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The rapid development of organic solar cells (OSCs) has drawn enormous attention during the past few
decades. Improving the power conversion efficiency (PCE) is the most important target in the research
of OSCs. Active layer morphology plays an essential role in the performance of OSC devices; therefore,
great efforts have been made to develop morphology optimization methodologies in order to realize
the full potential of photoactive materials. Employing various additives during the fabrication of active
layers has been widely used as a very effective method in morphology control. Recently, solid additives
have drawn great attention owing to many attractive advantages including good morphology-directing
abilities, simple post treatments and enhanced device stabilities. Research has demonstrated that many
solid additives can significantly improve the PCE of OSCs, so that they are becoming the key elements
for future high-performance OSC devices. However, there is still limited knowledge of the working
mechanism of these solid additives, and hence, the general design rules for ideal solid additives are still
Received 6th September 2021, under development. In this account, we provide a brief overview of the recently reported solid additives,
Accepted 22nd October 2021 which are categorized into non-volatile and volatile types based on their physical properties. Focused on
DOI: 10.1039/d1tc04224f their basic structures and function mechanisms, both organic and inorganic solid additives are reviewed,
which could provide a useful guidance for the design of solid additives. Finally, the challenges and future
rsc.li/materials-c perspectives of solid additives in OSCs are discussed.

1 Introduction
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large-area printability, have attracted tremendous attention
from both academia and industries.*® After thirty years of
development, the power conversion efficiency (PCE) of OSC
devices has exceeded 18%, ** rapidly approaching that of their
inorganic counterparts. The factors that contributed the most
to the improvement of PCEs are the innovation of photoactive
materials’*™"® and the optimization of the active layer
morphologies.?*** Bulk-heterojunction (BHJ),** as the most
commonly used p-n junction in organic solar cells, is
composed of at least one couple of donor and acceptor. It is
important that the donor and acceptor materials are mixed in
an appropriate morphology to allow efficient charge separation
and transport. The ideal morphology state requires a suitable
crystal domain size (10-20 nm), a bi-continuous interpenetrat-
ing network, high phase purity, and reasonable vertical phase
separation.>® However, due to the different crystallization
behaviors of the donor and acceptor, it is often difficult to
control the active layer morphology and obtain a suitable phase
separation that could achieve the best device performance.?®
In the last decade, a large number of morphology optimiza-
tion methods have been explored in order to fabricate active
layers with ideal morphology and phase separation. Currently,
the most commonly used morphology optimization methods
can be divided into three categories. (1) Thermal annealing is
probably the most traditional and widely used method. Treat-
ing the blend film with a period of heating at temperatures
around their glass transition temperature could help the mole-
cules rearrange into a state with higher crystalline and phase
purity.**” (2) Solvent vapor annealing process treats the blend
films in the vapor of certain annealing solvents at room
temperature or higher temperatures. During solvent vapor
annealing, the different solubilities of the donor and acceptor
control their relative motion speed and affect their crystal-
lization behavior. Choosing an appropriate annealing solvent,
annealing time and saturated vapor pressure is very important
in the optimization process.*** (3) Adding solvent additives is
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another efficient strategy to achieve ideal morphology. Gener-
ally, certain high boiling point (b.p.) solvents or the solvents
with selective solubilities for the donor and acceptor in the
active layers are employed, which could effectively control the
crystallinity and phase separation of the materials.”’ Among
them, the addition of solvent additives is one of the most
commonly used method to optimize the device morphology.
Additives such as 1,8-diiodooctane (DIO),**** octanedithiol
(ODT),*>*® diphenylether (DPE)*”*® and 1-chloronaphthalene
(CN)***° have been demonstrated to be very effective in the
manipulation of the phase separation and molecular packing of
the corresponding donors or acceptors. However, one problem
with these high b.p. solvent additives is that the residual
additives will continuously change the morphologies of the
active layers, and severely deteriorate the device performances
via photo-oxidation degradation; thus, the photostability of
organic solar cells was dramatically decreased.*'™* Besides,
they are often difficult to be completely removed from the
active layer, and the complicated vacuum removal process
makes it less fancy in the large-scale fabrication.*

