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Abstract In recent years, the power conversion efficiency of organic solar cells (OSCs) and perovskite (PVSCs) has increased to over 19% and
25%, respectively. Meanwhile, the long-term stability of OSCs and PVSCs was also significantly improved with a better understanding of the
degradation mechanism and the improvement of materials, morphology, and interface stability. As both the efficiency and lifetime of solar cells
are approaching the commercialization limit, fabrication methods for large-area OSCs and PVSCs that can be directly transferred from lab to fab
become essential to promote the industrialization of OSCs and PVSCs. Compared with the coating methods, inkjet printing is a mature industrial
technology with the advantages of random digital patterning, excellent precision and fast printing speed, which is considered to have great
potential in solar cell fabrication. Many efforts have been devoted to developing inkjet-printed OSCs and PVSCs, and much progress has been
achieved in the last few years. In this review, we first introduced the working principle of inkjet printing, the rheology requirements of inks, and
the behaviors of the droplets. We then summarized the recent research progresses of the inkjet-printed OSCs and PVSCs to facilitate knowledge

transfer between the two technologies. In the end, we gave a perspective on inkjet-printed OSCs and PVSCs.

Keywords Organic solar cells; Perovskite solar cells; Inkjet printing; Ink formulation; Morphology control

Citation: Chen, X. Z,; Luo, Q; Ma, C. Q. Inkjet-printed organic solar cells and perovskite solar cells: progress, challenges, and prospect. Chinese J. Polym.

Sci. 2023, 41, 1169-1197.

’I |NTRODUCT|ON ........................................................... ‘I 169
2 GENERAL INTRODUCTION OF INKJET PRINTING ««-vveveeremeeneenees 1170
2.1 Working Principle of Inkjet Printing «««--«--srereeemereeeeeee 1170
2.2 Properties of Inks for Inkjet Printing --- - 171
2.3 Droplet EJection  ««-«eoreeresrrsrereerer 1171
2.4 Droplet Drying and the Coffee Ring Effect ««--+---reoreeneeee 1172
2.5 Film FOrmation «+reeereerrssereerrerrirrtenee 1172

3 DEVELOPMENT OF INKJET-PRINTED ORGANIC SOLAR CELLS ----- 1172
3.1 Bottom Electrode

3.2 Electron and Hole Transporting Layers ----------cceeeeeeeeeeeeees 1176
3.3 Organic Photoactive Layer «------oooeoeeeeeseseseseseeeeeeeenns 1178
331 Ink formulation ................................................. ‘I 179
3.3.2 Interface wettability ----eooeeeeeeeee 1180
3.3.3 Mesoscopic morphology and coffee ring control --------- 1181
3.3.4 Nanophase separation morphology controlling «««««----- 1181
34 Top Electrode «----wwvveeerererrrmmmrnene 1184
3.5 Fully Inkjet Printing OSC Devices ««+rreorrrrrrrrsrrssseseseeeeeees 1185

4 DEVELOPMENT OF INKJET-PRINTED PEROVSKITE SOLAR CELLS --- 1189
4‘| |nk Engineering ......................................................
4.2 Printing Engineering
S PERSPEC“VE ..............................................................

* Corresponding authors, E-mail: qluo2011@sinano.ac.cn (Q.L.)

E-mail: cqma2011@sinano.ac.cn (C.Q.M.)
Received December 12, 2022; Accepted January 31, 2023; Published
online March 23, 2023

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

1 INTRODUCTION

Organic solar cells (OSCs) have recently attracted much
attention as an efficient and sustainable energy technology
because of their mechanical flexibility, lightweight, ease of mass
manufacturing, and potentially low cost!"™ By mixing
magnesium phthalide and tetramethyl-p-phenylenediamine
between different electrodes, Kearns and Calvin® realized an
organic photovoltaic device with a maximum output power of
3x107'2 W, proving the first concept of OSCs. Tang™® developed
heterojunction OSCs based on thermal evaporated organic thin
films in 1986 and increased the charge generation rate by
reducing the exciton diffusion distance. A power conversion
efficiency (PCE) of 1% was achieved. In 1995, Hegger et al.l”
proposed the concept of bulk heterojunction structure, where
the fullerene electron acceptor (PCs,BM) and poly-
phenylenevinylene donor (PPV) were mixed to form an
interpenetrating network. Such a nanoscale donor-acceptor (D-
A) network effectively improved the excitons dissociation and
charge separation efficiency, and a PCE of 2.9% was achieved.
Since then, many efforts have been devoted to developing new
organic semiconductors. Nowadays, the power conversion
efficiency of OSCs has increased to higher than 19% for the on-
fullerene acceptor-based devices !

Perovskite solar cells (PVSCs) are the most promising types
of solar cells developed in recent year. Since the first report by
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Miyasake et al."% in 2009, the PVSCs sprung to the forefront
of photovoltaic research and have been demonstrated to be
promising candidates for next-generation solar cells. In 2012,
Park and Grétzel et al.l'Vl reported on solid-state mesoscopic
heterojunction solar cells with an efficiency of 9.7%, employ-
ing CH3NH;Pbl; as light harvesters and spiro-MeOTAD as a
hole transport layer. In 2019, You et al.'?! used organic halide
salt phenethylammonium (PEAI) to passivate the perovskite
surface, and obtained a certificated efficiency of 23.32%. Now,
tremendous progress has been achieved in the field of per-
ovskite solar cells (PVSCs) in the recent ten years and the
highest performance has reached higher than 25%.['3.'4 The
PVSCs have a similar device structure as the OSCs and could
be fabricated through the solution-processable large-area de-
position.

These high-performance OSCs and PVSCs were mainly fab-
ricated by spin coating with an area of <0.1 cmZ2. Spin-coating
is an effective method to deposit nano-thin films with excel-
lent uniformity. This technique is widely subjected to funda-
mental studies. However, the scope of spin-coating is ex-
tremely limited on the laboratory scale, while unsuitable for
upscaling and further industrial applications. The first reason
for this is that most of the materials are wasted during spin-
coating, yielding a low material utilization. Secondly, spin
coating is incompatible with structure patterning, which is es-
sential for solar module fabrication. Thirdly, it is challenging
to achieve large-area homogenous film through spin-coating.
Therefore, it is urgently needed to develop methods to fabri-
cate large-area OSCs and PVSCs that can be easily transferred
from lab to fab. Generally, solution-based thin film deposi-
tion methods could be divided into two categories, i.e., coat-
ing and printing. The former method includes doctor-blade
coating, slot-die coating, and spray coating, and the latter in-
cludes gravure printing, screen printing, and inkjet printing.
The coating method is usually used to prepare large-area thin
films without a pattern, while gravure and screen-printing
methods can print patterned thin films using a pre-patterned
gravure roller and screen. On the other hand, inkjet printing
has high design freedom and can fabricate patterns through
digital control. Inkjet printing has been applied to print
posters, labels, and packages. Recently, inkjet printing is also
used in the preparation of electronic devices, such as organic
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light-emitting diode (OLED), organic and perovskite solar
cells.

Seeing the great potential of inkjet printing in large-area
thin-film fabrication, many efforts have been made in inkjet
printing processing for OSCs and PVSCs. Some fundamental
questions for inkjet printing OSCs and PVSCs were well stud-
ied, such as rheology requirements for the inks, coffee ring is-
sues, droplet formation, coalescence processes, etc. Inkjet
printing has been used to prepare different functional layers
in OSCs and PVSCs, including the bottom and top electrodes,
the interfacial layers, and the photoactive layers. Based on
these efforts, the highest efficiency of OSCs and PVSCs pre-
pared by inkjet printing has reached 13%!'>) and 21.6%, re-
vealing the possibility of high-performance PVSCs through
inkjet printing.l'd! In this review, we will briefly introduce the
working mechanism of inkjet printing, the rheology require-
ments of inks, and the movement behaviors of the droplets.
Then, we will summarize the research progress of inkjet-prin-
ted electrodes, the interfacial layers and the photoactive lay-
ers of the OSCs and the PVSCs. Besides, the development of
fully inkjet-printed cells was introduced and discussed. Fi-
nally, the challenges and prospects of OSCs and PVSCs pre-
pared by inkjet printing are presented.

2 GENERAL INTRODUCTION OF INKJET PRINTING

2.1 Working Principle of Inkjet Printing

Inkjet printing is a maskless and contact-free technique that
precisely controls the deposition of micrometer-scale ink
droplets by ejecting the droplets from the ink cartridge. Inkjet
printing offers a high resolution of 1000 drops per inch
(corresponding to a drop spacing of 25 pm). Such a deposition
process can be easily transferred from lab to fab by simply
enlarging the printer. Therefore, inkjet printing technology has
been applied in various fields, including display printing,!'”! solar
cells printing'® sensor printing," and drug substances
printing.2%

Depending on the droplets control mechanism, inkjet
printing can be divided into two catalogs, continuous inkjet
printing (CIP) and drop-on-demand (DOD) inkjet printing.
Fig. 1 shows the schematic diagram of CIP and DOD inkjet
printing. CIP is the ejection of a nonstop ink flow through a
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Fig. 1 Schematic of (a) continuous inkjet-printing (CIP) and (b) drop-on-demand (DOD) printing.
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nozzle under the surface tension forces. The CIP printing in-
volves three steps: (1) ink flow passes through the nozzle cav-
ity under the action of the piezoelectric transducer, (2)
droplets are charged through the charging electrodes, (3)
droplets are deflected by an electric pulse field of the defect-
or, and finally printed on the substrate. The frequency of the
voltage sensor mainly controls the separation of droplets in
the inkjet head. CIP has no physical contact or critical spacing
between the nozzle and substrate, allowing printing on
rough, curved, and pressure-sensitive surfaces. Because of
these advantages, CIP is compatible with flexible and con-
ductive materials and has been applied in high-speed graph-
ical applications, industrial labeling, and engraving of indi-
vidual data.[21-23]

For DOD inkjet printing, ink droplets are ejected by an
acoustic pulse from a repository through an orifice. The ink is
extruded from a nozzle by the pressure pulse generated due
to the contraction of the chamber. The ink droplets are then
formed and printed directly onto the substrate. The pressure
pulse mainly comes from the mechanical deformation of the
piezoelectric ceramics or the swelling and cracking of the
bubbles, which is named as piezoelectric inkjet and thermal
bubble inkjet, respectively. DOD inkjet printing has the ad-
vantage of higher accuracy relative to CIP printing and can
produce a single ink droplet according to specific conditions.
DOD inkjet has a broader prospect in practical applications.
Currently, the fabrication of OSCs mainly adopts the DOD
inkjet printing method. We summarized the inkjet printing
machine in literature, most of the inkjet printing machines
used in the laboratory are dimatix materials printer (DMP)
series machines with a 10 pL printing head produced by Fuiji-
film corporation, such as DMP 2800, 2831 and 2850. Some in-
dustrial printing machines, like KM512LN are also used to fab-
ricate large-area films.

Depending on the ink droplet ejection principles, inkjet
printing can be divided into piezoelectric and thermal bubble
inkjet technologies.[?*l In the piezoelectric inkjet printing pro-
cess, droplets are ejected through the orifice by the pressure
formed by the deformation of the piezoelectric ceramics. Spe-
cifically, the small piezoelectric ceramics near the nozzle are
deformed under the action of voltage and then squeeze the
droplet out of the nozzle. In contrast, in the thermal bubble
inkjet printing process, ink droplets are ejected through the
orifice with the pressure, which is originated from the bub-
bling of the solution by heating the ink solution rapidly.

