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Abstract

In the past few decades organic electronics has raised considerable interest
because of solution processability, mechanical flexibility and tunable optical
capabilities of organic semiconductors. The related development of solution
process technology paves the way for large area, low cost and flexible elec-
tronics. Printing techniques mutated from graphical art can successfully cope
with the need of patterning capability. Among them inkjet printing allows
fast prototyping and reduced waste of material.

In light exploiting applications organic semiconductors show outstanding
characteristics with their high absorption coefficients and typical luminescence
in the visible range of wavelengths. Organic LED-based screens and lighting
systems are gaining more and more market share. Moreover, great scientific
and engineering investigations are leading to significant improvement in the
efficiency of organic solar cells.

The field of organic photodetectors has seen a raise in research efforts dur-
ing last years, opening the way to new optoelectronic applications in medical
and industrial imaging, telecommunications and environmental control. The
realization, characterization and optimization of organic photodetectors fab-
ricated by means of inkjet printing technology are the research subjects of
this thesis. After an introductive chapter, where a description of fabrication
techniques and an overview of the state of art of inkjet printed photosensors
are provided, the thesis is organised in two parts: the first concerning the opti-
mization of vertical photodetectors aiming to their integration with switching
elements to build an organic imager; the second focusing on the development
of photodetectors with reduced dark current, extended spectral response or
integrated in complex electronic circuits.

Large area, non-fragile imagers are devices of great attractiveness for X-
ray medical and industrial diagnostic, but a fully-direct-written matrix has
not been demonstrated yet. Concerning these large area imagers, specific per-
formances are requested for the light sensing element. In chapter 2 we go
through a careful optimization of a first inkjet printed photodetector proto-
type. The feedback from characterization helped to adjust step by step the
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device structure to the specifics. The selection of bottom electrode and its
functionalizer led to the realization of devices fulfilling the specifics for a large
area imager. The following chapter is devoted to the fabrication of a prototype
imager, after an introduction on the fundamentals of its operation principle.
The integration of the photosensitive element described before with an ad-
dressing component is a non-trivial task and it is deeply discussed. Finally,
the fabrication and the characterization of a direct-written organic imager is
presented.

While the first part is related to a specific application, the latter copes with
three different purposes. In organic photodetectors electrode/semiconductor
interface plays an important role determining the amount of carriers injec-
tion and consequently the dark current. This is a key performance that can
enable or not the integration of a light sensor in system with demanding
signal-to-noise ratio requirement. Moreover, interface traps can affect the re-
sponse speed of the device. These considerations encouraged us to work on
devices with a suitably synthesized interlayer. A double aim was sought for
the new layer: to reduce dark current and to improve the wettability of the
top water-based electrode on a hydrophobic photoactive material. Fabrication
process and results of electro-optical characterization of these new detectors
are presented in chapter 4.

Photodetectors with photoactive blend based on small molecules is pre-
sented in chapter 5. Small molecules have some advantages with respect to
polymers, in particular they are not affected by polydispersity and are char-
acterized by a simpler purification technique. An approach that allows small
molecule printing is proposed. Moreover, the extension of the photoresponse
to NIR range was addressed. At last results of an in-depth study on the role
of PFN are reported.

In the last chapter another integration topic is presented. Being require-
ments on dark current and on photodetector dimensions more relaxed with
respect to the strict ones of the first part, planar structure can be adopted.
This choice was necessary to operate transistors of the circuit at their char-
acteristic voltages. The validation of the realized system as dusk sensor is
proven by full-system measurements.
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Chapter 1

Background knowledge

In this chapter the fundamental knowledge will be briefly reviewed to provide
the background needed to appreciate the experimental efforts presented in this
thesis. In particular fabrication techniques exploited in this work will be de-
scribed pointing out their advantages and constrains. After that the working
mechanism of photodetectors and phototransistors will be discussed together
with their relevant figures of merit. The last part of the chapter is an overview
of the inkjet printed photosensors, which compare to the ones developed in this
work.

1.1 Fabrication techniques
In contrast to lithographic methods, mostly employed in the fabrication of
inorganic devices via a subtractive approach, direct-writing technology does
not use secondary instrumentation or processes (such as masks or litography
lift-off) but additive techniques which involve a single deposition step per layer,
eventually followed by a drying or a sintering step. This strategy reduces time
and costs needed for the fabrication, furthermore lowers the amount of wasted
materials. Latter we will report only those techniques employed in this work
for the fabrication of organic photodetectors and transistor: inkjet printing
and femtosecond laser ablation.

1.1.1 Inkjet printing

Inkjet printing [1] is a digital, additive and very flexible printing technique
which could enable the cost-effective fabrication of different devices into large-
area electronic systems and it was adopted in the past to demonstrate high-
performance field-effect transistors and circuits, [2–4] memory devices, [5] sen-
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Figure 1.1: Schemes of continuous (a) and DOD (b) inkjet printer nozzles.

sors [6–10] and polymer solar cells. [2,11] Inkjet printing exploits a drop-by-drop
deposition approach. [2] The droplets of a low viscosity solution are jetted by
a nozzle and can be generated either continuously or on demand (drop-on-
demand). In the continuous mode a pressure ejects ink from the nozzle creat-
ing a stream of liquid that forms droplets due to Rayleigh instability which are
charged by an electric field applied to the nozzle (fig. 1.1a). Charged droplets
are separated from the uncharged ones and deflected by an electric field before
reaching the substrate. The uncharged droplets are undeflected and collected
by a gutter and re-used. The very high ejecting frequency (65000 − 165000
droplets/s) enables fast printing. Nozzle clogging is prevented because the
jet is always active, allowing also the use of volatile solvents. However, for
desktop applications, industrial productions requiring a higher precision and
lab-scale research, the drop-on-demand (DOD) system is more commonly used
because of a lower system complexity and higher accuracy of droplet displace-
ment. With DOD, thermal bubble techniques or piezoelectric transducers are
used to force droplets out of the nozzle (fig. 1.1b). A thermal printhead uses
a heater causing a rapid vaporization of the ink and inducing the formation of
a bubble. Consequently, the pressure in the nozzle increases, forcing a droplet
to be ejected. Thermal DOD technology is simple in design and features lower
costs, but it is restricted to vaporizable fluids required for the bubble’s forma-
tion. Due to this limitation, piezoelectric transduction is commonly preferred
and indeed all the examples of inkjet printed photodetectors so far reported in
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Figure 1.2: Photograph of Microfab JETLAB 4 inkjet printer used in this work.

literature make use of this approach. In piezoelectric printheads a piezoelec-
tric material is electrically stimulated causing its compression and expansion
according to its resonant modes. As a result, a pressure wave propagates into
the nozzle propelling a droplet out of it. Ink viscosity must be in the range
of 1 to 30mPas. Typically patterns deposited by inkjet printing have feature
sizes of 20 − 50µm, in the best cases, and thickness lower than 1µm. Inkjet
printing throughput is around 0.01 − 0.5m2/s and the registration is pretty
good, with an alignment error possibly smaller than 10µm.

Inkjet printing has been employed in various fabrication processes of or-
ganic optoelectronics devices. [2,12,13]

In this work two DOD inkjet printers are exploited (fig. 1.2). In the
following a brief description of the main aspects that have to be taken in
consideration for deposition optimization.

1.1.1.1 Droplets formation and driving waveform features

The physics behind droplets formation is still under debate. [14] Some param-
eters were considered to assess the fenomena, e.g. Reynolds and Onhesorge
numbers. For example for a Newtonian fluid (for which the viscous stress is
proportional to the strain rate) simulations predict that droplets formation
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requires Onhesorge number to be comprised between 0.1 and 1. In that range
the viscous forces are weak enough to allow the break of the fluid stream
and droplets formation, meanwhile strong enough to prevent the formation
of satellite secondary droplets. Given that a printability map can be drawn.
It’s worth to notice that for non-Newtonian fluids these consideration are not
valid and there isn’t a univocal explanation.