Solid additives have been developed recently to avoid the
undesirable effects of using solvent additives. The simple post-
treatment process and good morphology optimization effect make
adding solid additives a reliable optimization method. Moreover,
the working mechanisms of solid additives are varied and quite
different from the solvent additives. Herein, we review the recent
advances of solid additives in OSCs, including material design,
performance and mechanism of this morphology optimization
method. The solid additives were categorized as non-volatile type
and volatile type, and the main difference between them is whether
they could be removed from the blend films.”® The reason for
defining the types of solid additives in this way is that some of the
additive residues in the active layer will deteriorate the PCE;"
however, the others need to stay in the active layer to continuously
function in the morphology control. Thus, an in-depth under-
standing of the working mechanisms is of great significance to
explore the general design principles of the solid additives.

2 Non-volatile solid additives

Due to their high boiling point (b.p.), solid additives in this
category remained in the blend film after post-treatment. Pyridine
derivatives and small molecules that contain hydroxyl groups are
the most widely used additives in fullerene organic solar cells.
Intermolecular hydrogen bond is believed to be the reason for
morphology optimization. Besides, nanomaterials with non-
volatile characteristics showed impressive results in performance
enhancement of OSCs. Solid additives with excellent optical and
electrical properties are quite suitable for the doping of blend
films. In view of the wide variety of nanomaterials and their
different natures, their function mechanisms are also different.

2.1 Organic small molecules

Many pyridine derivatives and hydroxyl groups containing solid
compounds have been investigated in the fullerene-based
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OSCs. In 2014, Wu et al. came up with the concept of solid
additives. They applied a simple non-volatile organic molecule
2,3-dihydroxypyridine (DHP, Fig. 1a), which has a b.p. of 387 °C,
into the fullerene-based organic solar cell. The depth profile
electron spectroscopy for chemical analysis (ESCA) indicated a
reversed vertical composition profile that more P3HT moved
toward the anode side, while more PCqBM diffused towards
the cathode side. "H NMR has proved that the additive has a
hydrogen bonding with PCs;BM via the bi-dentate hydroxyl
groups. The proposed working mechanism is quite different
from commonly used liquid additives. As a result, a dramatic
increase in Js. and FF was observed, which led to a higher PCE
than the device without solid additives.”® Later, Xu et al.
investigated the role of DHP in the P3HT:IC4,BA active layer.
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They claimed that DHP aligned parallel with the side group of
ICgBA, allowing a full interaction between P3HT and fullerene
cage. Enhanced diffraction peak intensities observed in the
XRD pattern indicated a more ordered and dense packing of
P3HT. The AFM images and water contact angle measurements
showed a rich component of ICsBA at the P3HT:ICs,BA:DHP
surface. Such phenomenon was attributed to the differences in
the flexibilities of P3HT chains and crystallization behaviors
after DHP treatment.>” Then, they tested the difference between
2-hydroxypyridine (2-HP, Fig. 1a) and 2,4-dihydroxypyridine
(2,4-DHP, Fig. 1a). The device of P3HT:PC,;BM:2-HP exhibits
a champion PCE of 4.35% with an improved J,. value of 12.12
mA cm 2% DHP interacts more strongly with the fullerene
cage than with the donor material P3BHT. However, polymers
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(a) Chemical structures of non-volatile solid additives. (b) Schematic of the donor, PC;,BM, BPO, and hydrogen bond in active layers. Reproduced

with permission from ref. 50. Copyright 2016, Wiley-VCH. (c) Possible molecular distributions in PTB7-Th:PCBM-based binary films. Reproduced with
permission from ref. 49. Copyright 2019, Royal Society of Chemistry. (d) Transient fluorescence spectroscopy of IT-M neat and blend films. (e) Calculated
lifetime of singlet excitons in IT-M neat and blend films at 77, 127, 177, 227, 277, and 300 K. Reproduced with permission from ref. 48. Copyright 2020,

Wiley-VCH.
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with fluorine (F) atoms could form strong H-bonds with hydro-
xyl groups. A thorough study was conducted by Cheng et al. in
2016, and they proposed a concept of “molecular lock” to
describe the interaction between solid additive 4,4’-biphenol
(BPO, Fig. 1a) and polymer donors that contain F atoms. As
shown in Fig. 1b, the strong O-H---F bond promote the n-n
stacking of polymer materials and the “lock” can freeze
the morphology of blend films. As a result, the F-containing
solar cells all had an increase of efficiency after BPO treatment,
while the PCEs of active layers without F atoms remained
unchanged.”®