2.2 Properties of Inks for Inkjet Printing

The ink for inkjet printing should satisfy several basic rheological
requirements to ensure droplet formation and ejection.
Therefore, the viscosity, density, and surface tension of the ink
play a significant role in inkjet printing. Fromm developed the
dimensionless number Z to evaluate the printability of the
inks.”! The Z number is calculated by the inverse of Ohnesorge
number (Oh) according to Eq. (3), where the Reynolds number
(Nge) and Weber number (Nyy,) are included (Egs. 1 and 2):2"22201
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where n is the viscosity of the ink, p is the density, v is the flow
rate, y is the surface tension, and 1 is the characteristic length.
Reis and Derby!?”! demonstrated that a Z value of 1-10 is
appropriate for DOD inkjet printing. When the Z value is lower
than 1, it is difficult for the droplets to eject due to the high ink
viscosity. On the other hand, many satellites form during
printing when the Z value is higher than 10. Fig. 2 shows the
suitable physical parameters window for the inkjet-printed ink.
Although a Z number of 1-10 is generally considered suitable
for inkjet printing, the practical Z number might vary for
different inks. Additionally, the flow rate of inks also plays an
essential role in ink separating at the nozzle.*®

2.3 Droplet Ejection

Droplet ejection is the first step during inkjet printing. A stable
droplet ejection can only be formed when critical rheological
requirements are met. At the stage of droplet ejection, two
common phenomenons, satellite drops and nozzle clogging,
might occur. When the driving voltage is too high or the ink
surface tension is too low, long-tailing ink droplets will form
during the falling process, breaking down into small fractions
and forming satellite droplets (Fig. 3a). On the other hand, the
nozzle clogging is mainly due to the nonhomogeneous
distribution of solute particles and fast solvent drying at the
nozzle (Fig. 3b). As shown in Fig. 3(c), a good droplet ejection
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Fig. 2 Empirical physical parameters window for inkjet printable
inks.
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Fig. 3  Schematic figures of the droplets with (a) satellite drops
(Reproduced with permission from Ref. [29]; Copyright (2019) The
Royal Society of Chemistry), (b) nozzle clogging, and (c) good
droplets ejection. (Reproduced with permission from Ref. [30];
Copyright (2019) Wiley).
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Fig. 4 (a) The photographs of the droplets with and w/o a coffee ring. (Reproduced with permission from Ref. [39]; Copyright (2013) The Royal
Society of Chemistry). (b) The Marangoni flow induced by the addition of surfactant overcomes the coffee ring effect. (Reproduced with
permission from Ref. [40]; Copyright (2013) Wiley-VCH). (c) The dynamic surface tension of different solvents. (Reproduced with permission from
Ref. [37]; Copyright (2014) Wiley-VCH). (d) 2D grazing-incidence X-ray diffraction (2D-GIXD) patterns for TIPS-PEN inkjet-printed from different
inks. (Reproduced with permission from Ref. [38]; Copyright (2008) Wiley-VCH).

showed separated droplets without satellites.

2.4 Droplet Drying and the Coffee Ring Effect

During the drying of the droplets, the unbalanced evaporation
rates of the solvent and the pining of the edge usually lead to an
inhomogeneous solid film, known as the coffee ring effect. Fig.
4(a) shows the drying process of a droplet, where the capillary
flow driven by the faster solvent evaporation rate at the edge
than in the center brings the solute to the edge. When the
Marangoni flow caused by the unbalanced surface tension of
the droplet is slower than the capillary flow, solute
accumulation at the edge occurs, yielding a much thicker thin
film at the edge than at the center (Fig. 4b). The coffee ring
effect significantly influences the thin film morphology,
homogeneity, and consequent device performance. Therefore,
methods to suppress the coffee ring effect are highly important
for inkjet-printed electronics.

Several approaches have been proven to be adequate in
suppressing the coffee ring effect. Since the formation of the
coffee ring mainly relies on solvent evaporation, increasing
the solvent evaporation rate through decreasing environ-
mental vapor pressure or increasing the drying temperature
could effectively suppress the coffee ring effect.3132
Secondly, using mixed solvents with different boiling points
and surface tensions could minimize the coffee ring
effect.l33-361 When a mixed solvent was used, the low boiling
pointing solvent would evaporate first, forming an outward
flow in which the solvent would carry the solute towards the
edge. In contrast, the use of a high boiling point solvent
would form an inward flow to prevent the movement of the
material circulation on the edge, which is known as the
Marangoni flow. A balanced capillary flow and Marangoni
flow will minimize the coffee ring effect. Sirringhaus et al.37!
proved the existence of an internal fluid flow in the ternary
solvent through dynamic surface tension results (Fig. 4c),
which might be indirect evidence of increasing the
Marangoni fluid. Besides, the Marangoni flow effect could en-

hance molecular crystallization and regulate the film morpho-
logy.B8! Fig. 4(d) shows the two-dimensional grazing-incid-
ence X-ray diffraction (2D-GIXD) images of the film prepared
with pure solvent and composite solvents. Unlike the films
from pure solvent, the film prepared with the addition of
high-boiling point additive dodecane showed a stronger mo-
lecular orientation, which is conducive to charge extraction
and transmission.

2.5 Film Formation

During inkjet printing, the droplets coalesce and form lines and
films. Drop spacing (DS) influences the coalescence process
significantly. Fig. 5 shows the droplet arrays with different drop
spacings. Printing with large DS cannot form continuous lines
and films while using small DS would create an overlap of
droplets and consequently increase film thickness. Therefore, a
proper DS is required to ensure appropriate droplet
coalescence.

Fig. 5 Schematic representing different drop spacing: (a) large drop
spacing cannot form continuous lines and films, (b) proper drop
spacing, (c) small drop spacing forms thick films.

3 DEVELOPMENT OF INKJET-PRINTED ORGANIC
SOLAR CELLS

In the last several years, inkjet-printed organic solar cells have
developed tremendously. As shown in the summary of the
recent development of inkjet-printed OSCs (Fig. 6), the
efficiency of the inkjet-printed OSCs has improved quickly since
2019, mainly benefiting from the development of non-fullerene
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Fig.6 Efficiency development of the organic solar cells with inkjet-printed photoactive layers.

acceptors. In 2005, Schubert et al*" successfully deposited
organic photoactive layer by inkjet printing. Uniform and
compact active layer films were obtained by using
RuPMMA/PC4;BM and RuPMMA/C7-V blends as the active layer.
The UV-Vis absorption and photoluminescence spectra showed
that inkjet-printed films have good optical properties. Although
they did not fabricate devices with the printed organic thin
films, this was the first attempt to prepare organic thin films by
inkjet printing. Later in 2007, Brabec et al.*? reported the inkjet-
printed P3HT:PC4,BM OSCs and achieved PCEs of 2.9% using a
mixed solvent of ortho-dichlorobenzene (oDCB) and 1,3,5-
trimethylbenzene (mesitylene). Following these pioneering
works, several research groups devoted themselves to inkjet-
printed OSCs. Although most of the printed OSCs are based on
P3HT:PC4;BM blend, the inkjet-printed cells showed a
comparable photovoltaic performance to that of spin-coated
cells, demonstrating the great application potential of inkjet
printing in OSCs. In addition to the small-area devices with
inkjet-printed photoactive layer, mini modules and fully inkjet-
printed OSCs were also reported. For instance, fully-printed
0SCs gave an efficiency of 4.1% for the PV2000 devices.*?! In
2014, Jung et alB” printed PCDTBT:PC;BM OSCs with a
conventional structure of ITO/PEDOT:PSS/active layer/ZnO/
layer. They found that all the functional inks, including
PEDOT:PSS, PCDTBT:PC,,BM, and ZnO, have suitable rheological
properties. With a printed active layer, the device showed a
performance of 5.05%, with an open-circuit voltage (V) of 0.8
V, a short-circuit current density (Jsc) of 9.95 mA/cm? and a fill
factor (FF) of 56.8%. In 2019, the first inkjet-printed non-
fullerene OSCs with P3HT as the donor and rhodanine-
benzothiadiazole-coupled indacenodithiophene (IDTBR) as
acceptor were reported, which showed a record efficiency of
6.47%.% They regulated the printability and rheological
properties by using oDCB and hydrocarbon-based inks and
optimized the printing parameters and deposition temperature.
Later on, the performance of 1JP OSCs was further improved to

124% with poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo
[1,2-b;4,5-b'ldithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluo-
rothieno[3,4-blthiophene-)-2-carboxylate-2-6-diyl)] ~ (PTB7-Th)
and the low band gap 2,2-[[4,4,9,9-tetrakis(4-hexylphenyl)-4,9-
dihydro-s-indaceno[1,2-b:5,6-b'ldithiophene-2,7-diyl]bis[[4-[(2-
ethylhexyl)oxyl-5,2-thiophenediyllmethylidyne(5,6-difluoro-3-
oxo-1H-indene-2,1(3H)-diylidene)llbis[propanedinitrile]  (IEICO-
4F) (PTB7-Th:IEICO-4F) active layer.™ In addition, the device
with a printed photoactive layer from xyl:Tel solvent also gave
an efficiency of 9.8%. Recently, we demonstrated the layer-by-
layer inkjet printing at high temperature could make a balance
of vertical phase separation and molecular agglomeration,
leading to high performance of non-fullerene PM6:BTP-BO-4CI
0SCs with efficiency of 13.09%.1"!

Most organic solar cells have a typical sandwich structure,
where the photoactive layer is sandwiched between the an-
ode and cathode. To smooth the charge injection and collec-
tion at the electrode, charge transporting layers, including
the electron transporting layer (ETL) and hole transporting
layer (HTL) are usually used. Till now, all these functional lay-
ers can be prepared by inkjet printing. This section will intro-
duce the development of the inkjet-printed bottom elec-
trode, ETL, the photoactive layer, HTL, and the top electrode.
The materials involved in the inkjet-printed films are shown in
Fig. 7. In summary, the Ag grid and AgNWs top electrode, the
ITO/IZTO, CuNPs-PEDOT:PSS composite bottom electrode,
the ZnO, AZO, PEDOT:PSS, and NiO charge transporting layer,
as well as the organic photoactive layers were successfully
prepared by inkjet printing.

3.1 Bottom Electrode

The commonly used bottom electrodes in OSCs include indium
tin oxide (IT0),! indium zinc tin oxide (IZT0),! conductive
polymers,'”] metal mesh,“8! metal nanowire mesh,*”! etc. ITO is
the most widely used conductive electrode due to its
advantages of high transmittance and low sheet resistance. ITO
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electrodes are mainly prepared by magnetron sputtering.
However, inkjet-printed ITO electrode was also reported. Kim
et al.™! inkjet-printed transparent ITO electrode from ethanol-
dispersed ITO nanoparticles with a size of 25-30 nm. The
printed ITO electrode showed a sheet resistance of 202.7 Q/o
and a transmittance of 84.14%. Solar cells with a structure of
glass/IJP-ITO/PEDOT:PSS/P3HT:PC4,BM/Ca/Al  were fabricated
and showed a PCE of 2.13%, which is lower when compared to
the device using sputtered ITO electrode (3.78%). The lower
device performance for the 1JP-ITO-based cells can be attributed
to the higher sheet resistance of the inkjet-printed ITO
electrode. Despite this, this work proved the feasibility of
preparing ITO electrodes by inkjet printing. Kim et al.”® also
prepared IZTO electrodes by inkjet printing. They optimized the
drop spacing and found the film thickness increased with
decreasing drop spacing since decreasing the drop spacing will
increase the amount of inks. A film thickness of 1.5 pm was
obtained at a drop spacing of 50 ym, which showed a sheet
resistance of 21.6 /o and an optical transmittance of 81.29%.
The 1JP-IZTO/PEDOT:PSS/P3HT:PCs,BM/Ca/Al OSCs showed an
efficiency of 0.81%.

