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Abstract

Inkjet printing (IJP) technology, adapted from graphics and newspaper printing, has proven to

be an essential research tool and industrial manufacturing technique in a wide range of

printed electronic technologies, including optoelectronics. Its primary advantage over other

deposition methods is it’s low-cost and mask-less on-demand patterning, which offers

unmatched freedom-of-design. Additional benefits include the efficient use of materials,

contactless high-resolution deposition and scalability, enabling rapid translation of learning

from small-scale, laboratory-based research into large scale industrial roll-to-roll (R2R)

manufacturing. In the development of organic solar cells (OSCs), IJP has enabled the printing

of many of the multiple functional layers which comprise the complete cell as part of an

additive printing scheme. Although IJP has only recently been employed in perovskite solar
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cell (PeSC) fabrication, it is already showing great promise and is anticipated to find broader

application with this class of materials. As OSCs and PeSCs share many common functional

materials and device architectures, this review presents a progress report on the IJP of OSCs

and PeSCs in order to facilitate knowledge transfer between the two technologies, with

critical analyses of the challenges and opportunities also presented.

1. Introduction‡

Solar cells account for only 2% of global electricity production,[1] although it has the

potential to generate total global electricity production by several folds through the use of

currently available technologies such as silicon solar cells.[2] The lack of cost-competitiveness

has hindered the wider adoption of solar cells and improvement in power-to-cost ratio

remains key to increasing their contribution to global electricity supply. This fact has driven

the development of solar cells from the first-generation silicon-based solar cells to the

second-generation thin film-based solar cells. However, progress achieved in thin-film solar

cells has been incremental and insufficient to break the market dominance of silicon let alone

breaking beyond 2% in the global electricity supply. Clearly, dramatic improvements in the

power-to-cost ratio are required if solar cells are to make a more substantial contribution to

global electricity supply.

Organic solar cells (OSCs) promised to break through the cost barrier due to their

significantly lower material consumption and their compatibility with low-temperature

solution-based processing than the second generation solar cells. With these merits, less

capital-intensive, high-throughput manufacturing methods with roll-to-roll (R2R)

printing/coating techniques, such as those used in the printing of newspapers and magazines,

were envisioned. Significant developments have already been made in the manufacturing
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arena evidenced by the demonstration of OSCs fabricated using a plethora of fast R2R

printing and coating techniques[3–5] However, power conversion efficiencies (PCEs) of 13%[6]

and 4–5%[7] in laboratory-scale devices and large-area modules, respectively, have been

achieved for OSCs. These efficiencies remain far lower than for the previous generations of

solar cells. For example, silicon solar cells have a record PCE of 26% on small area and

19.6% on large-area.[8]

Organic-inorganic hybrid perovskite solar cells (PeSCs) have emerged recently as a

breakthrough technology. These make use of a class of materials that can be processed using

solution-based deposition techniques but offer greater efficiencies than OSCs. Within a short

period, PCEs have climbed to 22.1% [9] from the first reported PCE of 3.8% in 2009.[10] The

challenge now lies in translating such efficiencies to commercially-feasible forms produced

through industrial fabrication methods.

A large number of film deposition methods are applicable for the solution-based fabrication

of the various layers of a solar cell[11,12]. Among them, inkjet printing (IJP) is one of the most

frequently used methods on a laboratory scale.[13] IJP is a material-conserving technique used

for the controlled deposition of different suspensions or solutions, enabling rapid and easy

formation of functional material layers on various substrates.[14] It also allows for the

formation of fine patterns of printed inks at high resolution under ambient conditions. With a

digital motif, print images can be made and modified on-demand with little delay between

ordering and delivery. This flexibility is a big improvement on the limited flexibility offered

by traditional printing methods such as flexographic or gravure printing in which printing

plates are limited in resolution and costly and time-consuming to produce. In addition, IJP

offers unmatched print resolutions of up to 5000 DPI as the method relies on ejecting a single

drop or drops of ink through very fine nozzles with  diameters in the range of 20–100 μm. 

Furthermore, the main processing advantage of IJP is its scalability from laboratory scale to
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larger-scale sheet-to-sheet or R2R processes without requiring contact to the substrate[15,16]

using functionally the same equipment. Based on these merits, IJP is anticipated to find

application in the high-speed commercial manufacture of various printed electronics and

solar cells.

A number of existing reviews address IJP utilization in various applications including

optoelectronic fields, but none comprehensively examine its use in the fabrication of OSCs

and PeSCs. Schubert et al. published the earliest reviews of the use of IJP in non-traditional

applications in 2004 and 2008 – both of which remain excellent guides to understanding the

process of droplet generation in IJP. These reviews particularly delve into the relationships

between inkjet printability and ink and printing parameters including polymer structure,

molecular weight, ink concentration, solvents, inkjet voltage driving conditions and present

advances in PLED, OLED, TFTs, ceramics, and waxes.[15,17] Similarly, Derby et al. and

Friend et al. review the basic principles of inkjet printability.[18,19] Other reviews outline the

use of IJP for general optoelectronic application but provide little emphasis on solar

cells.[14][20][21] To date, only Fang et al. reviewed IJP in OSCs, but chose to focus mostly on

the active polymer blend in the OSC.[22]

A plethora of studies have focused on evaluating IJP for the fabrication of various functional

materials in OSCs from laboratory to semi-industrial scales fabrication while several reports

of IJP use in PeSCs have emerged recently. By addressing both OSCs and PeSCs, the aim of

this review is two-fold: firstly, to comprehensively assess IJP developments across both the

fields and secondly, to highlight the developments and lessons from the use of IJP in OSCs

that could be directly applied and adapted to PeSCs as both technologies share several similar

functional materials and device structures. To accomplish this, following an introduction to

IJP technology, we find it pertinent to dedicate a section delving into the different geometries

and materials used in OSCs and PeSCs. We then review IJP in the fabrication of numerous
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layers of OSCs and PeSCs. Finally, we highlight current challenges and present an outlook on

the IJP technique to OSCs and PeSCs fabrication.

2. Inkjet Printing Technology

Inkjet printing is a versatile method for fabricating functional layers from homogenous or

colloidal liquid phase inks. The operating principle behind various forms of IJP is based on

the ejection of fixed quantities of inks in the form of droplets from nozzles. The mechanism

of droplet formation varies in different inkjet systems and has evolved over the course of IJP

development (Figure 1).

The beginnings of IJP can be attributed to early studies into the generation of droplets from

jets. Felix Savart in 1833 was the first to make this a subject of theoretical study, with his

work leading to a series of efforts in the mid-to-late 1800s to understand the laws governing

the break-up of jets into small droplets. Plateau explained theoretically the constitution of jets

in a cylindrical column issuing from a circular orifice without any outside perturbations and

with the application of vibration to the liquid.[23,24] His work was followed by Lord Rayleigh,

who described the breaking up of inviscid liquid jets into streams of droplets by the

application of a transient pressure pulse to the nozzle.[25] The phenomenon that was the focus

of Plateau and Rayleigh’s collective work, namely the instability of liquid jets in a column to

outside perturbations, which causes the stream to breakup into droplets, is known as Plateau-

Rayleigh instability. This understanding has underpinned the subsequent development of IJP.

During the theoretical and empirical investigations into how to control jets breaking up into

droplets, the first inkjet-like device was developed by Lord William Kelvin (1870), who

patented a method of automatically recording telegraphic messages by using electrostatic

force to direct a stream of ink.[26] However, it was not until 1951 that the first inkjet

integrated monograph was patented by Rune Elmquist while working for Siemens (née

Siemens-Elema).[27] Subsequently, IJP underwent an explosive development with the
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emergence of computer technology in the period of 1960–1980 leading to the development of

the several IJP methods that are available today. The most common IJP methods today are

Continuous Inkjet (CIJ) printing and Drop-on-Demand (DOD) printing.

2.1 Continuous Inkjet Printing

In continuous inkjet printing (CIJ), the printed materials are generated in a continuous stream

under pressure and then ejected through a small nozzle, which is placed at a potential relative

to the ground. As the steam ejects out of the nozzle, it breaks down into small droplets that

fall towards the substrate under the influence of gravity. While descending, the droplets pass

through electrodes that impart a small charge on each of the droplets. The charged droplets

then pass between deflection plates, which steer the direction of the droplets by a distance

that is controlled by the input signal of the electric field, before being deposited on a

stationary or moving substrate. A piezoelectric transducer is often used to subject the liquid

behind the nozzle to a small pressure fluctuation, which is used to synchronize droplet

formation (Figure 2).

The major advantage of continuous- and other IJP systems is the absence of physical contact

or a critical spacing between the nozzle and the substrate, thus making it suitable for printing

on rougher surfaces, curved surfaces, and surfaces sensitive to pressure. Additionally, the

method is suitable to print any material that is sufficiently fluid and conductive, or any solute

that is soluble in a conducting fluid vehicle.

However, the major disadvantage of the CIJ process is the inevitable waste of inkjet material

during deposition. Although unwanted droplets of printing material can be collected in a

gutter and recycled to become part of the printing ink, this recycled ink may be

contaminated.[28] For example, in Sweet’s system, approximately only 2% of printing

materials were used for the printing task.[29] Additionally, CIJ technology is low-resolution

compared to more advanced systems like DOD IJP, in which resolutions of up to 5000 DPI
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can be achieved. Hence, CIJ has found greatest use in labelling applications, whereas

DOD is used in print and graphics where high-resolution printing is required.

2.2 Drop-on-Demand Inkjet Printing

Drop-on-demand inkjet printing, by definition, enables the generation of a single drop

when required, hence enabling large materials savings in comparison with CIJ. In a

DOD system, either the printer head moves and accurately settles on the desired

location as controlled by a computer program, or the substrate is in motion. A series of

events leads to the ejection of the liquid (Figure 2). The ejection of printing materials

is related to a regular pressure pulse in the printing nozzles that is generated by a

sudden contraction in the chamber volume, which forces the ink out of the nozzles.

This pressure pulse is generated by one of two mechanisms; the mechanical

deformation of a piezoelectric transducer (PZT), or the collapse of thermal bubbles,

which involves resistive localized heating in the ink chamber. Accordingly, DOD IJP

is divided into piezoelectric DOD and thermal DOD printing, respectively.

In thermal DOD printing, a small resistive-heater thin film is set in the fluid chamber.

A current is passed through the heater, causing the fluid to be heated above its boiling

temperature, resulting in a small bubble to form due to vapour entrapment. When the

current is removed, the bubble rapidly collapses due to heat transfer to the surrounding

ink, which is at a lower temperature. The rapid expansion and collapse of the bubbles

generate the required pressure pulse for droplet injection. Thermal DOD printing

systems have found restricted use in only desktop or domestic printers.

Alternatively, the pressure pulse for piezoelectric DOD printing arises from the

mechanical deformation of a PZT. An impulse current is applied to a piezoelectric

transducer, resulting in its cyclic deformation, which causes droplets to be ejected

from the nozzle. Currently, the majority of industrial printers in ceramic or functional
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materials production use piezoelectric DOD technology instead of thermal DOD

technology due to two main reasons. Firstly, it is difficult to generate vapour bubbles

in a high-vapour pressure fluid. Secondly, a piezoelectric DOD printing system

permits control over drop size and the velocity of any fluid through the simple

adjustment of the actuation pulse.[28] An in-depth review of different types of inkjet

printers has been given elsewhere (see Basaran et al.).[30] In 2005, Derby reported that

drops in a DOD printing mode are produced at a typical frequency of 1–20 kHz,[31]

which is an enhanced frequency range compared with Sweet’s DOD system (2

kHz),[30] and the resonances within the chamber behind the nozzle strongly influence

pressure pulse propagation and drop generation.

2.3 Properties of Inks for Inkjet Printing

While inkjet printing has been widely used in OSCs and somewhat in PeSCs, the

properties of the inks, whether in-house formulated or commercially available, are

seldom characterized. The ink properties play a crucial role in IJP, which relies on the

generation of stable droplets. Significant work on characterizing “jettable” inks are

published elsewhere,[32] and such an approach needs to be adopted when reporting the

IJP of new materials. Here we present a brief summary of some key parameters that

ought to be considered.