Another organic molecule 5-hydroxy-2-methylpyrimidine
(ROPD, Fig. 1a) containing a nitrogen atom and a hydroxyl
group was introduced by Zhang et al. as a low-cost halogen-free
solid additive in PTB7-Th and PC,,BM active layers. The device
with a ROPD additive exhibited a 13% efficiency improvement
compared with the plain device. Hydrogen bond interactions
between PTB7-Th/PC,;BM and hydroxyl groups in ROPD were
proved by Fourier transform infrared (FT-IR) spectra and
"H NMR spectra. These interactions could lead to more ordered
lamellar stacking and interpenetrating network structure of the
active layer. Besides, the ROPD containing devices exhibit a
higher PCE and a higher stability than those of DIO-containing
devices.”* In order to further improve the device efficiency,
adding both solvent and solid additives could be a fascinating
strategy. However, successful hybrid additives in solar cells
have rarely been reported. Du et al. introduced a halogen-free
solid additive 1,10-decanediol (DDO, Fig. 1a) into a fullerene-
based active layer. The device based on PTB7-Th:PC,;BM:0.5%
DDO exhibits a higher PCE of 10.11% than that of DIO-
containing device. Furthermore, they also found that the
binary device with 0.5% DDO and 1% DIO added yields the
highest PCE of 11.64%. The author proposed that the high
boiling point solvent DIO helps to suppress fullerene aggrega-
tion, while DDO helps to regulate the polymer donor and
enhance crystallization, so that favored charge transportation
is achieved (Fig. 1c).”

Several additives without hydroxyl groups also function
well. Fan et al used a photoinitiator, bifunctional bis-
benzophenone, (BP-BP, Fig. 1a) as a non-volatile solid additive.
The inverted devices based on the PBDB-T:ITIC system had an
increased efficiency from 10.61% to 11.89% after the addition
of BP-BP. As suggested by the AFM and GIWAXS measurements,
the solid additive can hardly affect the surface morphology of
the blend film; however, it can enhance the n-n stacking of
polymer donors with a more favored face-on orientation.’” In
addition to modulating the film morphology, another working
mechanism of solid additives has been proposed by Guo et al.
recently. The author investigated the role of a non-volatile solid
additive, 9-fluorenone-1-carboxylic acid (FCA, Fig. 1a), in PBDB-
T:IT-M BH]J films. By blending FCA with IT-M, stronger
photoluminescence and longer exciton lifetime were observed
from the emission and transient fluorescence spectroscopies
(Fig. 1d), indicating a substantial suppression for non-radiative
processes. Besides, the exciton lifetime ranging from 77 to
300 K fluctuates at nearly 950 ps, which is different from the

This journal is © The Royal Society of Chemistry 2022
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dramatic decrease in the neat IT-M film (Fig. 1e). It was thought
that increased rigidity and restricted vibration and torsions of
FCA treated IT-M molecules make excitons less fancy non-
radiative deactivation path; thus the prolonged lifetime of
excitons improved charge transfer and separation. However, a
similar phenomenon has not been observed in the PBDB-T and
FCA blend.*®