Although ITO films based on rigid glass substrates showed
excellent conductivity and transparency, flexible ITO films
showed much higher sheet resistance of over 60 Q/o, and
they are not ideal for making large-area flexible solar cells. It is
therefore essential to find alternative transparent electrodes
to ITO films.[21.2251 Conductive polymer composite, poly(3,4-
ethylene dioxythiophene):polystyrenesulfonate (PEDOT:PSS)
has the advantages of high optical transmittance and easy
preparation. However, the sheet resistance of PEDOT:PSS is
relatively high (100-200 Q/o), which makes it unusable as a
standalone electrode. Therefore, secondary dopants strategy
is developed to improve the conductivity of PEDOT:PSS such
as introducing organic solvents,2531 poly(alcohols),54551 or
adding surfactants®6571 and treating with acids.58591 Al-
though the conductivity of PEDOT:PSS has been improved
after the modification treatment, the devices yielded a poor

PCE when using PEDOT:PSS as the bottom or the top elec-
trodes in the organic solar cells.[6061

Composite electrode containing the metal-grids and PE-
DOT:PSS was then developed to address this problem.[7]
Metal grids can be fabricated through thermal evaporation,
screen printing, inkjet printing, and imprinting. Among these
methods, inkjet printing has the advantages of high accuracy
and low cost, thereby has been widely utilized in ITO-free or-
ganic solar cells. In this composite electrode, the conduction
and light transmittance are mainly affected by the grid spa-
cing. Galagan et al.'®?l investigated the effect of metal grid line
density on the performance of the device, and the sheet re-
sistance of the composite electrode decreased from 20
Q/oto 1 Q/a as the grid space decreased from 20 mm to 1
mm. However, the increase in shadowing areas leads to an in-
crease in shadowing loss. As an optimization, when the grid
spacing was 2.5 mm, the composite electrodes achieved the
best performance of 1.46% for the device with structure of
1JP-Ag-grids/PEDOT:PSS/P3HT:PC4BM/ LiF/Al with an area of
2 ¢cm X 2 cm. Fig. 8(a) shows the calculated electrical poten-
tial and photographs of the current collection grids in the
case of different grid spaces. It was apparent that the in-
crease of grid number and decrease of grid spacing signifi-
cantly improved the conduction. Using the metal grid elec-
trode as the transparent conduction electrode, they found
homogenous current distribution over the entire active area
and apparent shadowing loss (Fig. 8b).

Moreover, the thickness of PEDOT:PSS layer would also in-
fluence the conductivity and light transparency of the elec-
trode.5" Therefore, the thickness of the PEDOT:PSS interface
layer should be regulated correspondingly according to the
thickness of the metal grid to lower interface charge recom-
bination and improve FF. It was found that the inkjet-printed
grid height increased from 400 nm to 600 nm when the drop
spacing decreased from 30 um to 15 ym. Consequently, the
thickness of the PEDOT:PSS layer should be increased from
100 nm to 200 nm to better cover the Ag grids surface.

https://doi.org/10.1007/s10118-023-2961-z


https://doi.org/10.1007/s10118-023-2961-z

Chen, X. Z.etal./ Chinese J. Polym. Sci. 2023, 41, 1169-1197 1175

O Electric potential [V]

aSS3S33 4

Fig. 8 (a) The calculated electric potential field for current collecting grids with different spacing at the working voltage of 0.4 V. (b)
Photographic images of devices with lithographic current collection grids and light beam induced current images of the devices before and after
the degradation. (Reproduced with permission from Ref. [62]; Copyright (2012) Wiley).

However, as the thickness increases, the transmittance of the
bottom electrodes significantly decreases, leading to lower
Jsc. As an optimized structure, the inkjet-printed Ag grid with
a thickness of 400 nm was obtained with a drop spacing of 30
Um. Such a composite electrode showed a sheet resistance of
5-12 Q/o, and the efficiency of 4 cm2 OSCs reached 1.54%
with a structure of 1JP-Ag-grids/PEDOT:PSS/P3HT:PCs,BM/
LiF/ALBYT A big issue of the inkjet-printed electrode is the
formation of the coffee ring structure. Choulis et all®3 re-
duced the coffee ring effect by regulating the ink drop spa-
cing (DS) and deposition temperature, and obtained Ag grids
without apparent defects. Using high conductive PEDOT:PSS
modification layer further realized comparable conduction
with fewer grid numbers, thus ensuring higher transmission.
Such an electrode was wused in the glass/IJP-Ag-
grids/PEDOT:PSS/P3HT/PC¢;BM/Al device, giving an effi-
ciency of 1.96%. In addition, Choulis et all®4 used Ag nano-
particle inks that dispersed in the mixed solvents of ethanol
and ethylene glycol for the IJP Ag electrode. The use of the
mixed solvent, the coffee ring effect in the inkjet-printed Ag
grid electrode was suppressed due to the Marangoni flow ef-
fect. The uniform Ag-girds were obtained by inkjet printing
with a drop spacing of 35 um and a substrate temperature of
35 °C. Thus, an efficiency of 4.9% is realized with the structure
of Ag-grids/PEDOT:PSS/Si-PCPDTBT:PC,;BM/Al.

Owing to high conductivity and transparency, PEDOT:PSS
has been widely used in small-area OSCs and obtained high
efficiency as the replacement of ITO. However, when
PEDOT:PSS was used in large-area devices, the PCEs were still
limited due to the high sheet resistance. Although the con-
ductivity of PEDOT:PSS was improved by various modifica-
tions, %51 it is still under-investigated to overcome the limita-
tion of PCE caused by the large-area OPVs. Huang et al.[66]
controlled the inkjet-printed Ag grids with a width of 200 ym
and then increased the thickness of Ag grids by increasing
printing cycles from 1 cycle to 3 cycles. The sheet resistance
decreased from 5.8 Q/o to 2.7 Q/n, as the printing cycles in-
creased from 1 cycle to 3 cycles. Based on the optimized

inkjet-printed Ag girds, the high PCEs of 2.86%, 2.49% and
2.34% of ITO-free devices were achieved at the area of 0.3, 4
and 8 cm?, respectively.

Though inkjet-printed grid electrodes have been widely
used in OSCs, rare studies reported 1JP transparent electrodes
on flexible substrates. In 2012, Na et al.l*8 successfully depos-
ited Ag metal mesh on PET substrate by inkjet printing and
prepared composite electrodes with PEDOT:PSS. The flexible
composite electrode has a sheet resistance of 15.8 Q/o and
transmittance at 550 nm of 82.51%. OSCs with the structure
of PET/Ag-grids/PEDOT: PSS/P3HT:PCBM/Al:Ca showed a V¢
of 0.562 V, a Jsc of 6.30 mA/cm?, an FF of 64.72%, and a PCE of
2.29%. Zhang et al. reported an Ag-grids/AgNWs/PEDOT
three-layer composite electrode fabricated through inkjet
printing with a sheet resistance of 16.5 Q/o and a transmit-
tance of 87.5%. Such an electrode enabled a PCE of 3.26%
when applied in the flexible organic solar cells.l67]

In addition to silver nanoparticles, Cu nanoparticles were
used to prepare metal grid electrodes. For example,
Georgiou et al.l8 reported a transparent Cu metal grid and
PEDOT:PSS composite electrode prepared by inkjet printing
(Fig. 9). Copper nanoparticles with a size of approximately
100 nm were used to prepare the ink, which has a viscosity of
12 cP and surface tension of 29—30 mN/m, showing excellent
printability and stability. A drawback of copper nanoparticles
was the undesired oxidation of copper in ambient conditions,
particularly during thermal sintering, yielding increased re-
sistance. To solve this problem, several approaches, including
laser sintering and flash sintering were utilized as substitutes
for thermal sintering. The printed grid was annealed through
laser sintering. Through a systematical investigation of the re-
lation between the conductivity of the copper film and laser
sintering conditions, the optimized Cu grid electrode was
achieved with a conductivity of 36000 S-cm~' (sheet resist-
ance of 500 mQ/ao) and a thickness of 450 nm when inkjet
printed at a drop spacing of 25 um.[68! Similar to the Ag grid, a
thin PEDOT:PSS modification layer was needed to cover the
Cu grid electrode to reduce short circuits and leakage. With
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Table1 Electrode parameters of the cathode and anode prepared by inkjet printing and photoelectric properties of organic solar cells in literature.
Width/ . Sheet .
Material Device structure pitch size H(i'r?]?t resistance Trans?‘;}l';tance I?o(/ZI)E Machine
(um/ mm) (Q/o) ° >
ITO Glass/ITO/PEDOT:PSS/P3HT:PCy,BM/Ca/Al - 750 202.7 84.14 213 -l
IZTO Glass/IZTO/PEDOT:PSS/P3HT:PC4,BM/Ca/Al - - 20.6 81.29 0.81 Unijet 150
AgNPs Glass/Ag-grids/PEDOT:PSS/P3HT:PC¢, BM/ lif/Al 325/2.5 500 2.46 - 1.46 DMP2831 [62
AgNPs Glass/Ag-grids/PEDOT:PSS/P3HT:PCg,BM/Iif/Al 290/— 450 4.83 - 1.54 DMP2800 51
AgNPs Glass/Ag-grids/PEDOT:PSS/P3HT:PC4,BM/AI 46/0.7 200 - 92 1.96 DMP2832 [63]
AgNPs Glass/Ag-grids/PEDOT:PSS/Si-PCPDTBT:PC,,BM/Al 47/- 200 8.5 _ 49 DMP2800 64!
AgNPs Glass/Ag-grids/PEDOT:PSS/P3HT:PCs,BM /Al 47/— 200 85 _ 28 DMP2800 [64]
AgNPs Glass/Ag-grids/PEDOT:PSS/P3HT:PCs,BM/Ca/Al 200/2 250 5.8 _ 286 DMP2800 (661
AgNPs PET/Ag-grids /PEDOT:PSS/P3HT: PCs,BM/Ca/Al 155/~ 145 15.8 82.51 229  Omnijet 100 18
AgNPs  PET/Ag-grids/agnws/PEDOT:PSS/P3HT:PCg;BM/BCP/Al  5_6/0.08 300 16.5 87.5 3.26 DMP2831 [67]
CuNPs  Glass/Cu-grids/PEDOT:PSS/Si-PCPDTBT:PC;,BM/Ca/Al  80/0.43 450 0.5 — 3.35 DMP2800 (68!

an optimized structure of Cu grid with grid width and grid
space of 80-85 pm and 430 pm, togethering with a
PEDOT:PSS cover layer, the Si-PCPDTBT:PC,,BM cell based on
Cu grid/PEDOT:PSS composite electrode showed a PCE of
3.35%, with V¢, Jsc and FF of 0.58 V, 11.39 mA/cm? and
50.72%, respectively. Similar to the silver grid electrode, uni-
form covering of 1JP Cu grid by the active layer is a big chal-
lenge. To solve this problem, Georgiou et al. fabricated an em-
bedded grid electrode through laser sintering, because the
excessive heat from the laser would lead to the shrinkage of
PET substrate and the formation of the embedded grid. An ef-
ficiency of 2.56% was obtained by optimizing the number of
embedded 1JP Cu lines (Figs. 9d—9f).[68]

Table 1 summarizes the research progress of inkjet-printed

bottom electrode and their application in organic solar cells.
In summary, the inkjet-printed silver/copper metal grid elec-
trodes showed comparable conductivity and light transpar-
ency to the ITO electrode, and OSCs with metal grid elec-
trodes showed similar performance to the ITO devices. This
result showed the great potential of the IJP bottom elec-
trodes for application in OSCs, both in rigid and flexible
devices.