Fromm extensively studied the mechanism of drop generation and attempted to relate

this to ink physical properties.[32] He formulated a dimensionless parameter, Z, which

is the inverse of the Ohnesorg number (Oh), to characterize if a stable drop could be

generated from an ink (Equation 1). He proposed Z > 2 for stable drop formation. This

work was extended by Reis and Derby. Through the numerical simulation of drop

formation, they postulated stable droplets are possible between 10 < Z < 1[30]. The Oh

in-turn relates two key dimensionless parameters - Reynolds number (Re) and Weber
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number (We). These two dimensionless parameters incorporate all parameters that

relate to fluid flow properties. Re is the ratio of inertial forces to viscous forces within

a fluid that is subjected to relative internal movement due to different fluid velocities,

in what is known as a boundary layer in the case of a bounding surface, such as the

interior of a pipe (Equation 2). The We relates to the competition between fluid inertia

and surface tension (Equation 3). The Oh number simply combines these two works

and relates viscosity to surface tension (Equation 4).
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Thus, “jettability” has a geometric dependence on viscosity and a proportionate

dependence on surface tension. At low Z values, viscosity prevails and prevents drop
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ejection, whereas unstable drops accompanied by a large number of satellite drops can

be experienced at high Z values when surface tension dominates.

Derby et al. identified a minimum velocity that is necessary to trigger droplet ejection

at the nozzle to overcome the fluid/air resistance. This velocity is achieved in all fluids

with We > 4. Another critical process relates to the properties of the inks and the

surface properties on to which the ink is intended to be deposited. It is critical that the

drops land on the surface as a single drop with some degree of spreading. However,

certain ink drops can splash upon impact with the surface, causing the breakdown of

the main drops into a number of undesirable scattered satellite drops. An empirically

verified parameter first proposed by Stow and Hadfield enables a first hand prediction

of the onset threshold for splashing to occur: f(R) < We1/2 Re ¼, where f(R) is a

function of surface roughness. A 2D Cartesian graph, as shown in Figure 3, with We

and Re as x and y coordinates, respectively, as proposed by Derby can provide a

useful guide to develop inks suitable for DOD inkjet systems.[28]

Additionally, the success of IJP depends on the processes that follow a successful drop

landing on a substrate. These include substrate and droplet interactions, which

determine drop spreading, coalescing, solidification, and ultimately film uniformity

during drying processes, leading to continuous-film formation. The interplay of

substrate surface properties and ink drop properties via parameters such as the contact

angle of the drop on the substrate and surface roughness determine the process of film

formations.

An important effect that is often cited as an impediment to uniform film formation is

the “coffee-ring effect.” The term is used to describe the propensity of the deposited

solutes in the ink to migrate to the boundaries of a printed feature, resulting in layer

non-uniformity. This is caused by the higher evaporation rate at a droplet's pinned
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contact line than at its centre, which causes material to be transported to the boundary

by a replenishing flow from the centre. Controlling printing parameters can enable

effective control of printing quality. For example, IJP of PEDOT:PSS was thoroughly

investigated and printing parameters, including delay time and drop spacing, were

found to be critical to uniform film formation.[33] Additionally, the deposition

temperature effectively allows suppression of the coffee-ring effect. Similarly, viscous

fingering instabilities (Saffman-Taylor) can cause an uncontrollable ink flow on a

substrate, resulting in dendrimer-like structures. Viscous fingering instability

originates from a complex interplay between several parameters, including capillary,

viscous, and gravitational forces, wettability effects, and the underlying heterogeneous

pore geometry (roughness of the substrate), leading to preferential flow paths in

ramified networks or “fingering”.[34,35] Successful IJP requires optimization of various

printing parameters that can affect drop formation and subsequent film formation. This

topic is treated in great length by Derby et al. and interested readers are advised to

consult their publication.[28]

3. Organic and Perovskite Solar Cells

3.1. General Functional Layers

Both OSCs and PeSCs are multi-layered structures that typically comprise a minimum

of six functional layers: substrate, front electrode, first intermediate layer, active layer,

second intermediate layer and back electrode. Except for the active layer material,

both OSCs and PeSCs employ similar materials for the other functional layers. The

active layer is the charge generating material – the photoactive material. The

photoactive material in OSCs is a mixture of organic materials whereas an inorganic-

organic metal halide forms the active layer in PeSCs.
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Substrates are generally transparent and can be rigid or flexible, depending on the

requirements of the final device. To date, glass is the most used rigid substrate because

of its low cost and thermal and chemical durability. However, when considering the

goal of creating low-cost manufacturing through continuous R2R processing, thin and

flexible substrates are required. Polymer substrates, such as polyethylene terephthalate

(PET) and polyethylene naphthalate (PEN), are the best alternatives for glass

substrates, as they are relatively inexpensive and transparent. These have been utilised

in OSCs with much success,[36,37] and early reports of a PeSC using PEN achieving a

PCE of 15.6 % suggest they are equally suitable for solar cells using that class of

photoactive materials. [20,36,38] Indium tin oxide (ITO) often acts as the transparent

conducting electrode (TCE) that lies on top of a transparent substrate. The active layer

– the photoactive charge generating material – is sandwiched between the front TCE

and the back electrode. Al, Ag and Au are the most common metals used as back

electrodes, with the metal choice depending on the device configuration. One of the

electrodes collects holes and the other gathers electrons. A work function difference

between the front and the back electrodes maintains an effective electric field in the

device.

The direction of charge transport is determined by the positioning of the intermediate

layers – namely the hole transport layer (HTL) and the electron transport layer (ETL)

– which are located between the active layer and either of the electrodes (Figure 4).

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) is the most

widely used HTL material in both OSCs and PeSCs, particularly in certain device

configurations where PEDOT:PSS is deposited on top of ITO. In OSCs, PEDOT:PSS

is also used on top of the active layer. Similarly, several metal oxides, such as

TiOx
[39,40] and ZnO,[41,42] are ideal candidates for ETLs. In addition to these, a plethora
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of other materials have been investigated as ETL and HTL layers, particularly in

PeSCs. Several reviews address these intermediate layers in both OSCs[43] and

PeSCs.[44–47]

Each intermediate layer plays an important role in the photovoltaic process. Firstly, the

intermediate layers selectively extract one type of charge (hole or electron), transport

the charges to the collecting electrodes, and prevent charge recombination. Secondly,

an intermediate layer can sometimes be used to bridge a mismatch of energy levels

between the active layer and an electrode. Furthermore, an intermediate layer can

compensate for roughness and remove some of the shunts resulting from non-

uniformity in the electrode film. Both ETL and HTL have a similar operating

mechanism but the opposite purpose. If the first intermediate layer is an ETL

(alternatively known as the hole-blocking layer), then the second intermediate layer

would be the HTL (alternatively known as the electron-blocking layer), and vice versa.

The placement of different functional layers determines the direction of current flow in

the device and has led to classification of device configurations in both OSCs and

PeSCs in several categories.

3.2. Organic Solar Cells

OSCs are based on a mixture of conjugated polymers (molecular weight of 10 – 100

kDa) or discrete small molecules (1-1000 Da)[48]. Due to a high exciton binding

energy, solely employing one of these materials in a solar cell leads to very poor

power conversion efficiencies (0.001%).[49] To overcome this, the bulk heterojunction

(BHJ) concept evolved by blending one of these polymers or molecules (donor) with

another molecule or polymer that has a higher electron affinity (acceptor). When the

two are intermixed in a thin film on a nanoscale efficient exciton dissociation and

charge transport is achieved.[49,50] As conjugated polymers and molecules can be
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chemically engineered, a range of both donor and acceptor materials have been

synthesized, driving PCEs up to 13%[6]. These have been integrated in different device

configurations.

3.2.1. Normal Device Structure of OSCs

In the normal geometry, devices start with a transparent substrate, often glass or PET

substrates, and a semi-transparent front TCE, either ITO or ITO-free electrodes

(Figure 4). As these cells are exposed to the sunlight, the incident light will pass

through the transparent substrate and TCE to be absorbed in the active layer. Here,

excitons – electron-hole pairs – are generated and dissociated into free charge carriers

as holes and electrons.[51] Holes pass through the HTL and are collected at the front

TCE (anode), while the electrons pass through the ETL and reach the back electrode

(cathode). Although this traditional OSC structure can deliver relatively high

efficiencies and is relatively easy to manufacture,[52,53] it has the disadvantage of low

stability. As the ITO always acts as an anode, the cathode needs to be a low work-

function metal, with the combination of Ca/Al as the ETL/back electrode commonly

used. However, calcium is highly hygroscopic and aluminium oxidizes rapidly,

leading to poor stability in the normal device structure of OSCs.[54]

3.2.2. Inverted Device Structure of OSCs

The poor stability of normal-geometry OSCs was addressed by reversing the device

structure to give an inverted geometry, which carries the opposite arrangement of

layers in comparison (Figure 4). Hence, the front TCE on the substrate acts as the

cathode, with an ETL layer between the cathode and the active layer, and the back

electrode becomes the anode with an HTL layer between this anode and the active

layer. With the charge selective layers switched in comparison to the normal

geometry, the back electrode can be set as a high work-function metal, such as Ag or
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Au, which are more stable than calcium and aluminium. Thus, the inverted OSC has

proven to be a better choice to address the poor stability encountered in normal

structure OSCs. Furthermore, the inverted geometry enables vacuum-free manufacture

of complete OSCs as the back Ag electrode can be printed under ambient conditions

using a plethora of printing methods.

3.2. Perovskite Solar Cells

The term “perovskite” is a description of a crystal structure of calcium titanate

(CaTiO3), with a stoichiometry formula of ABX3. It was discovered by Russian

mineralogist Gustav Rose in 1839 and was named after another Russian mineralogist,

Lew A. Perovski.[55] However, in the field of solar cells, the term perovskite is applied

to a class of photoactive materials comprising several organic inorganic hybrid metal

halides with the formula ABX3, as shown in Figure 4. Here, the A sites are typically

replaced by organic cations of methylammonium (MA, CH3NH3
+) or formamidinium

(FA, CH(NH2)2
+), while the smaller divalent metal cations (Pb2+, Sn2+ and Cu2+)

occupy octahedral B sites. The X sites are occupied by halide anions, such as I−, Cl−

and Br−. Hence, a large range of organic inorganic hybrid metal halide materials are

realized by combining these components in diverse ratios, such as MAPbI(3-x)Clx
[56],

MAPbI(3−x)Brx
[57], MAPbBr(3−x)Clx

[58], FAPbI(3−x)Clx
[59], (MA)x(FA)1−xPbI3

[60],

MASnxPb(1−x)I3
[61], which show outstanding PV properties and make ideal active

materials. A number of outstanding reviews provide greater detail into the materials

and properties of PeSCs[62–64]. Owing to PeSCs’ origin in DSSCs, and their

subsequent development borrowing from the field of OSCs, several device structures
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of the PeSCs have evolved. These structures can be divided into conventional (n-i-p)

and inverted (p-i-n) structures.

3.2.1. Conventional n-i-p Structures

The conventional n-i-p structure can adopt one of two different device configurations:

a mesoporous n-i-p structure or a planar n-i-p structure. The former structure was the

first structure of a reported PeSC, which is a direct adaptation from DSSC device

architecture. A typical example of a mesoporous n-i-p structure consists of a base of a

TCE on a transparent substrate, an ETL (such as compact TiO2), a mesoporous metal

oxide (mp-TiO2 or mp-Al2O3) layer filled with perovskite material, followed by a

HTL, and a metal anode (e.g. Au or Ag) (Figure 4). The layer arrangement and charge

transport in the device are analogous to the inverted structure in OSCs. The first

mesoporous solid-state PeSC with a recorded PCE of 9.7% was reported by Kim et al.

in 2012.[65] The perovskite MAPbI3 nanocrystal was adopted as the photoabsorber and

the mp-TiO2 layer was used as a scaffold.

The mesoporous layer in this structure enhanced charge collection performance by

decreasing the carrier transport distance, preventing direct current leakage between the

two selective contacts, and increasing photon absorption through light scattering.[64]

However, grain growth of the thick perovskite layer was restrained by the pore size in

the structure, leading to a disordered and amorphous phase, resulting in a relatively

low VOC and JSC.[66,67] Interestingly, fabricating a thinner layer of the perovskite can

overcome this obstacle and promised an improved device efficiency, as the

crystallinity of the thinner layer is greater than the thick analogue,[64] and it offered an

improvement in the pore filling fraction and morphology.[68,69] A thin layer with a

complete pore filling fraction enabled relatively high charge transport rates and

collection efficiencies at the TiO2 interface. Consequently, the mesoporous n-i-p
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structure has enabled high efficiency devices, with a PCE of 22.1% recently

reported[70].

