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Abstract

Organic photodiodes (OPDs) are set to enhance traditional optical detection technologies and open

newfields of applications, through the addition of functionalities such aswavelength tunability,

mechanical flexibility, light-weight or transparency. This, in combinationwith printing and coating

technologywill contribute to the development of cost-effective productionmethods for optical

detection systems. In this review, we compile the current progress in the development ofOPDs

fabricatedwith the help of industrial relevant coating and printing techniques.We review their

working principle and theirfigures-of-merit (FOM)highlighting the top device performances through

a comparison ofmaterial systems and processing approaches.We place particular emphasis in

discussingmethodologies, processing steps and architectural design that lead to improved FOM.

Finally, we survey the current applications ofOPDs inwhich printing technology have enabled

technological developments while discussing future trends and needs for improvement.

1. Introduction

Optical detectors are of paramount importance in

modern technology as they are crucial sensing ele-

ments in fields like communications, imaging, medi-

cine and consumer electronics. Currently, there is a

rapidly increasing research interest in the development

of photodetectors based on solution-processable

organic materials [1–4]. These devices are set to

complement traditional inorganic technologies based

on Si, GaAs, or InP, where additional functionalities

like mechanical flexibility, light-weight or transpar-

ency are opening new fields of application [5].

Furthermore, its solution processability allows for the

potential of cost-efficient fabrication of integrated

systems by printing or coating techniques [6–8]. In the

last years, exciting proof-of-concept technologies and

applications have been demonstrated in the fields of

electronic skin, lab-on-chip, retina implants and

stretchable electronics [9–15]. These exciting results

highlight the potential impact of organic photo-

detecting technologies for the fabrication of industrial,

household and healthcare applications [10, 16–19].

Depending on its working principle or device

architecture, photo-detecting technologies can be

divided into different types such as photoresistors,

phototransistors, or photodiodes.

Photoresistors offer a simple device architecture

however they can only be operated under applied bias.

Phototransistors present a way to tune sensitivity by a

gate voltage, however, generally lack sufficient detec-

tion speed due to the lateral channel architecture

resulting in long pathways for the collected charges

[20]. In contrast, organic photodiodes (OPDs), offer

an optimum balance between speed, response, linear-

ity and processability and have thus been the object of

focus of intense research by an increasing number of

research groups in the last years [1, 4, 10, 20, 21]. A

typical OPD device architecture and an example of an

OPD array is presented in figure 1. The photoactive

layer commonly comprised of a bulk-heterojunction

(BHJ) of a donor and an acceptor semiconductor
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material enables the photo electric conversion and

thus predominantly defines the spectral responsivity

(R(λ)) of the device. The interlayers are used to

improve the energetic alignment of the electrode to the

highest occupiedmolecular orbital (HOMO) or lowest

unoccupied molecular orbital (LUMO) of the semi-

conductors. But more importantly they are used to

minimize or block the injection of charge carriers

from the electrodes during device operation. Lastly,

the electrodes, of which at least one should be trans-

parent in the spectral region of interest, are used to

extract the generated charges. While in practice the

energy diagrams of the HOMOs and LUMOs are a

good starting point to investigate new device archi-

tectures, care should be taken when relating them to

device performance as the final energymatching to the

interlayers an electrodesmay differ [22].

Historically, the development of OPDs has been

performed hand-in-hand with the development of

organic solar cells (OSCs) since both devices share the

same underlying working principle and aim towards

efficient photon-to-current conversion. Furthermore,

both technologies share a large overlap in terms of

active materials, electrodes and interlayers. The most

efficient devices in each case have been achieved utiliz-

ing a BHJ-based active layer. However, the tre-

mendous differences in their respective field of

application demand for the optimization of particular

characteristics of the employed materials, device

architecture and/or processes. While OSCs rely

strongly on matching the solar spectrum and max-

imize power conversion efficiencies, the OPD char-

acteristics are tailored towards to the specific

application field in terms of wavelength range, signal-

to-noise ratio (SNR)or detection speed.

To date it is clear that solution-processed OPDs

achieve comparable performance characteristics as

inorganic devices [5]. Furthermore, novel and innova-

tive device concepts have allowed to continuously

push the limits of efficiency, narrow-band detection

and infra-red response [3, 24]. However, to ensure

technological relevance and commercialization readi-

ness of a broad field of applications, the advances in

device performance and functionality still require the

development of versatile fabrication processes.

Printing and coating technologies offer a plethora

of possibilities for the cost-effective fabrication of

printed electronic devices [25–28]. Furthermore, these

well-established conventional and digital techniques

offer high-throughput and large-area processing, as

well as high-resolution and full-freedom of design.

The already proven industrial relevance of printing

technologies together with its compatibility with roll-

to-roll (R2R) and sheet-to-sheet (S2S) production

processes show a great potential for themanufacturing

of optical detection systems on the basis of OPDs. This

has produced an increasing research effort in the pro-

cessing of materials, development of printing pro-

cesses and addressing of printing-related challenges

for the demonstration of printable OPD architectures

and its use as optical sensors.

In this review we compile the current progress in

the development of OPDs fabricated exclusively with

the help of industrial relevant coating and printing

techniques. We review their working principle and

figures-of-merit (FOM) highlighting the top device

performances through a detailed comparison of mat-

erial systems and processing technologies. Further-

more, we place particular emphasis in discussing

methodologies, process development steps and archi-

tectural designs that resulted in improved FOMs.

Finally, we survey the current applications of OPDs in

which printing technologies have enabled technologi-

cal developments and discuss future trends and needs

for improvement. As such, we hope that this review

serves both, researchers in the field as an overview of

the state-of-the-art and remaining challenges aswell as

newcomers as an introduction to the basic principles

andmethods ofOPD fabrication and characterization.

2.OPDs operation andfigures ofmerit

Despite the common device architecture and physical

working principle based in a donor–acceptor hetero-

junction, OSCs and OPDs differ fundamentally in

Figure 1. (a)Energy diagramof a typical organic photodiode (OPD)with electron- and hole blocking layers (EBL,HBL) aligned to the
highest occupiedmolecular orbital (HOMO) and lowest unoccupiedmolecular orbital (LUMO) of the active layer. The active layer is
typically fabricated from a donor–acceptor blend or bulk-heterojunction (BHJ). (b)Typical OPDdevicemultilayer stack (c)Example
of a printed image sensorwith 256 pixels adaptedwith permission from [23], (CC-BY 2016).
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their way of operation [23]. While OSC FOMs are

extracted from the forward bias regime, namely the

photovoltaic mode, OPDs are typically driven at short

circuit or reverse bias. The purpose of this operation

mode is the effective enhancement of the specific OPD

FOM, which are explained in detail in the following

sections and are depicted schematically in figure 2.We

want to emphasize that it is generally not possible to

define a perfect OPD. In contrast to OSCs where high

power conversion efficiency is the central goal, the key

characteristics of OPDs strongly depend on its target

application.

2.1. Spectral responsivity

Themost basic FOMdefining the application field of a

photodetector is the spectral responsivity R(λ). R(λ) is

defined by the generated photocurrent (Ip) per inci-
dent optical power (P0) ,as a function of wavelength

(λ) in units of AW−1. The equation to calculate R(λ) is

given by:

R
I

P

e

hc
EQE , 1

p

0

l
l

= =( ) ( )

where e is the elementary charge, h is the Planck

constant, c is the speed of light in vacuum and EQE the

external quantum efficiency. The EQE represents the

ratio of incident photons and collected charge carriers.

This quantity is affected by the semiconductors

molecular structure, active layer morphology and

thickness, the choice of interlayers, absorption and

recombination losses, as well as light in-coupling into

the device.

An established routine for the measurement of R

(λ) involves the use of a lock-in-amplifier in

combination with a monochromatic modulated light

source of known frequency. Themonochromatic light

is typically provided by a light source with a broad illu-

mination spectrum and a tunablemonochromator. As

depicted in figure 2(a), R(λ) is usually enhanced by the

application of a reverse bias since it allows for an

increased electric field and faster charge extraction

before recombination occurs. Furthermore, the use of

bias light may have an effect on recombination pro-

cesses that are often nonlinear with light intensity [29].

Its use should therefore be chosen depending on the

final application and readers are encouraged to report

its utilization in future publications for easier compar-

ison between differentOPDs.

2.2. Linear dynamic range (LDR)

The current output of an OPD typically increases with

the intensity of the incident illumination as schemati-

cally shown in figure 2(b). The LDR represents the

range of intensities where the current response of the

OPD is linear with the incident optical power. The

LDR is usually visualized by plotting the net photo

current (after subtraction of the dark current) versus

the light intensity in a double logarithmic plot and

evaluated by fitting a linear function with the slope of

unity (see figure 2(c)). The LDR is then calculated from

the points of deviation from the linear dependency by

the following equation:

i

i
LDR 20 log , 2

lin max

lin min

,

,

= · ( )

where ilin max, and ilin min, are the highest and lowest

currents where the deviation occurs. The factor 20

stems from the relationship between power and

Figure 2. Schematic display of theOPD figures-of-merit and characteristics as a function of reverse bias or illumination intensity. (a)
Spectral responsivityR(λ), (b) J–V curve for different illumination intensities, (c) the linear dynamic range (LDR), (d)noise spectral
density Snoise(f) and its theoretical limits (shot-, thermal- and 1/f-noise), (e)R(λ) attenuation in dB as a function of excitation
frequency. The−3 dB-cutoff frequency ismarked as dotted line. (f)The frequency dependent specific detectivityD* and the
approximated frequency independentD*

approximated in different regimes of operation.
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current (P∼i2). Other definitions of the LDR are also

used in literature, including the use of the dark current

as the lower limit or by not subtracting the dark

current from the photo current [2, 8].

In the high illumination intensity regime, the lin-

ear relationship is restricted by saturation effects stem-

ming from carrier recombination losses due to higher

charge densities in the device [30]. In contrast, the

theoretical lower limit is set by the noise of the OPD

whichwill be discussed in the following section.

2.3. Noise current inOPDs

Themeasured current output over time i(t) of anOPD

under a fixed illumination and reverse bias generally

fluctuates around an average value imean. This statis-

tical fluctuation is the so-called electronic noise and its

rms-value is usually referred as the noise current inoise.

Electronic noise is present in all electronic devices and

represents a strong limiting factor for the detection of

weak signals in detectors. The electronic noise is

commonly understood as the combination of three

noise sources: (1) thermal noise resulting from ther-

mal excitation of charge carriers, (2) shot noise due to

their quantized nature leading to fluctuations in their

distribution over time and space and (3) 1/f-noise

including the frequency dependent sources like con-

tributions from the generation-recombination of

electron–hole pairs.

While thermal and shot noise contributions are

frequency independent (white noise), the other con-

tributions show a characteristic 1/f -frequency depen-

dency [31–34]. The quantitative contribution of each

of these noise sources at different frequencies f is given

by the spectral noise densities in units of AHz−1/2:

S ei2 , 3.1shot dark= ( )

S k TR4 , 3.2thermal B shunt
1= - ( )

S
f

1
. 3.3f1 µ ( )/

The parameters in the equations above are the

elementary charge e, the dark current idark, the

Boltzmann constant k ,B the temperature T and the

shunt resistance of the OPD Rshunt. Note that at 0 V

bias thermal noise will dominate while shot noise will

rise when increasing dark current, i.e. higher reverse

bias (see figure 2(d)).