3.2 Electron and Hole Transporting Layers

The commonly used electron transporting layer (ETL) materials
in OSCs include polymers, metal oxides, and composite
materials. ZnO is the most widely used ETL due to its high light
transmittance and excellent electron conductivity. ZnO films are
mainly prepared by spin-coating from a sol-gel precursor
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solution® or a ZnO nanoparticle dispersion.”? However, inkjet
printing of ZnO films was also prepared. Garg et all"
systematically regulated the concentration and viscosity of the
ZnO sol-gel solution and optimized the drop spacing and
substrate temperature while printing ZnO inks. A high-quality
45 nm-thick ZnO film with a light transmittance of >85% was
successfully achieved. In this case, the ZnO sol-gel solution
comprised zinc acetate, 2-methoxyethanol, and mono
ethanolamine as the stabilizing agent. The viscosity of ZnO sol-
gel solution was increased from 2.07 cp to 4.70 cp by increasing
the concentration from 0.25 mol/L to 0.70 mol/L, and the Z
value was decreased from 14.02 to 5.62, making it more suitable
for inkjet printing. They demonstrated that spherical droplets
without tails were obtained only with a Z value of 5.62,
corresponding to a precursor concentration of 0.7 mol/L.
Sacramento et al’? used inkjet-printed ZnO in OSCs and
achieved a higher efficiency of 5.64%. The ZnO inks were
crystalline ZnO nanoparticles with a size of 1244 nm that
dispersed at 2.5 wt% in isopropanol and propylene glycol
composite solvent with a viscosity of 11£3 mPa-s. The device
showed better stability than the conventional poly[(9,9-bis(3"-
(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-(2,7)9,9-dioctyl-
fluorene] (PFN) ETL-based devices, demonstrating the feasibility
of a large-area printing ZnO electron transporting layer.
Commonly used hole transporting layer (HTL) in OSCs in-
clude PEDOT:PSS, PEDOT-FI751 and metal oxides, like MoO;
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and NiO. Particularly, PEDOT-F has excellent film formation
quality on the top of the active layer, showing great potential
for fully-printed OSCs. Inkjet-printed PEDOT:PSS HTL has been
extensively studied and applied in OLED devices. However, it
is challenging to print PEDOT:PSS HTL on the top of the
photon active organic layer due to the mismatch of surface
energy. As shown in Fig. 10, the PEDOT:PSS films did not cov-
er the active layer. Therefore, a formulation of aqueous PE-
DOT:PSS with the addition of various surfactants was repor-
ted for inkjet printing.[’3) The contact angle of the modified
PEDOT:PSS on the P3HT:PCBM layer showed the addition of
surfactants decreased the surface energy and promoted the
film quality of PEDOTS:PSS HTL through inkjet printing.
Owing to the hydroscopic nature of PEDOT:PSS, the cells
based on PEDOT:PSS usually showed low-performance stabil-
ity. In contrast, metal oxide HTL will ensure better stability of
the cell. So, several works reported the inkjet printing of met-
al oxide HTL for OSCs. For instance, Singh et al.’¥ inkjet-prin-
ted NiO from a precursor ink with controlled thickness and
morphology by systematically optimizing the printing DS,
substrate temperature, and annealing temperature. As shown
in Fig. 11, the surface of the films with the drop spacing of 30,
40 and 60 pm was not uniform, while the film printed at 50
Um was much smooth. Meanwhile, the increasing of sub-
strate temperature from 25 °C to 55 °C led to a rough film as

d

Fig. 10 (a) The structure of the inverted OSCs. (b) Dynamic contact angles of the PEDOT:PSS with different formulations. The photographs of
the inkjet-printed PEDOT:PSS layers on the top of P3HT/PCBM without (c) and with (d) surfactants. (Reproduced with permission from Ref. [73];

Copyright (2018) Elsevier).

Fig. 11 The optical images of inkjet-printed films processed by different drop spacing (a) and (b) substrate temperatures.
(Reproduced with permission from Ref. [74]; Copyright (2017) Science Reports).
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Table2 Inkformulation of the electron and hole transport layer and printing parameters in literature.

Materials Solvent DS (um) Thickness (nm) Temperature (°C) Machine
ETL-ZnO 2-Methoxyethanol 45 25 25 DMP2831 71
ETL-ZnO Isopropanol, propylene glycol 15 100 30 DMP2800 72
HTL-PEDOT:PSS Water 20 200 KM512LN 73!
HTL-NiO 2-Methoxyethanol 50 18 25 DMP2831 74

well. The printed NiO films have a transmittance of 89% with
a uniform structure and morphology. The NiO precursor inks
used for IJP have a surface tension of 36.9 mN/m and a visco-
sity of 2.6 cP. The corresponding Z number was 11.4. The
0OSCs with printed NiO HTL exhibited a high power conver-
sion efficiency compared to devices with spin-coated NiO
films and significantly enhanced performance and stability
compared with the PEDOT:PSS HTL device. We also summary
the ink formation and printing process in Table 2.

3.3 Organic Photoactive Layer

Nowadays, the record efficiency of single-junction OSCs has
exceeded 19%, with a small area of <0.1 cm? prepared by spin-
coating. Transferring the state-to-art process to large-area roll-
to-roll printing is critical for commercializing OSCs. In recent
years, the development of inkjet-printed OSCs shows great
application potential in the fabrication of active layers through
1JP. Fig. 12 summarizes the molecular structures of the organic
donors and acceptors those have been successfully fabricated
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through inkjet-printing, including P3HT, PCPDTBT, PTB7-Th,
PBDB-T, PM6, PC4,BM, PC,,BM, IEICO-4F, ITIC, ITIC-4F and BTP-
BO-4Cl. Totally speaking, the difficulties in inkjet printing the
photoactive layer include inhibiting coffee rings and controlling
nanophase separation morphology. Inkjet printing requires
stable ink, thereby solvents with high boiling points are usually
used. However, most of the non-fullerene acceptors exhibited
excessed aggregation in high boiling point solvent, which
limited the performance of the devices. In this section, the
development of inkjet printing of active layer, the influence of
ink physical properties and printing parameters on the
micromorphology of thin-film, and device performance will be
summarized in detail.

Like most of the various printing processes, inks, substrate
and technology are the three printing factors for the inkjet-
printing. The detailed relationship among inks, substrates,
and printing technologies is shown in Fig. 13. Specifically, the
ink rheology property is a basic that decides the droplet ejec-

-
[

Fig. 12 Molecular structures of the organic donors and acceptors utilized in inkjet-printed OSCs.
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Fig. 13 The main aspects that impact the film quality from inkjet-printing and the correlation.

tion, ink leveling and drying. The substrates highly influence
the inks leveling, and subsequently the film morphology.
Therefore, the ink rheology property, substrate surface en-
ergy and printing technology are always systematically regu-
lated during inkjet-printing.
3.3.1 Ink formulation
The rheological properties of inks were mainly regulated by
solvent, concentration, and additive. Although most high-
performance organic solar cells were fabricated by spin-coating
using low boiling point solvents, the low boiling point solvents
are not suitable for inkjet printing. Thus, the first issue is the
solvents used in spin-coating cannot be directly transferred to
the inkjet printing route. To ensure stable droplet ejection
without nozzle blocking, the main solvents for inkjet printing
should have relatively high boiling points. Till now,
chlorobenzene (CB), ortho-dichlorobenzene (oDCB), trimethyl
benzene (TMB), and indan are the most frequently used solvents
for the preparation of photoactive ink for inkjet printing.[>447¢!
The ink droplets should have appropriate fluidity and good
wettability with the substrate to ensure good droplet coales-
cence, which is crucial for achieving a high-quality wet film. In
the meanwhile, a balance of droplet drying and coalescence
is key to determining film quality. Therefore, surface energy,
viscosity and drying speed of the solvent are important for ink
formulation for inkjet printing. Aernouts et al.’7} investigated
the influence of the P3HT:PC4,BM concentration on the film
morphology of the inkjet-printed thin film. They found that
the adjacent lines were well fused and formed a smooth and
continuous film using 1 wt% ink solution. This was due to the
excellent wetting between the solution and the substrate.
The 2 wt% ink solution has a high viscosity, yielding a poor
ink droplet spreading and, thus, a rough surface. With 1 wt%
P3HT:PC4;BM  solution,  ITO/PEDOT:PSS/P3HT/PCs;BM/Al
devices gave an optimal device performance of 1.4%. Choulis
et al2 investigated the influence of the mixed solvent of
mesitylene and oDCB on the quality of the P3HT:PC4,BM thin
film. The proportion of the two solvents remarkably influ-
enced ink printability. With a concentration of mesitylene less
than 32% in the mixture solvent, the inks have poor wetting

and spreading ability on the substrates. In contrast, a higher
percentage of mesitylene resulted in lower solubility of ma-
terials and poor printing reliability.

Also, ink viscosity determines the formation of droplets and
the drying process of the wet films. Mixing high-molecular-
weight polymer within the ink is an effective method to regu-
late the viscosity of the ink. Eggenhuisen et al.l’8! reported the
use of polystyrene as an additive in P3HT/PC4;BM to improve
the viscosity of the ink using 1,2,3,4-tetrahydronapthalene, in-
dan and o-xylene mixture non-halogenated solvent. The influ-
ence of polystyrene (PS) molecular weight and blending con-
centration on the final device performance was investigated.
By blending with 1 wt% of PS with low, middle, and high mo-
lecular weight, the viscosity of ink increased from 1.3 mPa-s to
1.6 mPas, 2.4 mPa-s and 2.9 mPa:s, respectively. However, the
viscoelastic ink behavior occurred in such inks with high vis-
cosity (2.9 mPa-s), which impacted the ink ejection. At the
same time, the poor miscibility of PS and P3HT:PC;BM led to
a significant decrease in Jsc. Although mixing PS caused a re-
duction of efficiency, a simple method was provided to im-
prove the processability of photoactive materials and non-
halogenated solvents.

In addition to solvents, the structure of polymers also
showed a significant influence on the final device perform-
ance. Brabec et al.78 compared the influence of the regular-
ity of the P3HT on the P3HT:PC4BM cells performance pre-
pared by spin-coating, doctor-blade coating, and inkjet print-
ing. Results showed that, for the doctor-blade coated cells,
the high molecular regularity of P3HT is favorable for higher
device performance, which is similar to the spin-coated cells
and was attributed to a better crystallization of P3HT within
the blend. However, for inkjet-printed cells, the use of higher
molecular regularity of P3HT (RR=98.5%) decreased the cells
performance owing to more severe molecular aggregates of
P3HT relative to the molecular with low regularity. The differ-
ent impacts of molecular regularity on the device perform-
ance between spin/doctor-bladed and inkjet-printed films
were attributed to the drying speed of different processes.
The relatively slower dying speed of ink-jet printing en-
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hanced molecular aggregates for P3HT with higher regularity.
With the optimization of molecular regularity and solvent
mixture, a high-performance (with a PCE of 3.5%)
P3HT:PC4BM cells were prepared using P3HT (RR=96%) and a
mixed solvent of oDCB/TMB (68:32, V:V), which was compar-
able to that of the spin-coated cells.

High-performance OSCs from spin-coating are generally
processed with halogen solvents, which are toxic and hazard-
ous. For future roll-to-roll mass production, halogen-free
solvents are needed. As for the non-toxic solvents for OSC
fabrication, the solubility of the active materials in these
solvents and the viscosity of the final inks are the key factors
affecting ink rheology. Most organic semiconductor materials
have low solubility in non-halogen solvents, which generally
leads to insufficient layer thickness. Mixed non-halogen
solvents and halogenated solvents were used in inkjet print-
ing. In 2020, Baran and Corzo et al.*4 prepared PTB7-Th:IE-
ICO-4F devices through inkjet printing, and an efficiency of
12.44% and 9.88% was achieved for devices using CB:CN and
oDCB solvent. With xylene and tetraline solvent, the device
presented a performance of 9.8%. At the same time, they also
prepared fully printed semitransparent organic solar cells
with printed silver nanowire top electrodes, which showed
average visible transmittance of 50.1% and a PCE of 9.5%. In
all, the ink formulation, the printing parameters, and the
device performance are listed in Table 3.

3.3.2 Interface wettability

Besides the ink formulation and printing processing, wettability
between the ink droplets and substrates also directly impacts
the film formation and influences the film quality and
performance. During the fabrication process of OSCs, wettability
issues existed between all the interfaces of different functional
layers. Since physical treatment methods, such as UV-ozone,
plasma and corona, can be applied directly to the electrode, the
wettability between the ink and the electrode can be easily
tuned. For instance, Garg et al.”" found that surface treatment

of the ITO substrates through UVO for 15 min greatly improved
the wettability of ZnO inks on the substrate and helped droplets
spread, which consequently yielded a uniform film. Fig. 14
shows the optical micrographs of the printed ZnO films on the
pristine and UVO-treated substrates. The reduction of contact
angle indicated the practical impact of UVO treatment to
improve surface wettability, leading to homogenous films.