2.2 Nanomaterials

Nanomaterials have been applied to organic solar cells for
several years.®” Due to their excellent optical and optoelectronic
performance,®*™®” they were used as electron transport layer
(ETL), hole transport layer (HTL),***® as well as active layer
materials in BHJ.”®’* Bai et al. for the first time doped black
phosphorus (BP) into PCBM and studied two hybrid hetero-
junction performance.”” Lin et al. used solution-processed BP
as an effective ETL in an inverted solar cell, which has a
suitable energy level to form a cascaded band structure with
PTB7:PC,,BM.®® Wang et al. has created sandwiched organic
solar cells with two different kinds of black phosphorus quan-
tum dots (BPQDs) coated below and on top of the active layer.®®
Though the nanomaterials are widely used in the field of OSCs,
in this review, we only focus on their applications in the BH]J
blend films as the solid additives. Carbon-based nanomaterials
have attracted the foremost attentions in the OPV field.
For instance, Lee et al. incorporated Au NP-decorated nitrogen
(N)- or boron (B)-doped carbon nanotubes (Au:NCNTs or
Au:BCNTs, respectively, Fig. 2a) into OSCs. Both devices
resulted in an increased efficiency compared to PTB7:PC,,BM.
The author claimed that using localized surface plasmonic
resonance (LSPR) of noble metal nanoparticles (NPs) is a
promising way to promote the performance of solar cells. The
author found that the PL intensity of PTB7/CNTs is enhanced
after the addition of Au NPs, suggesting that the nanomaterial
can facilitate excitation and charge dissociation of PTB7. As
indicated by GIWAXS analysis, a strong face-on orientation is
formed after the addition of Au:CNTs. The Au NPs enhanced
the absorption spectra of the blend film from 500 nm to
700 nm, which highly increased the current density of solar
cells.®!

Graphene, as a representative 2D material with high mobi-
lity, has been widely applied in photonics and optoelectronics
fields.”> A graphene-based porphyrin molecule (GO-TPP,
Fig. 2b) was employed as an electron cascade material in
organic solar cells by Stylianakis et al., in which 0.3% of 2D
material can lead to a much enhanced current density and FF,
resulting in a PCE of 8.58%. They found that the well-matched
energy level of GO-TPP acts as an efficient electron-cascade
material with photoactive layer materials, improving the per-
formance of solar cells by enhancing the charge transport and
reducing exciton recombination between D-A interfaces.®
Moon et al. reported the synthesis and application of N-
doped graphitic carbon dots (N-GCDs, Fig. 2¢) in photovoltaic
devices. They found that 2 wt% of N-GCDs added to
PTB7:PC,;BM blends leads to 20% enhancement of efficiency.
The photoluminescence (PL) decay time of the N-GCDs/PC,;BM

J. Mater. Chem. C, 2022, 10, 2364-2374 | 2367
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Fig. 2 (a) Schematic of the chemical interactions of Au:NCNT (left) and Au:BCNT (right) hybrids. Reproduced with permission from ref. 61. Copyright
2015, Wiley-VCH. (b) Schematic of the GO-TPP. Reproduced with permission from ref. 60. Copyright 2015, Royal Society of Chemistry. (c)
Representation of the Synthesis of N-GCDs using two thermolysis processes. Reproduced with permission from ref. 59. Copyright 2016, American
Chemical Society. (d) Chemical structure of GCl Reproduced with permission from ref. 56. Copyright 2020, Wiley-VCH. (e) Schematic diagram of light
absorption and scattering by BPQDs in an organic layer. Reproduced with permission from ref. 58. Copyright 2017, Wiley-VCH. (f) Schematic of the
fabrication process of AMQSs. Reproduced with permission from ref. 57. Copyright 2018, Royal Society of Chemistry.

blend film (423 ps) is dramatically decreased compared with
that of pure N-GCDs (7862 ps), indicating that excitons are well
dissociated at N-GCDs/PC,,BM interfaces. Besides, there are
significant overlap between the absorption spectrum of
PC,;BM and the PL spectrum of N-GCDs, which facilitated
the Forster resonance energy transfer between them.”®
Recently, Liu et al. have applied nonvolatile chlorine-
functionalized graphdiyne (GCl, Fig. 2d) as a solid additive in
PM6:Y6 solar cells and obtained a high PCE of 17.3% compared
with the non-added control device (15.6%). Compared with the
pure Y6 film, the blend film of Y6:GCl exhibited a red-shifted
absorbance, indicating that GCl could act as a nucleation
center to promote the crystallization of the acceptor Y6. As a
result, the favorable morphology led to a significantly enhanced
FF of 79% (Table 1).%°

Monolayer or few-layered 2D materials of Group 15 (VA)
elements (P, As, Sb, and Bi) have recently gained increasing
interest, due to their tunable band gap, and electronic and
optical properties.”>”* The energy levels of these VA 2D materi-
als are easily controlled by their sizes. BPQDs were introduced
into OSCs by Liu et al. Only 0.055 wt% of BPQDs added in the
active layer resulted in more than 10% efficiency improvement.
The authors claimed that BPQDs with a diameter of 4.5 nm
exhibit the highest efficiency of the device, due to its suitable