A proper formulation of the ink should also avoid frequent nozzle clogging.
The shape of the driving waveform applied to the piezoelectric transducer

strictly affects the fluid ejection and the droplet formation. Usually the com-
bination of positive and negative pulses is adopted to prevent the dripping and
to control the amount of ejected fluid. The propelled droplet usually has a
hemispherical shape with a tail in its upper part. The tail tends to subdivide
itself in satellite droplets. How fast and how much this occurs depends on the
fluid rheology. The ink formulation, i.e. solid part concentration and solvents
used, and the shape of the driving voltage should be empirically engineered to
obtain a stable jet with the wanted amount of ink volume per drop. The sta-
bility of the jet is mandatory to achieve an accurate and deterministic printed
pattern, otherwise material may be deposited on wrong places and not on the
pattern regions.

1.1.1.2 Droplets interaction with substrate and drying process

After droplet ejection it impacts on the substrate and undergoes a phase
change to solid through solvent evaporation. [14] The dynamics of this pro-
cesses is crucial for organic electronics applications because it determines the
morphology of the printed material and the shape of the printed pattern. Ink
formulation (specifically its evaporation rate and surface tension), printing
drop spacing and surface energy of the substrate strongly affect the result ob-
tained. Also temperature, pressure and humidity of the environment can play
a role. A careful engineering of these parameters have to be done in order to
avoid undesired effects. Here a couple of most known examples.

Line printing The drop spacing has to be chosen in order to print a con-
tinuous line merging drops together into a liquid bead. If drop spacing is too
large droplets do not coalescence. The reduction of the spacing leads to a
situation of initial coalescence where liquid bead shows a periodic irregularity.
After sufficient overlap a parallel-sided bead is formed. Further decrease of
printing step results in bulging instability. [15] Instabilities and bulging lower
the achievable resolution. Being the spread of droplets dependent on the sur-
face energy of the substrate and on the surface tension of the fluid optimal
drop spacing has to be found for each ink-substrate couple.
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(a) (b)

Figure 1.3: (a) Scheme of femtosecond laser ablating a matarial deposited on a substrate.
(b) Hole realized by femtosecond ablation (τp = 200fs at 780nm) (left) and nanosecond
ablation (τp = 3.3ns at 780nm) (right) on a steel plate.

Coffee stain effect It was demonstrated that the evaporation rate is higher
at the borders than in the middle of a deposited droplet. [16] That is intuitive
if one considers that at the sides the surface to volume ratio is maximized.
When the contact line is pinned, e.g. because of substrate impurities, a neat
flux of fluid will go from the centre to the borders to compensate the evapo-
rated amount of solvent. If the solute is mobile enough it will be transported
towards the side of the droplet where it accumulates. At the end of the evap-
oration process the deposited layer will have a typical ring profile with the
central part so thin that pinholes may easily form. There are some strategies
to reduce the coffee stain effect. One consist in the reduction of the evapora-
tion rate difference between the centre and the sides by increasing the vapour
pressure. Another way is to reduce material accumulation at the border is
to slow the material movement by increasing the viscosity of the solution or
adding an additive that leads to very fast evaportaion freezing the droplet
on the substrate. Alternatively the evaporation driven flux can be counter-
balanced with an opposite flux induced by the presence of two solvents with
different vapour tensions, namely Marangoni flux. [1] In some cases coffee stain
effect was exploited to obtain resolution below the limit imposed by printing
technique. [17]

1.1.2 Femtosecond laser ablation

Femtosecond laser ablation is a micromachining process greatly exploited
nowadays in medicine and opto-electronics fields. [18–21] It is a non-contact
technique that is able to draw digital patterns on a substrate focusing on
them light pulses from a femtosecond laser (fig. 1.3a). Progress done in fem-
tosecond lasers improved the quality of products fabricated exploiting this
technique. Femtosecond laser ablation makes use of ultrashort laser pulses
(∼ 100fs) at intensities below the threshold of massive material removal.
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While for continuous wave and pico/nanosecond regimes the minimum achiev-
able resolution is of tens microns, for femtosecond ablation it is possible to
obtain sub-micrometric features. The latter result is due to the fact that, in
fs-regime, the principal light/matter coupling occurs via multiphoton absorp-
tion and avalanche ionization which are quicker than thermal transmission and
electron-phonon coupling. To remove an atom from a material an energy that
overcomes the atom binding energy has to be provided at the system. When
electrons are freed by light absorption an electric field is induced by charge
separation between them and the ionized atoms. If the electrons energy is
above the atom binding energy the electric field becomes high enough to ex-
tract the ion from the material with plasma formation. Because multi-photon
absortion is very efficient it is possible to work just above plasma threshold.
On the contrary, in presence of linear absorption the free-electrons genera-
tion is due to thermoionic effect and emission plasma formation is a stocastic
process. In order to ablate the material it is necessary to work much above
plasma threshold increasing thermal and acoustical destructive effects (fig.
1.3b). With femtosecond laser ablation it is possible to machine selectively
one point of the material leaving almost unperturbed the surroundings. A
vast range of materials, even dielectrics transparent to visible light, can be
ablated with a femtosecond laser going beyond diffraction limit. [22]

1.2 Light detection
Light can either carry a large amount of information when modulated in an
electro-optical or photonic circuit, or can reveal specific features of a medium
when used as a probe. In both cases, since information handling and storage
is so far best accomplished by means of electronic computing, light has to be
transduced into an electronic signal. This task is performed by a photodetec-
tor (PD). The specific applications of a photodetector vary according to the
required sensitivity to light intensity, to the spectral response and to the speed
response. The strong impact of photodetectors into nowadays technology can
be easily deduced from their wide exploitation in our daily life. Besides be-
ing a fundamental building block for light-based telecommunication systems,
they can be found in automated building gates and doors, light switches,
DVD, blu-ray devices, or in the remote controls of our appliances for instance.
The advanced use of light sensors further extend to a vast range of applica-
tions in information processing, photonic integrated systems, X-ray medical
imaging and spectroscopy, alignment systems, position detection, industrial
manufacturing, time and frequency measurements, short range plastic-fiber
based transceivers, integrated sensors for Lab-on-a-chip reactors. The advent
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of Complementary Metal Oxides Semiconductors (CMOS) has enabled the de-
velopment of image sensors fostering the growth of the rich market for digital
cameras and other image sensors and scanners.

So far, the technology development in this field has mostly targeted the
device miniaturization, the achievement of an increased responsivity, short
time response, low noise and operational voltage and high dynamic range.
Inorganic compounds have been playing a major role as active materials for
light detection. Silicon is the mostly exploited one, enabling light detection
in a wide spectral range going from the visible to the Near-Infrared (NIR), up
to 1.1µm. A main limit in silicon detectors technology is due to the relatively
low absorption coefficient (e.g. silicon reaches 104cm−1 at 500nm) imposing
device thickness to be in the order of several microns to reduce transmission
losses. For the light detection in the IR region, a quantum efficiency higher
than 80% is achieved in GaAs PDs at 840nm, only if the film thickness is
higher than 1.8µm. [23] One of the main strategies employed so far for enhanc-
ing photon absorption in PDs is the nanostructuring of the device layers to
create waveguiding effects, but still this approach limits the device downscal-
ing, and adds complexity to the fabrication process resulting in an increasing
cost for the integrations of those nanopatterned structures into the large scale
production of optoelectronic devices. [24]

As an alternative to high vacuum and high temperature techniques so far
employed for inorganic materials deposition, solution based strategies, which
mainly exploit organic semiconductors and more recently 1-D and 2-D ma-
terials, have been developed. [25] The formulation of materials into functional
inks allows the fabrication of optoelectronic devices via printing techniques.
This enables device fabrication scalability, integration with electronic com-
ponents at lower production costs and opens the way to large-area applica-
tions. Among solution-processable semiconductors, organic conjugated mate-
rials quite easily lend themselves to printing, thanks to the possibility of tuning
the formulations rheology and therefore of engineering inks for different print-
ing techniques and applications. [12,24,26,27] Their low temperature processing
(< 150◦C) allows the devices fabrication on almost every substrate, rigid and
flat as well as flexible and curved, opening the way for the development of
non-fragile, conformable electronics.