As all contribution are statistically independent

the total noise spectral density S fnoise ( ) is given by:

S f S S S f . 4noise shot thermal f
2 2

1
2= + +( ) ( ) ( )/

For a given measurement system working in a defined

frequency band B (i.e. range of measured frequencies),

the noise current inoise in units of A can be derived from

the integral of the noise power (the square of Snoise(f))

overB:

i B S f df . 5noise
B

noise
2 2ò=( ) ( ) ( )

Therefore, the noise current in a measurement system

scales with thewidth ofBwhich is termed the electrical

bandwidth f .D For frequency bands B, where the

frequency dependent noise S f1/ is neglectable, the
white noise contributions dominate. This can be

assumed for large bandwidths or when high-pass

filters are employed. Only then is it possible to

approximate i Bnoise ( ) from the bandwidth f :D

i B S S f

ei k TR f2 4 . 6

noise shot thermal

dark B shunt

2 2

1

» + D

= + D-

( )

( )

Moreover, under the condition that the shot noise

current dominates over the thermal noise contrib-

ution, equation (6) can be further simplified and the

noise can be calculated solely from the dark current.

However, the false use of these approximations may

lead to an underestimation of the noise and therefore

needs to be considered carefully [30, 35]. To ensure the

correct evaluation of the electronic noise in an OPD it

is advised to perform a measurement of the noise,

rather than calculating it from assumed noise sources.

There are several methods to measure the fre-

quency dependent noise. One involves the measure-

ment of the dark current over a period of time

followed by performing a fast Fourier transform (FFT)

of the signal in order to transform it in the frequency

domain. Correct scaling factors to obtain the right unit

as well as the use of suitable window functions like the

Hann function need to be considered [36]. It is also

possible to measure the noise spectrum directly with a

spectrum analyzer or by a step by step evaluation of the

signal magnitude at each frequency utilizing a lock-in

amplifier with a defined electrical bandwidth [30, 35].

In all cases precautions are necessary to prevent the in-

coupling of pick-up noise originating from surround-

ing sources. Therefore, the required amplification

stage should be set up in close connection to the OPD

in order to minimize in-coupling in the electrical

wires. Furthermore, proper electromagnetic shielding

of sample and voltage source might help to reduce

unwanted signals.

2.4. Noise equivalent power and specific detectivity

R(λ) alone is often not sufficient for the characteriza-

tion of an OPD since it does not include information

on the lower detection limit. For this purpose, the

noise of the OPD has to be taken into account. A

common parameter to describe the detection limit is

the noise equivalent power (NEP inWHz−1/2), which

corresponds to the incident optical power necessary to

obtain a SNR of 1 when measuring at a 1 Hz electrical

bandwidth. Note that reporting the NEP in units of

Watts is not practical for the comparison of OPD

performance as it is linked to the particular frequency

bandB of a specificmeasurement system.

The NEP is calculated from the frequency depen-

dent spectral noise density S fnoise ( ) described in

equation (4) and is therefore generally frequency

4
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dependent

S f

R
NEP . 7

noise

l
=

( )

( )
( )

The counterintuitive quantification of lowerNEP for a

better detector motivated Clark Jones to define the

spectral detectivity (D) from the inverse of NEP as a

parameter that describes the sensitivity of a detector

[37, 38]. However, in order to define a FOM that

enables a comparison across photodetectors with

different dimensions D can be normalized by the

device active area (A) to define the specific detectivity

(D*
) given in units of Jones (cmHz1/2W−1

):

D f
R A

S f
, . 8

noise

* l
l

=( )
( )

( )
( )

Themeaning ofD* corresponds to the achievable SNR

for a 1 W signal, for a detector with 1 cm2 active area

measuring with an electrical bandwidth fD of 1 Hz.

The magnitude of D* is a function of frequency and

wavelength due to the frequency dependence of the

spectral noise density S fnoise ( ) and wavelength depen-

dency of R .l( ) A schematic of the frequency depend-

ence of D* is presented in figure 2(f). Typically, D* is

limited in the low-frequency regime by 1/f-noise while

in the high frequency regime it is limited by the drop in

R(λ) due to the RC and transport limited detection

speed (see following section). If the noise in the central

frequency range is white (i.e. shot and thermally

limited), a frequency independent D* can be approxi-

mated for this regime using equation (6):

D
R A f

i B

R A

ei k TR2 4
. 9

noise

dark B shunt
1

* l
l

l

»
D

=
+ -

( )
( )

( )

( )
( )

However, the correct use of the approximation in

equation (9) should be ensured as its incorrect use can

lead to a considerable overestimation of D*. In order

to avoid misunderstandings in future publications, we

suggest that details on the frequencies utilized for the

evaluation ofD* should always be given.

2.5. 3 DB-bandwidth

For applications requiring a certain dynamic response,

the detection speed of the OPDs is a crucial parameter.

The FOM that quantifies the detection speed is the

3 dB bandwidth or cut-off frequency f ,3 dB which is
defined by an attenuation of 50% in the output power

(or 70% of the photocurrent) when the detector is

illuminated by a light signal of increasing modulation

frequency compared to that of the steady-state, i0

(equation (10))

i f

i
3 dB 20 log . 103 dB

0

- = ·
( )

( )

There are two main limiting factors for the maximum

detectable frequency of incident optical signals. The

first one is the RC limited time constant tRC

(equation (11)) which rises from the total series

resistance Rs of the device and the readout, and the

capacitor-like geometry of the OPD formed by the

active layer thickness d and the active areaA

t R C R
A

d
. 11RC s e= = ( )

When aiming for high speed applications, smaller

active areas and thicker active layers will reduce the

junction capacitance and thus increase the RC limited

cut-off frequency f .RC Furthermore, the choice of the
electrode material will have an impact on the total

resistance and consequently on tRC [35]. The second

factor that limits the detection speed results from the

transit time of the charge carriers resulting in a transit

limited cutoff frequency f .tr This parameter is influ-
enced by the mobility of the charges and the thickness

of the device. Furthermore, the presence of trapping

effects can burden the detection speed especially for

low light intensities. However, a reverse bias voltage

can counteract the transit-limited charge extraction

resulting in increased cut-off frequencies (see

figure 2(e)). The total cut-off frequency is derived from

both limits according to equation (12) [39]

f f f

1 1 1
. 12

RC tr3 dB
2 2 2

= + ( )

As a general rule, the detection speed of the photo-

detector needs to be larger than the time scale of the

signal to be monitored. For a large variety of applica-

tions, cut-off frequencies on the order of Hz are

already sufficient. An example is represented by pulse

oximetry, which is typically runwith a sampling rate in

the range tens or hundreds of Hz to switch between

different wavelengths in order to cover the timescale of

the heartbeat [12]. Similarly, for image sensor the

bandwidth only has to be large enough to prevent

image lag, typically in the order of 100 kHz [10, 15, 23].

However, for optical communication the detection

speed directly limits data transmission rates and are

therefore aimed to reach the highest possible cut-off in

the highMHz or evenGHz [16, 39].

3. Printing and coating techniques

Reporting record performances for devices fabricated

by non-industrial-relevant fabrication techniques (e.g.

spin coating), is useful to set a benchmark of new

materials and OPD architectures [1, 4, 10, 20]. How-

ever, it overlooks the complexity of producing optoe-

lectronic systems through printing or coating

techniques. Especially, it underestimates the necessity

of a printing-technique-specific ink formulation, the

device architecture restrictions defined by the techni-

queʼsworking-principle, range of compatible solvents,

substrate pretreatment or processing speed. Further-

more, it should be ensured that any approach

employed to address these issues should not adversely

affect the functionality of the printed layers but favor

the intendedmaterial design.

5
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In the following section we introduce all the

industrially relevant printing and coating techniques

which have been employed in the past to partially or

entirely fabricate OPDs. Each of the techniques have a

unique working principle and are chosen depending

on the requirements of the final application as it is dis-

cussed through this review. While all methods can

arguably be described as ‘coating techniques’, we will

utilize ‘coating’ as a synonym for non-structured film

deposition and ‘printing’ when the deposition yields a

patterned layer. We want to emphasize that one

should not simply call a non-structured film deposi-

tion technique a printing technique as is sometimes

misleadingly done in literature. We focused on detail-

ing fabrication techniques that have the potential to be

used in the industrial fabrication of solution processed

applications and therefore lab-scale techniques such as

spin coating, drop casting, brushing, or thermal eva-

poration are not included. Figure 3 gives an overview

of the usage of the different techniques in literature,

depicting how often they were applied to process the

various layers of an OPD. It is evident that the active

layer is by far the most processed layer and has the

highest variety of techniques. Furthermore, a trend

can be seen that indicates a pronounced utilization of

printing techniques for electrodes whereas coating

methods are more prominent for interlayers. This can

be mainly attributed to the structuring capabilities of

printing techniques, which represent a requirement

for the electrode fabrication to define the active area of

anOPD.

3.1. Coating techniques

In this review we understand coating techniques as

methods which intrinsically lack the ability of struc-

tural deposition. For many applications where the

fabrication of large areas is required they typically offer

great advantages in terms of deposition speed, process

simplicity and reproducibility. While the latter is

especially true for lab-scale coating techniques like

spin-coating, the device performance cannot be trans-

ferred easily to industrially relevant methods due to

fundamental differences in the drying behavior in such

a process. Therefore, any research performed on

optoelectronic materials and devices directly depos-

ited by industrial relevant coating techniques is highly

valuable for the rapid translation of results from the

laboratory towards commercial applications. Here we

Figure 3.Usage of the different printing and coating techniques for the fabrication of the different OPD layers. The total number of
reports per layer is included in parentheses.

Figure 4.Coating techniques that have been employed forOPD layer fabrication. (a)Blade coatingmakes use of a blade or bar, which
drags an ink continuously across a substrate, leaving awet film that dries to form the desired layer. (b) Spray coating involves the
generation of a tiny droplets which are deposited through a nozzle onto the substrate. 2D-deposition is possible through x–y-
movement of the spraying apparatus or the substrate.
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detail the working principle of the two most common

coating techniques for the processing of OPDs, blade-

and spray coating (figure 4). For more details in these

and other commonly used techniques in coating of

organic electronics one could refer to literature [26].

3.1.1. Blade-coating

Blade-coating is a straight forward and fast coating

technique which can be up-scaled from proof-of-

concept laboratory systems to industrial R2R or S2S

processes. While there are different variants of blade-

coating, it generally requires a moving blade or bar,

which continuously drags the ink over a flexible or

rigid substrate. The process parameter-space of blade-

coating comprises coating speed, gap or pressure to

the substrate, substrate temperature and the rheologi-

cal properties of the ink as well as drying conditions

[40]. Counterintuitively, the film thickness increases

for faster coating speeds. Blade-coating has the cap-

ability to reach deposition speeds >10 m s−1 [41].

However, the dependence of the thickness on the

speed has to be considered for the industrial imple-

mentation. A variation of the traditional bar-coating

techniques used in high-throughput industrial pro-

duction is Slot-die coating, which advantage is the

continuous flow of ink that can be applied onto the

substrate [26].

3.1.2. Spray-coating

Spray-coating is a technique that is widely applied in

everyday industrial environments and is most com-

monly known for paint coatings. In this non-contact

method, small ink droplets are conformably applied

onto arbitrary surfaces via a carrier gas. There are

several types, differentiable by the atomization meth-

ods and nozzle type [42]. The quality of the deposited

film can be affected by the droplet-size, the distance to

the substrate and the coating speed. An advantage of

the spray-coating technique is the possibility to deposit

layers with high thickness (on the μm scale) compared

to other coating and printing techniques simply by

increasing the spraying time. For OPDs this property

is beneficial as thickness enhances light absorption and

reduces leakage current. A challenge in spray-coating

often lies in the optimization of the film roughness and

thickness homogeneity in the nanometer scale [43].

