
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BDT[2F]QdC:P

C71BM SVA( 5s) (CF) 0.95 95 38 34
BDT[2F]QdC:P
C71BM SVA( 20s) (CF) 0.94 114 66 71
BDT[2F]QdC:P
C71BM SVA(60s) (CF) 0.94 55 58 31
BDT[2F]QdC:P
C71BM SVA(120s) (CF) 0.94 21 36 0.7
DRCN5T:
As-cast 1.007 6.8 46 31
PC71BM
DRCNST:
ITO-covered S SVA(CHCly) 0.93 12.3 63 7.3
glass/PEDOT:PSS/
[24]
églttl:\iljr:?sru/minum DRCNST:
SVA(THF) 0.939 11.9 63 7.0
PC71BM
DRCNST:
SVA(CS,) 0.93 124 60 7.0
PC71BM
p- As-cast 0.79 8.61 34.3 231
DTS(FBTTh2)2
ITO/PEDOT:PSS/ :PC71BM
SVA (DCM) 0.77 14.8 65.4 7.48 [29]
Active layer/PFN/AI
SVA+TA 0.80 15.2 67.7 8.22
PTB7-T:
As-cast 0.889 14.2 57.7 7.3(7.1)
BAF-4CN
ITO/Zn/Active layer PTB7-T: SVA(CB),(DIO).(1
Chioronaphthalene) 0.898 15.8 68.1 9.7 (9.5) [27]
/MoO3/Ag BAF-4CN
PTBIT: SVA(CB),(DIO),(1
(CB),(D10),(1- 0.791 12.9 57.5 5.9 (5.7)

PC71BM

Chloronaphthalene)
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. 0.879 18.89 = 68.64 +
PM7:1T4CI As-cast 0.002 046 153 11.73+0.11
) 0.870 £ 2019+ 70.95
PM7:1T4CI SVA(CHCl,) 0.003 040 168 12.87+0.14
[23]
ITO/PEDOT:PSS/ ) 0.873 2022+ 7052 +
Active layer/PDIN/AI PM7IT4CI SVA(CHCL,) 0.002 0.35 1.88 12.90+0.08
) 0.859 + 2023+ 71.06 +
PM7:IT4CI SVA(THF) 0.004 0.44 176 12.75+0.12
. 0.867 20.39 + 75.63 +
PM7:IT4CI SVA(CS,) 0,004 0.33 113 13.58 + 0.09
VC89:PC71BM As cast 0.96 9.28 52 4.63
ITO/
As cast + [49]
PEDOT:PSS/ VC89:PC71BM 0.92 10.96 60 6.05
SA(DIO, 3% vol)
Active layer/Al
VC89:PC71BM  SVA with (CF/DIO) 0.92 11.68 62 6.66
DR3TBDTT:
0.918 12.95 66.7 7.66
PC71BM/PrC As-cast
60 MA
DR3TBDTT:
SVA(CHCl,) 0.889 13.55 717 8.30
PC71BM/PrC
60 MA
ITO/PDEDOT:PSS/
DR3TBDTT: [21]
Active layer/Al SVA(THF) 0.893 13.38 69.3 8.14
PC71BM/PrC
60 MA
DR3TBDTT:
SVA(CHCls) 0.881 13.84 748 9.00
PC71BM/PrC
60 MA
DR3TBDTT: SVA(CS,) 0.886 14.21 76.1 9.36
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PC71BM/PIC
60 MA
P3HT: As-cast 0.80 0.62 26.8 0.13 (0.14)
PDI-DPP-PDI g/ A4min)(cF) 0.68 2.78 345  0.65(0.68)
PCDTRT: As-cast 1.03 1.46 26.6 0.40 (0.43)
ITO/ZNO/BHI/MoOX [57]
(20 nm)/Ag (100 nm) PDI-DPP-PDI
DFF- SVA(8min)(CF) 1.05 3.64 37.9 1.45 (1.53)
As-cast 1.01 4.79 335 1.62 (1.67)
PDTT-BOBT:
PDI-DPP-PDI
SVA(@4min)(CF) 0.99 8.61 441 3.76 (3.90)
PBDB-T: TA(100°C)(110
(100=C)(110nm 0.847 14.94 59.40 752
active layer)
IT-M
PBDB-T: TA(100-C) (106
(100-C) (106nm g 15.38 60.22 7.93
active layer)
IT-M
PBDB-T: TA(100-C) (102
(100:C) (102nm ) o7 16.10 6159 8.50
active layer)
IT-M
PBDB-T: TA(100°C) (91
(100=C) (91 nm 0.87 16.14 64.26 9.02
IT-M active layer)
ITO/TiOx/Active layer ) [25]
IV205/Ag
PBDB-T: TA(160-C) (111
(160-C) (111nm 0.872 15.20 60.70 8.05
active layer)
IT-M
PBDB-T: TA(160°C) (105
(160:C) (105 m . o7 15.25 60.50 8.10
active later)
IT-M
PBDB-T: TA(160°C) (100
(160:C) (100nm . o7g 15.18 60.50 8.07
active layer)
IT-M
PBDB-T: TA(160-C) (88 nm 0.87 15.32 62.12 8.28