Not only organic semiconductors allow the solution processability of the
fabrication steps, but also their chemical tunability enables high selectivity
over a large spectral range which goes from the UV-Vis to the NIR. [28] By a
proper design of their molecular structure and thin-film packing motif, the
optical bandgap and electronic transport properties can be tuned. Com-
pounds with a highly selective, very narrow spectral response, as well as broad
band absorbing materials can be synthesized. [29–31] Nevertheless, charge car-
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rier mobility in organic semiconductors is generally lower than their inorganic
counterparts, though recently improved mobility values (10−3cm2/V s for bulk
transport at low charge density) have been obtained. [32] Importantly, organic
semiconductors ensure long carrier lifetime and strong absorption coefficient
(up to 105cm−1). [33] Such strong absorption enables the use of very thin films
(< 100nm thick), so that carrier transit times can be low despite the limited
carrier mobility. [34] It has already been demonstrated that organic photode-
tectors can operate with bandwidths exciding 10MHz up to 57MHz. [35–40]

Hybrid technology, which combines organic and inorganic semiconductors
in particular nanowires and nanoparticles, is also very promising. [41] Solution
processable inorganic nanoparticles have extended the operational window in
terms of spectral response and the possibility to be operated in ambient con-
ditions. For a review of the current studies on solution processable inorganic
photodetectors the reader is addressed to previous reports. [42] The electronic
structure of inorganic nanoparticles is strongly dependent on their dimension
and shape. For a low number of atoms present in the nanoparticles cluster
quantized states are observed due to particle size confinement effect. How-
ever, their coalescence into large clusters at the solid state has the main effect
of removing this quantization and conduction and valence bands start being
observed. [43] Quantum dots can be flexibly tailored in composition and size,
offering a wide spectral response. Moreover they can be easily synthesized
and deposited using high-throughput processes as inkjet printing [44] and spray
coating. [45] While current NIR technologies relay on the epitaxial growth of
film of inorganic semiconductors onto rigid substrates, quantum dots are so
far between those solution processable semiconductors, which can allow light
detection into the IR region up to 3µm [46] and even 5µm [47]. This can further
foster the development in applications like passive night vision, safety sensors,
bio-diagnostic and optical communications. [25]

An increasing number of printable organic semiconductors and nanopar-
ticles employed as active materials in photodetectors are being shown in the
literature, and this flourishing field is speeding toward scalability and indus-
trial commercialization.

1.2.1 Working mechanism

Among the diverse light detecting devices and concepts which have been de-
veloped over decades of research, [48] the most widely exploited scheme is the
one where light absorption leads to the generation of separated holes and elec-
trons, which are subsequently collected to opposite electrodes. Such mecha-
nism is typical of inorganic p-n junctions as also of donor-acceptor organic
semiconductors.
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The basic processes leading to the charge excitation, dissociation and mi-
gration to the electrodes are intrinsically dependent on the nature of the active
materials (sec. A.4). The physics behind these processes in organic materials
has been subject of deep studies in the past and for their specific application in
photodetectors fully comprehensive reviews have already been reported. [42,49]
A simple sketch of the electronic structure of organic semiconductors can be
drawn by knowing the frontier π-orbitals of an isolated molecule, the HOMO
and LUMO. A discrete broadening around those levels exists in the solid-state
and it is mostly originated by morphological disorder. Importantly, the pri-
mary photo-excitation product is typically represented by a strongly bound
(0.1−0.5eV ) molecular exciton, i.e. a highly localized and neutral state, which
at room temperature does not dissociate efficiently into free charges. [50]

The main strategy employed to foster efficient charge dissociation in or-
ganic semiconductors has been to intermix donor and acceptor materials in
solution, followed by their deposition into films where bulk D-A heterojunc-
tions are formed (sec. A.4.2). By properly engineering the HOMO and LUMO
levels of both D and A, excitons which are either photogenerated next to a
D/A interface or have diffused there, can dissociate with high yield into elec-
trons and holes. Differently from solar cells, in photodetectors exciton disso-
ciation into free charges and their subsequent transport to the electrodes, can
be further promoted by the electric field introduced by an external applied
bias (sec. A.4.1). It has to be noted that an external bias results in a current
flow due to the injection of carriers from the contacts even in absence of light
(sec. A.5). This current, termed dark current, can be minimized by properly
selecting the work-function of the contacts. According to the bias polarity a
forward and a reverse bias can be distinguished. In forwards bias, a current
can be easily injected and typically follows a space-charge limited behaviour.
In reverse bias, suitable injection barriers strongly limit carrier injection in
the active material (fig. 1.4). [51]

The path followed by those photogenerated charges is different in photo-
diodes and in photoconductors. In photodiodes excess carriers travel within
the two active D and A phases directed towards their respective electrodes
were they are finally collected: the holes at the anode and the electrons at
the cathode. In photoconductors, one of the two charge carriers, either holes
or electrons, is trapped into localized states. This carrier is therefore mostly
unavailable for the charge transport, while the opposite carrier is mobile and,
once collected, is re-injected at the opposite electrode - provided that contacts
are ohmic - in order to maintain charge neutrality.

Although planar structures avoid the need for a transparent electrode and
can be easier to realize than the vertical ones, they present a much larger
distance between the electrodes (L) which is typically in the range of few to
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Figure 1.4: Scheme of charge injections from electrodes to demiconductor in direct bias
(a) and reverse bias (b). (c) Photogenerated charges are separated and transoprted to the
electrodes thanks to the electric field generated by the reverse biass appied to the detector.

tens of micrometers. Such length can drastically increase the carrier transit
time, and its downscaling would require high resolution lithographic processes.
Scaling of L is instead more easily achieved in a vertical structure, where the
distance between the electrodes is defined by the thickness of a solution pro-
cessed active layer, in the range from few tens to few hundreds of nanometers,
providing much faster collection of charges. Both structures can either operate
as a photodiode or a photoconductor (fig. 1.5).

In addition to two-terminal devices, also three terminal devices such as
field effect transistors (FETs) can be employed as light sensors, typically with
the scope of achieving very high responsivity. They are termed phototransistor
since the channel conductance can be modulated by photogenerated charges
in addition to the field effect exerted by the gate. Their working mechanism
has been already described elsewhere. [42,49]

Figure 1.5: Sketches of the most common photodetectors structures: (a) vertical and (b)
planar architectures. With the addition of a gate electrode and oxide, the planar structure
can be turned into a three terminal photo-transistor device (c).
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1.2.2 Figures of merit

Some figures of merit have to be taken into account in order to characterize
and compare photodetectors. Here they are concisely highlighted, for a more
detailed dissertation we refer to text books. [52,53] The conversion efficiency
of impinging photons to photocurrent is measured by the External Quantum
Efficiency (EQE) of the detector, given by the ratio between the number of
charges collected per second at the electrodes and the number of incident
photons per second. Excluding ionizing radiation detectors and avalanche
multiplying mechanisms, in photodiodes the maximum quantum efficiency
achievable is 100%, since per each photon absorbed the yield of hole-electron
charge generation and dissociation cannot be higher than 1. For what con-
cerns ionizing radiation detectors one must take into account that more than
one electron-hole couple can be generated per quantum of radiation. In the
photoconductive regime more than one charge per photon can flow through
the device so that efficiencies can be higher than 100% according to the ratio
between the lifetime of the trapped charge and the transit time of the mobile
one.