However, the wettability between different functional lay-
ers could be more problematic since the regular physical sur-
face treatments directly onto the functional layer would cause
damage to the functional layer. Instead, the wettability issues
between the functional layers are usually solved through ink
engineering, materials engineering, and chemical surface
treating routes. The inkjet inks generally should have proper
surface tension around 30—50 mN/m. More importantly, the
surface tension should be compatible with the substrate and
the underneath layer. When printing the active layer on top of
the PEDOT:PSS layer, Hoth et al.*?! found that due to the low
surface energy of PEDOT:PSS, oDCB with high surface tension
(37 mN/m) has poor interface contact with PEDOT:PSS, which
was not beneficial to the film formation. Thus, they have re-
duced dehumidification behavior of the active layer on PE-
DOT:PSS interface by using a low surface tension solvent tri-
methylbenzene (28.8 mN/m) as a substitute. However, when
the proportion of trimethylbenzene was higher than 32% in
the mixture solvent, the P3HT:PCg,BM showed poor solubility.
Finally, the optimized device of ITO/PEDOT:PSS/P3HT:
PCs,BM/Ca/Ag gave an efficiency of 2.9%. A severe wettabi-
lity issue existed in the inverted OSCs, where hydrophilic
PEDOT:PSS is deposited directly onto the hydrophilic poly-
mer surface. Ma et al. found a composite hole transporting ink
of PEDOT:PSS and MoO; nanoparticles could be easily depo-
sited on the top organic layer without any specific physical
treatment.[86871 A similar route might also be workable dur-
ing inkjet printing.

Table 3 Ink formulation of the active layer and performance of organic solar cells in literature.

Active layer Solvent DS (um) Thickness (nm)  Temperature (°C)  PCE (%) Machine
P3HT:PCBM CB, tetraline 120 120 14 DMP2831 7]
PCPDTBT:mono-PCBM CB, oDCB 100 1.48 AD-K-501 79
P3HT:PCBM CB, 1,8 octanedithiol 150 26 3.71 UJ2100 89
P3HT:PCBM o-Xylene, indane, tetraline 30 200 80 1.75 PIXDRO LP50 (761
P3HT:PCBM oDCB, mesitylene 200 40 29 DMP 2831 [81
P3HT:PCBM oDCB, mesitylene 230 40 35 DMP 2831 [78]
P3HT:0-IDTBR oDCB 10 260 60 6.47 DMP 2800 %
P3HT:ICBA oDCB 170 30 47 - 182
P3HT:PCBM CB, tetraline 115 3.2 DMP 2831 71
P3HT:PCBM o-Xylene, indane, tetraline 240 2.09 KM512L (3]
P3HT:PCBM o-Xylene, indane, tetraline 240 0.95 KM512L 83
PV 2000 260 7.0 DMP 2831 43!
P3HT:PCqoBM o-Xylene, indane, tetraline 240 22 DMP 2831 43
PTB7-Th:IEICO-4F B 30 100 20 9.65 DMP 2800 144!
PTB7-Th:IEICO-4F CB:CN 30 100 20 12.44 DMP 2800 44!
PTB7-Th:IEICO-4F oDCB 30 100 20 9.88 DMP 2800 144!
PTB7-Th:IEICO-4F o-Xylene, tetraline 30 100 20 9.80 DMP 2800 44!
PM6:ITIC-4F o-Xylene, tetraline 35 120 10.12  Ardeje Origind100 &4
P‘DTS(FBTThz)QZPCmBM CB:DIO 50 73 MicroFab 189
PBDB-T:TIC oDCB 40 140 50 6.43 DMP 2850 [19]
PM6:BTP-BO-4CI oDCB 40 130 50 13.09 DMP 2850 [19]
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Fig. 14 Optical micrographs of printed films on the pristine (a, b) and the UVO (d, e) treated substrates and the contact angle of the
inks on the top of the pristine (c) and UVO (f) treated films. (Reproduced with permission from Ref. [71]; Copyright (2018) Elsevier).

3.3.3 Mesoscopic morphology and coffee ring control

The mesoscopic morphology of the blend films should be
considered carefully when inkjet printing organic thin films.
During inkjet printing, the mesoscopic morphology of the films
was impacted by printing drop spacing, printing temperatures,
and printing speed. Regarding this, selecting a proper solvent is
essential. Figs. 15(a) and 15(b) show the PCDTBT:PC,,BM films
inkjet-printed from the CB solvent, which is rough and not
continuous. In contrast, a homogenous film was successfully
achieved by replacing CB with a ternary solvent of mesitylene,
chlorobenzene, and chloroform for ink formulation. Fig. 15(c)
shows the J-V curves of the devices printed using different
solvents. The devices using a ternary solvent of mesitylene,
chlorobenzene, and chloroform exhibited the best
performance. Corzo et al.B% used P3HT:O-IDTBR as the active
layer and optimized the micromorphology by regulating
printing parameters, substrate temperature, and drop spacing.
As shown in Fig. 15(d), the mesoscopic morphology of thin films
was simultaneously influenced by substrate temperatures and
drop spacing. Compact and continuous films were formed with
substrate temperatures lower than 50 °C when the printing dot
spacing is smaller than 10 um. Particularly, when the
temperature decreased to lower than 30 °C, the films were quite
rough with root-mean-square around 16—20 nm. However, as
increasing the temperature to 50 or 60 °C, some overlap lines
were observed because the printed lines dried before
connecting with the next line. Optimized DS of 10 ym and
temperature of 40-50 °C were chosen to form uniform films.
Finally, based on the optimized process, the device with an
efficiency of 6.47% was successfully prepared. When the device
area was enlarged to 2 cm?, the efficiency was still kept at 6%.
Such a small efficiency loss during upscaling from small to large-
area devices proved the films prepared by inkjet printing have
good uniformity. Figs. 15(e) and 15(f) present DS and
temperature-dependent device performances. DS mainly
influenced Jsc and FF, while substrate temperature mainly
impacted FF. The influence of DS could be attributed to
thickness difference, and the influence of substrate temperature
was due to film temperature.

3.3.4 Nanophase separation morphology controlling

For the heterojunction organic solar cells, the device
performance is highly impacted by the nano morphology of the
films, which is usually adjusted by solvents and additives.
Usually, the nano morphology was adjusted through solvents
and additives engineering. Taking the P3HT:PC¢;BM device as

an example, printing trials were observed using a single tetralin
solvent and showed a rough film and strong phase separation
of P3HT and PC4BM. Using a mixed solvent of ortho-
dichlorobenzene and mesitylene led to improved film quality
due to reducing in dying time. Schubert et all’? dissolved
several organic active layers, ie, PCPDTBT:bis-PCgBM,
PCPDTBT:mono-PCy;BM, PSBTBT:mono-PCy;BM in the mixed
solvent of CB and oDCB, and found only with suitable CB/oDCB
ratio (90:10), the films showed low roughness. Higher CB or
oDCB content resulted in inhomogeneous films. Particularly,
inks with a higher proportion of oDCB were more likely to form
a coffee ring. In comparing the performance of PCPDTBT and
PSBTBT donors-based devices, the PCPDTBT-based devices
showed better performance than the PSBTBT device. This was
mainly ascribed to the low solubility of PSBTBT in the solvent,
which leads to large-scale aggregation during film drying. The
device with the structure of ITO/PEDOT:PSS/PCPDTBT: mono-
PCs:BM/LiF/Al showed a PCE of 1.48%. The high boiling point
additive can enhance the Marangini fluid effect and promote
molecular crystallization to form an optimized morphology. Lee
et al® printed P3HT:PC4,BM films with CB as the primary
solvent and 5 vol% 1,8-octanedithiol (ODT), oDCB, and
chloronalin (CN) as additives. The film surface roughness
without additives was 60 nm, and the roughness of the film with
additives was around 20 nm (Fig. 16). The reduce of film surface
roughness was effective to improve the device performance.
Thus, compared with the films without additives, doping of 1,8-
octanedithiol in oDCB improved the lower short-circuit current
and photoelectric conversion efficiency, consequently, the
device efficiency improved from 1.97% to 3.71% through using
the additives.

For the printed OSCs, regulating the film morphology is vi-
tal in engineering to improve the device performance and
stability. Generally, a balance phase separation of donor and
acceptor with proper phase separation size and purity is re-
quired. Several methods have been developed to manipulate
the morphology, including solvent-additive engineering, an-
nealing, as well as novel deposition strategies. For the inkjet-
printed active layer, it is more complex and challenging to
manipulate the nano morphology of the active layer. During
inkjet printing, slower drying kinetics compared to spin-coat-
ing made the phase separation more significant. Different
surface and bulk morphologies have been found in the inkjet-
printed and spin-coated films. For instance, Ackermann et al.
found that a PM6 capping layer was formed on the surface of
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Fig. 15 (a, b) Microscopy images of inkjet-printed PCDTBT:PC,,BM blend layers formed solutions in chlorobenzene and ternary solvent,
respectively. (c) J-V curves of cells printed with different solvents. (Reproduced with permission from Ref. [37]; Copyright (2014) Wiley).
(d) Optical microscope images of films printed by inkjet printing with different substrate temperatures and drop spacing at 500
Magnification. Scale bar = 500 pm; (e) J-V curves of cells printed at different drop spacing at a constant substrate temperature of 42 °C; (f)
J-V curves of cells printed with fixed drop spacing of 10 ym and varying substrate temperature. (Reproduced with permission from Ref.

[30]; Copyright (2019) Wiley).

the photoactive film when inkjet printing PM6:ITIC-4F active
layer (Figs. 17a and 17b), which was different from the spin-
coated films (Figs. 17c and 17d). As shown in Figs. 17(c) and
17(d), the inkjet-printed films showed a higher roughness (1.7
nm) in comparison with spin-coated films (0.7 nm), while a
fibril pattern was also observed. The ATEM results also veri-
fied the formation of PM6 capping layer on the surface of the
printed films (Figs. 17b and 17d). Meanwhile, the water con-
tact angle of spin-coated and inkjet-printed films was 92° and
100° (Figs. 17e and 17f), which indicated the fraction of PM6
on the surface of the spin-coated and inkjet-printed blend
films is 33.42% and 77.98%, respectively.[34

Meanwhile, substrate temperature and printing speed are
other important factors that impact film morphology. Lan
et al.®! (Figs. 18a—18f) found that when the substrate tem-
perature was lower than 50 °C, the crystal size was much lar-
ger than the crystal size of film printed at 80 °C due to slower
drying speed during deposition. It was also found that the
crystal size of the active layer decreased from 23.6 nm to 19.7
nm with increasing inkjet printing speed from 20 mm/s to 60

mm/s at the substrate temperature of 50 °C, which was due to
the shorter drying time of the active layer with a faster inkjet
printing speed. Similarly, the crystal size decreased from 19.7
nm to 18.8 nm as the inkjet printing speed increased at a sub-
strate temperature of 80 °C. More importantly, the crystal size
of the active layer processed at 80 °C significantly decreased
compared to the sample processed from a substrate temper-
ature of 50 °C with the same inkjet printing speed. When the
substrate temperature was 50°C, the device fabricated from
low printing speed obtained a PCE of 4.3% with a V¢ of 0.81
V, a Jsc of 8.4 mA/cm?, and an FF of 63.9%. The device from
medium inkjet printing speed showed an improved perform-
ance of 7.3%. This work showed the significant effect of velo-
city and substrate temperature on the morphology of the act-
ive layer. The donor crystallization is significantly impacted by
printing speed and substrate temperature. A possible mech-
anism was described in Figs. 18(g)—18(l).