active layer)

11
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IT-M
DPPFB:
PC71BM As cast 0.84 7.14 38.77 2.31
DPPFB:
PC71BM SVA(30 5)(CH:Cly) 0.76 0.88 69.00 5.21
DPPFB:
PC71BM SVA(50 s)(THF) 0.79 5.80 65.89 3.03
DPPFBT:
PC71BM As cast 0.81 8.71 49.58 351
ITO/PEDOT:PSS/
Active layer/PFN/AI DPPFBT:
PC71BM SVA(30s)(CH.Cl,) 0.76 10.51 60.85 4.83 [15]
NDPPFBT:
PC71BM As cast 0.92 9.38 54.04 4.67
NDPPFBT:
PC71BM SVA(30s)(CHCl,) 0.88 11.00 63.03 6.05
NDPPFBT:
PC71BM SVA(50 s)(THF) 0.89 9.52 68.97 5.84
NDPPFBT:
g SVA(60 s)(THF) 0.88 10.71 71.60 6.86
ITO/PEDOT:PSS/ BIT4FFu:
Active layer/PFN/AI As-cast 090 1120 53 534
PC71BM(1:3)
ITO/PEDOT:PSS/ BIT4FFu:
SVA(30s)(CHCl,) 0.83 5.34 71 3.11
Active layer/PFN/AI PC71BM(1:3)
ITO/PEDOT:PSS/ BITAFFU: [16]
. As-cast 0.89 11.12 61 6.01
Active layer/PFN/AI PC71BM(L:2)
ITO/PEDOTPSS/Acti BITAFFL:
; ctiv SVA(30s)(CH;Cl,) 0.84 8.12 74 5.03
e layer/PFN/AI
PC71BM(1:2)
ITO/PEDOT:PSS/ BIT4FTh: 0.94 11.73 60 6.65

As-cast

12
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Active layer/PFN/AI PC71BM(1:3)
ITO/PEDOT:PSS/ BIT4FTh:
SVA(30s)(CHCl,) 0.89 11.68 75 7.83
Active layer/PFN/AI PC71BM(1:3)
ITO/PEDOT:PSS/ BIT4FTh:
. As-cast 0.94 12.02 62 7.00
Active layer/PFN/AI PC71BM(1:2)
ITO/PEDOT:PSS/ BIT4FTh:
SVA(30s)(CH,Cl,) 0.89 13.06 75 8.70
Active layer/PFN/AI PC71BM(1:2)
ITO/PEDOT:PSS/ BIT4FSe:
. As-cast 0.91 11.36 49 5.07
Active layer/PFN/AI PC71BM(1:3)
ITO/PEDOT:PSS/ BIT4FSe:
SVA(30s)(CHCl,) 0.87 13.40 72 8.41
Active layer/PFN/AI PC71BM(1:3)
ITO/PEDOT:PSS/ BIT4FSe:
. As-cast 0.91 11.09 48 4.88
Active layer/PFEN/AI PC71BM(1:2)
ITO/PEDOT:PSS/ BIT4FSe:
SVA(30s)(CHCl,) 0.86 12.64 71 7.74
Active layer/PFN/AI PC71BM(1:2)
BITAF:
As-cast 0.94 10.86 60.61 6.19
PC71BM
BITAF:
SVA(CH:CI,) 0.89 12.20 75.33 8.16
PC71BM
ITO/PEDOT:PSS/
BITAF: [52]
Active layer/PEN/AI TA+SVA(CHCl,) 0.89 12.25 76.30 8.27
PC71BM
BIT6F:
As-cast 091 11.61 60.19 6.34
PC71BM
BIT6F: SVA(CHCly) 0.89 11.41 73.38 7.63