Responsivity (R,A ·W−1) can be used alternatively to the EQE, the rela-
tion among the two being:

R = EQE · λq
hc

(1.1)

where λ is the wavelength of interest, h the Planck constant, c the speed
of light, q the elementary charge. R indicates the photocurrent which can be
extracted per Watt of impinging radiation, at a specific wavelength. With
respect to a plot of EQE vs.λ, the spectral shape of R vs. λ thus tends to
favor longer wavelengths, where more photons compose the incoming signal
at a specific power. Another important figure of merit to be considered in
photodetectors is the ratio between the signal power and the noise power,
termed signal to noise ratio (SNR). In order to calculate SNR the main sources
of noise must be taken into account, and in particular the dark current shot
noise and the photocurrent noise, which lead to a noise spectral density (Sn)

Sn = 2q(Idk + Iph) (1.2)

where Idk is the dark current and Iph the photocurrent. Even if photocur-
rent is lower than dark current, a signal can still be detected provided that
the root mean square of the fluctuation due to the noise is lower than signal
value. In this case dark current shot noise is dominant with respect to the
photocurrent one making the latter negligible. Also a frequency dependent
noise component, namely flicker noise, could be present. The flicker noise is
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proportional to the inverse of the photodiode operational frequency. In this
case the total amount of noise should be carefully measured in order not to
underestimate its value. Specific detectivity (D∗) is usually used to express
the capability of the device to detect small signals and it is proportional to
the ratio between the responsivity and the noise spectral density. When the
dark current is the main source of noise D∗ can be written as:

D∗ = Jph
Iopt
√

2qJdk
(1.3)

where Iopt is the impinging optical power density and Iph and Idk are
respectively the photocurrent density and dark current density. Keeping con-
stant the responsivity (i.e. the ratio Iph/Iopt) a photodetector with lower
dark current density is able to detect smaller light signals and it has a larger
D∗. Photodiodes are typically operated in reverse bias regime to limit dark
currents and to improve the signal to noise ratio. Silicon photodetectors are
characterized by a D∗ above 1013 Jones in the spectral range between 600nm
and 1000nm. In order to evaluate the photodetector speed, its response time
is measured as the time in which the current, starting from the dark current
value, reaches the steady value after the exposure to light. To be more spe-
cific the rise (fall) time is defined as the time needed for the photocurrent
to grow(decay) from 10% (90%) to the 90% (10%) of ∆I, where ∆I is the
difference between the steady state current upon a rectangular light stimulus
and the dark current. In the frequency domain, the relevant figure of merit
is the bandwidth, usually defined as the frequency at which the responsivity
drops by 3dB with respect to its low-frequency value.

Because for photoconductors the efficiency can be higher than 100%, they
are also characterized by a photoconductive gain (G), defined as the ratio
between transit time of the flowing charge carrier (τ) and recombination time
(τr).

G = τ

τr
(1.4)

Since the response time is proportional to the recombination time, there
is a trade-off between the photoconductive gain and the response time.

When photodetectors are employed to detect X-rays quanta, the energies
of which span from tens of keV to MeV, specific figures of merit exist. Perfor-
mances of X-ray detectors are expressed in terms of sensitivity and detective
quantum efficiency (DQE). The first one is defined as the charge produced
by the detector per impinging X-ray quantum at a specified energy. The lat-
ter expresses the efficiency in transferring the signal to the output without
adding noise to the one intrinsically associated to the Poisson distribution of
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the impinging quanta; high DQE values indicate that less radiation is needed
to achieve the same output SNR. To evaluate X-ray imagers response time,
the image lag is often used. It is defined as the ratio between the signal read
at a certain time delay after the end of X-ray exposure and the signal read
when the imager is exposed to radiation. At a fixed delay time, the smaller is
the lag, the faster is the response time. In the case of phototransistors, [54,55]
in addition to typical FETs figures of merit, such as mobility and threshold
voltage, other figures of merit are used i.e., the photocurrent on/off ratio and
responsivity (Rpt). The on/off ratio is defined as the ratio between drain cur-
rent measured when the transistor is exposed to light and the one measured
with the transistor kept into dark, while the responsivity of a phototransistor
is defined as follows:

Rpt = Jph
Iopt

= Jd,ph − Jd,dk
Iopt

(1.5)

whereJd,ph is the drain current density under illumination and Jd,dk is the
drain dark current density.

A summary of the main figures of merit reported above are reported in
table 1.1

1.3 State of the art of inkjet printed photodetectors
The most common donor-acceptor blend employed in organic photodetectors
is based on a mixture of poly(3-hexylthiophene) (P3HT) and [6]-phenyl C61
butyric acid methyl ester (PCBM), due to the extensive studies already per-
formed on this blend in the photovoltaics field. Though the P3HT:PCBM
blend is the most commonly employed to provide a proof of concept of the
device fabrication feasibility, other photoactive materials are being explored
to extend the optical window of inkjet printed photodetectors. We can find
demonstration of photodetectors based on nanocrystals, J-aggregated cyanine
dyes, graphene and polymeric blends. [45]

1.3.1 P3HT:PCBM based inkjet printed photodetectors

A first example of inkjet-printing of a P3HT:PCBM blend as photoactive layer
in vertical photodetectors is shown by Lilliu et al. [56] The device structure
featured a stack of glass/indium-thin-oxide (ITO) and spincoated poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) as bottom elec-
trode, a printed P3HT:PCBM blend, and evaporated calcium and silver as top
electrode. They showed a responsivity of 0.32A ·W−1, corresponding to 63%
EQE (fig. 1.6), and D∗ = 8 · 1011Jones (at 5V in reverse bias).
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Table 1.1: Figure of merit of photdetectors and phototransistors.
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(a) (b)

Figure 1.6: Comparison of the electrical characteristics and spectra sensitivity of OPDs
fabricated with different layer deposition techniques by Lilliu et al. [56] (a) I-V measurements
of dark currents and photocurrents. (b) EQE measurements. Note: “spin-printed” refers
to the techniques used to fabricate the hole conducting and the bulk heterojunction layer,
respectively.

In the same work, the authors replaced the spincoated PEDOT:PSS layer
with an inkjet printed one, though it showed slightly worse characteristics
(R = 0.27A · W−1, D∗ = 3.4 · 1011Jones). Similarly, by changing the top
electrode with an evaporated aluminum contact, Wojciechowski et al., realized
a photodetector capable of working at low reverse bias (100mV ) with a R of
0.25A ·W−1 (at 532nm) and high D∗ = 1.4 · 1013Jones. [57] This device was
successfully integrated into a miniaturized biosensor.

Printing methods not only allow the printing of the active materials but
also of the electrodes, paving the way for the fabrication of all inkjet-printed
photodetectors. The first example was published by Lavery et al. [58] who
succeeded in stacking silver nanoparticles (bottom electrode), a ∼ 1µm thick
blend of poly(9,9’-dioctylfluorinene-co-bis-N,N’-(4-butylphenyl)-bis-N,N’-phenyl-
1,4-phenylenediamine) (PFB) and poly(9,9’-dioctylfluorene-co-benzothiadiazole)
(F8BT) as active material and PEDOT:PSS as top electrode, depositing each
layer by inkjet printing. A fluorosurfactant was added to PEDOT:PSS ink
in order to allow the printing of PEDOT:PSS directly on top of the blend
otherwise affected by dewetting phenomena. The photosensor was developed
to work at high luminance (∼ 100to400 · 103lux) and showed an EQE peak of
5.9% at 400nm, dark current density of 1nA · cm−2 and D∗ = 1 · 1012Jones
(at 1V reverse bias).