Early in the development of these materials, it became evident that TiO2 only provided

a passive structural scaffold and did not play an active part in the exciton separation

process as it did in DSSCs. This understanding led to the complete elimination of the

mesoporous TiO2 layer to give a planar n-i-p structure (Figure 4). The first planar n-i-p

PeSC was briefly touched upon by Snaith et al. in their publication deconstructing the

role of TiO2 in PeSCs and achieved a PCE of 1%.[71] Subsequently, they focused on

making planar devices only, and achieved PCEs of 15.4% and 8% via vapor and

solution deposition, respectively.[72] Also, a planar heterojunction PeSC with a

recorded PCE of 11.4% was demonstrated by Eperon et al.[69] Further enhancements in

the performance of planar n-i-p solar cells was achieved by carefully controlling the

formation of the perovskite absorber layer, and the interfaces between the perovskite,

carrier transport layers, and electrodes.[73] A planar solar cell reported by Liu and

Kelly had a PCE of 15.7% and was fabricated via a sequential deposition method.[74]

This cell featured MAPbI3 as an active layer and low-temperature solution-fabricated

ZnO as an ETL. It is worth noting that this low-temperature fabrication method can

not only reduce the manufacturing cost but can also increase the potential for

depositing these layers on temperature-sensitive organic substrates.[75] Although planar

n-i-p PeSCs exhibited higher PCEs compared with their mesoporous analogues that

incorporated the same materials, much work needs to be done to reduce their

manufacturing cost, increase their stability, and scale-up their industrial production.

3.2.2. Inverted p-i-n Structure

An inverted p-i-n perovskite solar cell has the opposite arrangement in device structure

compared to conventional n-i-p structures. For inverted p-i-n structures, the HTL
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becomes the first layer to be deposited on the surface of glass/ITO substrate. The

perovskite material is then deposited onto the HTL, followed by an ETL, such as a

fullerene derivative, e.g., PC61BM or PC71BM. The device is then completed by

depositing a back electrode, such as Al or Au (Figure 4).

The first p-i-n PeSC with a device structure of

Glass/ITO/PEDOT:PSS/MAPbI3/C60/bathocuproine/Al was reported by Jeng et al.,

with a PCE of 3.9% achieved in 2013.[76] The efficiency of the planar p-i-n device has

been significantly improved upon through the use of more advanced materials and

preparation methods, such as a multistep solution coating process[77]. A solution-

processed mixed-halide MAPbI3−xClx active layer in a planar p-i-n device was

demonstrated by Docampo et al. and a PCE of 9.8% was realized in 2013.[78] To date,

p-i-n structures have demonstrated similar record efficiencies as other structures, with

PCEs approaching 20%. A recent review provides a comprehensive overview of

advances in p-i-n structure.[64,79]

4. Applications of Inkjet Printing in OSC Fabrication

There are a number of film-forming techniques for SC fabrication, including

casting,[11] spin-coating,[80] doctor blading,[81] screen printing,[82] flexographic

printing,[83] gravure printing,[84–87] reverse gravure coating,[88] spray-coating,[89,90] and

IJP.[91,92] Among these methods, only the printing methods enable the ability to

transfer a layer of ink to a substrate according to a motif, thus allowing 2-dimensional

freedom-of-design. Coating methods are limited in patterning and require a flow-mask

or a shadow mask to achieve some patterning. Slot-die and reverse gravure coating

only allow stripe shapes to be coated in the flow direction of the ink, whereas a

shadow mask used in spray-coating can allow 2-dimensional design, but with

extremely low-resolution and high material wastage. Alternatively, these methods
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require post-patterning with subtractive techniques such as laser scribing, which adds

to processing complexity and limits throughput. Printing methods involve a carrier (a

printing plate) with a positive or negative image of the motif that is reproduced upon

contact with the substrate and the printing plate. In flexographic or gravure printing,

these images are made on printing plates made of stainless steel coated with

chromium, thus limiting the freedom to change the design, due to increased cost and

time requirements. Screen printing involves the use of a screen made of thread or steel

mesh which carries the print image and is suitable for pastes or highly viscous inks.

IJP techniques combine the merits of both printing and coating technologies. Like

coating techniques, no physical contact between the print head and the substrate is

needed in IJP; and like printing techniques, 2-dimensional designs can be achieved

with IJP. Additionally, the printing motif is present in a digital form, permitting

unmatched freedom-of-design and accessibility. Above all, IJP allows extremely high-

resolution printing with 5000 DPI possible. Also, some industrial inkjet printers with

the ability to choose different solvents and nozzles to increase resolution have already

been commercialized, benefiting functional materials manufacturing in industry.[92] IJP

is gradually being applied to fabricating solar cells and has the potential to be a

powerful method for large-area manufacture.

4.1. Inkjet Printing of Single Layers in Organic Solar Cells

4.1.1. Front Electrode

ITO is the most commonly used TCE for the front electrode in organic solar cells.[93]

However, ITO incurs large materials and processing cost, and its brittle nature limits

processing, handling, and application in flexible products.[94] The relatively low

conductivity of ITO on flexible substrates (60 Ω/sq) also creates a great demand for an 
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alternative TCE, as high resistance leads to large power losses in large area

modules.[95] In this regard, the replacement for the ITO electrode has been investigated

extensively.[96,97] Composite electrodes comprising Ag grids superimposed by

PEDOT:PSS is a robust substitute for ITO. Silver grid/PEDOT:PSS is flexible, highly

conductive and semi-transparent, and fulfils the requirements for a front electrode in

OSCs. Moreover, a sliver grid can also be fabricated under ambient conditions via a

variety of printing methods, including IJP. PEDOT:PSS usually has a high sheet

resistance above 100 Ω/sq. While in laboratory cells with a small area this may be a 

feasible replacement of ITO, increasing the cell dimensions leads to a proportional

decrease in solar cell performance due to power losses (Ploss ≈ RsI2). Such power losses

also occur in ITO, which limits the scaling of cell area in modules.[98]

A Ag grid used in conjunction with the conductive polymer PEDOT:PSS[99–102] results

in high-conductivity thin film with a sheet resistance below 1 Ω/sq. Thus, devices can 

be scaled from laboratory-scale cells to modules that are hundreds of meters long with

no loss in performance.[3,98] The design of the grid has to be tuned, however, to enable

maximum conductivity and minimum shadow loss. Additionally, the roughness and

spikes in the grid lines can create shunt paths in thin films of the OSCs as the opposite

electrodes are separated by a photoactive layer that is only between 200–400 nm.

Therefore, grid design and processing has to be carefully optimized.

Galagan et al. employed a simple numerical model to optimize grid design for solar

cell performance by taking into account shadow losses from the Ag grid, the series

resistance of the grid, and the resistive loss of PEDOT:PSS.[103,104] With this model,

lithographically fabricated Mo/Ag/Mo grids and inkjet printed grids were assessed.

Both methods led to similar efficiencies, albeit with different optimized design

conditions. IJP fingers with a grid width of 325 µm were found to be optimal for a
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pitch width (the horizontal distance between two grid lines) of 2.5–3.3 cm, giving a

uniform distribution of electric potential while optimising the trade-off between

shadowing losses and Ohmic losses. Above this pitch width, shadow losses dominated

and the device efficiency rapidly declined. At the optimized value, an efficiency of

1.5% for a P3HT:PCBM based cell with a 4 cm2 active area was achieved. The device

employed PEDOT:PSS with a thickness of 100 nm and a conductivity of 200 S/cm

(500 Ω/sq).  

Subsequently, Neophytou et al.[105] investigated the effect of varying the conductivity

of PEDOT:PSS on inkjet printed Ag grids on the overall device performance of ITO-

free OSCs (Glass/Ag-grids(IJP)/PEDOT:PSS/P3HT:PCBM/Al). Two different

PEDOT:PSS materials with conductivities of 0.002 S/cm and 10 S/cm were used with

an inkjet printed Ag grid, which featured a line width of 40 µm and a pitch size (of

700 µm. The higher conductivity PEDOT:PSS enabled a PCE of 1.96% with Voc=510

mV, Jsc=10.35 mA/cm2, and FF=36.8% under 1 sun AM1.5G illumination. This was a

30% gain in PCE over the lower conductivity PEDOT:PSS, thus demonstrating that

PEDOT:PSS not only acts as a HTL, but also functions as a conductivity enhancer for

the Ag grid. Therefore, the PEDOT:PSS/Ag grid acted as a composite electrode. In a

subsequent study, Huang et al. achieved an even higher PCE of 2.86% on a device

with an area that was 3 times larger than that used by Neophytou and another

group.[106] This efficiency is very close to that achieved with similar devices

incorporating ITO electrodes (PCE = 3.04%). Nonetheless, these devices had areas

less than 0.3 cm2 and served as proof-of-concept optimization.

Huang et al. achieved an average PCE of 2.34% with ITO-free OSCs (Glass/Ag-grids

(IJP)/PEDOT:PSS/P3HT:PCBM/Ca-Al) with large electrode areas of 8 cm2.[106] In

their study, ITO-free OSCs with different areas were first fabricated by replacing the
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ITO with highly conductive PEDOT:PSS (PH 1000). Initial results indicated that the

PCE of the ITO-free devices was dramatically reduced from 1.93% to 0.17% with

device areas increasing from 0.3 cm2 to 4 cm2 owing to the large sheet resistance of

PEDOT:PSS. Therefore, the PEDOT:PSS (PH 1000) layer was reinforced with inkjet

printed Ag-grids. With an optimized pitch width of 2 mm, the performance of the ITO-

free cells with a device area of 4 cm2 increased to 2.47%. Huang et al. further probed

the impact of scaling up by comparing ITO-based and Ag-grid/PH1000-based devices

across a range of device areas (0.3 cm2, 4 cm2 and 8 cm2). The results illustrated that

both the ITO-based and the Ag-grid-based devices gave similar PCEs of ca 3% in

small area (0.8 cm2) devices. On scaling up from 0.8 cm2 to 8 cm2 area, however, the

PCE in ITO-based devices declined by ca. 35% (3.04 to 1.97%), whereas the decline

was only 20% in the Ag-grid based devices (2.86 to 2.34%).

Yu et al. compared three different R2R methods for the printing of Ag grids in an all-

R2R-processed OSC. IJP, flexographic printing, and thermal imprinting were

compared by fabricating large area (6 cm2) R2R-produced ITO-free OSCs on flexible

PET substrates in a typical inverted structure: PET/Ag-

Grid(IJP)/PEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag-Grid[83] (Figure 5).

Thermal imprinting and filling with Ag nanoparticles led to the most ideal structure, as

the method offered excellent control over the line width (which is predefined during

imprinting) and topology (because Ag lines are embedded in the substrate), leading to

high transmittance, a low sheet resistance of 10 Ω/sq, and a uniform topology with 

spikes of less than 20 nm. In comparison, IJP grids had an irregular structure in the

grid lines and some misfired ink droplets, resulting in a sheet resistance of 60 Ω/sq and 

spikes in topology of 50 nm. Flexographic printing of a Ag grid gave a similar

resolution to IJP and was the fastest printing technique, allowing a web-speed of 25
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m/min. Nevertheless, it can be argued IJP was the best technique for the R2R

production of Ag-grid TCE front electrode. In comparison with the thermal imprinting

process, which involved two discrete processing steps with a very slow speed of 0.48

m/min, IJP was carried out at four times faster speed of 2 m/min. While flexographic

printing leads to the fastest deposition speed of 25 m/min, the topology of the Ag grid

was irregular, with spikes exceeding 1 µm, leading to shunts in the solar cells as the

opposite electrodes were separated by the photoactive layer with a maximum thickness

in the range 200–500 nm. The spikes were a consequence of flexographic printing

being a contact-based printing method.[12] In contrast, the spikes in IJP were 50 nm in

height – a positive consequence of the contact-less nature of IJP. The high sheet

resistance of the IJP Ag grids was a consequence of unoptimized sintering and was

improved upon in a subsequent report by the same group.[4] Table 4 presents the

comparison made by Yu et al. of the three techniques for printing Ag grids on a semi-

industrial scale.