2368 | J Mater. Chem. C, 2022,10, 2364-2374

energy level to form a cascaded band structure with the photo-
active materials and improve the charge transport efficiency.
Besides, the authors reported that BPQDs could induce Ray-
leigh scattering of light (Fig. 2e), which leads to a higher EQE
level and an increased current density. However, by adding
BPQDs into the blend film, it has rare effect on carrier
transport.”® Single-layered antimonene, as the same group 2D
material with BP, was also used as an additive in OSCs by Wang
et al. The monolayer B-phase antimonene was exfoliated by
sonication in solution (Fig. 2f). The antimonene quantum
sheets (AMQSs) with higher stability than black phosphorous
were blended into PTB7:PC,;BM-based inverted solar cells.
With a 1.0 mg mL™" concentration of AMQSs added into the
blend film, the solar cell exhibited a high J,. of 18.34 mA cm 2,
FF of 71.9% and a relative PCE enhancement of 25.6% from
7.76% to 9.75% compared with the control device.®”

3 Volatile solid additives

Similar to non-volatile additives, volatile solid additives can
also function as morphology-directing agents and could be
removed after thermal annealing treatment. Volatile solid
additives that performed well in OSCs are often the molecules

This journal is © The Royal Society of Chemistry 2022
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Table 1 Summary of the photovoltaic parameters of non-volatile solid additives in OSCs

Active layer Additive VoclV Jsc/mA ecm ™2 FF/% PCE/% Ref.

PTB7/PC,,BM w/o 0.732 16.71 68.03 8.31 61
Au:NCNT 0.723 18.21 71.78 9.45
Au:BCNT 0.743 18.31 72.09 9.81

PTB7/PC,,BM w/o 0.760 16.27 59.8 7.39 60
GO-TPP 0.767 17.98 62.1 8.58

PCDTBT/PC,,BM w/o 0.880 11.28 56.7 5.62
GO-TPP 0.885 13.38 58.4 6.92

PTB7/PC,,BM w/o 0.73 15.3 65 7.3 59
N-GCD 0.74 16.6 71 8.6

PTB7/PC,,BM w/o 0.713 16.59 65.1 7.70 58
BPQD 0.715 18.12 67.2 8.71

PTB7/PC,,BM w/o 0.74 15.72 66.3 7.76 57
AMQS 0.74 18.34 71.9 9.75

PM6/Y6 CN 0.844 25.10 73.66 15.61 56
GCl 0.840 26.09 79.05 17.32

P3HT/PCg;BM w/o 0.60 4.75 52 1.53 51
2,3-DHP 0.61 10.71 67 4.44

PTB7/PC,,BM w/o 0.728 14.7 68.7 7.42 50
BPO 0.732 15.2 70.7 8.03

P3HT:IC4,BA wio 0.83 8.36 63 4.22 52
2,3-DHP 0.83 9.39 66 5.06

PTB7-Th:PC,,BM w/o 0.778 14.01 53.93 5.88 49
DDO 0.805 18.07 66.90 10.11
DDO/DIO 0.806 19.74 71.30 11.64

P3HT/PCg;BM w/o 0.60 8.52 60 2.89 53
2-DHP 0.60 12.12 64 4.22
2,4-DHP 0.60 9.74 61 3.47

PBDB-T:IT-M w/0 0.91 17.72 70.49 11.45 48
FCA 0.92 18.40 72.65 12.31

PTB7-Th:PC,,BM w/o 0.81 15.15 60.04 7.40 54
DIO 0.79 14.74 67.23 7.86
ROPD 0.80 15.65 66.45 8.33

PBDB-T:ITIC w/o 0.872 18.45 65.98 11.17 55
BP-BP 0.877 19.31 70.28 12.14

with large dipole moments or highly crystallized structures
similar to active layer materials.