Due to the difference in film formation and drying behavi-
or between inkjet printing and spin-coating, the regulation of
bulk heterojunction morphology becomes more complex and

https://doi.org/10.1007/5s10118-023-2961-z


https://doi.org/10.1007/s10118-023-2961-z

Chen, X. Z. et al./ Chinese J. Polym. Sci. 2023, 41, 1169-1197 1183

Fig. 16 AFM images of the P3HT:PC4,BM active layers fabricated from different high boiling point additives: inkjet-printed (a) CB (b) 5 vol% ODT
(c) 5 vol% oDCB (d) 5 vol% CN and (e) spin-coated CB. (Reproduced with permission from Ref. [80]; Copyright (2010) Elsevier).

.
0
»

Fig. 177 AFM, ATEM and contact angle analysis of PM6&:ITIC-4F (a, b, e) inkjet-printed and (c, d, f) spin-coated
films. (Reproduced with permission from Ref. [84]; Copyright (2021) Wiley).

difficult when transferring spin-coating to printing. Luo
et al.'>) demonstrated a layer-by-layer inkjet-printing (LbL-1JP)
strategy (Fig. 19a) to balance vertical nanophase separation
and molecular aggregation. When printing at low tempera-
tures by one-step route, the films exhibited gradient vertical
nanophase separation structure and larger molecular aggreg-
ates. However, when printing at high temperatures, the films

exhibited a homogenous vertical nanophase separation
structure and smaller surface roughness (Figs. 19b and 19¢),
which is unlike the spin-coated films with organic donor and
acceptors formed local enrichment at anode and cathode in-
terface (Figs. 19d—19g). Thus, they provided the LbL-IJP
strategy to control the vertical and plane nanomorphology of
the photoactive layer, which printing the acceptor and donor
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(a—f) AFM surface morphology and (g—I) schematic of the nanomorphology of the active layer from different

inkjet printing speeds and substrate temperatures. (Reproduced with permission from Ref. [85]; Copyright (2021) IOP).

sequentially. Using LbL-1JP film, they obtained a recorded effi-
ciency of 13.09% for the OSCs with inkjet-printed PM6:BTP-
BO-4Cl organic photoactive layer.

3.4 Top Electrode

The commonly used top electrodes for OSCs include Al, Ag, Au,
metal nanowires (AgNWs), and conductive polymer
PEDOT:PSS.B88% At present, Al/Ag are mainly deposited by
vacuum thermal evaporation. In comparison with thermal
evaporation, inkjet printing can significantly improve
production efficiency and reduce manufacturing costs.
However, only a few works were reported on inkjet-printed top
electrodes. Galagan et alP? successfully deposited dense Ag
and Ag grid transparent electrodes on the surface of PEDOT:PSS
by inkjet printing AgNPs (average transmittance >80%). With
optimization of thickness, opaque and semitransparent devices
showed an efficiency of 2.8% and 2.7%. Choulis et al.®" studied
the influence of Ag nanoparticles diameter and solid content on
device performance and found that using the mixture of 80%
EMD5603 (Ag nanoparticle <150 nm size and 20% solids
content dispersed in ethylene glycol) and 20% AgNP (<50 nm
size and 30%-35% solids) could effectively improve the

electrode conductivity. Devices with an efficiency of 2.89% were
obtained with such a printed electrode.

AgNWs have attracted much attention due to their high
flexibility, conductivity, and transparency, as well as the ad-
vantages of simultaneous solution processing. There are sev-
eral routes to prepare silver nanowire electrodes. Neverthe-
less, as the top electrode, non-contact printing would be
more suitable because it will not affect the active layer. In
2015, Ma et al.%2 prepared transparent silver nanowires top
electrode for OSC through inkjet printing. The electrode
transmittance and conductivity highly impacted the perform-
ance of semitransparent electrodes. However, it is contradict-
ory that increasing printing times is beneficial to improve the
conductivity and will reduce the transmittance of the elec-
trode, and vice versa. As shown in Fig. 20(a), the absorbance
of solar cells increased with the increase of printing times,
due to the decrease in transparency of Ag NW electrode. And
the semi-transparent devices showed an average transpar-
ency of 57% over the entire visible wavelength (Fig. 20b). Fi-
nally, the optimized OSCs yielded an efficiency of 2.7% with
inkjet-printed Ag NWs electrode (Fig. 20c). During the print-
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Fig. 19 (a) Diagram illumination of LbL-1JP process and molecular structures of donor and acceptor. (b, c) AFM images of inkjet-printed
PBDB-T:ITIC at 30 and 60 °C. ToF-SIMS 3D images (d, e) and curves (f, g) of spin-coated and inkjet-printed PBDB-T:ITIC films, respectively.

(Reproduced with permission from Ref. [15]; Copyright (2022) Wiley).

ing of the top electrode, solvent dissolubility is a severe issue
that causes inferior performance. In addition, the nozzle is
easily blocked by AgNWs, which leads to poor uniformity and
low conductivity of the grid electrode.®3! Egelhaaf et al.*! dis-
persed AgNWs in high boiling point solvent amyl alcohol to
avoid nozzle blockage and successfully prepared the top elec-
trode with a sheet resistance of 20 Q/o and transmittance of
94%. As shown in Figs. 20(d) and 20(g), the obtained elec-
trode has good morphology and uniformity, satisfying use
both for top and bottom electrodes. Then they found that the
transparency (Fig. 20e) and sheet resistance (Fig. 20f) de-
creased when tuning the printing times from 1 time to 4
times. To gain sufficient conductivity, the semi-transparency
electrode was prepared by inkjet printing 4 times. Based on
the above results, a performance of 4.3% for 1 cm?2 semitrans-
parent organic solar cells was obtained. Figs. 20(h) and 20(i)
give the J-V curves and EQE of the 1 cm? semitransparency

device, respectively.

3.5 Fully Inkjet Printing OSC Devices

As mentioned above, all the functional layers in OSCs, including
the front and the back electrodes, the active layer, and the
interface layers, have been fabricated by inkjet printing, which
implies the great potential of fabricating OSCs through fully
inkjet printing. It is also encouraging that different research
groups have reported fully printed OSCs with high performance.
As a typical example, Kim et al.®¥ successfully prepared organic
solar cells through fully inkjet printing on the ITO glass substrate
by adjusting the deposition parameters of each layer. The
optimal printing conditions of ZnO included a substrate
temperature of 50 °C and dot spacing of 50 pm. For the active
layer, PEDOT:PSS and Ag electrodes, the optimized temperature
and drop spacing were 50 °C/50 pm, 30 °C/30 pm, and 80 °C/80
um, respectively. The device with a structure of glass/ITO/
PEDOT:PSS/ P3HT:PCBM/Ag was prepared, and the optimal PCE
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Fig. 20 (a) The absorption of the device before and after printing Ag NW, (b) the transparency of device A7T with the picture in the inset, and (c)
typical J-V characteristics of the OPV devices with inkjet-printed AgNWs top electrode and thermally deposited Ag top electrode. The inset in (c)
shows the comparison of dark J-V curves between devices A7T and A9T. (Reproduced with permission from Ref. [92]; Copyright (2015) AIP
Publishing). (d) Optical micrograph and SEM image of inkjet-printed AgNWs transparent conductor; (e) Total transmittance of 1—4 times printed
AgNWs and haze of 4 times printed AgNWs; (f) Specular transmittance at 550 nm and sheet resistance of inkjet-printed AgNW layers with 1-4
times printing with the glass substrate; (g) Cross-sectional SEM image of the device structure; (h) J-V curves of the bright state and the dark state
of the inkjet-printed 1 cm? device; (i) External quantum efficiency (EQE) of the device. (Reproduced with permission from Ref. [49]; Copyright

(2016) Elsevier).

of the device was 1.25%.

Since the metal grid could be used as the front electrode,
Groen et al*3 printed all the layers in the devices of Ag-
grids/PEDOT:PSS/ZnO/photoactive layer/PEDOT:PSS/Ag. In
this work, an industrial printing head containing 512 nozzles
that were compatible with R2R (Roll to Roll) process was used.
Specifically, Ag-grids were inkjet-printed using a Fuijifilm
Dimatix Materials Printer (DMP 2831). High conductive
PEDOT:PSS (HC-PEDOT:PSS), ZnO nanoparticles, and the pho-
toactive layer were performed on a LP50 printing platform
(Pixdro, OTB) using an industrial printhead (KM512LN). With
P3HT:PC¢,BM and PV 2000 as organic photoactive layers, they
successfully prepared 0.038 cm? inkjet-printed devices with
efficiencies of 1.7% and 4.1%, respectively.”3! In 2020, Baran
et al.*¥ achieved high efficient full-printed semitransparent

OSCs with an efficiency of 9.5% with a device structure
of ITO/ZnO/PTB7-Th:IEICO-4F/PEDOT:PSS nanoparticles/Ag
nanoparticles grid. This is an efficiency record of fully inkjet-
printed OSCs till now.

As one of the most promising replacements of the HC-
PEDOT:PSS and metal grid back electrode, Egelhaaf et al.9
used Ag NWs as both front and back electrodes through
inkjet printing, and a fully inkjet-printed semitransparent OSC
with 4.3% of 1 cm?2 was reported.

Groen et all®3l also achieved the printing fabrication of
large-area modules. Four layers of devices, including HC-
PEDOT:PSS modifying layer, ZnO ETL, P3HT:PC¢;,BM active lay-
er, and HC-PEDOT:PSS top electrode were printed sequen-
tially. In addition, a mixture of non-halogenated solvents con-
taining o-xylene, Indian, and tetraline was utilized in this work
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to satisfy the requirement for industrial-scale application. The
92 cm? module gave an efficiency of 0.98%. In the large-area
model device, the conventional interconnection between ad-
jacent cells composited three consecutive patterning steps,
P1, P2, and P3 as shown in Fig. 21(e). The total area of P1, P2,
and P3 is the dead area of modules, which highly influenced
the geometric fill factors (GFF) of the module devices. In this
architecture, P2 are large visually conspicuous tripes, which
would affect the visual appearance. Because of the high print-
ing precision of IJP, Egelhaaf et al.®! developed printing Ag
bridges strategy to overcome the problem. The fabrication
process is shown in Fig. 21(e). Specifically, they deposited all
the functional layers except the top and bottom electrodes
through continuous printing. The Ag bridge was inkjet prin-
ted on the bottom electrode, which would cross over all the
functional layers. The successful fabrication of large-area

a b

DAADA

OSCs and modules using an industrial printhead demon-
strated the feasibility of printing OSCs through R2R high-
speed inkjet printing.

Additionally, inkjet printing technology has a high design
freedom, which avoids the use of masks during printing pat-
terns. As shown in Fig. 22(a), the Christmas tree device was di-
gitally inkjet-printed. In this device, HC-PEDOT:PSS layer and
ZnO ETL fully cover the Ag front electrode (the green region).
The photoactive layer was designed restricted in the ETL area
at the stem of the tree (the red region). Such a patterned OSC
has an effective area of 6.24 cm?2. Fig. 22(b) shows a printed
OSC with an area of 84 cm? with a portrait of Alan J.
Heeger.®5! In this work, the device has a structure of
ITO/ZnO/P3HT:PC4,BM/PEDOT:PSS/Ag NWs. A laser pat-
terned P1 and P3 with a width of 0.26 mm and P2 used a prin-
ted Ag bridge. On the top of the ITO electrode, ZnO and
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Fig. 21 (a) Schematic illustration of organic solar module fabricated by fully inkjet printing method; (b) Optical micrograph images of
OPV cells with multiple inkjets printed layers: (left) PEDOT and ZnO, (middle) PEDOT/ZnO and photoactive layer, and (right)
PEDOT/ZnO/P3HT:PC4,BM and PEDOT, printing direction is from bottom to top; (c) The J-V characteristics of the 92 cm? inkjet-printed
0OSCs module. J-V characteristics of the full inkjet-printed semitransparent OSCs. (Reproduced with permission from Ref. [83]; Copyright
(2015) Elsevier). (d) J-V curves of the coated and printed devices and an image of a semitransparent fully printed device. (Reproduced
with permission from Ref. [44]; Copyright (2020) Wiley). (e) In conventional gap layout, interconnection is achieved by introducing a gap
during the active and interlayer printing process so that the top electrode can diffuse into the gap and form a connection with the
bottom electrode. The novel bridge interconnects proposed in this work is highlighted in a blue dashed bracket. AgNP peaks are printed
so that the top and bottom electrodes can be bridged at the interconnection area. (Reproduced with permission from Ref. [95];

Copyright (2018) Wiley).

https://doi.org/10.1007/s10118-023-2961-z


https://doi.org/10.1007/s10118-023-2961-z

1188

P3HT:PC¢:BM layer were sequentially deposited by inkjet
printing, and PEDOT:PSS and AgNWs were also fabricated
through inkjet printing. Around 5% of the blank remained to
avoid the overlap of top and bottom electrodes. All the single
devices were designed to have the same area. This module
gave a performance of 1.6% with a Vc of 5.5V, a J;c of 6.8
mA/cm?, FF of 47%, and GFF of 95%.