Sintering/drying processes are as important as the IJP process itself. The sintering

process always follows the printing of Ag-grids or other metals during TCE

fabrication. Often a sintering temperature of 200 oC is reported.[106,107] However, such

a temperature exceeds the thermal tolerance of plastic substrates like PET (140 °C).

An alternative approach to overcome this limitation is photonic sintering as

demonstrated by Angmo et al. and Galagan et al., which is also compatible with large-

scale manufacturing.[4,108] Angmo et al. applied photonic sintering to flash sinter R2R-

IJP Ag grids on PET.[4] 16 serially connected OSC modules were fabricated with the

device structure of PET/Ag-

grids(IJP)/PEDOT:PSS/ZnO/P3HT:PCBM/PEDOT:PSS/Ag. By varying the degree of

photonic sintering by controlling the number of flashes (0, 1, 2 or 4), the sheet
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resistance of the Ag grid was halved from 20 Ω/sq with no flashes to 9–12 Ω/sq with 4 

flashes. The IV curves indicated slightly enhanced performance from a PCE of 1.5 %,

Voc=8.1V, Jsc=5.3mA/cm2, FF=50% to a PCE of 1.7%, Voc=8.2V, Jsc=5.7mA/cm2,

FF=51%, when comparing devices that had Ag grids that were exposed to 4 flashes to

those that did not undergo flash sintering. Although the improvement in PCE was

marginal, the photonic sintering process led to a significant improvement in the

adhesion of the Ag grid to the PET substrate. In summary, studies on laboratory- and

large-scale semi-industrial processes demonstrate that a fully IJP Ag-grid combined

with a conductive polymer is a feasible alternative for ITO-free optoelectronic

applications in general, and for OSCs in particular. Process optimization is key to

enabling highly conductive and topologically uniform print lines.

4.1.2. Hole Transporting Layer (HTL)

Water-based PEDOT:PSS from Sigma-Aldrich is a common HTL used in typical

structures of OSCs and OLEDs, and as an antistatic coating. Soltman et al. published

an acclaimed paper on the IJP of PEDOT:PSS that detailed the impact of three key

printing variables; substrate temperature, drop spacing, and drop frequency.[33] This

publication remains one of the guiding tools for IJP in general. PEDOT:PSS was

printed on PVP dielectric coated glass, and had a contact angle of 82.7° and an RMS

roughness of 3.34 Å.[33] Firstly, they demonstrated there is a critical drop spacing

(distance between adjacent drops) to give a uniform printed line. Having a drop

spacing lower than the critical spacing can lead to disconnected individual drops or

scalloped lines, while drop spacing higher than the critical spacing leads to bulging or

even stacked coins. Stacked coins also result if the evaporation time for the single

drops is less than the drop jetting period, such that the landing drop is nearly dried

before the next drop lands. Hence, they outlined that the ideal line avoids bulging by
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slowing down the drop frequency until the advancing contact angle is never exceeded,

but is not so slow that drops dry within the period of one or two drops landing,

avoiding stacked coins. It has a low enough drop spacing to avoid scalloping, and the

delay is not so slow that the dropping frequency is comparable to the time it takes for

the orifice to form a skin, thereby avoiding unpredictable drop trajectories (Figure 6).

Additionally, Soltmann et al. demonstrated control over the coffee-ring effect in the

printed droplets by controlling the deposition temperature (Figure 6).

Subsequently, inkjet-printed PEDOT:PSS as a HTL in OSCs was reported. Eom et al.

explored the roles of additives in the printing of PEDOT:PSS and the influence on

OSCs with a device structure of Glass/ITO/PEDOT:PSS (IJP)/P3HT:PCBM/Li-Al.[109]

In their study, the printed PEDOT:PSS inks were dispersed in a mixed solvent system

with different ratios of glycerol and ethylene glycol butyl ether (EGBE). Among all

the tested ratios, a PEDOT:PSS ink with 6 wt% of glycerol and 0.2 wt% EGBE

exhibited the best uniform film thickness and density, generating a promising

performance of PCE 3.16%, Voc= 0.595 V, Jsc= 9.593 mA/cm2, FF= 55.28%. This is

attributed to the 0.2 wt% EGBE in the dispersion being able to minimize the

interfacial tension between PEDOT:PSS and glycerol. Printing ink droplets with a

smaller size was easily achieved, which generated a uniform PEDOT:PSS film. Later,

the drop spacing and substrate temperature were also found to have an important effect

on the PEDOT:PSS layer. To illustrate this, OSCs with a typical structure of

Glass/ITO/PEDOT:PSS(IJP)/P3HT:PCBM/Ca-Al were fabricated by Steirer et al.[110]

In their experiments, a drop spacing of 25 μm and the lowest temperature of 28 °C 

enabled the best uniformity of a PEDOT:PSS film, and resulted in a PCE of 3.31%.

Moreover, the subsequent annealing process also contributed to optimizing the

performance of an inkjet-printed PEDOT:PSS film, as demonstrated by Xiong et al. in
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2012.[111] Both thermal and solvent annealing processes were investigated in this

study. Thermal annealing was found to be relatively ineffective in improving the

conductivity and transparency of the films in comparison to solvent annealing.

Combining solvent annealing and thermal annealing resulted in a further increase in

conductivity of the PEDOT:PSS thin film.

Unlike Ag-grids, which require the 2-dimensional freedom of design offered by IJP to

form high-resolution patterns, PEDOT:PSS in OSCs are usually present as uniform

thin-films, rendering alternative techniques, such as spin-coating on a laboratory scale

and numerous fast and facile printing methods such as slot-die coating,[11,88] the

preferred deposition techniques for that material on a larger scale. Conversely, IJP

offers the freedom to directly pattern irregular shapes on large-scale modules, without

the need for post-deposition subtractive processes that may be required for equivalent

shapes deposited via screen printing and slot-die coating. Thus, research to date has

shown the IJP of PEDOT:PSS is feasible for all module geometries and permits the

fabrication of aesthetically pleasing 2D solar cells designs with fine features.[112]

4.1.3. Photoactive Layer

Early research into the inkjet printing of P3HT:PCBM as a photoactive layer was

published by Hoth et al. in 2007,[91] who employed a device structure of

Glass/ITO/PEDOT:PSS/P3HT:PCBM(IJP)/Ca-Ag. The solvent used for IJP

P3HT:PCBM was found to have a profound impact on the morphological and

interfacial properties of the film. A high boiling point solvent was found to be

essential to give a polymer blend that could be deposited via IJP. 1,2-Dichlorobenzene

(o-DCB) (b.p. 180 °C) and tetralene (BP 207 °C) were first compared. The o-DCB-

based ink led to inhomogeneous film formation with high thickness variation in the
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micrometer scale range, as well as de-wetting of the film. This was attributed to the

high surface tension of o-DCB (37 dynes/cm). Alternatively, tetralene has a lower

surface tension (34.9 dynes/cm), which can lead to uniform printing. However, the

surface of the printed film was rough (RMS roughness 21 nm) and large phase

separation between P3HT and PCBM was observed. This was attributed to the slow

drying of the tetralene-based ink, as tetralene has a significantly lower vapor pressure

(0.18 mm Hg) compared to o-DCB (1.20 mm Hg). A mixed solvent formulation

comprising 68 vol% high boiling point o-DCB and 32 vol% low boiling point

mesitylene (165 °C) led to the best film, with an RMS of 2.6 nm and a uniformly

intermixed phase in the final film. Thus, a high-quality IJP photoactive layer could be

deposited and the resulting device showed a PCE of 2.9%, similar to ITO-based

devices (Figure 7).[91] This significant study demonstrated that while o-DCB - the most

common solvent for most OSCs polymer blend inks – enabled intimate mixing

between the polymer and PCBM in solution, it also imposes limitations on the

spreading and wetting of the ink on the substrate. Additionally, its high vapor pressure

allows a significant time for drying of the ink leading to coffee-ring inducing film non-

uniformity. The incorporation of a second low-boiling point and lower vapor pressure

solvent, such as mesitylene (1.80 mm Hg), enabled the deposition of a uniform thin

film. Upon deposition, mesitylene vaporizes fast, increasing the concentration and the

viscosity of the deposited drying film and in turn, reducing material migration to the

film edges, consequently inhibiting coffee-ring formation.

Hoth et al. also reported how to improve the morphological properties of an inkjet-

printed film by modifying the film formation and drying conditions.[113] The

combination of regioregular (RR)-96%-P3HT with a solvent mixture of o-DCB/MT

was used to control the drying and film formation. A suitable gelation time was
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determined using the same device structure they subsequently used in 2016 to achieve

an enhanced PCE of 3.5%.

The effects of varying the viscosity and surface wetting of inks on photoactive thin

film morphology was investigated by Aernouts et al.,[92] who used different ratios of

P3HT:PCBM in a 1:1 tetralene:CB (v/v) solution to control the inks’ viscosity and

surface tension. These mixtures were inkjet printed in the device structure

Glass/ITO/PEDOT:PSS/P3HT:PCBM(IJP)/Al, with careful optimisation of the inks’

properties giving a smooth P3HT:PCBM layer with minimal surface roughness. A

continuous, pinhole-free, smooth film was incorporated into a device that had a PCE

of 1.4% under simulated 1 sun AM1.5 illumination.

The impact of the regioregularity of P3HT on the performance of bulk heterojunction

solar cells with an IJP P3HT:PCBM layer was discussed by Hoth et al. in 2009.[114] A

similar device architecture of Glass/ITO/PEDOT:PSS/P3HT:PCBM(IJP)/Ca-Ag was

used. The results revealed that RR (98%)-P3HT was not suitable for IJP at room

temperature, while RR (96%)-P3HT:PCBM dissolved in a mixed solution of o-

DCB/MT could be well inkjet printed under the same conditions. The best

performance for the devices was 3.5% PCE, Voc= 0.54 V, Jsc= 10.1 mA/cm2, and FF=

64%.

Different solvent mixtures suitable for IJP were subsequently demonstrated. Lange et

al. prepared a P3HT:PCBM ink in a 55:45 (wt/wt) CB:TCB (TCB = trichlorobenzene)

solvent mixture, with a 0.30 wt% concentration of P3HT in a 1:1 (wt/wt)

P3HT:PCBM ratio.[115] When this solution was inkjet printed on passive layers in a

device structure of Glass/ITO/passive layer/P3HT:PCBM/Al where the passive layer

comprised PEDOT:PSS mixed with 25wt% isopropanol and 25wt% ethylene glycol, a

PCE of 1.5% was achieved from the devices.
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In later studies, IJP was applied to the high efficiency donor polymers and acceptors

that started to become more readily available. PCPDTBT and PSBTBT have been

widely used as donor materials in bulk heterojunction solar cells, while mono-PCBM

and the higher substituted fullerene derivative bis-PCBM have been frequently

adopted as acceptor materials due to their high electron affinity. Mixed active

materials comprising the two polymers (PCPDTBT and PSBTBT) and two fullerene

derivatives (mono-PCBM and bis-PCBM) were designed and investigated by Teichler

et al. by varying the blend ratios, concentrations, and solvent mixtures.[116] The device

structure was Glass/ITO/PEDOT:PSS/Active layer(IJP)/LiF-Al, with maximum PCEs

of 0.64% and 1.48% obtained for the 1:2 PSBTBT:mono-PCBM (190 nm) and 1:3.4

PCPDTBT:mono-PCBM (169nm) systems, respectively.