17



1.3.2 Inkjet printed photodetectors based on other photoac-
tive materials

HgTe-nanocrystals (NC) resulted as good candidates due to their response in
the far and near IR and their long time stability in films. HgTe-NC dispersed
in chlorobenzene form an inkjet printable solution suitable for fabrication
of photodetectors. By printing this ink on interdigitated Ti/Au electrodes,
Boberl et al. [45] achieved a maximum D∗ = 3.2 · 1010Jones, under 1nW of
illumination at 1.4µm. By changing NC size, the responsivity spectrum can
be tuned, allowing the extension of the device response up to 3µm. Wu et
al. [59] presented a thin film NC photodetector printed on paper with an office
inkjet printer.

Yang et al., [60] incorporated three different cyanine dyes into PEDOT:PSS
to form a solution ink which was printed on top of an ITO substrate. A thin
Al layer was evaporated on the PEDOT:PSS-dye blend. The red-shifted and
sharp absorption spectra indicated the formation of dye’s J-aggregates dis-
persed into the PEDOT:PSS matrix. The open-circuit voltage measurements
showed a change when the light probe wavelength was around the dye ab-
sorption peak, demonstrating the possibility to detect light signals emitted
from a solid-state laser. Though examples of printed organic solar cells can
be found in the previous literature, [61] this work represented a first exam-
ple of an inkjet printed photodetector operating on a flexible polyethylene
terephthalate (PET) substrate.

A titanium (IV) bis(ammonium lactate) dihydroxide (TBA) and graphene
oxide (GO) nanosheets ionic solution was formulated and inkjet-printed on
coplanar graphene-based electrodes, realizing a planar photodetector by Manga
et al. [62] This ink overcomes the issues related to poor solubility of GO in
ethanol based solutions and the rapid hydrolysis of titanate by aqueous solu-
tions, while having a proper viscosity to allow inkjet printing. Sintering of the
composite was obtained by thermal annealing. The resulting device showed
a peak EQE of 85% and D∗ = 2.33 · 1012Jones around 325nm. The detector
was also responsive in the visible region up to 750nm but with D∗ quickly
decreasing for wavelength longer than 375nm to values lower than 1012Jones.

In the literature inkjet has been explored also to fabricate all-printed de-
tectors with inorganic active layers and carbon based electrodes. An example
is given by Finn et al. [63] who fabricated a planar all inkjet-printed photocon-
ductor by using a dispersion of N-methyl pyrrolidone (NMP) exfoliated MoS2
nanosheets as photoactive semiconductor and NMP-exfoliated graphene for
the interdigitated contacts. The detector, fabricated at temperatures below
70°C on a commercial PET substrate, showed a 10-fold current increase when
exposed to 640mW · cm−2 incident illumination.
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(a) (b)

Figure 1.7: (a) The transfer characteristics of a printed TIPs-pentacene phototransistor
with a steady-state light illumination (at VDS = −1V ). The light power density was varied as
9, 11, 13W ·cm−2; channel length of 10µm and width of 125µm. (b) Transfer characteristics
of the PDPPTzBT transistor under illumination compared with dark transfer curve. [17]

1.3.3 Inkjet printed phototransistors

In the following we will describe a few examples where inkjet printing has
been adopted for the fabrication of organic semiconductors phototransistors.

A film of 6,13-bis(triisopropylsilylethynyl) (TIPS) pentacene was deposited
by inkjet printing as the semiconducting material in phototransistors based on
a suspended top-source and drain contacts structure (with a channel length of
10µm and a width of 125µm) [64]. Under a steady-state white light intensity
between 9 and 13mWcm−2, the phototransistor produced a photocurrent over
dark current ratio exceeding 106 and R = 0.11A·W−1 at −10V of gate voltage
and 1V of drain-source polarization (fig. 1.7a).

Polymer phototransistors have also been realized by inkjet printing a
diketopyrrolopyrrole-thiazolothiazole copolymer (PDPPTzBT) over a bottom
gate bottom contact structure, where also a short-channel (0.7µm) was pat-
terned by inkjet-printing. [17] To obtain such a short channel poly(methylmethacrylate)
(PMMA) resist was spin-coated and patterned by inkjet printing pure sol-
vent. Through the reduction of inter-droplet interval, a sub-micron width line
of PMMA. Subsequently adhesion layer and gold were deposited. Lift-off of
PMMA leaves a short-channel gap, corresponding to PMMA-ridge, between
gold electrodes. Such devices showed very high responsivity (106A ·W−1) un-
der weak illumination intensity (700nW · cm−2 at 650nm of wavelength, fig.
1.7b). Upon irradiation, the drain current of the phototransistor increased
within 1s. However, when the light was turned off the drain current was not
decaying to the off value but remained in a steady state for at least 10000 s
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Figure 1.8: (a) Schematic of the combination of printing methods employed for the organic
phototransistor fabrication; (b) transfer characteristics in the dark and under illumination
at different light intensity at VD = 30V (inset: photograph of devices on flexible substrate);
(c) Time-resolved photo-response characteristics upon different irradiation ( VG = 0V and
VD = 30V ). [65]

showing a light triggered memory effect.
Recently, Kim et al. [65] reported all-printed phototransistors where inkjet

was adopted to pattern the organic semiconductor and the gate electrode. In
this work, the authors showed a combination of printing methods to the pur-
pose of applying the most ideal printing technology to the desired pattern and
solution formulation: besides inkjet, they adopted reverse offset printing, [66]
which allows for a higher lateral resolution, to pattern source and drain elec-
trodes with a channel length of 20µm and channel width of 1000µm; a simple
bar-coating technique was instead adopted to achieve a uniform blank depo-
sition of a polymeric dielectric (fig. 1.8). [67] The all printed phototransistors
showed a responsivity of 0.11A ·W−1 (VG = −10V and VD = 1V ).

Different inorganic light sensitive materials have been adopted to develop
phototransistors with inkjet printed active layers, comprising indium doped
zinc oxide (IZO) [68] and MoS2, [69] both exhibiting a photoresponse in the UV
region. IZO-FET showed a current modulation of four orders of magnitude in
the steady state and when exposed to a UV light pulse and showed turn-on
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and turn-off times of 5ms and 10ms respectively.
A blend of carbon nanotubes and nanocrystal particles was employed as

hybrid active layer for the fabrication of an organic phototransistor. Carbon
nanotubes were deposited via inkjet printing, while NCs were absorbed by
dipping the printed substrates in a dispersion of cadmium telluride (CdTe). [70]
While the device was exposed to light, the drain-source voltage variations were
measured keeping constant the drain current at 1mA. The ratio between
voltage variation and impinging power was found to be 20mV · W−1 and
15mV ·W−1 for a phototransistor with and without NCs respectively.

The examples reported so far confirm the very promising use of the inkjet
printing in the realization of photodetectors, allowing the achievement of good
electro-optical properties comparable with other non-printing and conven-
tional techniques, such as vacuum evaporation and spin coating. The ver-
satility of this technique stands out clearly from the reported examples where
different materials, structures and patterns were used after a proper formu-
lation of the ink. Further developments of the technique should face the
improvement in fabrication yield, resolution and throughput, to the purpose
of fostering its wider exploitation into electronic industry.