Donor-acceptor (D-A)-type small-molecule solid additives
were designed for the A-D-A-type photoactive materials, as a
similar structure is expected to facilitate the charge transport in
the active layers. For example, Yu et al. developed a series of
volatile solid additives named SA1-SA8. Among them, the
compounds exhibited higher volatilization properties resulting
in higher device performances. From the UV-Vis spectra, the
author found that the solid additives helped to regulate the
morphology of acceptors, but rarely affected the polymer donor.

Thermogravimetric analysis implies a volatility temperature
of 140 °C. As shown in Fig. 3b and further proved by absorption
spectra and FT-IR spectra after thermal annealing (140 °C/10 min),
the volatilizable solid additives (from SA-1 to SA-4) were com-
pletely removed from the blend film, leaving more space for the
further arrangement of acceptor molecules.*® Then they further
investigated the importance of volatilities of solid additives.
Both the additives SA-4 and SA-7 (Fig. 3a) can enhance the n-n
stacking of the acceptor molecule; however, the non-volatile
additive remained in the blend film and resulted in a poor
efficiency of 10.3%. On the contrary, the device with the
additive completely removed exhibits a highly increased J.
and FF, a slightly decreased V,. and an improved PCE
of 13.5%, which is higher than that of the control device

This journal is © The Royal Society of Chemistry 2022

(12.1%) (Table 2). The author claimed that the additives with
poor volatility are prone to aggregate at the surface of the blend
film, which could have a negative effect on the active layer
morphology (Fig. 3d).*” Cai et al. reported three fluorinated
solid additives (INB-F, Fig. 3a) with 1 to 5 F-atoms on the
benzene ring. The volatility of the molecules enhanced along
with the increase in the amount of fluorine atoms.

Besides, the strong electronegativity of fluorine atoms leads to
the formation of a more positively charged indanone unit, and
hence, the INB-5F with most number of F atoms showed the
lowest adsorption energy when interacting with the central “D-A-
D” part of the acceptor BTP-4F, thus the n-n stacking of acceptor
molecules could be further improved. The influence of the
interaction between additive molecules and acceptors resulted
in a larger acceptor domain size and longer shelf-stability.”
Similarly, Zhang et al. has recently studied the influence of
operational lifetime by solid additives. They found that INB-F
could decrease the adsorption energy of acceptor molecules; thus,
a compact stacking was achieved, leading to an increase in light
absorption. Moreover, the INB-F-treated PM6:Y6-BO device
showed a Ty, lifetime (defined as the time over which the
efficiency decays to 80% of its initial value) of 523 h, which was
greatly improved compared with the solar cell without any
additives (66.2 h) and the DIO-treated solar cell (6.6 h). Solvent
additives accelerate the burn-in degradation process of the active

J. Mater. Chem. C, 2022, 10, 2364-2374 | 2369


https://doi.org/10.1039/d1tc04224f

Published on 26 October 2021. Downloaded on 5/7/2024 6:04:41 AM.

Journal of Materials Chemistry C

(a) o
N N AN
\_g \ d

(o)
SA-4

FF

F F
A3 DIB

View Article Online

Review

Thermal annealing K- K
: e 9 o
140 °C for 10 min SA-5 6 'g
[&==)
(d) - - = -\ﬂatilize
et M|
D=t ) A
=dp= o= IS ==y A du | O
Top surface g sV s T T IRRE, 3
- - ST ST
I S =R =D L —ip =i~ L
(SRR A V4 ‘ \ ' 4
& - L 4 Thermal y
Ve A ) Annealing
SN Y | g o™ Aggregate on the surface
—p " =" =
V y
Substrate p > A
- \/ a» - =
D=t =P~ | 3 R =g 15
- /-, a» 3 = = 2
RS WD = R == J

sl et IT-4F @@ SA-4 @ SA-7

Remain in the film \' 4

Fig. 3 (a) Chemical structures of volatile solid additives. (b) Photographs of spin-coated films of eight SAs. Then the films were thermal annealed at
140 °C for 10 min. Reproduced with permission from ref. 46.Copyright 2018, Springer Nature. (c) Theoretically simulated electrostatic potential
distribution (ESP) of A3 calculated from the density functional theory (DFT) at the BLYP/6—-31G level. Reproduced with permission from ref. 77. Copyright
2020, Elsevier. (d) Schematic of the working mechanism of SAs with different volatilities. Reproduced with permission from ref. 47. Copyright 2019,