Subsequent work on the IJP of the photoactive layer using different solvent systems

was explored in the normal device structure

Glass/ITO/PEDOT:PSS(IJP)/P3HT:PCBM(IJP)/LiF-Al. Eom et al. deposited both

PEDOT:PSS and P3HT:PCBM with the IJP method.[117] To optimize the solvent

systems used for the IJP of the photoactive materials, the high boiling point additives

1,8-octanedithiol (ODT) (b.p. = 269 oC), o-DCB (179 oC), and chloronaphthalene (Cl-

naph) (b.p. = 259°C) were mixed with chlorobenzene (b.p. = 132 oC) in different

volume ratios. The PEDOT:PSS was mixed with glycerol and EGBE. Ultimately, the

OSC made from the photoactive ink of P3HT:PCBM in a solution containing CB with

5 vol% ODT additive exhibited the best performance with PCE = 3.7%, Voc= 0.628 V,

Jsc= 10.68 mA/cm2, FF= 55.27%. Such a good result was attributed to the higher level

of P3HT crystallinity and distinct nano-scaled phase separation morphology resulting

from the use of 5 vol% ODT additive.
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The prospect of using IJP also creates the potential to revolutionize the transition to

commercial scale manufacturing by requiring equipment with lower capital costs than

vacuum-based deposition methods. Air-processed OSCs were first fabricated and

measured by Jung et al. in 2014.[118] A series of device structures fabricated by

different deposition techniques were used to optimize the OSC performance. The

highest PCE of 4.85% was achieved by IJP a P3HT:PC70BM active layer with a

tailored ternary solvent comprising chorobenzene:mesitylene:chloroform. This

performance was comparable to devices fabricated using spin-coating. The typical

device structure of this OSC was Glass/ITO/PEDOT:PSS (IJP)/P3HT:PC70BM

(IJP)/Al.

With the increasing application of IJP to OSCs and other organic-based optoelectronic

products, it is critical to consider how film morphology is affected by various printing

parameters. Haldar at al. printed P3HT:PCBM in different printing modes; single layer

and multilayer arrays, as shown in Figure 8.[119] In a single layer array printing

proceeds in a linear fashion in a raster-scan-like mode. In multilayer arrays printing

proceeds in a matrix of “building blocks”, where a base matrix is deposited in the first

run, and subsequent runs deposit the same matrix at a certain offset distance from the

previous deposited matrix, until the film uniformly covers the target surface (Figure

8). Tekin et al. reported that a multilayer array printing mode that used a mixture of a

high boiling point solvent (acetophenone) and a low-boiling point solvent (isopropyl

acetate) allowed for the formation of a highly homogenous film of polystryrene.[16]

This ink system was used as a model ink for studying the impact of printing mode

(Figure 8). However, Halder et al. found that the use of a multilayer printing mode to

deposit a P3HT:PCBM system with a previously deployed o-DCB-mesitylene solvent

mixture led to highly inhomogenous films with a pronounced coffee-ring effect and
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resulted in short-circuits in the devices. Even increasing the concentration of the solute

from 1.25 to 10.0 g/L did not improve device performance. The author did not identify

that this could be due to the use of high RR P3HT:PCBM (98%), which was already

shown to be incompatible with o-DCB: mesitylene mixture reported Hoth et. al.[114]

Optical images revealed a “stacked coin” structure, which must have resulted from

long delays occurring in depositing adjacent drops in multiple array mode, such that

the already deposited drops had dried at the edges, inhibiting drops merging upon

completion of printing. On the other hand, single-array mode using CB as a solvent

with a solute concentration of 10 g/L led to more uniform films and a device

performance of 1.26 %. However, coffee-ring lines were still observed. Thus, unlike

Tekin’s IJP of a polystyrene model system where multiarray mode led to an extremely

homogenous film, the deposition of high a concentration P3HT:PCBM ink using a

single array mode was found to give better films, highlighting the complexities of

printing blend materials compared to single polymer systems (Figure 8).

Ideally, the use of hazardous and chlorinated solvents should be avoided if IJP is to be

implemented on a commercial scale. However, this effort is complicated by the fact

that the use of chlorinated solvents is often necessary to give the highest efficiency

devices. This is demonstrated in a study by Lange et al. in 2013,[120] where the use of

chlorinated and non-chlorinated solvents was contrasted during the fabrication of a

series of OSCs using a device structure of

Glass/ITO/PEDOT:PSS/PFDTBTP:PCBM(IJP)/LiF-Al The chlorine-free solvent

system based on anisole and tetralin delivered efficiencies of 2.7%, in comparison to

the PCE 3.5% that was achieved when the active layers were printed from chlorinated

solvents. However, PFDTBTP and other polymers with similar structures were proven
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to be good candidates for the industrial-scale manufacturing of OSCs, as the use of

hazardous chlorinated solvents were not needed to achieve acceptable performances.

Non-halogenated solvent systems were further explored by Eggenhuisen et al.[121]

They used IJP of four consecutive layers; PEDOT:PSS as part of the front electrode,

ZnO nanoparticles as the ETL, P3HT:PCBM as the photo-active layer, and another

layer of PEDOT:PSS as the HTL – all deposited from non-halogenated solvents. The

ZnO nanoparticles were dispersed in a veratrole:o-xylene mixture, while the

P3HT:PCBM ink was prepared in a mixture of o-xylene:indan:tetraline (1:1:1 v/v/v).

The printed PEDOT:PSS, combined with the ZnO layer superimposed on lithographic

printed Mo/Al/Mo grids, showed no performance loss as compared to a device

incorporating ITO with a spin-coated ZnO layer. Furthermore, only minor

performance losses occurred with IJP of the photo-active layer using a non-

halogenated solvents mixture when compared to P3HT:PCBM thin film spin coated

from CB. Solar cells with an active area of 1 cm2 and maximum power point of 2.0

mW/cm2, as well as a large area module with a 92 cm2 active area with an efficiency

of 0.98%, were fabricated with four and three inkje-printed layers, respectively. The

IV characteristics of the module were partially explained by modelled resistive losses

in the front and back electrode. Eggenhuisen’s work showed that IJP can be used for

the deposition of multiple active layers within the OSC stack and that the use of non-

halogenated solvents is feasible, without significant performance losses.

4.1.4. Back Electrode

The back electrode is the last deposited layer required to complete the device.

Especially for small laboratory-scale devices, back electrodes are almost exclusively

processed by evaporation, except for a few instances in which screen printing has been

used.[95,122] However, vacuum-based methods such as evaporation represent a hurdle
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for commercialization in the upscaling process, as they are throughput limiting steps in

an otherwise fast R2R production line. Screen printing, on the other hand, uses a

commercially-available screen-printable Ag paste that comprises Ag flakes in a carrier

solvent. While screen printing can be fast, the solvent from this ink is reported to

cause damage to the underlying layers.[33,123] This is often circumvented by increasing

the thickness of the underlying layer immediately below the back electrode and using

a UV curable Ag paste. These materials can minimise the problem, but is seldom

eliminate it completely.[124] Additionally, screen printed Ag flakes are used in 5 µm

thick layers, incurring large material wastage.

IJP represents an alternative vacuum-free processing method that can significantly

improve upon the processing speed of evaporation, and also avoids the challenges

faced with screen printing. The first usage of an IJP Ag ink as a back electrode

followed by a baking process was demonstrated by Eom et al. in 2008.[125] The OSC

was fabricated in a normal architecture with a configuration of

Glass/ITO/PEDOT:PSS/P3HT:PCBM/ZnO/Ag(IJP). It was found that the ZnO film

acted as a buffer layer between the hydrophobic P3HT:PCBM layer and the

hydrophilic Ag cathode. The efficiency of this device improved with the ZnO

annealing temperature increasing from 130 °C (0.150%) to 150 °C (0.209%).

Nevertheless, the devices still shorted, likely the result of cracking in the ZnO film

leading to the Ag electrode diffusing into the device, as found in several studies where

ZnO is processed on top of the active layer.[13,96]

Franker et al. reported a similar endeavour, with an all-solution processed OSC with a

conventional device structure of Glass/ITO/PEDOT:PSS/P3HT:PCBM/PFN(or

ZnO)/Ag(IJP).[13] In their study, Franeker et al. demonstrated the difference between

two ETLs, ZnO and PFN. The ZnO ETL led to crack formation in the Ag layer during
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the drying and sintering process, due to the stress imposed by solvent evaporation and

the difference in the coefficients of thermal expansion of the two layers. Crack

formation was avoided by substituting ZnO with PFN, giving the best performance of

1.8 mW/cm2, which was nevertheless lower than with an evaporated electrode.

Subsequently, ITO was replaced with a composite electrode (Ag-grid and HC-

PEDOT:PSS) and a higher device performance was achieved, with the best all-

solution processed devices reaching a PCE of 1.94%. By replacing ZnO with PFN,

normal OSCs with inkjet printed back electrodes gave a PCE of 1.81%, which was

nonetheless lower compared to a evaporated back electrode (2.97%) on a laboratory-

scale device with an area of 0.09 cm2.

The application of IJP to a Ag electrode in an inverted device structure was reported

by Angmo et al.[123] Inkjet printed Ag back electrodes were compared with screen

printed and evaporated analogues in large-area 1 cm2 OSCs with the structure

Glass/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag(IJP) (Figure 9). With an 800 nm thick

PEDOT:PSS (Orgacon ELP-5015, Agfa) layer, IJP of back electrodes resulted in a

similar device performance to those containing evaporated back electrodes. Laser

beam induced current (LBIC) imaging revealed no solvent diffusion into the device,

unlike in screen-printed back electrode cells where solvents from the ink have

penetrated into the device, damaging the active layer. Different printing patterns (full

layer and grid) were further investigated and revealed that the use of full-layer back

electrodes results in a 25% increase in PCE compared to grid patterns. However, a

full-layer back electrode requires a greater consumption of printing materials and

becomes non-transparent. Galagan et al. extended this work by exploring different

types of PEDOT:PSS and their thicknesses over a large series of devices, with the

back electrodes made by either IJP Ag grids or screen-printing a UV curable Ag
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paste.[126] Devices with the same structure of

Glass/ITO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag(IJP) were fabricated. With both inkjet-

printed full area and grid electrodes with PEDOT:PSS (Orgacon ELP-5015, Agfa) as

used by Angmo et al., the reproducibility of the device performance with different

PEDOT:PSS thicknesses decreased with decreasing PEDOT:PSS layer thickness from

1200 to 200 nm. This is primarily due to a large number of defects (holes and

pinholes) present in the PEDOT:PSS layer with a decrease in layer thickness.

Moreover, the penetration of solvents from the Ag ink through the PEDOT:PSS layer

increased with a decrease in PEDOT:PSS layer thickness. With the use of water-based

PEDOT:PSS (S305), a 40 nm PEDOT:PSS film could be deposited onto an inkjet-

printed Ag grid, giving efficient semi-transparent solar cells with PCEs similar to

those observed in devices incorporating a 1200 nm thick ELP 5015 PEDOT:PSS layer.

Research on IJP Ag nanowires (NWs) as a top electrode for OSCs with a typical

device structure of Glass/ITO/ZnO/P3HT:PC61BM/PEDOT:PSS/MoO3/Ag NW (IJP)

was reported by Lu et al.[127] The best performance based on this OSC was achieved

when the top electrode was fabricated by 7 consecutive printing runs, resulting in a

PCE = 2.71%, Voc= 0.60 V, Jsc= 8.44 mA/cm2, FF= 54%. Indeed, both FF and JSC

were found to increase with an increase in printing runs (3, 5 and 7), which could be

partially attributed to the improved conductivity of the Ag NW network. Furthermore,

the solvent effect on the top of anode buffer layer during the printing of the Ag NW

was found to be the main reason for the decrease of device performance, as the solvent

effect can decrease the charge carrier injection selectivity and lead to an increased

charge recombination rate at the anode buffer layer/Ag NW interface.

The use of Ag NW networks as both the top and bottom electrodes permits the

fabrication of semi-transparent OSCs. These electrodes were explored by Maisch et
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al.,[128] who reported devices with a Glass/Ag

NW(IJP)/ZnO/PV2000:PCBM/PEDOT:PSS/Ag NW(IJP) structure. An alcohol-based

Ag NW ink formulation with a high boiling point component was used, with the

printed Ag NW having an average length of 10’s of mm without any pretreatment. A

PCE of 4.3% for 1cm2 devices was achieved with Voc= 0.76 V, Jsc= 10.7 mA/cm2, FF=

52.8%. This remains the highest reported efficiency for OSCs with inkjet-printed Ag

NW for both front and back electrodes. In this study, a non-aqueous ink helped

prevent nozzle blockage and also allowed printing on water sensitive substrates,

demonstrating its potential application to PEDOT:PSS and perovskites active layers.