Inkjet printing technology can not only realize patternable
device preparation but also fabricate device arrays in a large
area and multi-scale. Alalawe et al. used an industrial printing
platform to prepare 1500 device arrays containing different
sizes on polyethylene naphthalate (PEN) flexible substrate, as
shown in Fig. 22(c). The device arrays with different areas of 5,
7.5, 10, 12.5, 17.5 and 20 mm?2 were fabricated, and commer-
cially available electronic inks were used. By optimizing print-
ing parameters, the device array reached a PCE of 0.18% and

a
P o
1
1
1
1
1
1
1
y
1
1
1
b
d e
Parylene
~PEDOTPSS
~P3HT:Q-IDTBR
r \d%‘p-o
\ﬁg. PEDOTPSS
/R':l_rylene
\ B
Fig. 22

Chen, X.Z. et al./Chinese J. Polym. Sci. 2023, 41, 1169-1197

the fabrication yield exceeded 70%. As a typical additive man-
ufacturing technology, inkjet printing has the advantage of
multi-substrate compatibility. Baran et al. successfully real-
ized the fully inkjet printing of OSC on the 1.7 ym ultra-thin
polyparaxylene film and ordinary glass, and the device effi-
ciency reached 3.6% and 4.73%, respectively. Previously, ul-
trathin organic solar cells are mainly prepared on ultrathin
substrates by spin-coating or thermal evaporation tech-
niques, but the device geometry, design freedom, and feasib-
ility are greatly limited in the preparation process. As a con-
tactless printing technology, inkjet printing has certain ad-
vantages in preparing ultra-thin devices. As reported by Baran
et al.,, the ultrathin device used cross-linked PEDOT:PSS as an
electrode (Fig. 22d). Such an ultrathin device was stable after
being exposed to water for 6 h. Fig. 22(e) was the device
structure of ultra-thin organic solar cells, the photographs of
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(a) Organic solar cell in the shape of a Christmas tree, left: schematic representation of printed layers layout, right:

photograph of finished fully inkjet-printed OSCs Christmas tree. (Reproduced with permission from Ref. [43]; Copyright (2015)
The Royal Society of Chemistry). (b) Photo (left) and the completed OPV-M portrait (right) of Alan Heeger. (Reproduced with
permission from Ref. [95]; Copyright (2018) Wiley-VCH). (c) Photograph showing OSCs array with all six active areas printed, 5,
7.5, 10, 12.5, 17.5 and 20 mm?2. (Reproduced with permission from Ref. [96]; Copyright (2018) MDPI). (d) Schematic of the layer-
by-layer composition of the solar cells; (e) Photograph of the formation of ultralight inkjet-printed organic solar cells embedded
in a soap bubble; (f) Comparison of the power-per-weight values of different cell compositions and the printed OSCs.
(Reproduced with permission from Ref. [97]; Copyright (2020) Wiley).
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the device on a bubble, and (Fig. 22f) the power-per-weight
values compared with the references. Table 4 listed the per-
formance of fully 1JP OSCs.

4 DEVELOPMENT OF INKJET-PRINTED
PEROVSKITE SOLAR CELLS

Over the past 10 years, the PCEs of perovskite solar cells (PVSCs)
have increased from 3.8% to 25.5%, exhibiting great application
prospects. However, the high-performance PVSCs were mainly
fabricated by spin coating with an area of <0.1 cm?, limiting on
the laboratory scale. With the development of the inkjet
printing technology, many efforts were also made to develop
the inkjet printing of PVSCs. Fig. 23 shows the development of
the IJP PVSCs. In 2014, Yang et al.® firstly fabricated the planar
carbon electrode-based perovskite solar cells by inkjet printing
perovskite layer and nanocarbon electrode, and obtained a PCE
of 11.6%. They inkjet printed carbon ink on top of the Pbl, layer
and then immersed it into a MAI solution to obtain the final
device. In 2015, Song and co-workers!"% successfully employed
IJP to fabricate a MAPbI; perovskite film on mesoporous TiO,,
and obtained a PCE of 12.3%. In 2019, Eggers et al.l'® inkjet-
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thicknesses of >1 um, and obtained the highest PCE of 21.6%. In
2022, Chalkias et all'® reduced the coffee-ring defects by
regulating the concentration of the precursor, and achieved
performance of 10.85% and 9.09% on fully printed perovskite
small-area (0.34 cm?) device and submodule (342 cm?),
respectively. In the following part, we will introduce the
development of inkjet printing PVSCs in the aspects of ink
engineering and the printing process.

4.1 Ink Engineering

The precursor materials and solvents have a significant impact
on the film formation process and film quality. Optimizing the
composition of the ink with appropriate additives is an effective
strategy to improve the morphology of inkjet-printed
perovskite films. For instance, Gheno et al' investigated the
wettability behavior of different ink fractions on the substrate to
produce homogenous perovskite layers by inkjet printing. The
Owens-Wendt-Rabel-Kaelble (OWRK) model is applied to
investigate the effects of chloride, bromide, and diiodooctane
on the wetting property during the inkjet-printing process. The
use of chlorine or bromine tended to increase the wettability of
perovskite inks, leading to better impregnation of the ink into
the rough materials. The improved wettability was likely to be

printed triple-cation perovskite layers with exceptional related to the nucleation process of perovskite crystallites in the
Table4 Photoelectric properties of fully inkjet-printed organic solar cells in literature.
Device structure Area (cm?) Voc (V) Jsc (MA/cm?) FF (%) PCE (%) Machine
glass/Ag/PEDOT:PSS/ZnO/PV2000/PEDOT/Ag-grid 1 0.77 104 51 4.1 DMP 2831 43
glass/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag 0.1 0.6 6.02 35 1.25 Omijet100 4
glass/Ag/ZnO/P3HT:PCBM/PEDOT:PSS/Ag-grid 0.25 0.564 7.1 62.6 2.5 DMP 2800 8!
PET/Ag/ZnO/P3HT:PCBM/PEDOT:PSS/Ag 0.2 0.42 0.28 34 0.18 KM512LN 161
glass/Ag/PEDOT/ZnO/P3HT:PCBM/PEDOT:PSS/Ag-grid 0.1 0.71 10.39 64.64 473 DMP 2800 7!
glass/ITO/ZnO/PTB7-Th:IEICO-4F /PEDOT:PSS/Ag 0.1 0.69 26.1 53.2 9.24 DMP 2800 144!
AgNWs/ZnO/PV2000:PC,;BM/PEDOT:PSS/AgNWs 1 0.76 10.7 52.8 43 KM512LN 1831
|TO/PEDOTZPSS/PCDTBT:PCH BM/ZnO/Ag 0.5 0.89 9.95 56.78 5.05 DMP 2831 371
Yang et al’® Mathies et al.!'*%) Xing et all'%! Zhangetal. 1 9,6%!1%%! Chalkias et a/l'°"
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presence of chlorine. In contrast, the diiodooctane did not seem
to affect the wettability. Finally, an efficiency of 10.7% was
obtained for the fully inkjet-printed perovskite solar cell. Xu
et al'%! studied the effects of precursor composition on the
morphology and microstructure of the printed perovskite films
during the heat-assisted inkjet-printing process. They found that
the plate-like crystals were obtained when pure lead acetate
(PbAc,) was used as the precursor (Fig. 24a), which has been
due to its fast crystallization speed. The introduction of lead
chloride (Pbl,) in the precursor led to the formation of
homogenous crystals, which was due to the suppression of
excessive rapid crystallization. Consequently, a champion PCE of
16.6% was obtained for the inkjet-printed devices by optimizing
the content of the PbAc, based on the MAPbI,Cl;_, photoactive
layer.

Apart from manipulating the precursor materials, additives
were also effective to regulate the crystallization speed and
improve the uniformity of the inkjet-printed perovskite films.
In 2017, Hashmi et al['04! utilized 5-ammonium valeric acid
iodide (5-AVAI) as ink additives and found 5-AVAI could slow
down the perovskite crystal growth, thereby improved crys-
talline network was obtained, which enabled the achieve-
ment of efficiency of 8.47% for the carbon electrode-based
perovskite solar cells. Pathak et al.['%%! found that the polymer
additive, like PTB7 also can modify the crystallization dynam-
ics of film formation and improve the quality. Devices with
PTB7 additives pushed the improvement of PCE from 8.0% to
10.35% compared to the device without additives.

During the film formation process of perovskite, the nucle-
ation and crystallization are accompanied by the evaporation
of the solvent. Choosing the proper solvent with wide print-
ability and solubility is the key to realizing high-efficiency
PVSCs devices. During the inkjet printing of perovskite, the
faster crystallization of perovskite leads to the formation of
roughness films and more defects. Therefore, the basic re-
quirement of solvent selection is to make sure reasonable
crystallization speed to ensure high-quality films. Li et al.['0!
chose a mixture of methyl pyrrolidone (NMP) and dimethyl

formamide (DMF) as the solvent to form the PbX,-DMSO
(X=Br, 1) precursor solution. (Fig. 24b), which effectively
slowed down the crystallization rate of perovskite during the
printing process. The printed Csy5MAg14FAgg1Pbl555Brg 45
perovskite film exhibited grain size around 500 nm and low
roughness. Finally, an efficiency of 19.6 % was achieved in the
0.04 cm? device, and 89% of the initial efficiency was main-
tained after degradation for 1000 h in air with humidity less
than 20%. During the printing process, though several kinds
of solvents have been developed and worked well. However,
the development of nontoxic green alternative solvent sys-
tems is rarely reported and is highly desirable. In 2021,
Wojciechowski et al.197! added a green additive into the pre-
cursor solution to promote perovskite crystallization during
the printing process. A highly coordinated Lewis base addit-
ive, thiosemicarbazide (TSC) was used, and a stable intermedi-
ate phase Pbl,/TSC, was obtained (Fig. 24c). Consequently, an
efficiency of 11.4% was obtained for the 1 cm? device.