13
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PC71BM
BIT6F:
TA+SVA(CH,Cl,) 091 12.97 7311 8.66
PC71BM
BITSF:
As-cast 0.88 10.57 56.05 5.23
PC71BM
BITSF:
SVA(CH.CL,) 0.88 10.29 65.38 5.93
PC71BM
BITSF:
TA+SVA(CH,Cl,) 0.89 10.90 69.07 6.67
PC71BM
BIT10F:
As-cast 0.92 11.62 58.99 6.30
PC71BM
BIT10F:
SVA(CH.C,) 0.92 11.38 61.30 6.39
PC71BM
BIT10F:
TA+SVA(CH,Cl,) 091 11.72 65.78 7.04
PC71BM
PBITNF:
As-cast 0.87 6.22 54.65 96
PC71BM
PBITNF:
SVA(CH.C,) 0.87 5.76 57.65 3.10
PC71BM
PBITnF:
TA+SVA(CH,Cl,) 0.89 8.64 55.31 4.23
PC71BM
ITO/PEDOT-PSS/ D18:Y6 As-cast 0.843 23.97 764  1542+0.26
[28]
Active layer/ D18:Y6 SVA(CF) 0.837 27.14 761 17.312021

14
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PFN-Br/Ag
D18:IT-4F As-cast 0.896 20.25 68.6  12.46+0.38
D18:IT-4F SVA(CF) 0.864 22,27 746 14.37+036
D18:IEICO-4C] As-cast 0.798 324 491 127+004
D18:IEICO-4C] SVA (CF) 0.796 3.45 491 135+006
oligomer 1. SVA (0) 0.829 8.8 66 432 (0.18)
PCBIBM (1:2) gy (30s) (CHCL)  0.821 8.9 63 3.97 (+0.30)
oligomer 2: SVA (0) 0.820 8.3 56 3.47 (0.18)
PC6IBM (12) gy (30s) (CHCl) 0810 105 66 4.60 (+0.47)
oligomer 3 SVA (0s) 0.837 71 64 3.00(x0.33)
ITO/PEDOT:PSS/
Active layer/LiF/Al PC6IBM (12) gy (30s) (CHCl)  0.840 8.4 66 3.48 (+0.51)
(A-D-A type [19]
oligomer 4: SVA (05) 0.797 54 28 031(x0.27)
oligothiophenes1-6)
PC6IBM (1:2)  gya (30s) (CHCl)  0.829 8.2 65 3.23 (+0.70)
oligomer 5: SVA (0s) 0.865 8.00 4 2.26(x057)
PC6IBM (1:1) gy (30s) (CHCL)  0.841 114 63 5.13(x0.47)
oligomer 6: SVA (0) 0.817 41 32 094(:009)
PC6IBM (12) gy (30s) (CHCl)  0.843 101 72 5.5 (+0.28)
ZnP2-DPP:
As-cast 0.80 6.58 31.02 1.60
PC61BM
4 SVA(CF) 0.64 19.23 67.04 8.36
PC61BM
ZnP2-DPP: SVA(CH.CL,) 0.63 17.72 57.36 6.50