4.2. All Functional Layers

While many studies have used IJP for the deposition of one or more layers as

discussed in the previous sections, IJP is potentially suitable for complete OSCs

fabrication. Jung et al. demonstrated the fabrication of all-inkjet-printed, all-air-

processed OSCs with the structure PEDOT:PSS/ PCDTBT:PC70BM/ZnO/Ag, where

PCDTBT is a lower band-gap, higher efficiency polymer than P3HT.[118] Firstly, OSCs

with the structure PEDOT:PSS/PCDTBT:PCBM/Al were fabricated by tailoring the

solvent of the active blend to achieve optimum printability and morphology. A solvent

composition comprising CB:MT:CF (5:4:1 v/v/v) gave a device with 5% efficiency.

To replace aluminium with an inkjet printed Ag electrode enabling all-inkjet printed

devices under ambient conditions, ETL ZnO was inkjet printed below the Ag layer.

With ZnO NPs, an average PCE of 2% was achieved.

Eggenhuisen et al. extended Jung’s work from a laboratory study to an industrially-

compatible demonstration of all-inkjet-printed devices.[112,129] They highlighted

limitations in Jung’s approach, including the use of high resistance PEDOT:PSS as a

front electrode, which is not feasible for large-area devices, and the use of chlorinated
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solvent mixtures. Eggenhuisen et al. increased the PCE for all-inkjet-printed large area

devices by printing lower resistance electrodes, and also printed all the layers from

non-chlorinated solvents. Furthermore, they also utilized multiple-nozzle industrial

print-heads and demonstrated freedom of shapes and designs.

Investigations into all-inkjet printed OSCs in an inverted structure began with an

inkjet-printed front electrode of Ag/PEDOT:PSS/ZnO, which gave a performance of

2.3%, comparable to a similar cell with an ITO front electrode (2.4%). Subsequently, a

back electrode of PEDOT:PSS superimposed by Ag grids was also inkjet printed.

PEDOT:PSS (Orgacon S315) was used as it was found to prevent penetration of the

solvents from the Ag ink, and resulted in device with a PCE of comparable to an

analogues evaporated back electrodes.[123,126] The next step aimed to inkjet print a

photoactive layer using one of two active materials, P3HT:PC60BM or ActivInk®

PV2000 (Polyera corporation). Eventually, all-inkjet-printed devices comprising of the

six inkjet printed layers were fabricated in the device structure

Ag(IJP)/PEDOT:PSS(IJP)/ZnO(IJP)/photoactive layer(IJP)/PEDOT:PSS(IJP)/Ag-

layer(IJP). Here, HC-PEDOT:PSS, ZnO nanoparticles, the photo-active layer and

PEDOT were inkjet printed using only non-halogenated solvents on an industrial

printing head with 512 nozzles (360 DPI, 3.5 cm wide). Notable performances of 1.7%

and 4.1% were achieved for P3HT:PCBM and PV2000 blends, respectively.

Furthermore, in order to demonstrate the full freedom of design offered by IJP, a fully-

inkjet-printed OSC in the shape of a Christmas tree was also prepared (Figure 10).

5. Application of Inkjet Printing to Perovskite Solar Cell Fabrication

Despite rapid achievement of high efficiency, PeSCs faced several challenges which

includes improving poor stability, increasing reproducibility during fabrication

particularly during scaling manufacturing to industrial levels,[130,131] demonstrating
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fabrication under completely vacuum-free conditions, and reducing the high

production costs associated with high-cost materials such as spiro-OMeTAD.[132,133]

Strategies such as identifying alternative materials, adopting new configurations, and

finding new deposition methods have been used to overcome these obstacles. The

inherent properties of IJP which includes its efficient use of materials, highly

controlled deposition, and operation under ambient conditions makes it an attractive

tool for translating PeSC fabrication from = laboratory scale to mass production.

However, although IJP has already been widely applied in the study of OSCs,[130,134]

its application to fabricating PeSCs remain sparse.[131,134] This can be attributed to

PeSCs being a relatively nascent technology with the research to date being mainly

focused on laboratory-scale devices without further consideration for scale-up. Despite

this, as significant advancements are reported in solving materials, stability and film

formation issues in lab scale devices, interest is now turning to large-scale

processing.[135]

The first application of IJP to planar PeSC fabrication was reported by Wei et al. in

2014.[134] To fabricate metal-electrode-free PeSC, two procedures were compared.

Firstly, a mixed ink comprising carbon and CH3NH3I was inkjet printed on top of a

PbI2 layer. After heating for one hour, a planar PeSC was formed as PbI2 was

converted into the photoactive CH3NH3PbI3 layer. Secondly, a reference planar PeSC

with only an IJP carbon ink was also fabricated on top of a PbI2 layer which was

subsequently converted to perovskite by immersion into a CH3NH3I solution to obtain

the final device. In comparison to this reference device, the former approach

comprising of the mixed ink of carbon and CH3NH3I ink led to better-defined

crystallinity in the CH3NH3PbI3 thin film and an improvement of the quality of

interface. Simultaneous in-situ chemical transformation and the carbon electrode
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deposition led to the significantly improved Carbon/CH3NH3PbI3 interface. JV results

showed high performance in solar cells prepared by IJP using a mixed carbon and

CH3NH3I ink (PCE: 11.60%, Voc: 0.95 V, Jsc: 17.20 mAcm−2
, FF: 0.71). In

comparison, the reference devices showed a PCE:8.51%, Voc: 0.90 V, Jsc:15.00

mAcm−2, FF=0.63).

Li et al. [130] successfully employed IJP to fabricate a MAPbI3 perovskite film on

mesoporous TiO2. The role of the printing table temperature and ink composition were

investigated. Ink was prepared by mixing MAI and PbI2 in γ-butyrolacetone. The 

printing table temperature (25, 40, 50 and 60 oC) had a strong influence on the film

morphology. A temperature of 50 oC was found to be most suitable for forming larger

crystals with high surface coverage resulting in a PCE of 7.9%. The PCE dropped

however to 7.3% which was attributed to pin-holes and high roughness. Thus, MACl,

which has been shown to improve perovskite morphology, was added to the ink.

Precursor inks comprising (1−x):1:x (x = 0–0.9) molar ratios of PbI2, MAI and MACl,

respectively, were inkjet printed. A composition of 0.4:1:0.6 resulted in high

reproducibility along with the highest performance of PCE: 12.3%, Voc: 0.91 V,

Jsc:19.55 mAcm−2and FF: 69%. This efficiency was higher than the highest value

reported for mesoporous PeSCs prepared by a single step perovskite deposition with

spin-coating.

Hashmi et al. further reported on an all printable, ambient-processed, HTL-free

mesoporous PeSCs.[136] The device structure comprised

Glass/FTO/TiO2/ZrO2/MAPbI3/Carbon. TiO2, ZrO2 and carbon were screen printed

consecutively. Finally, the matrix was infiltrated with MAPbI3 precursor ink by IJP.

The perovskite precursor was based on a mixture of PbI2 and MAI with 5-ammonium

valeric acid iodide (5-AVAI) as an additive. 5-AVAI is reported to work as a
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templating agent improving the crystalline network and charge–carrier lifetime of

CH3NH3PbI3. Additionally, this additive enables preventing the inkjet nozzles from

clogging by slowing-down perovskite crystal growth. Highly reproducible and stable

devices were achieved with the highest PCE of 7.83% under forward bias scan and

8.74% under reverse bias scan. The devices were tested under 1 sun illumination at 35

oC without any encapsulation and were found to be exceptionally stable. After 1046

hours of continuous illumination, the devices performance dropped insignificantly

from 6.7±0.3% to 6.4±0.3%. No lead iodide formation was observed in XRD images

confirming that no degradation had occurred in the perovskite film. While no

explanation was given for the improved stability as MAPbI3 has very poor stability

against moisture, the hydrophobicitity of carbon coupled with MAPbI3 being

embedded in the carbon scaffold would have contributed to the stability. In a

subsequent study, Hashimi et al. further studied long-term stability of these devices

under constant 1.5 sun ultraviolet light (UV) exposure with the use of an epoxy which

was directly applied on top of the carbon layer.[137] UV is a strong degradation agent in

DSSCs and OPVs which lead to chain scission in the organic materials. Devices were

kept under open circuit conditions with 45% relative humidity and a temperature of 40

oC. The sealed devices displayed no degradation even after 1002 hours of constant UV

aging.

The structural and PV properties of perovskites can also be tuned by varying the

composition of the cations in the photoactive layer. Using a desktop multi-channel IJP

technique, Monojit Bag et al. creatively tuned the composition of the perovskite layer

for optimal performance and stability by in situ mixing of cations (MA and FA) from

separate ink cartridges using RGB color codes of the multichannel inkjet printer.[131]

Devices in the p-i-n structure were fabricated. The ratio of optimal MA:FA ratio was
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2:1 which gave the highest PCE for this study of 11.1% (Voc: 0.87 V, Jsc : 18.77

mAcm−2, FF: 0.68; Figure 11).

Furthermore, Mathies et al. employed a multipass inkjet printed for fabrication of PeSCs in

the n-i-p structure with MAPbI3-based active layers [138] The precursor ink consisted of 0.7 M

MAPbI3 (MAI: PbI2 in 1:1 ratio) in a mixture of gammabutyrolactone (GBL) and dimethyl

sulfoxide (DMSO). GBL serves as a high boiling point solvent whereas DMSO positively

affects crystallization by forming adduct with PbI2. The inkjet printed devices were compared

with spin-coated devices. The spin-coated device employed an anti-solvent quenching step

during spin-coating with the use of toluene to enable pinhole-free perovskite layer. Since this

quenching step could not be adapted to IJP, a vacuum-annealing step after the deposition of

precursor ink was found essential. The number of printing passes (sublayers) and drop

spacing were investigated. Three sublayers and a drop spacing of 45 µm led to a PCE of

11.3 %. In comparison, spin-coated devices led to a PCE of 12.8 % under the same

environmental condition (22oC, 45% relative humidity).

6 Challenges and Outlook

Inkjet printing, traditionally used in the graphics and publishing industries, has proven

to be an effective manufacturing technique for printed electronics in general and

solution-based printable solar cells in particular. In OSCs, IJP has been explored

widely in both laboratory settings and in semi-industrial production. These reports

suggest IJP could be a viable large-scale manufacturing technique for printing of just

one functional layer to up to several functional layers of a solar cell. The feasibility of

IJP for printing of one or more layers depends on the end goal of the product. The

complete fabrication of a device via IJP is perhaps more attractive in other electronic

applications such as organic sensors, organic transistors, etc., where device area is
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small and the need for fine patterning is more restrictive than in solar cells. In fact, IJP

is already deployed in the fabrication of next generation OLED production by

companies such as Kateeva and LG. Nonetheless, complete solar cell fabrication with

IJP may equally be applicable for niche applications in solar cells such as aesthetically

pleasing and artistic solar cells or for the printing of small area solar cells for low-

power based applications such as the internet-of-things.

While IJP of all layers in OSCs have been demonstrated, its greatest potential lies in

over other printing methods lies in the vacuum-free deposition of both front and back

electrodes in the form of metal grids/ITO is an expensive front electrode material and

its brittle nature not only restricts flexibility in the final product but causes severe

limitations in the production and handling of flexible substrates in R2R production.

The inkjet printed metal grids offer excellent flexibility and are more cost-effective as

less material is consumed in their production compared to a continuous thin film of

ITO. Additionally, IJP enables high resolution printing and control over detrimental

topological features, particularly spikes, owing to its non-contact method of printing.

Such spikes are likely to be prevalent in other forms of contact-based printing such as

screen printing, gravure, or flexographic printing. Spikes cause electrical shorts in

solution-processed thin film solar cells where the active layer thickness – the barrier

between front and back electrode – is generally below 500 nm.

In contrast, the biggest challenge of using IJP lies the early development of inks and

the time it takes for optimization of printing parameters. While rarely reported, success

of IJP depends on an interplay of a complex set of parameters such as droplet

generating voltage waveform, drop spacing and volume, surface characteristics of the

substrate, environmental conditions during printing, ink characteristics and the
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deposition temperature. Particularly, the waveform and contact angle of the ink is

rarely reported which severely limit the implications of these work to other groups.

Thus, immense amount of work goes into reaching an optimized printing condition in

IJP which needs to be repeated all over again for a new set of inks. Nonetheless, the

intensive research into IJP of OSCs have led to a wealth of knowledge regarding ink

formulations and printing conditions for all functional materials as evidenced by the

demonstration of all inkjet printed and functional OSCs in the shape of a Christmas

tree.

In contrast to OSCs, IJP is only beginning to be explored in PeSC fabrications.