1.3.4 Outlook

Solution processable organic and inorganic semiconductors allow combining
the advantages related to their peculiar physical chemistry with the ease of
processability, enabling the preparation of printable inks and therefore the
exploitation of printing technologies for the fabrication of large-area, printed,
opto-electronic systems. The possibility to tailor their optical and electrical
response by chemical design can give access to applications currently precluded
or hardly addressable by standard inorganic detectors. The low production
costs and the use of chemical synthesis methods to produce large amount of
active materials, especially for the case of carbon based inks, make printed
photodetectors highly competitive. As an example, current inorganic elec-
tronics based on CMOS chips is generally still too expensive for disposable
components.

Solution processed semiconductors can be printed on a wide variety of
substrates, including ultra-thin substrates, fostering the development of con-
formable electronics. Therefore there is a consistent industrial effort to the
development of printing technologies to produce low cost, flexible, light weight
photodetector arrays. New large area conformable organic image sensors on
plastic and transparent backplanes, fabricated combining printed OPD with
a plastic organic transistor backplane, have been already demonstrated (flex-
ible sensor with a 4 × 4cm2 active area, 175µm pixel size, 375µm pitch and
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94× 95 = 8930 pixel resolutions). [71]
While printed photodetectors are comparable to the non-printed ones,

both organic and inorganic, in terms of responsivity and EQE, their oper-
ating speed doesn’t exceed 1MHz. These results point out that there is still
more optimization to be done to reach at least the higher values reported for
the organic non-printed counterpart. [36–40]

Also in most of the works presented on printed OPDs, D∗ was extrapo-
lated by assuming that the dominant contribution to the noise was uniquely
arising from the dark current shot noise. There are only limited reports of ac-
tual measurements of the real noise in photodetectors required for the proper
estimation of their detectivity. [45,72,73] In particular flicker noise (frequency
dependent noise) is likely to be dominant for low frequency applications and
so this aspect should be investigated in a deeper way in order to make a more
reliable characterization of the device performances. Another issue which has
still to be addressed is related to the uniformity of printed electronic devices
and the yield of production over large areas. For many application a strict
requirement which has yet to be fulfilled, is the further downscaling of de-
vice’s pattern to enable the integration into more complex electronic arrays,
a challenge that is being currently investigated. Also it is essential to assess
and improve the stability of the printed materials, in particular their pos-
sible degradation upon exposure to ambient conditions. If such limitations
are successfully overcome, in the near future we may witness the adoption
of printed photodetectors in a large range of new applications such as digital
image sensing, [73] smart packaging and sensors for medical equipment and
biomedical diagnostics, [74] security and mobile electronics commerce.
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Chapter 2

Inkjet printed P3HT-based
photodetectors

In this chapter the realization of inkjet printed detectors will be presented. We
developed fully-inkjet printed and semitransparent photodetectors which can
be easily integrated with other optoelectronic components. Aiming for inte-
grability and reverse dark current reduction the first prototype was modified.
Going through the fabrication and the characterization of different structures
of inkjet printed photodetectors it will be shown that the bottom electrode and
its functionalization play important role in determining the photodetector per-
formances. In the last part devices features are compared and perspective of
future studies outlined.

2.1 Introduction
Solution processability, chemically tailorable properties, abundance of primary
materials, mechanical flexibility are key features offered by organic semicon-
ductors that can be exploited to develop innovative devices. [75] Functional
inks made with organic materials are suitable to be printed by mean of addi-
tive, cost-effective, scalable techniques (e.g. roll-to-roll, inkjet printing, screen
printing, spray coating) paving the way to large-area, distributed, complex op-
toelectronic systems. [24,76] Among the others inkjet printing has the advantage
to transfer a digital pattern image directly and without contact on a variety
of substrates easily allowing customization. [77] In the field of light sensing
some examples of printed photodetectors with interesting performances were
reported (sec. 1.3), but only few examples are meant for integration with
other optoelectronic devices.

Here we report the realization of fully-printed, all-organic photodetec-

24



tors for digital imaging applications and X-ray indirect sensing (chap. 3).
Lightweight and flexibility foster us to choose polyethylene naphthalate (PEN)
as substrate. Through inkjet printing the fabrication exploits a layer-by-layer
deposition approach. Functional materials were precisely placed on the sub-
strate with a resolution of tens of µm.

2.2 Fabrication
Every inkjet printed layer, apart from the photoactive blend one, was realized
using Fujifilm Dimatix DMP2831 with 10pL LCP nozzles cartridge loaded
with a properly formulated ink. Microfab JETLAB 4 equipped with a 40µm
diameter DLC nozzle was used to inkjet print the blend.

The devices have a vertical topology with the photoactive layer sandwiched
between two conductive stripes.

PEN purchased from DuPont was used as substrate after rinsing with
acetone and isopropyl alcohol (IPA). We make use of commercially available
conductive inks to fabricate the electrodes. Three conductive inks were tested
for bottom electrode realization: TEC-IJ-010 (InkTec), CCI-300 (Cabot) and
Clevios P JET 700 N (Hereaus). The first two are silver based inks and were
filtered with a 0.2µm PTFE filter before loading the cartridge while the third
is PEDOT:PSS based, filtered with 0.2µm PVDF filter. Moreover another
formulation of CCI-300 was tried further diluting it with ethanol and ethylene
glycol (1 : 0.3 : 0.7), filtered with 0.2µm PTFE filter. Silver electrodes require
a sintering step to become conductive: TEC-IJ-010 at 130°C for 10min and
CCI-300 at 70°C for 10min followed by 50min at 130°C; everyone is performed
in air. A number of annealing temperatures and times were explored. The P
JET 700 N was backed in air at 100°C for 10min.

As second step a functionalization of the bottom electrode is performed
spincoating polyethylenimine ethoxylated (PEIE) (Sigma Aldrich), polyethylen-
imine branched (PEI) (Sigma Aldrich) or poly[(9,9-bis(3’-(N,N-dimethylamino)propyl)-
2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)], namely PFN, (Ossila). PEIE solu-
tion was prepared according to reference [78] and spincoated over the substrates
at 5000rpm for 1min (1000rpm/s). Then the samples were heated up to
100°C for 10min and rinsed in deionized water for 1min. For devices with
PEDOT:PSS bottom electrode this last step was skipped. PEI was diluted in
2-methoxyethanol to 0.1wt.% concentration and spin-coated over the bottom
contacts for 1min at 5000rpm (1000rpm/s). PFN was dissolved in a mixture
of methanol (99.6vol.%) and acetic acid (0.4vol.% ) to obtain a 1mg ·mL−1

solution which was filtered with a 0.2µm PVDF filter and deposited by spin-
coating at 2500rpm for 1min with an acceleration of 1000rpm/s. PFN was
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also formulated in a printable ink dissolved at 1mg ·mL−1 in a solution of wa-
ter, isopropyl alcohol, ethilene glycol (1 : 1 : 0.2) to which was added 0.4vol.%
of acetic acid. After being filtered with a 0.2µm PVDF filter it was deposited
with the DMP2831 on the electrode.

P3HT (RR = 96.6%, Mw = 65500) was purchased from Merck, and
PC61BM (purity > 99.5%) was purchased from Solenne, and they were both
used as received. A blend solution of P3HT:PC61BM (1:1) at 30mg ·mL−1 was
obtained by mixing 1,2-dichlorobenzene (68vol%) and mesitylene (32vol%),
both purchased from Sigma Aldrich. The blend was stirred overnight, then
heated at 80°C for 10min and filtered with a 0.2µm PTFE filter before print-
ing.

Zonyl FS-300 fluorosurfactant was added to Clevios P JET 700 N (10wt%).
The solution was heated up to 80°C for 10min and filtered with a 0.2µm
PVDF filter before loading the cartridge. It was used to print the top elec-
trode.