3.2. Printing techniques

Since its invention, graphical printing has developed

methods that are now considered standard in the

production of printed materials such as newspapers,

magazines or packaging. One of the main motivations

for the use of printing technologies is that the initial

equipment costs are rapidly offset by the possibility of

printing high volumes on a short timescale [44, 45].

Therefore, the field of printed electronics aims to

exploit this industrial profitability for the fabrication

of applications in which high numbers or large areas

are required. Below we present the main character-

istics of printing techniques that have been utilized in

the fabrication ofOPDs.

3.2.1. Screen-printing

Screen printing (figure 5(a)) is a technique usually

utilized for the deposition of thick films (up to ∼500

μm). In electronics, it is an established method for the

deposition of current collecting grids for Si photo-

voltaic devices. The basic screen printing process

requires a mesh where the wire pitch and thickness

determine the thickness and resolution of the printed

pattern. The screen is placed at a distance from the

substrate prior to dispensing the ink with the help of a

rubber blade (or squeegee). This process step simulta-

neously fills the gaps in the mesh openings and bring

the screen in contact with the substrate. The ink

contained in the mesh openings is then transferred to

the substrate to give place to the film formation and

drying process. Commonly screen printing is found in

a flat-bed or rotary architecture, this last being

compatible with R2R printing at speeds up to 1000 m

min−1 and feature-seizes of∼100μm [46].

Figure 5.Traditional printingmethods utilized for fabrication of layers inOPDs. (a) In screen printing a blade drags ink across a
screen ormeshwhich is patternedwith the desired layout. The ink is thereby deposited on the substrate onlywhere the screen allows it.
(b)Transfer printingmakes use of a stamponwhich the required dry layer is already preprocessed. By placing the stampon the
substrate and exerting some pressure and/or heat, the layer adheres to the substrate and the stamp can be detached subsequently.
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3.2.2. Stamping and transfer processes

Several techniques allow the transfer of a pattern from

one surface or substrate to another by the utilization of

a stamp, release film, sacrificial layer or a contrast in

surface free energy (figure 5(b)). These approaches are

useful to avoid the direct or prolonged contact of non-

orthogonal solvents to previously deposited layers,

printing onto non-flexible substrates or depositing

films onto 3D structures and curved surfaces. In many

occasions these techniques are used in a lab-scale with

the potential to be used in industrial relevant techni-

ques such as transfer or pad printing.

3.3.Digital printing techniques

A great benefit of digital printing is the ability to freely

design a desired layout by computer aided drawing

software followed by a direct transfer of this layout to

the printer. Thus, prescinding of the necessity of

fabricating a printing form (e.g. engraved cylinder,

cliché or mesh) as is done for traditional printing

techniques considerably reduces the complexity of the

process chain and therefore allows for a high degree of

flexibility with great potential for rapid prototyping,

low volume fabrication or personalized devices.

3.3.1. Inkjet printing

The most prominent digital printing technique uti-

lized for the fabrication of a variety of organic

electronic devices is inkjet printing. In this technique,

the designed layout is formed by a 2D pattern of ink

droplets, which are ejected from the nozzles of a

printhead (see figure 6(a)). The pattern is typically

calculated by the printing software and the necessary

toolpaths for printhead and/or substrate holder are

directly sent to the printer. The droplet ejection is

enabled by consecutive filling and compression of the

ink in the reservoir behind each nozzle. This is

typically realized by feeding a transient voltage signal

to a piezoelectric element. Aside from the viscoelastic

properties of the ink (i.e. viscosity (∼10 cP) and surface

tension (∼30–40 dynes cm−1)) [46], the waveform of

this piezo signal as well as the print head temperature

are themost important processing parameters that can

be adjusted to control the drop shape, drop size,

ejection speed and ejection frequency. Once the

droplets are successfully ejected from the printhead,

additional measures have to be taken to provide a

desirable layer formation. Depending on the wetting

behavior of the ink on the substrate and the nozzle

diameter, the droplet size will vary. If the distance of

the separate droplets is too large formerging, no closed

layer will be formed.On the other hand, when droplets

are too close, issues like overwetting or bulging may

burden the feature size, which can be especially critical

for thin lines. Therefore, the distance of neighboring

droplets should be adopted accordingly by increasing

the printing resolution to achieve first a wet film and

after drying the designed pattern. The achievable

resolution of inkjet printing is limited by the droplet

size on the substrate and therefore greatly depends on

the nozzle diameter and can reach values as low as

∼20–30 μm. The printing speed for industrial applica-

tions can reach 3m s−1 [47].

3.3.2. Aerosol jet printing

Another digital printing technique which has found

considerable attention in printed electronics research

is aerosol jet printing (figure 6(b)) [8, 48, 49]. As the

name indicates, an ink aerosol is used, which is

generated by ultra-sonication or by pneumatic atomi-

zation. This aerosol is transferred to the nozzle head by

a carrier gas flow (typically nitrogen). In the nozzle

head an additional gas flow is formed that coaxially

sheathes the aerosol and helps controlling the dia-

meter of the aerosol beam. Critical processing para-

meters include the atomization power, the gas flow

rates, the nozzle diameter and in some cases the carrier

gas temperature. Additionally, the printing speed is

critical for the quality, thickness and linewidth of the

printed patterns. As this technique is a single point

deposition technique comparable to drawing with a

pencil on paper, areas are constructed by consecutive

printing of neighboring lines. Similarly, to inkjet

printing, the distance between the lines has to be

Figure 6. Schematic description of the functionality of digital printing techniques. (a) Inkjet printed structures are formed a pattern
from adjacent single droplets that are being ejected from the nozzle head on demand. (b)Aerosol jet printing a high-resolution spray
coating,Where an atomized ink is focused by a sheath gas stream. For both techniques either the printhead or substratemovement
allows for 2D structuring.
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adjusted to the single linewidth for a successful

merging of the printed structure. The clear strengths

of aerosol jet printing lie in the high resolution down

to 10 μm feature size, wide range of possible ink

viscosities (1–1000 cP), large bandwidth of printable

materials (e.g. polymers, nanoparticles, -wires and

-tubes) and facile deposition even on mm high 3D

structures due to the relatively large nozzle to substrate

distance of 5mm.

4.Device engineering and fabrication of
organic photodetectors

4.1.Device performance of printed and coated

devices

In table 1 we summarize the performance parameters,

materials and device architectures of OPDs processed

partially or completely by printing and coating techni-

ques which are reviewed in this report. An extended

table containing additional information and refer-

ences can be found in the supporting information is

available online at stacks.iop.org/FPE/4/043001/

mmedia. In the following sections we highlight the

work which has contributed to the control and

improvement of the device FOMs, namely R(λ) and

D*, the dark current as well as the dynamic behavior.

We also discuss the approaches in terms of materials,

solvents and processing parameters which represent

the state of the art in OPDs fabrication with industrial

relevant techniques.

4.1.1. Spectral response range

The R(λ) is the main criterion which qualifies an

optical detector suitable for a specific application. It

does not only define the operational wavelength range

but also how much current is to be expected per

incident optical power. For many basic applications of

optical detectors, the wavelength range is not a critical

parameter (e.g. for proximity sensors, ambient light

sensors etc). Nevertheless, for specific applications

certain windows of operation are of interest, such as

the skin transmission band for pulse oximetry or the

fluorescence of a given analyte in chemical detection.

The spectral range of an OPD is mainly defined by

the optical absorption of the chosen active material

which is given by the chemical structure of the com-

pound. Figure 7(a) shows an overview of material sys-

tems employed in printed or coated OPDs with the

achievable responsivity. R(λ) is related to the actual

photon-to-extracted carrier efficiency which also

depends on device architecture characteristics such as

the choice of interlayers, filters or device thickness. In

the following, we will discuss both the material and

architecture focused approaches employed for printed

and coatedOPDs.

To date, the most prominent material system uti-

lized in OPDs is the BHJ comprised of Poly(3-hex-

ylthiophene-2,5-diyl) and [6,6]-Phenyl C61 butyric

acid methyl ester (P3HT:PC60BM). This material sys-

tem exhibits an R(λ) in the blue and green wavelength

range up to a limit of∼600 nmdefined by the band gap

of P3HT. In 2009, Tedde et al were first to report the

coating of P3HT:PCBM layers by spray and blade

coating methods to fabricate OPDs with high perfor-

mance [50]. The devices reached a R(λ) of 300 and 330

mA W−1 at 550 nm. For the first reported printed

active layer, inkjet printing was utilized, however, the

performance was reported as low without further

quantification of R(λ) [84]. This work was followed by

a detailed study of inkjet printed OPDs using P3HT:

PCBM by Lilliu et alwho were able to reach a compar-

able performance to coated devices with a R(λ) of 280

mAW−1
[53].

The limited detection range of the P3HT:PCBM

system ignited work on other approaches to broaden

its spectral window. One method, consisted in the

addition of a squarine dye to sensitize theR(λ) of spray

coated P3HT:PCBM BHJ devices extending its

absorption towards the NIR regime [54]. While this

approach reduced the magnitude in the region of the

P3HT absorption, it reached∼160mAW−1 at 800 nm

enabling NIR imaging. Similarly, the use of a ben-

zothiadiazole-based small molecule donor in combi-

nation with P3HT and the fullerene derivative [6,6]-

Phenyl C71 butyric acid methyl ester (PC70BM) was

investigated for inkjet printed ternary blend OPDs

[57]. However, the device only reached values around

100 mAW−1 at 550 nm (green) and 80 mAW-1 at 650

nm (red).

Inspired by the success of alternative polymer

donors in the OSC community, the OPDs community

also moved towards replacements for P3HT. Lochner

et al reported on the first blade coated active layer

using a blend of Poly[[4,8-bis[(2-ethylhexyl)oxy]

benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-

[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]

(PTB7) and PC70BM to achieve a broad band R(λ)

ranging almost over the entire visible spectrum up to

700 nm [11]. The device exhibited amaximum R(λ) of

240 mAW−1 at 630 nm. The same active layer system

has also been aerosol jet printed in a semitransparent

device reaching 260 mA W−1 at 680 nm setting the

record above the P3HT absorption regime at that time

[8]. Recently, the use of a NIR absorbing polymer

donor poly[(2,5-bis(2-hexyldecyl)-2,3,5,6-tetra-

hydro-3,6-diox-opyrrolo[3,4-c]pyrrole-1,4-diyl)-alt-

([2,2’:5′,2″-terthiophene]-5,5″-diyl)] (PDPP3T) in a

OPD with a spray coated active layer was reported

[43]. PDPP3T enabled the extension of the spectral

window up to 900 nm reaching a R(λ) of 250mAW−1

at this cut-off wavelength.

A very recent development in the OPD commu-

nity is the use of novel high performance non-full-

erene acceptors, which have the potential to replace

the fullerene derivatives and offer increased stability,

synthetic flexibility and most importantly for OPDs

absorption tunability [85]. So far only two studies on
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Table 1. Summary of reported figures ofmerit of printed or coatedOPDs reviewed in this work. Additionally, the fabricationmethods for the various layers is given. Values are taken directly from the referenced publication or calculated
from the reported values if possible.