Wiley-VCH.

layers, while the solid additives significantly suppress the process
due to their volatility. The results indicated that the solid additive
is a promising material in OSC manufacturing as it improves the
photostability and PCE’® It appeared that the D-A-type structure is
not essential for small organic additives to have positive effects in
OSCs. For instance, a dihalogenated indanone end group IC-FI
(Fig. 3a) has achieved a superior PCE in all-small-molecule organic
solar cells. IC-FI was easily synthesized, which acted as a volatile

2370 | J Mater. Chem. C, 2022,10, 2364-2374

solid additive to regulate the morphology. The author demon-
strated that the additive slightly reduced the crystallinity of
BTR-Cl, which is responsible for the reduced EQE in the range
of 300-600 nm. However, the preferred face-on orientation and
the more suitable phase separation regulated by IC-FI highly
enhanced FF to 73.5%, compared with the control device
(64.7%). As a result, the high FF compensates the loss of V.
and Jq., thus a PCE of 14.43% was achieved.”

This journal is © The Royal Society of Chemistry 2022
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Table 2 Summary of the photovoltaic parameters of volatile solid addi-
tives in OSCs

Active layer Additive Voc/V Jso/mA ecm™? FF/% PCE/% Ref.

PBDB-TF/IT-4F  w/o 0.89 18.8 71 122 46
SA-1 0.86 20.2 76  13.8
PBDB-TCLIT-4F  w/o 0.907 19.0 703 121 47
SA-4 0.887 20.4 74.8 13.5
PBDB-T-2F:BTP-4F w/0 0.82 26.2 701 152 75
INB-5F  0.81  27.1 743 16.5
PM6:Y6-BO w/o 0.84 26.2 68.8 151 76
INBF  0.82 26.5 76.7 16.7
PM6/Y6 w/o 0.86  25.29 68.40 14.8 77
CN 0.84 25.46 72.90 15.6
A3 0.82  26.5 76.05 16.5
PM6/Y6 w/o 0.838 25.12 72 1555 78
CN 0.837 25.90 74 16.50
Fc 0.838 26.71 76  17.40
BTR-CI/N3 w/o 0.85 24.16 64.7 13.36 79
ICFI  0.82 24.06 735 14.43
PM6/Y6 w/o 0.87 24.87 7113 1539 80
DIB 0.84 26.33 78.22 17.36
J51/N2200 w/o 0.81 15.58 64.37 816 81
Bipy  0.85 14.74 69.44 8.73

Meanwhile, the mechanisms of several interesting mole-
cules were also investigated. Fu et al. introduced a ‘“c-hole”-
containing volatile solid with an appropriate volatility named
A3 (1,4-diiodotetrafluorobenzene, Fig. 3a) in organic solar cells.
Density functional theory (DFT) simulation indicates A3 pos-
sessed o-holes, which could form non-covalent interactions
with lone electron pairs (for instance, the nitrogen and sulfur
atoms in the photoactive materials, Fig. 3c). When A3 was
combined with PM6 and Y6 separately, it exhibited a strong
vibronic shoulder in the polymer blend film and a slightly
redshift of the acceptor film, indicating an enhanced aggrega-
tion and ordered packing of the molecules. The high volatility
ensures that it can be removed from the blend film completely
after thermal annealing at 110 °C for 10 min. The device with
A3 showed a slightly decreased V,. but significantly enhanced
Jsc and FF, thus a PCE of 16.5% was obtained. Furthermore, the
efficiencies stayed above 16% when the concentration of addi-
tive is varied from 10 mg mL ™" to 35 mg mL™', indicating a
high concentration tolerance for practical applications.””
Another simple halogen atom containing volatile additive 1,4-
diiodobenzene (DIB, Fig. 3a) and its performance in OSCs were
investigated by Fu et al. TGA analysis indicates that DIB could
be removed at 110 °C in the TA process. Peaks of DIB in FT-IR
spectra disappeared in the TA-treated PM6:Y6:DIB blend film,
implying the volatility of DIB. They announced that a eutectic
phase was formed between the additive and acceptor mole-
cules, which were proved by differential scanning calorimetry
measurement. FT-IR and electrostatic potential surface calcula-
tion results indicate that the iodine atom in the DIB molecule
interacts with the cyano group of acceptors, assisting the
molecular packing and improving the crystalline size. The
additive-containing PM6:Y6:ICBA ternary and PM6:Y6 binary
device exhibited a PCE of 17.72% and 17.36% respectively.*
Meanwhile, Ye et al. utilized ferrocene (Fc, Fig. 3a) as a highly
volatile solid additive in OSCs. This commercially available