However, the approaches thus far are diverse. The usefulness of IJP as a perovskite

precursor infiltration tool in mesoporous structures has shown excellent results. Drop-

by-drop deposition characteristic of IJP offers excellent control allowing precise

optimization of pore-filling in mesoporous structures. Further ink development have

shown multiple functional materials (carbon electrode and perovskite precursors) can

be printed in one-step, thus simplifying production and saving cost. Additionally, IJP

has been successful in planar n-i-p and p-i-n devices to some extent. Generally,

perovskite film formation in planar devices employ an additional quenching step,

either with the use of fast blowing of nitrogen gas or dropping an anti-solvent

immediately after the deposition of the perovskite ink. Replicating these quenching

approaches in planar devices with the use of IJP may represent additional challenges

which would need instrument modification or further ink development that do not rely

on these quenching approaches. So far, vacuum-storage step right after printing has

been shown to circumvent this shortcoming. Any vacuum-steps are not feasible and

realistic solutions need to be sought. Thus far, IJP in PeSCs is only focused on the
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perovskite ink. While IJP of some of the other functional materials can be directly

adapted from OSCs, some needs to be developed specifically for PeSCs. Particularly,

it can be envisioned that the printing of perovskite layer itself and superimposing

layers would require the generation of new inks for IJP. Inorganic-organic hybrid

perovskites are not as forgiving as polymer blends to the changes in ink chemistry and

the formation of defect-free uniform films, particularly in planar structures, remain

challenging. Additionally, Ag is not stable for use in PeSCs due to the reaction with

the halides present in the perovskites. Thus, new ink developments are needed to

tackle these challenges associated with film formation, stability, and reproducibility, if

IJP is to find broad application in PeSC fabrication.

In all, whether used as a sole fabrication method for multilayer processing or used in

combination with other fabrication methods, IJP brings unique advantages not offered

by other fabrication methods. The extent of its application and the feasibility of it’s

use in both PeSCs and OSCs depends on the end product.
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Figure Captions

Figure 1 Key milestones in the development of inkjet printing.

Figure 2 Schematic diagram of inkjet printing methods.

Figure 3 DoD printability window with respect to ink properties. Reprinted with permission

from ref. [28]. Copyright © 2010, Annual Reviews.

Figure 4 Common device structures in organic solar cells and perovskite solar cells.

Figure 5 Semi-industrial R2R-produced Ag grids for application as transparent electrodes in

organic solar cells. [a] Inkjet printed Ag grids (middle) compared with thermally

imprinted and filled Ag grids (left) and flexography printed grids (right). [b]

Transmission spectra of resultant Ag grids on flexible PET substrates. [c]

Schematic diagram of final solar cell structure. Reprinted with permission from ref.

[83]. Copyright © 2012, Royal Society of Chemistry.

Figure 6 [a] Effect of drop spacing on an inkjet printed line; (1) individual drops, (2)

scalloped, (3) uniform, (4) bulging, and (5) stacked coins. Drop spacing decreases

from left to right. [b] Cross section line profiles and 3D projections of single drops

printed at different temperatures as measured by an optical profilometer.  Reprinted 

with permission from ref. [33]. Copyright © 2008, American Chemical Society

Figure 7 AFM images of an inkjet printed P3HT:PCBM blend deposited from [a] tetralene

and [b] an o-DCB:mesitylene solvent mixture. Solvents have a dramatic influence

on BHJ film quality. [c] The solar cell structure the P3HT:PCBM blend was

incorporated into and [d] their J-V characteristics measured under 1000 W·m−2

AM1.5G. Reprinted with permission from ref. [91]. Copyright © 2007, WILEY-

VCH Verlag GmbH & Co.

Figure 8 [a] Schematic representation of IJP printing modes; (left) multi-array and (right)

single array. [b] 2D derivation of optical images of P3HT:PCBM films printed in

different modes using different concentrations. Optical images of films printed in

[c] multi-array and [d] single array modes. Multi-array mode led to pronounced

coffee ring effects. [e] Confocal scanning microscopy images and the

corresponding cross section line profiles of polystyrene films printed in single array

mode from a butyl acetate solution. Most of the polymer is deposited at the edges.

Films printed in multi-array mode using [f] 10:90 w/w methyl benzoate/ethyl

acetate and [g] 5:95 w/w acetophenone/isopropyl acetate solvent mixtures,

demonstrating improvements in uniformity when using mixed solvent systems.

Reprinted with permission from ref. [33] and [17]. [a-d] Copyright © 2012. Materials
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Research Society 2012. [e-f] Copyright © 2012. Materials Research Society 2012.

Copyright © 2012, Royal Society of Chemistry.

Figure 9 [a]. Schematic of the full-layer and grid designs used to inkjet print back electrodes

for organic solar cells. [b] LBIC maps of current generating areas, highlighting the

difference in current harvesting in devices that employed different processing

methods for the back electrode; (left) evaporated, (middle) inkjet printed, and

(right) screen printed. Solvents from screen printed Ag damage the underlying

photoactive layer, while the reflection from the inkjet printed lines enhance current

collection. Scale bar is 200 μm. [c] Photovoltaic properties characterized under 

1000 W cm−2 AM1.5G. Reprinted with permission from ref. [123]. Copyright ©

2013, WILEY-VCH Verlag GmbH & Co.

Figure 10 Progress towards all-inkjet printed OSCs. [a] Schematic representation of the

layers in a fully inkjet printed OSC and [b] photograph of the actual device. J-V

curves recorded under 1000 W cm−2 AM1.5G of [c] laboratory-scale devices (0.038

cm2 active area) with inkjet printed high efficiency organic blend P2000 which

gave 7% efficiency and [c] large-area adevices (1 cm2 active area) with up to 6

inkjet printed layers. [e] Freedom-of-design demonstration. (left) Digital motif of a

Christmas tree shaped organic solar cell and (right) actual printed device. [f] J-V

curve of the Christmas tree shaped organic solar cell. Reprinted with permission

from ref. [112]. Copyright © 2015, Royal Society of Chemistry.

Figure 11 SEM images of inkjet printed perovskite films using MAI:FAI precursor ratios of

[a] 1:0, [b] 2:1, [c] 1:1, and [d] 0:1 ratio. [e] J-V curve of a perovskite solar cell

incorporating an inkjet printed MAI:FAI thin film recorded under 1000 W cm−2

AM1.5G. [f] Optical images and [g] powder X-ray diffraction (PXRD) patterns of

perovskite films at different MAI:FAI ratios. A 2:1 MAI:FAI ratio was found to be

optimum for inkjet printing, leading to the greatest conversion of PbI2 into

perovskite. Reprinted with permission from ref. [131]. Copyright © 2015, Elsevier.
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Tables

Table 1 List of abbreviations used in this article.

AM 1.5 Air mass 1.5
IJP Inkjet printing
GW Gigawatt
SP Screen printing
PV Photovoltaic
PCE Power conversion efficiency
DPI Dots-per-inch
MPP Maximum power point
OSC Organic solar cell
PeSC Perovskite solar cell
R2R Roll-to-roll
PET Polyethylene terephthalate
PEN Polyethyle nenaphthalate
ITO Indium tin oxide
TCE Transparent conducting electrode
ETL Electrode transport layer
HTL Hole transport layer
DSSC Dye-sensitized solar cell
Mp- Mesoporous
Voc open-circuit voltage
Isc Short-circuit current
Jsc Short-circuit current density
FF Fill factor
CIJ Continuous inkjet printing
LBIC Laser beam induced current
TIJ Thermal inkjet printing
DOD Drop-on-demand
PZT Piezoelectric transducer
MA Methylammonium
FA Formamidinium
PEDOT:PS
S

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

P3HT Poly(3-hexylthiophene)
PCBM Fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester
BCP Bathocuproine
EGBE Ethylene glycol butyl ether
o-DCB ortho-Dichlorobenzene
RR Regioregularity
QD Quantum dot
ODT 1,8-octanedithiol
Cl-naph 1-chloronaphthalene
CB Chlorobenzene
CF Chloroform
MT Mesitylene
TCB Trichlorobenzene
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HC- Highly conductive
Ag NW Sliver nanowire

PCPDTBT
Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-
b`]dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]

PSBTBT
Poly[(4,4′-bis-(2-ethylhexyl)-dithieno(3,2-b;2′,3′-d)silole]-2,6-
diyl-alt-(2,1,3 benzothiadiazole)-4,7-diyl]

NP nanoparticle
b.p. Boiling point
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Table 2 Comprehensive list of inkjet printed layers incorporated into OSCs. Key parameters relating to IJP are summarized All cells

characterized under 1000 W cm−2 AM1.5G.

Inkjet printed

layer
Device structure

Active

Area

(cm2)

Photovoltaic performance

IJP relevant info. Ref.Voc

(V)

Jsc

(mA/cm2)
FF (%) PCE (%)

Front

Electrode

PET/Ag-grids (IJP)

/PEDOT:PSS/ZnO/P3HT

:PCBM/PEDOT:PSS/Ag

-grids (SP)

6.00 0.50 -4.27 35.1 0.79

R2R from water-based Ag

NP ink. Sintering not

optimized. 60 Ω/sq. Later 

improved to 10 Ω/sq. 

[83]

Glass/Ag-grids (IJP)

/PEDOT:PSS/P3HT:PCB

M/Al

0.09 0.51 10.35 36.8 1.96

45 µm grid lines led to 90%

visible transmission. Role of

different PEDOT:PSS

probed. Drop spacing and

temperature optimized to

reduce coffee-ring effect.

[105]

Glass/Ag-grids (IJP)

/PEDOT:PSS/P3HT:PCB

M/Ca-Al

0.30 0.62 7.00 66.0 2.86 • 1 cycle printing enabled
250 µm thick grid with
5.8 Ω/sq. 

• PEDOT only and Ag
grid/PEDOT:PSS
investigated in scaling
of devices.

[106]4.00 0.62 6.94 59.0 2.49

8.00 0.60 7.35 53.0 2.34
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• Ag grid/PEDOT:PSS
and ITO compared in
scaling of devices.

PET/Ag-grids (IJP)

/PEDOT:PSS/ZnO/P3HT

:PCBM/PEDOT:PSS/Ag

15.40 8.20 -5.70 51.0 1.70

R2R serially connected

modules from water-based

Ag NP ink. Photonic

sintering resulted in 9-12

Ω/sq. 

[4]

Hole

Transport

Layer

Glass/ITO/PEDOT:PSS

(IJP) /P3HT:PCBM/Li-

Al

0.09 0.60 9.59 55.3 3.16

• IJP PEDOT:PSS and
role of additive.

• 6 wt% Glycerol+ 0.2
wt% EGBE improved
conductivity and surface
morphology.

[109]

Glass/ITO/PEDOT:PSS

(IJP) /P3HT:PCBM/Ca-

Al

0.62 9.78 52.9 3.31

• Spin-coating, spray-
coating, and IJP of
PEDOT:PSS compared,
delivered similar PCE.

[110]

Active Layer

Glass/ITO/PEDOT:PSS/

P3HT:PCBM (IJP)/Ca-

Ag

0.20 0.54 8.40 64.0 2.90

• High boiling point, low
surface tension solvents
critical for IJP of active
layers.

• ODCB:Mesitylene
solvent found best for
P3HT:PCBM.

[91]

Glass/ITO/PEDOT:PSS/

P3HT:PC61BM (IJP)/Ca-
0.20 0.54 10.05 64.0 3.47

• Regioregularity, slow
drying, and pristine
cholorinated solvents
probed, leading to high

[113]
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Ag efficiency P3HT:PCBM
cells.

• Regioregularity of
P3HT:PCBM inkjet
printed films probed.

• Highly regioregular
(98%) found not suitable
for IJP while doctor
blading led to high
efficiency.

Glass/ITO/PEDOT:PSS/

P3HT:PCBM (IJP)/Al
~0.03 0.66 4.67 46.0 1.40

Ink viscosity and surface

wetting impact highlighted.
[92]

Glass/ITO/PEDOT:PSS/

P3HT:PCBM (IJP)/Ca-

Ag

0.02 0.54 10.10 64.0 3.50

• Regioregularity of
P3HT:PCBM in inkjet
printed films probed.

• Highly regioregular
(98%) found not suitable
for IJP.