JD (Bias) R(λ) (Bias) D* LDR f3 dB (Bias)

Substrate OPDmaterials Method nA cm−2 (V) mAW−1
(V) 1012 Jones dB kHz (V) Year References

Glass/ITO PEDOT:PSS/P3HT:PCBM/Ca/Ag SC/BC/VE/VE 1000 (−5) 292 (−5) 0.13 2009 [50]

Glass/ITO PEDOT:PSS/P3HT:PCBM/Ca/Ag SpC/SpC/VE/VE 250 (−5) 305 (−5) 0.88 100a 2009 [50]

Glass/ITO PEDOT:PSS/P3HT/PCBM/Al IJ/IJ/SC/VE 1000 (−0.1) 250a 2009 [51]

Glass Ag/PFB:F8BT/PEDOT:PSS all IJ 1 (−1) 19 (0) 2011 [52]

Glass/ITO PEDOT:PSS/P3HT:PCBM/Ca/Ag IJ/IJ/VE 2000 (−5) 265 (−5) 2011 [53]

CMOS-chip Al/P3HT:PCBM/PEDOT:PSS/PEDOT:PSS VE/all SpC 7 (−1.5) 194 (−4) 15a 2012 [54]

CMOS-chip Al/P3HT:SQ:PCBM/PEDOT:PSS/PEDOT:PSS VE/all SpC 12 (−1.5) 151 (−4) 2012 [54]

PEN Ag/PEIE/P3HT:PCBM/PEDOT:PSS IJ/SC/IJ/IJ 200 (−1) 339 (−0.9) 1.5 20 (−1) 2013 [6]

PMMA-Fiber PEDOT:PSS/P3HT:PCBM/Al SpC/SpC/VE 10 (−1) 10.6 (−1) 15a 2013 [55]

Glass/ITO PEIE/PBDTTT-C:PC70BM/PEDOT:PSS/Ag SC/SC/IJ/IJ 2 (−2) 165 (−2) 8 140 12a 2013 [56]

PEN Ag/PFN/T1:P3HT:PC70BM/PEDOT:PSS IJ/SC/IJ/IJ 100 (−1) 113 (−1) 2014 [57]

PEN PEDOT:PSS/PFN/T1:P3HT:PCBM/PEDOT:PSS IJ/SC/IJ/IJ 1000 (−1) 152 (−1) 2014 [57]

PEN PEDOT:PSS/PEDOT:PSS/PTB7:PC70BM/Al all BC/VE 1 (−1) 254 (0) 10 (0) 2014 [11]

PEN Au/P3HT:PCBM/Al VE/IJ/VE 25 (−1) 2014 [58]

PET CNT/PEDOT:PSS/P3HT:PCBM/LiF/Al all SpC/VE/VE 500 (−5) 315 (−5) 2014 [59]

Paper Ag/P3HT:PCBM/DNA-polymer/PEDOT:PSS IJ/IJ/DC/IJ 9375 (−1) 2 (−1.5) 0.1 (−1.5) 2014 [60]

Glass PEDOT:PSS/PEDOT:PSS/P3HT:PCBM/Al all SpC/VE 100 (−1) 242 (−4) 1a 2014 [61]

PET/ITO AZO/PTB7:PC70BM/PEDOT:PSS all AJ 21.9 (−1) 250 (−3) 2.2b 330 (−3) 2015 [8]

PET PEDOT:PSS/AZO/PTB7:PC70BM/PEDOT:PSS all AJ 2200 (−1) 260 (−3) 0.27b 300 (−3) 2015 [8]

PEN PEDOT:PSS/PEIE/PCDTBT:PC70BM/PEDOT:PSS all BC/SP 0.35 (−3.33) 296 (−3.3) 28b 50 (−5) 2015 [62]

Glass/ITO PEI/P3HT:PCBM/PEDOT:PSS/PEDOT:PSS all SpC <100 (−4) 315 (−4) 15a 2015 [63]

Glass PEDOT:PSS/PEI/P3HT:PCBM/PEDOT:PSS/PEDOT:PSS all SpC <100 (−4) 288 (−4) 6a 2015 [63]

a-Si/ITO TFB/P3HT/P3HT:PCBM:GOS:Tb/Al SC/SpC/SpC/VE 10 (−2) 2015 [64]

PET EG:PEDOT:PSS/PEDOT:PSS/P3HT:PCBM/Al SpC/SC/SC/VE 160 (0) 1.33b 2015 [65]

PET Ag/AZO/PTB7:PC70BM/PEDOT:PSS brush/all AJ 100 (−1) <300 (−1) 2016 [66]

PEN PEDOT:PSS/PEI/P3HT:PCBM/Poly-PT/PEDOT:PSS IJ/SC/all IJ 75.8 (−1) 288 (−1) 2.2b 2016 [67]

Glass/ITO PEIE/PCDTBT:PCBM/PEDOT:PSS SC/SC/SP 0.3 (−2) 320 (−2) 32.1b 148 91 (−2) 2016 [2]

Glass/ITO P3HT:PCBM/LiF/Al TP/VE/VE 53 (−1) 262 (−5) 2016 [68]

Ormostamp Al/PEDOT:PSS/P3HT:PCBM/LiF/Al VE/SpC/SpC/VE/VE 800 (−5) 194a 2016 [69]

Glass Al/PEIE/P3HT:PCBM/(MoO3/Ag/MoO3) VE/SpC/TP/VE 994 (−1.5) 75 (−1.5) 0.14b 2017 [70]

PEN Ag/PEI/P3HT:PCBM/PEDOT:PSS/PEDOT:PSS IJ/all SpC 200 (−2) 339 (−4) 2017 [71]

PEN Al/P3HT:PCBM/PEDOT:PSS/PEDOT:PSS VE/all SpC 100 (−5) 2017 [72]

Glass/ITO PEIE/PCBM/P3HT/MoO3/Ag SC/SC/TP/VE/VE 7.72 (−1.5) 240 (−1.5) 2017 [73]

Glass/ITO ZnO/P3HT:PCBM/PEDOT:PSS SC//SC/IJ 110a 2017 [74]
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Table 1. (Continued.)

JD (Bias) R(λ) (Bias) D* LDR f3 dB (Bias)

Substrate OPDmaterials Method nA cm−2 (V) mAW−1
(V) 1012 Jones dB kHz (V) Year References

Glass Ag/ZnO/PTB7:PC70BM/PEDOT:PSS IJ/all AJ 90 (−0.5) 300 (−1) 2b 114 100 (0) 2018 [8]

Glass/ITO ZnO/P3HT:IDTBR/PEDOT:PSS IJ/IJ/AJ 3000 (−1) 170 (−2) 0.002 250 (−2) 2018 [35]

Glass/ITO ZnO/P3HT:IDTBR/PEDOT:PSS/Ag IJ/IJ/SC/VE 10 000 (−1) 280 (−2) 0.152 2000 (−2) 2018 [35]

PEN PEDOT:PSS/PEI/P3HT:PCBM/PEDOT:PSS all IJ 57 (−1) 195 (−1) 3.3b 2018 [75]

a-Si/ITO ZnO/P3HT:IDTBR/MoO3/Al SC/SpC/VE/VE 21 (−5) 380 (−5) 4.57b 12.4 (−5) 2018 [15]

a-Si/ITO ZnO/P3HT:IDTBR/MoO3/Al SC/BC/VE/VE 34 (−5) 420 (−5) 3.98b 52.6 (−5) 2018 [15]

IGZO-TFT electrode/poylmer:PCBM/electrode −/BC/- 0.1 (−2) 190a 80b 2018 [9]

PEN PEDOT:PSS/PEIE/PV-D4650:PC70BM/PEDOT:PSS all BC/SP 0.5 (−5) 236 (−4) 100 1.1 (−5) 2018 [76]

Glass/ITO PEDOT:PSS/PTB7:PCBM/Al SC/TP/VE 7630 (−1) 410 (−1) 0.263b 2018 [77]

Glass/ITO TFB/PDPP3T:PC70BM SC/SpC/VE 20 (−5) 254 (−5) 3.34b 60 63.8 (−5) 2018 [43]

Glass/ITO TiOx/P3HT:PCBM/MoO3/Ag IJ/IJ/VE/VE 27 000 (−2) 161 (−2) 2018 [78]

Glass/ITO PEDOT:PSS/P3HT:PCBM/Al SpC/SpC/VE 29 (−1) 2018 [79]

PEN PEDOT:PSS/CDTDonor:PC70BM/Al BC/BC/VE 10 (−0.5) 226a 60 5a 2018 [80]

Glass/ITO TFB/PV-D4650:PCBM/Al SC/SpC/VE 0.034 (−5) 440 (−5) 21.9 160 50 (−5) 2019 [81]

Glass/ITO PEDOT:PSS/PVK:PCBM/PFN/Poly-TPD/PVK:PCBM/Bphen/Ag SC/SC/SpC/SC 7 (−1.5) 0.13b 2019 [82]

Note. SC=spin coating, VE=vacuumevaporation, BC=blade coating, SpC=spray coating.

SP=screen printing, TP=transfer printing, IJ=inkjet, AJ=aerosol jet.
a Nobias voltage specified.
b Specific detectivity calculated fromdark current with shot noise approximation.
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printed/coated devices have been published, both of

them using P3HT in combination with the NFA

IDTBRwhich has a chemical structure consisting of an

indacenodithiophene core with benzothiadiazol and

rhodanine flanking groups. The absorption of IDTBR

up to 750 nm complements the P3HT absorption and

enables the fabrication of broad bandOPDs.Gasparini

et al utilized the blade and spray coating technique

with evaporated MoOx-Al top contacts [15], while

Strobel et al developed a process for fully printed devi-

ces utilizing inkjet and aersol jet [35]. Both reports

were able to set record responsivities for their fabrica-

tion technique by achieving R(λ) around 400 and 300

mAW−1 at 750 nm, respectively.

Beside the extension ofR(λ) towards theNIR there

are also applications for OPDs that demand a selective

or even narrow band response of the device. The most

prominent example is represented by the application

ofOPDs in image sensors where separate pixels should

only be sensitive to certain spectral regions (e.g. colors

such as red green and blue). For inorganic imagers this

is realized by applying optical filters on broad band

absorbing Si-photodiodes to limit their spectral

response. Deckman et al followed this filtering

approach to fabricate wavelength selective OPDs as

shown in figure 7(b). For this purpose, two different

organic filter layers were spray coated on the opposite

side of the substrate where a broad band (Lisicon PV-

D4650:PC70BM) OPD array was fabricated by a com-

bination of printing and coating methods. The optical

filters were composed of a blend of Poly(9,9-di-n-

octylfluorene-alt-benzothiadiazole) (F8BT) and

PCBM (10:1) for the yellow band and a bilayers of this

blend with the polymer Poly[N-9′-heptadecanyl-2,7-

carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-ben-

zothiadiazole)] (PCDTBT) for red transmission. The

resulting OPD array exhibited three different spectral

responses (red, yellow and white) which enabled the

reconstruction of the color composition (i.e. wave-

length ratios) of the incident light [76].

Another approach to achieve a selective response

was achieved by utilizing cavity enhanced charge-

Figure 7. (a)Overview ofmaterial systems in the active layer and correspondingR(λ) ofOPDs partially or fully fabricatedwith coating
and printing techniques (IJ: inkjet, AJ: aerosol jet, BC: blade coating, SpC: Spray coating). TheR(λ) from a commercial Si-photodiode
(FDS100) is shown as a reference curve. (b)Cross section (top) and EQE at−4Vof color selective coatedOPDs through color filters.
The resulting ‘white’, ‘yellow’ and ‘red’OPDs at−4V biaswere capable of reconstructing the intensity contributions of RGB-LEDs
that have the displayed emission spectra. Reprintedwith permission from [76], (CC-BY2018) (c)Cavity enhancement of charge-
transfer absorption allows for narrowNIR response depending on the thickness L of the active layer which defines the resonance
wavelengthλ(L). The spectrum is reprintedwith permission from [83], Copyright (2017) JohnWiley and Sons.
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transfer state absorption to fabricate narrow band

photodiodes with a full-width-half-maximum down

to 14 nm [83]. For this purpose a poly(2,5-bis(3-tetra-

decylthiophen-2-yl)thieno[3,2-b]thiophene)

(PBTTT):PCBM active layer, which usually shows a

broadband absorption below 600 nm, was sandwiched

between two reflective electrodes to form an optical

cavity (see figure 7(c)). This resulted in a narrow reso-

nance whose wavelength depends on the thickness of

the active layer. By fabricating an OPD with an active

layer thickness gradient through blade coating, a

spectrometer was realized, which was capable of mea-

suring the transmittance spectrumofwater.