4.2 Printing Engineering

During inkjet printing, substrate character and substrate
temperature have a profound impact on the films quality of
perovskite. Xing et all'%®! tailored the surface wettability using
fullerene (C4p) modifying modified TiO,. They found less dense
nuclei and larger grain sizes (Fig. 25a) were obtained when the
substrate has an appropriate wettability. Meanwhile, Cq4, also
can reduce hysteresis owing to its high electron mobility. Finally,
a PCE of 17.04% (0.04 cm?) and 13.27% (4 cm?) was achieved via
one-step inkjet printing. Eggers et al.'® investigated the effects
of the ink composition, surface treatment, and annealing
methods on the IJP perovskite films. Oxygen plasma was used
to treat the NiQ, surface, which avoided the formation of holes
in the wet film. Meanwhile, they increased the film thickness
(400 nm to 4 ym) by increasing the printing resolution
(600-2000 dpi) (Fig. 25b). It was found that with increasing
printing resolution and thickness, the perovskite film crystals
grew in a columnar pattern and exhibited a lower defect
density. Finally, with optimized printing parameters, high-
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Fig. 24 (a) SEM images of ambient printed perovskite films using different precursor compositions. (Reproduced with permission from Ref.
[103]; Copyright (2021) Wiley-VCH). (b) Schematic diagram of different ink engineering of inkjet-printed perovskite films. (Reproduced with
permission from Ref. [106]; Copyright (2020) American Chemical Society). (c) Green solvent-based perovskite precursor development for inkjet-
printed flexible solar cells. (Reproduced with permission from Ref. [107]; Copyright (2021) American Chemical Society).
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quality inkjet-printed triple-cation perovskite layers with
exceptional thicknesses of >1 um are obtained, which enabled
encouragingly high PCEs of 21.6% and stabilized power output
efficiencies of 18% for inkjet-printed PVSCs.

Besides surface treatment, substrate temperature and
printing drop spacing are also important for inkjet printing
PSC films. Li et all'o investigated the effects of substrate
temperature on inkjet-printed perovskite films. It was found
that the films printed at 25 °C contained un-homogenous
films with different shapes When the temperature was in-
creased from 40 °C to 60 °C, more round and flattened crys-
tals appeared, and the crystal size further increased, but a
large number of pinholes were formed on the surface, which
was unfavorable for the photovoltaic performance of the
device. Based on this, the highest PCE of 12.3% was obtained
with high reproducibility. In 2016, Mathies et al.['% investig-
ated the effect of printing drop spacing on the performance
of the perovskite device. Vacuum annealing was developed
to obtain uniform and smooth films. Subsequently, the PCEs
of inkjet-printed devices increased from 4.4% to 11.3 % with
the increase in printing times at a drop spacing of 45 pm.
Nazeeruddin et al.l''% optimized the printing temperatures
and drop spacing to regulate the thickness and morphology
of the PSC layer, and realized a 14.11% PCE based on an
inkjet-printed mesoporous TiO, and perovskite layer.

As a typical “sandwich” structure for the perovskite solar
cell, the film quality of the perovskite films highly depended
on the wettability between the buffer layer and inks. There-
fore, the surface energy of the buffer layer played an import-
ant role in the crystallization and growth process. Schackmar
et al."" selected NiO, and PCBM as HTL and ETL to prepare

devices  with ITO/NiO,/Csg 19FAg75MAg 15Pb(Bro 15l0.85)3/
PCBM/BCP/Au structures. In this work, they first used oxygen
plasma to treat ITO for printing NiO, and obtained homogen-
ous films. And then isopropanol was used to treat the NiO,
layer for reducing surface energy to enable the inkjet print-
ing of the perovskite absorber layer. By systematically optimi-
zing the printing parameters interfacial layer and annealing
temperatures, the highest great efficiency of 17.2% was ob-
tained based on a fully inkjet-printed device. In addition, pre-
cursor regulation is also effective to regulate the wettability
between inks and the substrates. Chalkias et al.'°! regulated
the concentration of the precursor to reduce the coffee-ring
defects, leading to improved film quality and higher effi-
ciency, and more stable photovoltaic devices. Consequently,
fully printed perovskite small-area devices and submodules
with 34.2 cm? and solar cells exhibited performances of
10.85% and 9.09% (Fig. 25c), respectively.

Regarding the future application of the perovskite solar
cells, the colors and shapes design also needs to be taken in-
to account. In particular, for the application of integrated
building photovoltaics, the color of dark-colored PV is still a
drawback. Schlisske et al.[''2 prepared a colorized device by
combining a luminescent layer of dye and a perovskite layer,
taking advantage of the high freedom of inkjet printing. The
luminescent down-shifting (LDS) layer was inkjet-printed on
the back of the glass, and then the perovskite device was pre-
pared on the front of the glass through inkjet printing. The
device efficiency of the PVSC decreased moderately from
11.5% to 9.4% due to the absorption generated by the lumin-
escent layer but showed very strong coloring on the dark per-
ovskite (Fig. 25d). This work facilitated the advancement of
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Fig. 25 (a) SEM images of inkjet printed MAPblI; films on TiO,, TiO,/2.5 nm Cg, TiO,/5.0 nm Cgg, TiO,/7.5 nm Cgp, TiO,/10.0 nm Cyp, and
35nm Cg. (Reproduced with permission from Ref. [108]; Copyright (2018) Wiley-VCH). (b) XPS (X-ray photoemission spectroscopy)
mapping of perovskite inkjet printed with different printing resolutions. The mapping area is 8 mm x 8 mm for each sample. Four
elemental ratios (Cs/Pb, N/Pb, Br/Pb, and I/Pb) are shown in the rows. (Reproduced with permission from Ref. [16]; Copyright (2020)
Wiley). (c) Image of the fully-printed perovskite submodule of 34.2 cm? active area and J-V curve. (Reproduced with permission from Ref.
[101]; Copyright (2022) Wiley). (d) The left part is the structure of the device, and the right part is CIE 1931 diagram with the color
perceptions of PSCs. (Reproduced with permission from Ref. [112]; Copyright (2019) American Chemical Society).
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Table5 Photoelectric properties of inkjet printed perovskite solar cells.

Area Voc Jsc FF PCE

Materials Solvent. system (cm?) W) (mA<m) (%) (%) Machine
C+CH3NH;l isopropanol 0.15 095 17.20 71 116 Cannon|P188 "
CH;3NH;Pbl3_,Cl, DMF — 0.74 22.1 65 10.7 DMP 28501102
MAPDICl3_, DMF 0.1 0.95 2228 786 16.64 MicroFab 13!
MAPbI; GBL:5-VAVI 0.16 084 15.3 65.7 847 DMP 28311104
Cs0.05FA070MAG.16Pb(Bro.17l0.83)3 GBL 0.16  1.07 20.18 480 1035 PixDroLP50[1%%
Cs0.0sMAg 14FA¢ 51Pbl5 5sBro s NMP/DMF (1:1) 004 1.1 23.48 762 196 DMP 28310109
C501[(HC(NH,),)0.83(CH3NH3)0 1710 oPb(lgg3Bro17);  GBL/2MP/ DMSO (9.5:4.15:1) 1 1.00 19.00 69.2 114 PixDro LP50[1%7]
MAPbI; DMSO:GBL (4:6) 0.04  1.08 22.71 69.6 17.04 DMP 2831108
4 1.04 20.40 62.6 13.27
Cs0.10FAg75MAg 15Pb(Brg 15l0.85)3 DMF:DMSO:GBL(28:26:46) 0.105 1.1 24.6 80 21.6 PixDroLP50 0
MAPbI, 4Clog GBL 004 091 19.55 69 123  DMP 2831100
MAPDI; GBL:DMSO (7:3) 009  1.00 18.4 56 11.3 DMP 2800 %%
Cs0.10GUag05FAg.g3MAG.17Pbl2 63Br0 37 DMF:DMSO:GBL:NMP (33:28:33:5)  0.064  1.01 16.19 68.2 14.11 DMP 28500
Cs0.10FAg7sMAg 1sPb(Brg 15l0.85)3 DMF:DMSO:GBL(28:26:46) 0.105  1.02 236 715 172 DMC-16610011
1 1.02 18.8 64 123
MAPbI; DMF 034 093 22.03 53 10.85 DMP 2850 10"
342  0.89 19.47 47 9.09
Cs0.10(FA0.83MAG.17)0.9PP(Bro.17l0.83)3 DMF:DMSO:GBL(26:28:46) 0.09 1.06 21.5 67 94 DMP [112]

building PV integration and also extended the application of
inkjet-printed PSCs. Table 5 lists the performance of the
PVSCs in the literature.

5 PERSPECTIVE

Since the first report of inkjet-printed OSCs in 2007, many efforts
have been devoted to solving several fundamental problems,
including ink formation, coffee ring control, and morphology
manipulation (as summarized in Fig. 26). Therefore, significant
developments in 1JP OSCs and PVSCs were achieved with the
highest performance of 13.09% and 21.6%, respectively.
However, this is still a big gap between the efficiency of IJP solar
cells and spin-coated devices. Take the OSCs for instance, there
are two main reasons for the low efficiency. Firstly, low boiling
points solvents such as chloroform and chlorobenzene are the
most commonly used solvents for highly efficient OSCs during
spin-coating. However, in the case of inkjet printing, nozzles
would be clogged if using low boiling point solvents. On the
other hand, most current photoactive materials have poor
solubility in high boiling point solvents, such as o-
dichlorobenzene, resulting in a large phase separation of the
BHJ film morphology. Due to these challenges, the inkjet-
printed non-fullerene OSCs are not sufficiently developed.
Based on the high performance of inkjet-printed devices and
the unique advantages of patternable and materials-saving, we
can predicate its future application of IJP in large-area OSCs and
PVSCs.

However, there is still a big gap between the efficiency of
the inkjet-printed OSCs and the devices prepared by spin-
coating, doctor-blade coating, and slot-die coating. The fol-
lowing two aspects might be the main problems.

First, the basic challenge originated from the inks: it has the
highest requirement of rheology property for the inks for 1JP
than other coating and printing technologies. Several studies
have demonstrated using high boiling point solvent or non-
halogen solvent in 1JP resulted in inferior device performance
due to unfavorable morphology, which will be a big obstacle

for performance enhancement. We could find that inkjet-prin-
ted organic photoactive materials could be divided into two
categories. The initial investigated organic active layer could
give comparable or even higher performance through inkjet
printing than the coating method. That is because these ma-
terials need relatively large and oriented crystallites, thereby
printing slow drying is suitable to fabricate these devices.
However, recent works reported that non-fullerene system
would generally form excessive molecular aggregates as fab-
ricated from high-boiling point solvent. Most of the early
work focuses on optimizing the printing parameters, such as
printing dot space, substrate, and ink temperature. High-tem-
perature printing is possible to improve the device perform-
ance. However, new issues, such as nozzle blocking or unfa-
vorable droplet coalesce would be formed through substrate
or nozzle heating treatment. Given these difficulties, the prin-
ted device still gave much lower performance than the
coated devices. The encouraging thing is additive and tern-
ary engineering have been widely used and proved effective
to regulate the nanomorphology of the organic active layer in
the coating method, thereby it should be the potential to
achieve ideal nano-morphology through similar strategies in
the case of inkjet-printing. Therefore, ink formulation is the
root of all the problems, more attention should be paid to ink
engineering through additive and ternary strategies in the fu-
ture.

Second, the large-scale application of inkjet printing tech-
nology in organic solar cells is challenged due to more diffi-
culties in controlling the nozzle block and satellite and regu-
lating the morphology of the blend films. Concerning the full-
printed devices, the ink formulation should have suitable rhe-
ological properties and proper interface compatibility, and in-
terface wettability to ensure the formation of surface films
with excellent charge transport. In addition, though several
works have reported that inkjet-printed OSCs from non-halo-
gen solvent, it is still not an environmental-friendly process.
Green solvent printing should be the ultimate goal of inkjet
printing. Regarding these, water/ethanol-dispersed organic
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Fig.26 Summary of the development of the inkjet-printed organic solar cells.
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semiconductor nanoparticles through the surfactants route
using proper surfactants!’'3114 have been developed. In addi-
tion, p-doping agent 2,3,56-tetrafluoro-7,7,7,8-tetracyan-
oquinodimethane (F4TCNQ) could help the organic materials
P3HT and P3HT: ICBA to disperse in ethanol solvent.''5! |t
seems that such a nanoparticle strategy might be a feasible
solution method to inkjet-print these nanoparticles and
achieve the green printing of OSCs. Besides, developing new
materials that could be fabricated from green solvents is an-
other solution. However, the device from both the organic
nanoparticles route and the new materials routes still gave
low device performance, thereby it still has a long way to go
to achieve green printing.
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