After the last deposition samples were moved inside a nitrogen filled glove-
box and annealed at 100°C for 1h.

We carried out every deposition in ambient conditions with UV-filtered
light. Layers profile was measured by stylus profilometry (KLA Tencor Alpha-
Step IQ). In order to measure organic layers absorbance, stripes made of PE-
DOT:PSS only and of P3HT:PCBM only were printed on PEN and their
transmittance was measured with a Varian Cary 50 Spectrophotometer. Ab-
sorbance of P3HT:PCBM in the actual device was estimated taking into ac-
count the different thickness of the blend layer printed on PEN (200nm) and
on Ag stripe (120nm). Atomic Force Microscopy (AFM) images were acquired
with an Agilent 5500 microscope. I-V in dark and under white light (6400K,
about 3mW · cm−2) and EQE measurements were performed in glovebox;
where specified optoelectronic characterizations were performed in vacuum
(5 · 10−6mbar). I-V curves were acquired with an Agilent B1500A Semi-
conductor Parameter Analyzer; EQE spectrum was measured at an incident
power density of about 1mW · cm−2 with a custom setup. The cathode was
biased at positive voltage while the anode was connected to the virtual ground
of a DHPCA-100 transimpidance amplifier by means of a probe station. The
gain of the pre-amplifier was set in order to maximize the signal without in-
cur in saturation (bandwidth 1MHz). The output was sent to a Tektronix
MSO2014 oscilloscope. A series of LEDs with different emission peaks was
driven by an Agilent 81150A waveform generator and optically coupled to
the pixel by means of a plastic optical fibre (2mm diameter, 02-551 Edmund
Optics) placed 2.5mm away from the substrate. Impinging optical power was
measured with a BPX-65 (Osram) silicon photodetector and used to calculate
photocurrent and EQE. Response time was measured on photocurrent decay
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(a) (b)

Figure 2.1: (a) Sketch of the inkjet printed photodetector. To minimize resistive losses,
electrical contact to PEDOT:PSS layer is taken by means of an additional Ag stripe. (b)
Optical micrograph of a printed device: vertical Ag stripes are 113µm wide; the horizontal
stripe is PEDOT:PSS; on left the blend stripe is visible. The overlap between Ag stripe under
the blend layer and PEDOT:PSS stripe defines the device active area (dashed square).

waveforms. Frequency measurements were acquired by means of an Agilent
E5061B network analyser which provided also the small signal sinusoidal stim-
ulation superimposed on LED bias.

2.3 Characterization
Aiming at large-area imaging applications in the field of visible light or X-ray
digital imagers, at first we focused on devices with an active area of about
100 · 100µm2. [79–81] A top illuminated architecture, where silver is the bot-
tom electrode (TEC-IJ-010) and the semi-transparent PEDOT:PSS is the top
electrode (fig. 2.1), was firstly tested and deeply analysed. This choice was
taken to avoid the interaction of the solvent present in the silver-based ink
formulation with the active layer that could be damaged. [82] As photoactive
layer we chose the very well-known blend of P3HT and PC61BM, which rep-
resents a good model bulk heterojunction and showed no degradation when
exposed to high X-ray dose in previous studies. [83,84]

2.3.1 TEC-IJ-010 and PEIE based device

The printing of the Ag-based bottom contact onto the PEN substrates was
optimized by tuning the voltage waveform at the piezo head and the distance
between the deposited droplets. We obtained well controlled printed stripes,
110µm large on average, about 80nm thick, with scallope-free edges and a
sheet resistance as low as 5Ω/�. On top of the Ag contact PEIE was de-
posited in order to tailor the Ag energetics. Without PEIE, we found that the
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Figure 2.2: (a) Stylus profilometry of an Ag stripe and of P3HT:PC61BM active layer
deposited onto the Ag stripe. The blend average thickness is of 120nm. (b) Normalized
absorbance spectra for P3HT:PC61BM printed on PEN; as printed (black line) and after
thermal annealing at 120°C for 1 hour (red line). Upon thermal annealing no sizeable change
in the spectra shape, at least in the region of wavelengths > 500nm.

external voltage polarity to achieve forward or reverse biasing of the device
was unpredictable, and that the open circuit voltage (VOC) was very small,
in the range of few tens of mV . We ascribe this behaviour to the fact that,
generally speaking, Ag work function (Wf ) can increase by 0.6− 1.0eV with
respect to its nominal value of 4.26eV due to oxygen chemisorption, [85] thus
becoming close to the Wf of PEDOT:PSS (about 5.0eV ). Thanks to PEIE
treatment, effective in reducing the silverWf , the device polarity was made re-
producible, with the Ag contact properly acting as electron collecting contact
when positively biased with respect to PEDOT:PSS.

As to the P3HT:PC61BM blend, we adopted an ink formulation suitable for
inkjet printing. It is well known that inks based on a single solvent often lead
to highly non-uniform films, much thicker at the periphery than in the centre
(coffee stain effect sec. 1.1.1.2). To solve this issue, we adopted the strategy of
mixing two suitable solvents to exploit the Marangoni effect, [12,86,87] in order
to counterbalance the solute migration towards the droplet borders with a sur-
face tension gradient. Following ref. [11] we selected 1,2-dichlorobenzene and
mesytilene as the two solvents for the blend. After optimizing the blend con-
centration (20, 24 and 30mg ·mL−1), we chose 30mg ·mL−1 as the one yielding
the best device performance. [88] We were able to print stripes fully covering
the silver lines (necessary to avoid short circuits between electrodes), with an
average thickness of about 120nm and a coffee stain free profile (fig. 2.2a).
Looking at the absorbance spectral shape and focusing on the region where
P3HT dominates the absorption (450nm − 650nm), we observe the presence
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Figure 2.3: (a) Photodetector dark current (black line) and photocurrent (red line, incident
power density 3mW · cm−2). (b) EQE spectrum (squares) measured at 0.9V reverse bias
under an incident power density of 10mW · cm−2 and normalized active layer absorbance
(black solid line).

of a well-developed shoulder at 610nm (fig. 2.2b), suggesting the presence of
ordered regions of P3HT, [89] likely due to the use of a large fraction of a rel-
atively high boiling point solvent in the ink formulation (1,2-dichlorobenzene
boils at 180.5°C). [90] For the deposition of the top semi-transparent electrode
we adopted a highly conductive inkjet formulation based on PEDOT:PSS
(Clevios P JET 700 N). The high hydrophobicity of the underlying blend
layer prevented a reliable printing due to wettability issues. Since treating
the blend surface by means of oxygen plasma as suggested in the literature [91]
resulted in short-circuited devices, we modified the ink formulation by adding
a fluorosurfactant (Zonyl FS-300), similarly to what previously done in ref. [58].
After tuning the weight percentage of Zonyl, we found that 10wt.% allowed
to obtain a good coverage of the blend area. The device active area (about
9000µm2 on average) was defined by the overlap between the mutually or-
thogonal silver stripe and PEDOT:PSS stripe. This latter was kept short
(less than 10 squares) to avoid sizeable ohmic drops. A sketch of the device
and an optical micrograph are reported in fig. 2.1. The sheet resistance is of
3kΩ/� on average and the transparency in excess of 98% (at 570nm).