Both approaches, using optical filters and exploit-

ing optical effects, are successful in achieving a wave-

length selective response, however, they burden device

fabrication by requiring additional processing steps or

relying on a very accurate control over the layer thick-

nesses. Amuch simpler approach is the use of intrinsic

absorption of materials with narrow absorbing bands.

So far, there is little research in this direction as it

diverges from the requirements of broad band absorp-

tion given by OSC optimized materials. Yang et al and

Nakamichi et al have reported the fabrication of prin-

ted narrow band OPDs by following this material-

based approach [86–88]. They demonstrate the use of

inkjet printed active layers containing Poly(3,4-ethyle-

nedioxythiophene)-poly(styrenesulfonate) (PEDOT:

PSS) and cyanine dyes to fabricate a detector capable of

resolving a laserwavelength shift of∼1 nm.

We believe that future work on printed OPDs will

be evolving increasingly around the development of

wavelength selective devices for example by employing

the approach to use thick active layers which selec-

tively attenuate a part of the incident light spec-

trum [24].

4.1.2. Specific detectivity and dark current

While R(λ) represents the light-to-current wavelength

profile of an OPD, it does not consider the lowest

detection limit. This lowest threshold is restricted by

the noise of the photodetector, which is quantified by

D* as a parameter to compare among different

detectors. As explained in section 2.4 one of the

strongest contributions to the noise stems from the

magnitude of shot noise which is directly linked to the

dark current. Therefore, many studies have been

devoted to its analysis and reduction in OPDs. Two

main approaches can be distinguished in this regard,

the fabrication of thick active layers and the use of

charge blocking and work function modifying inter-

layers (see figure 8(a)). In the following, we discuss its

utilization in OPDs fabricated through printing and

coating techniques.

In their pioneer work, Tedde et al were the first to

report on dark currents in OPDs with coated active

layers [50]. Specifically they analyzed the dependence

of dark current on the active layer thickness, rough-

ness and fabrication technique. It was found that spray

coated layers of ∼450 nm thickness showed the lowest

dark current of 250 nA cm−2 compared to blade

coated (250 nm, 500 nA cm−2) at a reverse bias of 5 V.

Surprisingly, this was achieved although the sprayed

layer had a much higher surface roughness. It was

argued that the layer thickness is capable to overcome

drawbacks stemming from the roughness. The same

conclusion was drawn by Schmidt et al who found a

decrease in dark current for increasing active layer

thickness for spray coated P3HT:PCBM active layers

as shown in figure 8(b) [61]. This also holds true for

avoiding shunts due to the roughness of the under-

lying layer as reported by Falco et al who spray coated

thick active layers on a carbon nanotube electrode

achieving their best results for layers>650 nm [59].

However, the increase of the active layer thickness

has drawbacks in terms of a reduced detection speed as

carrier transit time increases. This has strongly moti-

vated the research on interlayers to block unwanted

charge injection. A large number of works have stu-

died and confirmed the benefit of materials like poly

(ethylenimine) (PEI), poly(ethylenimine) ethoxylated

(PEIE) or Poly [(9,9-bis(3’-(N,N-dimethylamino)pro-

pyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)]

(PFN) as suitable hole blocking layers to successfully

repress dark current in printed devices [2, 6, 56, 57].

However, the requirement of having an ultrathin and

pinhole free layer forced all of these early reports to

employ spin coating as deposition technique. Falco

et al were the first to successfully spray coat a closed

and sufficiently thin layer of PEI [63]. By a variation of

the spraying time and the ink concentration between 5

and 20 s and 0.05 and 0.4 wt% they were able to tune

the thickness, roughness and work function of the PEI

layer. For 0.1 wt% and 10–15 nm thickness an optimal

device performance with dark currents below 100 nA

cm−2 and EQEs above 60% at −4 V reverse bias was

found (see figure 8(c)). Their developed process fur-

ther enabled them to fabricated the first fully spray

coated OPDs on conductive PEDOT:PSS electrodes

with similar device performance. Their work was fol-

lowed by the development of a blade-coating process

for a thin PEIE layer on PEDOT:PSS [62]. Through a

combination of coating and printing they fabricated

devices with record dark currents <1 nA cm−2 and

detectivities above 1013 Jones. Furthermore, they

highlight that the interlayer approach has a much lar-

ger effect on the reduction of the dark current com-

pared to increasing the BHJ thickness. The first

printed demonstration of PEI in OPDs was reported

recently by Cesarini et al [75] They employed inkjet

printing to deposit PEI on PEDOT:PSS for fully inkjet

printed OPDs and investigated the reproducibility of

the device performance in a very comprehensive man-

ner obtaining dark currents on the order of 60 nA

cm−2 at−1 V and specific detectivities>1012 Jones. In

addition to the wide selection of hole blocking layers,

the electron blocking capability should also be con-

sidered. Recently, Grimoldi et al investigated poly[3-
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(3,5-di-tert-butyl-4-methoxyphenyl)-thiophene]

(poly-PT) as an alternative. The inkjet printed inter-

layer showed a two-fold improvement regarding the

dark current reaching 75 nA cm−2 at−1 V and a con-

siderable benefit in terms of processability which will

be discussed in section 4.2.2 [67].

Besides these two approaches, a third idea exploit-

ing a segregated BHJ morphology was investigated by

Abdellah et al andKim et al Both groups utilized trans-

fer printing to fabricate a P3HT/PCBM bilayer. By a

subsequent thermal post treatment,material inter-dif-

fusion should allow for a controlled BHJ morphology

enabling efficient charge separation and transport

without the drawback of having an interfacial contact

between the respective electrodes and the donor or

acceptor material. This should strongly limit the

injection of charges under reverse bias. Both groups

found the thermal treatment to improve devices per-

formance under illumination as expected, almost

reaching the performance of reference devices with a

blended BHJ. Nevertheless, dark currents were not

observed to improve compared to the reference

device [68, 73].

The successful reduction of dark current and thus

noise in OPDs will also improve the LDR as the noise

floor limits the detectable signal in the low intensity

regime. Record LDR values correlate with record dark

currents and are currently on the order of 150–160 dB

(see table 1) [2, 81]. Unfortunately, the LDR is often

not reported in literature and in some cases evaluated

wrongly from a non-unity slope dependence indicat-

ing nonlinear R(λ). Furthermore, the high intensity

Figure 8. (a) Schematic of the two approaches to lower the dark current inOPDs: thicker active layers (left) and the introduction of
interlayers for charge blocking orwork functionmodification (right). (b)Dark and light IV-curves for spray coated P3HT:PCBM
active layers of different thickness. The thickness is controlled by the spraying time and improves the dark current up to a saturation
point of∼300 nA cm−2 at−4V. Reprintedwith permission from [61], (CC-BY 2014) (c) IV-curves and EQEs of spray coated P3HT:
PCBMOPDswith varying thickness of a PEI interlayer. An optimal thickness of 10 nm showed lowdark currents of<100 nA cm−2

and EQEs>60%. Reprintedwith permission from [63]Copyright © 2015 Elsevier B.V. All rights reserved.
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saturation is rarely regarded in detail leaving room for

future analysis and potential improvement of the LDR

in next generationOPDs.

4.1.3. Detection speed and bandwidth

The tremendous developments in the field of printed

OPDs in recent years have demonstrated that the

fabricated devices have reached a competitive perfor-

mance to that of lab scale organic and commercial

inorganic technologies. However, this comparison is

mostly valid for the steady state performance. The

dynamic performance of printed OPDs is generally

lagging behind in performance for most material

systems. This can in part be attributed to the relatively

low charge carrier mobilities of organic materials

compared to their inorganic counterparts. On the

other hand, only recently some effort has been placed

on the improvement of device speed as most reports

characterizing cut-off frequencies or response times

merely discuss the possible reasons limiting the

dynamic response rather than addressing the under-

lying problems.

The first transientmeasurements in partially inkjet

printed devices were reported and discussed by

Azzelino et al [6]. They investigated the dependence of

the photocurrent fall time and found a correlation to

the illumination intensity, where the devices exhibited

response times between 100ms and 90μs at intensities

of 20 and 1000 μW cm−2, respectively. The photo-

current fall time was defined as the time needed for a

reduction from 90% to 10% of the dc-signal after the

optical excitation had stopped. This dynamic behavior

was attributed to a transit limited regime dominated

by trapping and detrapping effects. Similar effects have

been observed by others like Schmidt et al in spray-

coated devices with evaporated Al cathodes as depicted

in figure 9(a). Furthermore, they demonstrated the

influence of the spraying time and the resulting BHJ

thickness on the device speed, as it increases the transit

time of charge carriers and thus reduced the cutoff fre-

quency from 3 to 1 kHz [61]. An optimal active layer

morphology is critical in that regard. Benavides et al

were able to increase the cut-off frequency of their

devices with spray coated active layers from 738 Hz to

63.8 kHz by using 1,8-diiodooctane (DIO) as an addi-

tive [43]. Other investigated approaches in literature

like the addition of insulating polymers to decrease

trapping and increase device speed could result

Figure 9. (a)Detection speed of a spray coated P3HT:PCBMactive layerOPD (left) and the dependence on different active layer
thicknesses (inset) aswell as on the light intensity (right). Reprintedwith permission from [61] (CC-BY2014). (b)Photograph and
microscopy image of digitally printed P3HT:IDTBROPDs (left) aswell as the recorded detection speed depending on the top electrode
material (IJ: silver; AJ: PEDOT). Reprintedwith permission from [35], Copyright 2018AmericanChemical Society.
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beneficial for the device performance of printed devi-

ces in the future [89]. Aside from the active layer, also

interlayers play a crucial role in the response speed.

Grimoldi et al found a slightly reduced performance in

terms of response time, which reached 106 μs without

and more than 136 μs with poly-PT as an electron

blocking layer (EBL) and hypothesized that additional

hole traps in the interlayer or at the interface might be

the reason [67]. Furthermore, the commonly used PEI

has been shown to have a detrimental effect on the

detection speed when the layer is of low quality [75].

Especially the water-based ink utilized in this study

seems to induce losses in performance.

When a device operates outside the transit limited

regime, it is generally constrained by the RC-constant

of the device. This limit is determined by the overall

device resistance and geometric capacitance. There-

fore, the choice of electrode material or device dimen-

sions has a great impact on the device dynamic

characteristics. Several studies have shown that the use

of PEDOT:PSS as a replacement for ITO or a metal

electrode will strongly limit the cut-off frequency due

to the increased electrode resistivity [2, 8, 35, 63]. In

order to improve the detection speed one has to care-

fully consider the different parameters limiting the

response. In the work by Strobel et al the device geo-

metrywas adjustedwith the transit andRC trade-off in

mind. An active layer thickness of 200 nm was found

to represent a good balance between both limits,

which enabled record detection speeds above 2 MHz

for inkjet printed devices with ITO and silver electro-

des [35]. The replacement of the metal electrode by

PEDOT:PSS produced the afore mentioned increase

of the series resistance and the resulting drop in device

speed (see figure 9(b)). Further speed improvement

therefore could be enabled by the use of high con-

ductive electrodes like carbon nanotubes (CNTs) or

Silver nanowires.