This journal is © The Royal Society of Chemistry 2022
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solid additive could be removed from the blend films at
110 °C for 70 s and demonstrated universal applicability for
several different active layers. The increased molecular crystal-
linity led to an improved charge mobility and suppressed
charge recombination. As a result, the efficiency was increased
from 15.55% to 17.40% without any loss of V,..”®

Inspired by the volatilization property, Yan et al. have
recently proposed a concept of “volatile force” during the
evaporation process. They introduced volatile solid additives
to all-polymer solar cells for the first time. The additive 4,4’
Bipyridine (Bipy, Fig. 3a) was dissolved with active layers in
chloroform and was removed after thermal annealing at 130 °C
for 10 min. The author demonstrated that Bipy would interact
with polymer acceptor N2200 and enriched the amount of
N2200 at the surface during the volatilization process, creating
a favorable vertical phase separation. The less donor/acceptor
interfaces led to a slightly decreased Js. but a significantly
increased V,. and FF, which showed a different function
mechanism from other volatile solid additives.®!

Recently, Bao et. al. have demonstrated that volatilizable
solid additive dithieno[3,2b:2/,3’-d]thiophene (DTT, Fig. 3a)
with high crystallinity could restrict the self-aggregation of
acceptor molecules. In addition, a simple treatment of TA at
90 °C for 10 min could completely remove DTT in the blend
film. Besides, the combination of CN and DTT could synergis-
tically enhance the /5. and FF of OSCs. As a result, the PTQ10:m-
BTP-PhC6:PC,,BM-based ternary device achieved a remarkable
FF of 80.6% and an efficiency of 18.8%, which is the highest in
the field.**

4 Qutlook and conclusions

Although the history of adding solid additives is relatively
short, this new strategy has shown many attractive features as
soon as it came out. A top PCE of 18.8% has been achieved by
the solar cells based on PM6:m-BTP-PhC6:PC,;BM with the
addition of volatile solid additives and CN. As for non-volatile
solid additives, a PCE of 17.32% has also been reached in
nanomaterial (GCI)-doped solar cells.*’

Meanwhile, working mechanisms different from those of
solvent additives were explored during the investigation of solid
additives. Generally, solid additives could tune the crystallinity
of the donor material or acceptor material in the active layer via
various intermolecular interactions, thereby regulating the
phase separation of the active layer, thus improving the per-
formance and stability of the device. It is noteworthy that
several hydroxyl groups containing non-volatile organic small
molecules showed excellent performance in fullerene-based
OSCs. Besides, device performance improvements in non-
fullerene organic solar cells were almost all achieved by volatile
solid additives. Nanomaterials, yet, show good applicability in
both fullerene and non-fullerene systems. A variety of physical
properties, excellent stability and solution processability make
nanomaterials a promising research part in solid additives.
Some of the nanomaterials contribute to the device
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performance by producing localized surface plasmonic reso-
nance, assisting charge transfer and inducing Rayleigh scatter-
ing of light.

It is notable that non-fullerene acceptor-based organic solar
cells have reached the PCE of 18%, which is much higher than
that of the devices based on fullerene acceptors. Non-volatile
additives and nanomaterials suitable for non-fullerene systems
deserve more attention. Moreover, benefiting from their strong
electron-electron interactions in the unique electronic struc-
tures, as well as the adjustable size,**®* these nanomaterials
show great potential in OSCs. It is worth noting that some
nanoparticles are capable of multiple exciton generation, which
might further improve photon utilization.?*%

In summary, solid additives have shown great potential in
tailoring the active layer morphology and improving the PCE of
various OSCs, which greatly broaden the toolbox in photovol-
taic research. It is foreseeable that solid additives may play
increasingly important roles in the future development of large-
scale flexible OSCs.
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