15
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PC61BM
ZnP2-DPP:
SVA(CS)) 0.64 2052 69.14 9.22
PC61BM
ZnP2-DPP:
SVA(THF) 0.70 9.11 66.20 432
PC61BM
TA (60°C) 0.994 8.99 448 4.00
ITO/PEDOT:PSS/ DRDTSBDTT/ TA(80°C) 0.975 10.08 513 5.05
[51]
Active layer/Al PC71BM TA (100°C) 0.966 8.96 482 417
TA (120°C) 0.956 8.02 474 3.63
As-cast 0.99 7.40 49.6 3.55
Slase/TO) DRCNST: TA 0.93 14.62 50.4 7.82
PEDOT:PSS/Active
layer/PFN/AI PC71BM DTA 0.93 15.07 60.0 8.23 [44]
DTA+DSVA 0.91 1577 635 9.01
As-cast 0.805 13.21 58.18 6.25+0.15
:TO/ /Z,\r/‘IO/O':th'VG PTB7-Th:ITIC 4]
ayer/ivioOs/Ag SC-SVA(CF) 0.817 14.15 64.72 7.51+0.13
As-cast 0.73 21.92 60 9.50 023
ITO/ ZnO/Active layer/  PffBTAT-20D:
TA (80°C) 0.75 16.97 59 746+013 [55]
MoO3/Ag PC71BM
TA (150°C) 0.76 15.32 057  6.62+0.14
ITO/ZnO (35 As spin- coated 0.67 25 0.36 0.64
nm)/Active layer /
PCBSD (20
MoO3 (10 nm)/ _”r"(‘%’ODfnf)T BDT o
SVA(CS)) 0.64 37 0.45 11 58]

Al (100 nm)

16
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As-cast 0.90 7.7 33.9 2.32+0.024
SVA (THF) 0.92 12.9 45.6 5.10+0.39
ITO/PEDOT:PSS/ BSCI:
. TA 0.84 19.1 65.6 10.29+0.206
Active layer/MoOx/Ag IDIC-4CI [8]
SVA(THF)
0.86 215 70.0 12.85+0.178
+TA
PTB7:
PC71BM As-cast 0.68 15.81 61.1 6.55
PTBT7: SVA (5min)
PC71BM (Methanol) 0.69 16.14 63.7 7.11
PTB7: SVA (10min)
PC71BM (Methanol) 0.71 16.50 62.2 7.34
PTBT7: SVA (15min)
PC71BM (Methanol) 0.73 16.62 66.2 8.13
PTB7: SVA (20min)
0.72 16.13 65.4 7.58
ITO/ZNnO! PC71BM (Methanol)
[59]
Active layer/MoO3/Ag . .
PTB7: SVA (30min) 072 15.72 64.1 793
PC71BM (Methanol)
PTBT7: SVA (10min)
PC71BM (Ethanol) 071 1732 63.2 i
PTBT7: SVA (10min)
PC71BM (DMSO) 0.70 17.41 63.1 7.72
PTBT7: SVA (10min)
PC71BM (Acetone) 0.70 16.24 64.6 7.37
PTB7: .
PC71BM SVA (10min) (IPA) 0.71 15.33 60.5 6.60

Carbon disulfide (CS2), Chlorobenzene (CB), Chloroform (CF) (CHCI3), Dichloromethane (DCM), 1,8-Diiodooctane (DIO),
Dimethylsulfoxide (DMSO), Isopropanol (IPA), Methylene chloride (CH2CI2), Poly(3,4-ethylenedioxythiophene):polystyrene
sulfonate (PEDOT:PSS), Solvent additive (SA), Spin-coating (SC), Tetrahydrofuran (THF)

17
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3. Conclusion

OSCs are finding their way to the market. To pave the
way, enhancement in their performance is necessary.
Post-treatment processes such as TA and SVA are
applied to enhance the performance and even the
stability of photovoltaic devices through improving the
morphology of the layers, particularly the active layer.
Based on the reported studies, it can be concluded that
the effectivity of the SVA and TA post-treatments
differs based on various parameters, including the
molecular structure of the involved layer. Solvent
selection in SVA treatment and temperature in the TA
treatment, in addition to tuning the time of the process,
are essential in achieving the best results. By
improving the crystallinity and tuning the purity of the
phases, TA and SVA can affect the photovoltaic
properties of the devices. In this paper, we have tried
to give a brief description of how the enhancement
originated from SVA and TA affects the performance
of OSCs by reviewing the research studies conducted
during around last decade.
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