4.2. Process engineering andperformance

In order to realize high-performance OPDs by print-

ing or coating techniques, it is necessary to consider

the requirements and functionality of every single

layer of the device. Furthermore, the ink formulation

and processing parameters have to be adopted accord-

ing to the constraints of the chosen fabrication

technique. Most of the times, a combination of

fabrication techniques and chemical approaches (i.e.

crosslinking, orthogonal solvents, etc) is necessary to

realize an optimized device architecture. The following

section discusses the currently developed device pro-

cessing approaches which enable or facilitate print-

ability and optimal device performance.

4.2.1. Active layer ink formulation and processing

techniques

The active layer of an OPD defines the functionality

and application field of the device while interlayers are

usually employed to improve performance. It is there-

fore logical that it was the first layer of an OPD which

was fabricated by printing or coating with the goal of

obtaining reproducible and homogeneous layers. First

reports on printed or coated active layer devices

employed the same ink systems that have previously

been used for spin coated devices relying on single

solvent systems like xylene, chlorobenzene (CB) or di-

chlorobenzene (DCB). These reports demonstrated

that these simple inks are sufficient to obtain working

active layers by blade coating [11, 50, 62, 76] or spray

coating techniques with state of the art R(λ)

[11, 50, 59, 61, 62, 76, 79]. Especially for blade coated

layers drying effects where not reported to be an issue

and the layer roughness was in the range of tenths of

nm. For spray coating on the other hand, the layers

were typically of high roughness in the range hundreds

of nm. However, the drawbacks of this roughness, like

the risk of shunts, were often overcome by fabricating

very thick layers by simply increasing the spraying

time. However, the thick active layers also lead to an

increase in charge transit times and therefore to higher

recombination and reduced device speed [61]. A

possibility to reduce the roughness was demonstrated

by Benavides et al through the use of the additive

diiodooctane (DIO), which is often used in literature

to improve the BHJ morphology for various polymer:

fullerene active blends. In their study they showed that

DIO additionally reduced the surface roughness of a

spray coated layer of PDPP3T:PC70BM from a peak-

to-peak roughness of 600 nm down to 200 nm as

shown in figure 10(a) [43]. Consequently, device

performance parameters improved, including dark

current, responsivity and dynamic response. This

effect was attributed to the combination of a slower

drying rate and smaller droplets from the lower

viscosity of the ink and has also been employed in

other BHJ systems [81].

Very low layer rms roughness on the order of 6 nm

on PTB7:PC70BM BHJ OPDs was reported by Eck-

stein et alwho used aerosol jet printing as a fabrication

tool [8]. Although this technique is also a droplet based

process similar to spray coating, the consecutive line

by line deposition and the smaller droplet size benefit

the formation of smooth layers. However, it was fur-

ther reported that the roughness strongly depends on

the printing parameters leading to a 10 fold increase

when the atomizer flow rate is reduced from 16 ccm to

13 ccm (see figure 10(b)).

The most prominent printing technique for the

fabrication of active layers is inkjet printing as is clearly

shown in figure 3. The first report of its use for OPDs

was published by Lavery et al in 2011 [52]. Notably, it

was also the first fully printed OPD. In this study the

active layer blend was composed of poly(9,9′-dioctyl-

fluorene-co-bis-N,N′-(4-butylphenyl)-bis-N,N′-phe-

nyl-1,4-phenylene-diamine) (PFB) and poly(9,9′-

dioctylfluorene-co-benzothiadiazole) (F8BT). It was

printed from a single solvent DCB solution on top of a
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silver bottom electrode. However, it was found rela-

tively quickly that the quality of layers fabricated by

inkjet printing is much more sensitive to the solvent

system used. Single solvent systems typically result in

homogeneity issues and material displacement due to

drying effects (e.g. coffee ring) [84]. It has been shown

that these issues can be overcome to some extent by

varying the concentration of the ink to increase the

viscosity [90], or by adapting the substrate temper-

ature to prevent or enable spreading of the ink during

drying in systems comprising of P3HT:PCBM [78].

However, the more widely used approach is repre-

sented by the use of multi-solvent systems to balance

the evaporation rates and dynamic surface tension

effects during drying which at the same time allows

control of the ink viscosity. In many studies with the

prominent P3HT:PCBM BHJ system, a solvent mix-

ture of DCB and mesitylene in the ratio 68:32 has pro-

ven to be very beneficial to achieve high quality layers.

It has first been suggested in a report on printed OSCs

[91]. Later on, Lilliu et al were the first to make use of

this ink system for printed OPDs [53], followed by the

study of Azzelino et al who further adapted the con-

centration of the semiconductors to avoid an unwan-

ted coffee-ring during drying and found a blend

concentration of 30 mg ml−1 to yield the highest per-

formance [6]. However, this solvent mixture cannot

be universally applied as is demonstrated by Pace et al

in their investigation of a small-molecule BHJ system,

where coffee-ring formation could only be alleviated

by the addition of P3HT to form a ternary BHJ [57].

The added polymer helped to control the viscosity and

reduced the material displacement after deposition

allowing for printed active layers displayed in

figure 10(c). They further referred to the addition of

insulating polymers to reach a similar effect as has

been done by others in literature [89, 92, 93]. Another

solvent mixture was investigated by Strobel et al in

their work with P3HT and the NFA IDTBR [35]. They

inkjet printed the active layer from a solution of CB

adding 5 vol% of the high-boiling point solvent tetra-

lene to overcome the coffee-ring effect.

A common issue presented in the fabrication of

any solution processed multilayer device is the dis-

solution of the underlying layers. This is typically

addressed by the use of an orthogonal solvent

approach. Another alternative was presented by

Abdellah et al and Kim et alwho use the transfer print-

ing technique, allowing the deposition of a layer with-

out affecting the previous one. They fabricated bilayers

of P3HT and PCBM, demonstrating that a comparable

performance (∼280 A W−1
) to a BHJ can be reached

through post thermal treatment after the stamping

step [68, 73]. This technique was further used to fabri-

cate OPDs on a three-dimensional semispherical sur-

face by developing a 3D-PDMS stamp to deposit the

P3HT:PCBMactive layer. Additionally, it is possible to

replace the polydimethylsiloxane (PDMS) stamp,

which is typically used for this technique, by chemi-

cally modified polyurethane acrylate (PUA) [77]. This

Figure 10. (a) Surface profile of spray coated PDPP3T:PC70BMactive layerswith andwithoutDIO as an additive. Reprintedwith
permission from [43], ©2017 Elsevier B.V. All rights reserved. (b) Schematic layout andwhite light interferometry image of an aerosol
jet printedOPD (top) aswell as the surface topography PTB7:PC70BMactive layers with different atomizer flow rates (bottom).
Adaptedwith permission from [23], (CC-BY2016) (c)Atomic forcemicroscopy images of inkjet printed T1:PCBMbinary and P3HT:
T1:PCBM ternary active blends forOPDs. The insets show the dewetting issues and nice printability of the two blends, respectively.
Reprintedwith permission from [57], ©2014WILEY‐VCHVerlagGmbH&Co.KGaA,Weinheim. (d) Schematic description of the
stability benefit of transfer printed PTB7:PC70BMactive layers on PEDOT interlayers (lower diagram) and the resulting improved
lifetime ofOPDs regarding spectral responsivity compared to spin coated devices (upper diagram). Reprintedwith permission from
[77], Copyright 2018AmericanChemical Society.
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allows for a fine tuning of the surface energy and pro-

vides higher chemical and temperature resistance.

OPDs comprising of PTB7:PC70BM as active layer

were fabricated with such a PUA. The devices showed

improved photocurrent and interestingly improved

stability over the time span of 360 h. This was attrib-

uted to a stabilized dry layer formation prior to stamp-

ing, which prevents penetration of the BHJ layer into

the PEDOT:PSS blocking layer as depicted in

figure 10(d).

4.2.2. Design of printable device architectures

While the active layer fabrication is mainly focused on

the control of blend morphology and the prevention

of inhomogeneities caused during drying, the com-

plexity in printed devices (and generally in thin film

electronics) rises tremendously due to the challenge to

obtain interfaces of high optoelectronic quality when

printing interlayers and electrodes. The former typi-

cally demand for ultra-thin (<10 nm) but closed layers

for combined efficient carrier blocking and extraction.

The latter needs to fit the device energetic require-

ments and exhibiting high conductivity, furthermore

at least one electrode has to be transparent in the

optical region of interest. Additionally, in terms of

processing the surface free energy of all layers needs to

be optimized and degradation of the underlying layers

must be prevented. In order to tackle this complexweb

of constraints, the OPD stack design and the material-

property relations of the device components should be

carefully considered from the conceptualization stage

of the photodetector.

The first reports on OPDs with printed/coated

interlayers or electrodes were fabricated in the so-

called standard device architecture with the EBL on

the bottom and the cathode on the top of the device. In

this configuration, the top electrode has been typically

thermally evaporated due to the lack of suitable mate-

rials with a low work-function (WF) which are solu-

tion-processable. The most prominent interlayer for

EBLs is PEDOT:PSS. For OPDs, the translation of

PEDOT:PSS fabrication by spin coating to a scalable

technique was the focus of the first investigations by

spray coating, blade coating and inkjet printing

[50, 53]. These reports showed that all techniques

enabled continuous layers with a thickness on the

order of 200 nm on top of ITO. Similarly as for the

active layers, Spray coating of PEDOT:PSS yielded lay-

ers of much higher roughness than blade coating with

an rms value of 33 nm and 14 nm, respectively [50].

However, both processes still achieved smoother films

than the inkjet printed layer, whichwere as rough as 97

nm [53]. Multiple printing steps with a successive sub-

strate rotation of 90° were necessary to achieve con-

tinuous films of reasonable roughness. The poor

compatibility of water-based solutions with low boil-

ing point and high surface tension can be identified as

the underlying issue.

Following this investigation, others have con-

sidered alternatives to replace the ITO electrode by a

solution processable material. The most straight for-

ward replacement of ITO is represented by the use of

high conductive PEDOT:PSS. This has first been uti-

lized by Schmidt et al who sprayed PEDOT:PSS (Cle-

vios PH1000) on float glass [61]. Sufficient wettability

was achieved by addition of the wetting agent Dynol

604. For the fabrication of their OPDs an additional

layer of PEDOT:PSS (Clevios PVP CH 800) was

sprayed as a EBL on top of the electrode in order to

improve the blocking capabilities. The PH 1000 elec-

trode can further bemodified by addition of exfoliated

graphene (EG). Liu et al spray coated such amixture of

EG and PH1000 on flexible polyethylene terephthalate

(PET) substrates to fabricate OPDs [65]. They reach

conductivities in the range of 1000 S cm−1 for films

with a thickness of only 20 nm. They highlight the high

mechanical flexibility of the electrode and demon-

strate ultra-thin and stretchable OPDs on PET foils as

thin as 2.5 μm (see figure 11(a)). In 2014 Falco et al

investigated the use of CNTs as an electrode for OPDs.

They successfully spray coated electrodes through a

shadowmask on glass and PET substrates with a sheet

resistance of 160 Ωsq−1 [59]. However, the resulting

hydrophobic surface of the CNT electrodes repre-

sented a problem for the successive deposition of the

water-based PEDOT:PSS dispersion. A mild oxygen

plasma treatment was found to improve the wett-

ability and reduce the water contact angle from 50° to

16°. However, this resulted in a slight decrease of per-

formance due to an increase in the resistance of the

CNT electrode. A more successful approach was the

addition of isopropanol to the PEDOT:PSS ink for-

mulation. This resulted in a contact angle of 24° and

considerably improved the performance of the OPDs

aswell as the fabrication yield.