[114]

Glass/ITO/PEDOT:PSS

(IJP)/P3HT:PCBM

(IJP)/Al

0.51 8.94 34.0 1.54
• PEDOT:PSS modified

with 25 wt% IPA:25
wt% EG.

• CB and trichlorobenzene
found optimal for
P3HT:PCBM IJP.

[115]Glass/ITO/PEDOT:PSS

(Spin-

coated)/P3HT:PCBM

(IJP)/Al

0.16 0.57 9.34 45.0 2.40

Glass/ITO/PEDOT:PSS/ 0.67 5.29 39.0 1.48 • Combinatorial IJP for
fabrication of thin film

[116]
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PCBDTBT:PCBM

(IJP)/LiF-Al

libraries by systematic
variation of film
thickness, concentration,
solvent ratio, and blend
composition, and
screened for
morphological and
optical properties

• Devices made on best
composition and
compared with spin
coating.

• Best composition
achieved with 1:2
PCDBTBT:mono-
PCBM.

Glass/ITO/PEDOT:PSS/

PCBDTPT (IJP)/Al
0.01 0.43 6.92 43.0 1.29

• Modes of printing
explored: multi-array,
single array, and
multilayer array.

• Single array found
optimal.

• Multilayer and multi-
array led to large film
non-uniformity.

• Post-treatment with
solvent annealing
improved PCE from
1.29 to 1.99%.

[119]

Glass/ITO/PEDOT:PSS/

P3HT:PCBM (IJP)/Al
0.01 0.51 7.89 49.0 1.99
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Glass/ITO/PEDOT:PSS/

PFDTBTP:PCBM

(IJP)/LiF-Al

0.96 5.63 55.1 2.70

• A range of solvent
systems were probed for
the new polymer.

• CB:trichloribenze led to
best films and highest
efficiency (3.50%)

• Non-chlorinated solvent
anisol/tetralin led to
2.70% efficiency.

[120]

0.90 6.71 60.7 3.50

Back

Electrode

Glass/ITO/PEDOT:PSS/

P3HT:PCBM/ZnO/Ag

(IJP)

N/A 0.46 1.01 45.3 0.21 ZnO nanorods used as
buffer layer.

[125]

Glass/ITO/ZnO/P3HT:P

CBM/PEDOT:PSS/Ag

(IJP)

1 0.51 8.39 45.45
1.96

(full layer)

• Commercial Ag NP
inkjet printed on top of
PEDOT:PSS.

• Compared with screen
printing and
evaporation.

• Evaporation and IJP
resulted in similar PCE.

[123]

1 0.52 7.10 43.54
1.61

(grid)

Glass/ITO/ZnO/P3HT:P

CBM//PEDOT:PSS/Ag

(IJP)

0.367 0.53 8.53 58.80
2.64

(full layer)

• PEDOT:PSS thickness
was probed.

• New PEDOT:PSS
formulation (S305)
could be applied with 40
nm thickness leading to
semi-transparent all-
printed OSCs.

[126]

0.367 0.54 7.79 58.40
2.45

(grid)
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Glass/ITO/ZnO/P3HT:P

C61BM//PEDOT:PSS:Mo

O3/Ag NW (IJP)

0.60 8.44 54.00 2.71
• Printed Ag NW .
• Multiple passes (7)

needed.

[127]

Front

Electrode &

Hole

Transport

Layer

Glass/Ag-grids

(IJP)/PEDOT:PSS

(IJP)/P3HT:PCBM/LiF-

Al

• Optimized grid lines’
pitch width using a
numerical model.

• Lithographic grids
compared with inkjet
printed grid.

• Optimum pitch width
for an IJP grid width of
325 µm was 2–2.5 mm.

• Photovoltaic properties
not stated only for
lithographic printed
grids.

[103]

Glass/Ag-grids

(IJP)/PEDOT:PSS (IJP)

/P3HT:PCBM/LiF-Al

0.09 0.50 6.47 42.8
1.39

(oven sintering)
6 s of flash sintering (1000
W) led to similar
efficiencies as 6 hrs of oven
sintering (130 oC).

[108]

0.09 0.50 6.51 42.2
1.38

(flash sintering)

Glass/Ag-grids

(IJP)/PEDOT:PSS (IJP)

/P3HT:PCBM/LiF-Al

4 0.50 6.37 48.0 1.54

• IJP height and width of
Ag grids were analyzed
and modelled.

• Busbar impact was
probed.

• Flexible substrate and
glass substrates
compared. Ag grid led

[140]

Flexible foil/Ag-grids

(IJP) /PEDOT:PSS (IJP)
4 0.50 6.15 48.0 1.48
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/P3HT:PCBM/LiF-Al to similar PCE
irrespective of the
substrate, whereas ITO
led to drop in efficiency
on flexible substrates
due to high sheet
resistance.

Hole

Transport

Layer &

Active Layer

Glass/ITO/PEDOT:PSS

(IJP) /P3HT:PCBM

(IJP)/LiF-Al

0.09 0.63 10.68 55.3 3.71

• Additives for
PEDOT:PSS and
P3HT:PCBM probed.

• PEDOT:PSS in
glycerol:EGBE.

• CB with 5% ODT
solvent for
P3HT:PCBM.

[117]

Glass/ITO/PEDOT:PSS

(IJP)/PCDTBT:PC70BM

(IJP)/Al

0.5 0.89 9.95 56.8 5.07

• CB:MT:CF (5:4:1)
solvent mixture needed.

• 5 wt% DMSO and 0.1%
fluoro surfactant added
to PEDOT:PSS.

[118]

Front & Back

Electrodes

Glass/Ag-grids (IJP)

/PEDOT:PSS/P3HT:PCB

M/PFN/Ag (IJP)

0.50 6.40 63.0 1.94

• First successfully all-
printed devices.

• ZnO led to cracks in Ag
film. Thus, substituted
with PFN.

• Efficiency lower than
evaporated Ag back
electrodes.

[13]

Glass/Ag

NW(IJP)/ZnO/PV2000:P
1.00 0.76 10.70 52.8 4.30

• Silver ink diluted with
pentanol to achieve
good printing.

[141]
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CBM/PEDOT:PSS/Ag

NW(IJP)

• Multiple successive
passes required to attain
percolation and
improved conductivity.

Hole &

Electrode

Transport

Layers

Glass/(Mo-Al-Mo)-

grid/PEDOT-

ZnO(IJP)/P3HT:PCBM-

PEDOT(IJP)/Ag

1.00 0.56 6.26 50.4 1.78 (mW/cm2)
• Non-halogenated

solvent used for IJP
layer.

• P3HT:PCBM -
xylene:indan:tetraline

• ZnO-veratrole:o-xylene
• Large-area serially-

connected module with
IJP layers.

[121]

Glass/(Mo-Al-Mo)-

grid/PEDOT (IJP)/ZnO

(IJP)/P3HT:PCBM

(IJP)/MoOx-Ag

92.00 2.23 1.21 36.6 0.98 (mW/cm2)

All Layers

Ag (IJP)/PEDOT:PSS

(IJP) /ZnO

(IJP)/P3HT:PC60BM

(IJP)/PEDOT (IJP)/Ag-

layer (IJP)

>1.0 0.57 5.64 52.4 1.70

• All IJP layers from non-
halogenated solvents.

• Industrial printhead
employed.

• High-efficiency polymer
PV2000 and
P3HT:PCBM compared.

• Freedom-of-design
demonstrated by all-IJP
cell in the shape of a
Christmas tree

[112]

Ag (IJP)/PEDOT:PSS

(IJP) /ZnO (IJP)/PV2000

(IJP) /PEDOT (IJP)/Ag-

grid (IJP)

>1.0 0.77 10.40 51.0 4.10
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Table 3 Comprehensive list of inkjet printed layers incorporated into PeSCs. All cells are characterized under 1000 W cm−2 AM1.5G.

Inkjet printed layer Device structure

Performances
IJP related

notes
Ref.Voc

(V)

Jsc

(mA/cm2)

FF

(%)

PCE

(%)

Top Electrode &

Active Layer

Glass/FTO/TiO2/CH3NH3PbI3 (IJP)/C (IJP) 0.95 17.20 71.0 11.60

• Inkjet
printed
nanocarb
on hole-
extraction
layer
demonstr
ated in a
planar
structure
with 2-
step
processin
g.

• IJP
C+MAI
ink gave
greater
performa
nce than
that
prepared
by C ink
only,

[134]

Glass/FTO/TiO2/CH3NH3PbI3/C (IJP) 0.90 15.00 63.0 8.51
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• Interface
between
MAPbI3

and C
electrodes
improved
by the
instant
chemical
transform
ation
during
IJP.

Active Layer
Glass/FTO/com-TiO2/meso-TiO2/CH3NH3PbI3

(IJP)/spiro-OMeTAD/Au
0.91 19.55 69.0 12.30

• IJP
adopted
to
fabricate
a flat and
uniform
perovskit
e MAPbI3

film on a
meso-
TiO2

substrate.
• Table

temperatu
re
optimized
.

• 50 °C
found to

[130]
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be best in
situ
heating
temperatu
re;

• MACl as
an
additive
has a
critical
impact on
the
morpholo
gy and
structure
of the
perovskit
e film
formed.

Glass/FTO/com-TiO2/meso-TiO2/ZrO2/Perovskite

precursor (IJP)/C

0.85 15.10 61.1 7.83 • Porous
triple-
layered
HTM-free
perovskit
e solar
cells were
fabricated
with
inkjet
infiltratio
n of a
stable

[136,1

37]0.84 15.30 65.7 8.47
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perovskit
e
precursor
ink

• Inkjet
infiltratio
n of
perovskit
e
precursor
remarkabl
y
improved
performa
nce and
provided
an
opportuni
ty to
fabricate
this
interestin
g
configurat
ion on
large
areas in
future.

Glass/ITO/PEDOT:PSS/PbI2-(2MA:1FA)

(IJP)/PCBM/Al
0.87 18.77 68.0 11.10

• Two step
processin
g

[131]
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employed
.

• IJP of
organic
cations.

• MA:FA
ratio
optimised
.

• 2:1 found
to be
optimum.

Glass/FTO/com-TiO2/(IJP)MAPbI3/spiro-MeOTAD/Au 1.00 18.40 0.56 11.30

• Multipass
IJP of
MAPbI3-
ink.

• Controllin
g of film
thickness
and
perovskit
e crystal
size.

[138]
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Table 4. A comparison between the physical properties of thermally imprinted and silver filled, inkjet printed, and flexographically printed Ag

grids used as transparent conducting electrodes, and the semi-industrial scale production methods used to produce them (shaded rows). Our

comments are listed in the last column. Reproduced with permission from ref. [83]. Copyright © 2012, Royal Society of Chemistry.



80

Thermally

Imprinted

Inkjet printed Flexographic

printed

Our comments

Speed [m min−1] 0.48a 2 25 Speed in production is limited by oven length.

Maximum possible speed

[m min−1]

6a 75 200

Number of steps 2 1 1

Ink type Nanoparticles Nanoparticles Nanoparticles

Water as solvent Yes Yes Yes

Cost of master Medium Free (Digital) Low

Freedom-of-design Medium High Medium While all methods will allow 2D freedom-of-

design, IJP offers faster turnover as no physical

production of a master is required, thus designs

can be made/change without delay.

Technical yield High High High

Resolution [µm] 16 100 100

Maximum resolution achievable

[µm]c

8 32 32

Printed height [nm] 0±25 200±100 200±150
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Spikes [nm] 20 50 1000

Sheet resistance [Ω □−11] 10 60 11 IJP inks contain stabilizers and require longer

drying times. In this article, drying time for IJP

inks was 2 min. Thus, conductivity can be

improved by increasing drying/sintering time[4]

which is easily accomplishable industrial setting

with longer drying length (longer oven).

a The thermally imprinted grid is prepared in two consecutive steps – imprinting of the pattern on the substrate followed by filling with silver.

The speed was 0.96 m min−1 in both steps. The maximum achievable speed is 12 m min−1 if carried out in an inline process. If the imprinting

and silver filling is carried out in two discrete steps the maximum achievable speed is 6 m min−1.b The optical transmission includes reflection

losses and substrate absorption.

c The value in brackets is the highest resolution currently achievable, defined as the minimum width of a discretely printed line.

d The flexoprinted grid lines presented spikes with a height of up to 400 microns.
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