For inverted architectures PEDOT:PSS has been

one of the main candidates as transparent top elec-

trode. However, the processability of this water-based

dispersion on top of the active layer is not trivial.

While screen printing of PEDOT:PSS from a very high

viscosity ink (80% Agfa EL-P5015 with >50 Pa s) has

yielded working OPDs [62], other techniques requir-

ing lower viscosity (e.g. inkjet printing) often face pro-

blems of dewetting due to the low surface free energy

of most active materials. A common approach, is the

use of a surfactant like Zonyl FS-300, as an additive for

the PEDOT:PSS ink in weight ratios up to 10%

[6, 8, 52, 57, 75]. Zonyl is a water-soluble fluorinated

surfactant which helps to reduce contact angle and

prevent dewetting.

Aside from the use of additives in the ink formula-

tion, it is also possible to modify the surface of the

active layer in order to obtain improved wetting of the

ink on the substrate. Plasma treatment is a very com-

mon and effective way to increase the surface energy

by introduction of polar groups on substrates such as

glass or ITO and it has been used to improve the
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deposition of PEDOT:PSS on the active layer [54].

However, when used on active layers the induced oxi-

dation into the organic semiconductor might intro-

duce damages and trapping sites at the interface which

lead to a reduced device performance [94]. Therefore,

somework has been devoted to investigating the use of

interlayers, which facilitate the printing or coating of

PEDOT:PSS. Aga et al showed how a drop cast layer of

Figure 11. (a)Photograph and IV-curves ofOPDs on ultra-thin PET foils with spray coated graphene:PEDOT electrodes. Reprinted
with permission from [65], ©2014WILEY‐VCHVerlagGmbH&Co.KGaA,Weinheim. (b)Microscope images of inkjet printed
OPDswithout a poly-PT interlayer nor Zonyl as an additive (left), without poly-PT butwith Zonyl (middle) andwith poly-PT but
without Zonyl (right). The bottom images showhowpoly-PT effectively reduces the contact angle of PEDOTon the P3HT:PCBM
active layer. Reprintedwith permission from [67], ©2016 Elsevier B.V. All rights reserved. (c) Statistics of dark current densities of
OPDswith inkjet printed PEI layers from amulti solvent ink containingwater, ethanol and ethylene glycol. The right
micrograph shows the fabricatedOPD. Reprintedwith permission from [75], Copyright 2018AmericanChemical Society.
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a DNA prevents dewetting of aerosol jet printed

PEDOT:PSS on a P3HT:PCBM layer [60]. While the

printability was improved by this interlayer, the per-

formance of the device was poor and did not show a

clear diode rectification behavior. The authors attrib-

uted this to the ionic conductivity of the DNA. How-

ever, the choice of materials for the stack design also

supports the conclusion of insufficient electron

extraction and injection capabilities due to unfavor-

able energetic barriers. A very promising interlayer

was tested by Grimoldi et al who used poly-PT for the

simultaneous electron blocking and surface energy

modification on top of a P3HT:PCBM layer in an

inverted device architecture [67]. The layer was inkjet

printed from a n-butanol:ethylene-glycol mixture

(9:1) after careful ink formulation, which considered

the solubility of poly-PT and the solvent orthogonality

of the active materials. Furthermore, the high boiling

point solvents prevented nozzle clogging and thus a

stable printing process. Thanks to the presence of

poly-PT the additive-free deposition of PEDOT:PSS

was simplified due to a superior wettability as shown

infigure 11(b).

In addition to the transparent hole extraction con-

tact on the top, the inverted architecture further

requires a low work function bottom electrode for the

extraction of electrons. This issue can be resolved by

the use of a printable materials such as Ag or PEDOT:

PSSwhose highWF is compensated by a suitable inter-

layer. The use of metal oxide films represents one of

the most common approaches. Such films can either

be cast from metal-organic precursor or nanoparticle

based inks. Deposition of a TiOx layer has been investi-

gated through inkjet printing of a precursor solution

in ethanol on top of ITO [78]. However, they encoun-

tered a strong coffee ring effect and had problems with

nozzle clogging. Both issues could be traced back to

the single low boiling point solvent ink. Strobel et al

obtained smooth inkjet-printed ZnO layers from a

nanoparticle ink using a solvent mixture of diethylene

glycol and glycerol [35]. Another successful ink for-

mulation was developed for aerosol jet printed Al-

doped ZnO layers by the addition of mesitylene to a

commercial nanoparticle ink [8]. Notably, this report

allowed for the first demonstration of fully aerosol jet

printedOPDs.

Another successful approach to lower the bottom

electrode work function is the utilization of interfacial

layers such as conjugated polyelectrolytes or amino

functionalized conjugated polymers [95, 96]. Com-

mon examples for suchmaterials are the polymers PEI

or PEIE. However, to observe optimal results ultra-

thin layers below 10 nm are required which presents a

big challenge for current printing techniques. The first

non-spin coated realization of PEI layers forOPDswas

reported utilizing spray coating to fabricate layers on

ITO andPEDOT:PSS [63]. They showed how thework

function could be lowered down to 4.1 eV by changing

the concentration of the ink and the spraying time.

Films of 20 nm thickness were eventually used for the

fabrication of the first truly fully coated OPDs obser-

ving identical performance as spin coated references.

Blade coating of PEIE layers on PEDOT:PSS was

demonstrated shortly afterwards by Pierre et al result-

ing in a WF variation between 4.6 and 4.1 eV depend-

ing on the ink concentration [62]. Inkjet printing of

PEI was only demonstrated very recently by Cesarini

et al [75]. In their comprehensive study they found a

suitable ink formulation of PEI yielding superior

reproducibility of the OPD performance. They com-

pared a single-solvent ink based onwater to twomulti-

solvent inks containing water, ethanol and ethylene

glycol. As expected, the single solvent ink resulted in

poor device performance and yields below 20% due to

layer inhomogeneities and issues in the jetting stabi-

lity. The addition of ethanol and ethylene glycol served

the purpose of increasing the boiling point to prevent

nozzle failure and controlling ink viscosity after

deposition to avoid coffee ring formation. A yield

above 90% was achieved and the performance was

considerably improved with reproducible dark cur-

rents in the range of 50 nA cm−2 as depicted in

figure 11(c).

4.2.3. Surface pretreatments, patterning and

encapsulation for printedOPDs

Beyond the design of device architecture and optim-

ization of the device performance one should also

consider industrially relevant processing steps that

would be necessary to push printed OPDs toward a

real-world application. These pre- or post-treatment

approaches might facilitate the integration of more

complex systems, help with device patterning, and/or

enhance device functionality.

Pretreatment techniques often address the issue of

the electrode structuring. This is especially important

for coating techniques, which have no intrinsic lateral

resolution. Several groups have reported the use of

shadow masks for structuring electrodes as well as

active layers through spray coating [61, 72]. For blade

coating, the use of a plasma pre-treatment of the sub-

strate through a stencil has been reported as an effec-

tive technique to obtain a selective wetting of the

electrode material during the coating process [62, 76].

This method was furthermore used to fabricate an

array of OPDs as shown in figure 12(a), which was

employed in a 2D blood oximeter (see section 5 [80].

However, for both approaches the shadow mask con-

strains the achievable resolution, which in turn limits

the possible integration density of devices. Further-

more, the use of masks prevents the free form fabrica-

tion of devices as any new design would require

manufacturing a new mask. In this regard digital

printing processes offer an inherent solution for this

problem at the cost of longer fabrication times for

large areas. The approach developed by Eckstein et al

unites the strengths of high resolution and large area

by combining the use of aerosol jet printing and area
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efficient techniques like inkjet, spray coating or blade

coating [23]. For this purpose, the epoxy-based low

surface-free-energy material (SU-8) was printed by

aerosol jet followed by the homogeneous deposition of

Ag ink by an arbitrary technique. After deposition, the

SU-8 pattern provides a high surface free energy con-

trast compared to the substrate which guides the ink

away from SU-8 and templates the electrode material

in the desire layout as shown in figure 12(b). Further-

more, this technique offers full registration accuracy of

all subsequently deposited device layers. This techni-

que was used to fabricate single OPDs[23] as well as

entire fully printed image sensors with 256 pixels and

an individual pixel active area as low as 250×300

μm2
[48].

Aside from the facilitation of OPD fabrication the

substrate treatment may also enable an additional

functionality of the final device. Falco et al reported on

the use of a prestructured imprinted Ormostamp®

substrate with a thin layer of evaporated aluminum to

realize a wire grid polarizer [69]. On said polarizer a

P3HT:PCBM OPD was spray coated. Simulations of

this system predicted an extinction ratio between par-

allel and perpendicularly polarized light of more than

102. Characterization of fabricated devices successfully

confirmed the predicted difference in R(λ) for the

respective polarization of light. However, the exper-

imental data was merely able to reach a maximum

extinction ratio of 50, whichwas attributed to the non-

optimized parameters of the imprinting process and

the nonlinearity of the response with light intensity.

Nonetheless, the proof-of-concept is demonstrated

and the application of such a polarization sensitive

device can be envisioned in lab-on-a-chip

architectures or for polarization multiplexing in opti-

cal communication.

After the fabrication of the OPD an encapsulation

is necessary to ensure long term stability and function-

ality of the device. Most reports make use of curable

adhesives and some kind of barrier material like glass

or plastic foil. However, to ensure industrial relevance

encapsulation techniques need to be developed which

are sufficient for maintenance of OPD performance

while not burdening the fabrication process. A first

step in this direction is the combined process of

e-beam evaporation of oxides and spray coating of

poly(methyl methacrylate) (PMMA) [72]. With this

encapsulation approach it was possible to maintain

40% of the photocurrent with the encapsulated device

after two weeks, which was twice as much as the non-

encapsulated reference.

5.OPDapplications fabricated by
industrial relevant printing and coating
techniques

The demonstrated high performances of OPDs fabri-

cated by industrially relevant coating and printing

techniques has fueled the development of applications

which benefits of these technologies in terms of

additive integration and high-throughput.

Printed OPDs have been incorporated in lab-on-

chip systems, as demonstrated by Wojciechowski et al

[51]. In this example they fabricated a P3HT:PCBM

based device on a cover slip through partial inkjet

printing in combination with a handheld readout sys-

tem that enabled the measurement of the photo-

current. The usability was demonstrated by the

Figure 12. (a)OPDarray fabrication through blade coating and screen printing. The bottom electrode is structured by an oxygen
plasma pretreatment of the substrate to ensure selective wetting of the PEDOT ink. Reprintedwith permission from [80], (Khan et al
CCBY-NC-ND2018). (b)Digital dewetting approach for self-assembly of electrode layouts through dewetting. An aerosol jet printed
SU8 structure serves as a dewetting templatewhich repels the subsequently deposited silver ink. Reprintedwith permission from [66],
©2016WILEY‐VCHVerlagGmbH&Co. KGaA,Weinheim.
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detection of a chemiluminescent signal upon addition

of a toxin. Detection levels down to 0.5 ng ml−1 were

achieved with the system, which was comparable to

the performance of CCD-based systems. The good

response was attributed to the direct integration of the

OPD on the cover slip considerably reducing the opti-

cal path of the luminescent signal without the need for

additional optics. This advantage of reduced coupling

losses was also exploited by Binda et al who spray

coated a P3HT:PCBM OPD directly on the tip of an

plastic optical fiber (POF) for optical communication

in light-weight demanding applications [55]. Unfortu-

nately, the device performance could not reach state-

of-the-art FOMs of similar OPDs due to limited com-

patibility of the POF with the necessary annealing

steps during device fabrication.

Both applications present above would further-

more benefit from the capability of spectral resolution.

The reported spectrometer by Tang et al could be

employed in this regard. They utilized the cavity

enhanced narrow-band absorption explained in

section 4.1.1 to fabricate a 1D array ofOPDswith vary-

ing spectral responses by blade coating [83]. Through a

positive gradient of the coating speed during active

layer deposition, the thickness of the dried layer is

increased along coating direction. Since the resonance

frequency of the OPDs depend directly on the active

layer thickness, the resulting wedge forms a spectro-

meter working in a wavelength range of 700–1100 nm.

In their report, they demonstrated the functionality by

recording the transmission spectrum of water in the

NIR as an example for the application of such a system

(see figure 13(a)).

A key feature of OPDs lies in the additive fabrica-

tion which enables facile integration onto multi-

device electronic systems. The most basic and impor-

tant example is the combination of OPDs with an

amplification stage for an improved signal processing.

While its integration with inorganic TFT-technology

has been shown in several studies, the integration with

a printed amplifier circuit based on organic field effect

transistors (OFETs) has been demonstrated by Maiel-

laro et al. The P3HT:PCBM OPD and the operational

amplifier based on n- and p-type semiconductors

(Polyera ActiveInk and TIPS-pentacene) were fabri-

cated partially by printing techniques on two separate

foils which were glued together with a conductive

adhesive to ensure electrical connection. The output

current of theOPD in the range of 1–3μAwas success-

fully amplified to an output voltage range of 0.7–2 V

through the use of a feedback resistor of 680 kΩ [58].

Another example for an integrated printed circuit

comprising of a printed OPD is reported by Dell’Erba

et al [97]. They fabricated a twilight switch on the basis

of a Schmitt-trigger and an OPD through the use of a

combination of inkjet printing and bar coating. The

final system, which is shown in figure 13(b) outputs a

digital ON/OFF signal depending on the illumination

intensity. The Schmitt-trigger circuitry allowed for the

setting of two thresholds for ON (PT+) and OFF (PT−)

signals, which improved the system stability in regard

to intensity fluctuations during dusk or dawn. Neces-

sary n- and p-type OFETs are fabricated from

P(NDI2OD)-T2 and diketopyrrolopyrrole-thieno

[3,2-b]tiophene (DPPT-TT). The P3HT:PCBM OPD

was structured in a lateral architecture as this provided

a larger electrode distance and a reduced electric field

caused by the high bias voltage necessary for the opera-

tion of the Schmitt-trigger. Rectification behavior is

achieved by depositing PFN on one of the two PEDOT

electrodes as a work function modifying layer. The

functionality of the system was demonstrated by step-

wise illumination intensity increase leading to a

switching of the output voltage after passing the

respectiveONandOFF thresholds.

Aside from the detection side of an optical system

one should consider the necessary elements for the

electronic readout of the measured signal. A connec-

tion by cables may limit the use of OPDs in many

applications like wearable devices or mobile sensors,

therefore wireless communication circuits utilizing

RFID technology are of great interest in this regard.

Such a system has been fabricated by inkjet printing an

RF antenna as well as the necessary contact lines, spray

coating a P3HT:PCBM OPD and integrating a Silicon

RFID chip through the use of a conductive adhesive

[71]. The obtained system was capable of measuring

illumination intensities down to 1.3 μW cm−2 utiliz-

ing a high feedback resistor with a read range of 80 cm

between the tag and the commercial RFID reader.

The application of OPDs in medical sensors is

especially interesting due to their potential compat-

ibility to soft materials and tunability of spectral range.

One of the most prominent applications of OPDs in

recent publications has been the fabrication of blood

oximeters comprising of organic electronic devices.

Lochner et al were the first to report a partially blade

coated PTB7:PC70BM OPD on a flexible PEN sub-

strate for this purpose [11]. In combination with two

separately fabricated red and green OLEDs the change

in absorption of the oxygenated blood flowing

through a fingertip could be measured. From the ratio

of the red and green absorption it is possible to calcu-

late the blood oxygenation level. In comparison with a

commercial inorganic pulse oximeter, the oxygena-

tion level only had an error of 2%. Another example

showing a pulse oximeter in reflection mode was

recently demonstrated by the same group, allowing for

a higher versatility on the location of measurement

[80]. Aside from the new mode of operation, the sys-

tem was further improved by replacing the green

OLED with a NIR OLED and by mounting multiple

devices in an array like architecture as shown in

figure 14(a). The use of the NIR OLED makes use of

the higher transmission of the skin in this regime to

increase the signal reaching the OPDs. Interestingly,

the array structure enables 2D mapping of the oxyge-

nation of the skin as well as the detection of changes in
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the oxygenation, when pulsatile blood flow is restric-

ted or very low. The devices were fabricated mainly by

blade coating except for top silver or aluminum elec-

trodes which were screen printed or evaporated,

respectively. Since blade coating limits the structural

flexibility of the fabricated devices, the OLEDs and

OPDs had to be fabricated on three separate sub-

strates, which were later combined to form the entire

system. In the future one could imagine an integration

of the various devices on the same substrate through

additive non-contact printing techniques, which

would considerably simplify the process and mechan-

icalflexibility of the systemdue to a reduced thickness.

Another application with great potential for medi-

cal diagnosis and industrial or consumer electronic

systems are 2D image sensors. Organic materials pro-

vide characteristics that enhance current systems such

as mechanical flexibility, tunable absorption and large

area processability. The current examples of OPD-

based image sensors often comprise of a pixel array

connected to an inorganic backplane providing the

necessary circuitry. In this configuration every pixel is

read individually by at least one transistor. Typically,

the OPD is processed homogeneously by coating tech-

niques while the pixels are defined by the amorphous

Silicon [15, 64, 81], amorphous Indium gallium zinc

oxide (IGZO) [9] or CMOS backplane [54]. The

deposition of the active layers has been limited to coat-

ing techniques including blade coating [15], slot-die

coating [9] and most prominently spray coating

[15, 54, 64]. The capability of the latter to fabricate

thick layers was utilized by Büchele et al to process a

blend of P3HT:PCBM and scintillator microparticles

to enable x-ray imaging. The integration of the scintil-

lator in the active layer of the OPD improved the ima-

ging resolution bymore than a factor of two compared

to the stacked architecture with the scintillator on top

of the OPD. The modulation transfer function drop-

ped to 0.2 at 4.74 line-pairs per mm (lpmm−1). This is

a typical value for image sensor systems employing

a-Si backplanes having pixel sizes in the range of

100 μm [15, 81]. Akkerman et al have shown an

increase in the resolution through the use of an IGZO

backplane which suffers less from pixel crosstalk and

Figure 13. (a)Blade coatedminiature spectrometer based on cavity enhanced charge transfer state absorption. The narrowNIR
response allows for themeasurement of the IR-transmission spectrumofwater. Reprintedwith permission from [83], ©2017WILEY‐
VCHVerlagGmbH&Co.KGaA,Weinheim. (b) Fully printed twilight switch based on a Schmitt-trigger circuit and a lateral P3HT:
PCBMOPD. The output voltage of the system switches betweenONandOFF depending on the illumination intensity, once the
thresholds PT+ andPT− are reached. Reprintedwith permission from [97], ©2015 IOPPublishing Ltd
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reached up to 11 lp mm−1 although having a larger

pixel footprint ∼125 μm. The 200ppi image sensor

with 480×640 pixels is shown in figure 14(b). It was

capable of recording the print of a human hand

enabling application for identification and security

purposes [9].

While it is in principle possible to fabricate a back-

plane through printing and coating, a fully printed

image sensor with on-pixel transistors has not been

demonstrated yet. However, a fully printed passive

read out image sensor was reported recently by Eck-

stein et al [48]. They fabricated an OPD array with the

help of the previously mentioned dewetting approach

utilizing an aerosol jet printed SU8-template [66]. The

active materials including silver, ZnO, PTB7:PC70BM

and PEDOT:PSS are deposited through a combination

of inkjet and aerosol jet printing to form a functional

image sensor with 256 pixels and a pixel size of

Figure 14. (a)Blade coatedOPDarray on a flexible substrate for blood oximetry. windows are left on purpose to allow for the
transmission of the REDandNIR light. TheOPDs record the change in absorption at the respective wavelengths and enable the
calculation of the heart rate and oxygenation level. Reprintedwith permission from [80], (Khan et alCCBY-NC-ND2018) (b)
Fabrication of a 200ppi image sensor through slot-die coating of an organic active layer on an IGZO-TFT-backplane. The image
sensor is capable of recording a palmprint in high detail. Reprintedwith permission from [9], ©2018The Society for Information
Display. (c)Process description and images of fully digitally printed image sensors with 256 pixels and a pixel size of 250×300μm2.
Reprintedwith permission from [48], ©2018WILEY‐VCHVerlagGmbH&Co.KGaA,Weinheim.
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250×300 μm2 each. Figure 14(c) displays the fabri-

cation process and the final image sensor. Character-

ization of the separate OPDs showed high

performance homogeneity and a fabrication yield of

100%. This consistency was attributed to the benefit of

the dewetting approach which limits material dis-

placement and enable a perfect registration accuracy

of the stacked layers. Imaging capabilities were

demonstrated by recording the illumination through

various shadow masks and digitizing the signals with

an Arduino based readout circuit. The main draw-

back of the passive read out systemwas found to be the

electronic cross talk resulting from ring currents due

to the shared electrode lines. This could be overcome

in the future if on-pixel transistors are implemented

for signal readout.

6. Conclusions and outlook

The development and performance of OPDs pro-

cessed by industrially relevant printing and coating

techniques have seen tremendous advancements in

the last decade. Devices exhibiting R(λ) responsivities

>400 mA W−1 and specific Detectivities >1013 Jones

over wavelength ranges from visible to NIR have been

reported as well as devices with detection speeds >2

MHz. These FOM render OPD technologies suitable

for the development of technological and commercial

applications some of themalready being demonstrated

in the form of integrated sensor systems, functional

imagers or pulse oximeters. While a variety of fabrica-

tion methods are employed, Inkjet printing, and spray

coating stand out as themost commonly used research

techniques, promising digital freedom of design and

large-area fabrication. However, various challenges

still remain, few fully printed examples have been

demonstrated to date as the inherent difficulties of

printing multilayer devices are still being addressed

through ink formulation and material choice. Addi-

tionally, we found that most of the printed OPD

research utilizes materials optimized for broad band

solar applications, therefore we expect future research

to take hand of the enormous pallet of organic

semiconductors to simultaneously address the diversi-

fication of application fields and solving printing

related problems. Particularly, it is expected that the

current trend in development of IR sensitive materials

will be transferred into printed applications. Further-

more, printable device concepts allowing for a narrow

optical response or light management in combination

with printed optics are expected to strongly develop in

the near future. Lastly, it is noteworthy that very few

studies report lifetime tests which ultimately define the

application setting of the device. This could be in part

due to the symptomatic lack of common characteriza-

tion standards in the OPD field which is currently

being addressed by some of the leading research

groups. In summary, we believe that printing and

coating techniques will enable the integration and

rapid development of optical sensor systems. Specially,

we think that they can provide the cost-efficiency,

versatility, additive manufacturing and high-through-

put requirements for the development of applications

in the area of disposable medical sensors and internet-

of-things technologies.
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