We obtained working devices with good yield, maintaining the incidence
of faulty devices (because short circuited or because of erratic electrical be-
haviour) relatively low (about 15% over about 100 devices realized and mea-
sured). This suggests that in the majority of cases the printed blend layer
is uniform enough to avoid the formation of direct contacts between Ag and
PEDOT:PSS. The dark current and the photocurrent of a printed device are
shown in fig. 2.3a. The dark current density is in the range of a few hundreds
of nA · cm−2, whereas the rectification ratio (viz. the ratio between the for-
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Figure 2.4: EQE (a) and tF all (b) as function of the incident power density (measured
at 570nm, at 1V applied bias). (c) Photocurrent response to a 10ms light pulse at 570nm
with an incident power density equal to 0.1mW · cm−2 (1V applied bias). (d) Device
bandwidth measured at 570nm at an incident power density of 0.1mW · cm−2 (1V applied
bias). Measured in vacuum.

ward and the reverse dark currents) is close to 5 · 104 at 1V : both figures of
merit are comparable to what is reported in the literature for P3HT:PC61BM
spin-coated photodiodes with an inverted architecture. [92] The final thermal
annealing is needed to achieve devices working properly: as-printed devices
are characterized by exceedingly large dark currents resulting in a poor ratio
between photocurrent and dark current (below 10), but after annealing at
100°C for 1 hour the dark current is largely suppressed and the photocurrent
to dark current ratio is increased up to 3 orders of magnitude on average.
Increasing annealing time or temperature (above 120°C) rises reverse dark
current and makes the devices prone to short-circuting themselves. In fig.
2b we report the External Quantum Efficiency (EQE) spectrum: the EQE
exceeds 60% over a broad wavelength range up to ∼ 600nm, with a peak of
83% at 525nm. Not only is the EQE remarkable for a completely printed
photodetector, largely exceeding the only previous example reported in the
literature, [91] but also it is among the best performing P3HT:PC61BM pho-
todetectors, irrespective of the deposition technique. [92–96] The EQE values
perfectly fit into the requirements for an X-ray imager (sec. 3.2.4). The de-
vice specific detectivity is around 1012cm · Hz0.5 · W−1, comparable to the
literature on inverted P3HT:PC61BM spin-coated photodiodes. [92] We mea-
sured the EQE by varying the incident power density P (over a range of about
three decades) and we found a very weak dependence on P (EQE ∝ P−0.065),
as shown in fig. 2.4a: this rules out the space charge limited photocurrent
regime (which is predicted to give EQE ∝ P−0.75) and suggests an almost
balanced transport. [97]

As to the speed of response, we tested the device with a 1ms light pulse
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Figure 2.5: Dependence of tF all on applied bias voltage. Incident power density: 4.45µW ·
cm−2 black line, 54.1µW · cm−2 red line, 1.05mW · cm−2 green line. Measured in vacuum.

at 570nm (fig. 2.4c). Looking at the photocurrent transient after switching
off of the optical stimulus, we recorded a first fast decay of few µs during
which the photocurrent drops by 64%, followed by a slower tail. Overall, the
90%−10% photocurrent fall time (tFall) is of about 100µs (fig. 2.4b). The si-
multaneous presence of a fast dynamics and of a slow one in the time domain,
in the frequency domain gives rise to a −3dB bandwidth of about 20kHz,
followed by a slowly decreasing response (−2dB/dec), and a significant fall
only at about 1MHz (fig. 2.4d). To investigate more in depth the device
speed, we measured tFall (at 570nm) varying the applied voltage VBias and
the incident power density P (fig. 2.4b). tFall is almost independent of V bias
(fig. 2.5): this rules out the transit time of photogenerated carriers as the
leading mechanism affecting the device speed. On the contrary, a strong de-
pendence of tFall on P is found (tFall ∝ P−1.2), which makes the device faster
at higher incident power density: this is in agreement with a traps dominated
scenario where capture and emission processes from trapping states are influ-
encing photocurrent transients. [98,99] In fact, because of the interplay between
relatively fast volume traps and relatively slow interface traps (located at
the interface between PEDOT:PSS and P3HT:PC61BM), at high P interface
traps are completely filled and fast volume traps are dominating, while at low
P slow interface traps are partially filled and come into play as well.

2.3.2 Sintering parameters, CCI-300 and PFN to reduce dark
current

Thanks to a careful optimization of printing steps and active material ink
formulation, we have been able to obtain good yield and reproducibility of
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devices fabrication, with EQE in excess of 80% at the peak of active material
absorption. However, dark current density is still too high to fit into the
requirement for an imager (sec. 3.2.4). Both reducing the roughness and
increase the energetic barrier for the hole injection, i.e. further reducing the
Ag workfunction, could positively affect the dark current density. [100] Because
printed silver profile is strictly dependent on ambient conditions, [101] a change
in sintering parameters was explored in order to smooth the bottom electrode.
AFM images of printed Ag stripes reveal that increasing the sintering times
above 10min results in negligible effect, while temperature affects the cluster
size formed after the sintering step, but roughness is not significantly lowered.

On the other hand photodetectors were fabricated replacing TEC-IJ-010
with CCI-300 ink to investigate if the different formulation, based on disper-
sion of nanoparticles instead of clusters, allows to print smoother films with
Wf closer to the one of bulk silver. The optimization of deposition parame-
ters for CCI-300 ink allowed to print ∼ 150µm large and 200nm thick stripes,
without scalloping. By diluting the formulation of the ink printed stripes
thickness is almost halved. AFM topography on CCI-300 stripes do not show
relevant differences with respect to TEC-IJ-010 both for the as-received ink
and the diluted one. I-V measurements show a small reduction in dark cur-
rent density for 1V reverse biased device that is not enough to satisfy the
requirements (tab. 2.1).

In addition to the work done on the bottom electrode we focused on its
functionalizer. As reported in the literature also for other polyelectrolytes, [102]
PFN plays a significant role in charge injection and extraction at the interface
between electrodes and organic semiconductors. [103] Spincoated PFN, with
the recipe previously stated, results in a layer of 5− 10nm thickness with the
topography reported in fig. 2.9a. In spite of being a thin layer, we stress
the fact that it is very different from the one formed by PEIE which is only
physisorbed on the underlying surface. [78] Fig. 2.6b shows PFN absorption
spectrum peaked around 390nm. Its effectiveness in Wf reduction was inves-
tigated by kelvin probe measurements and was reported at sec. 5.3.1. The
introduction of PFN in our devices led to a reduction in reverse dark current
density which is kept below 100nA · cm−2 (fig. 2.7a). Another premium fea-
ture of PFN functionalization is that reverse bias can be applied up to 9V
without their breakdown and irreversible damage, while for PEIE-based it oc-
curs even below 1.5V . Despite the positive effect on dark current, being PFN
a bad conductor, [104,105] holes have to cross an additional insulating layer to
be extracted and reach the bottom electrode. Consequently photocurrent and
direct current are lower than the one for PEIE-photodetectors. The effect
is seen also on EQE spectrum which is lower than the one of PEIE-devices
(fig. 2.7b). Devices EQE slightly depends on optical power (∝ P−0.09), while
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(a) (b)

Figure 2.6: Chemical structure of PFN (a) and its absorption spectrum of PFN (b).
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Figure 2.7: (a) Comparison between dark current I-V measurement of PEIE-functionalized
(black) and PFN-fuctionalized (red) photodetectors with TEC-IJ-010 as bottom contact.
(b) EQE spectrum of CCI-300/PFN/P3HT:PCBM/P JET 700 N+Zonyl acquired at 1mW ·
cm−2, 1V bias.
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Figure 2.8: (a) PFN-based detector EQE and response time vs. impinging power meaured
at 570nm, 1V bias. Device bandwidth measured at 570nm at an incident power density of
0.1mW · cm−2 (1V applied bias).

response time dependence is mild and goes as P−0.57 and lower than 10µs
for high light levels. Frequency measurement exhibits 6.5kHz bandwidth (fig.
2.8).

2.3.3 Semi-transparent devices

So far we have demonstrated that it is possible to obtain highly efficient
printed photodetectors with low dark current density suitable for X-ray detec-
tion through the engineerization of the device. To fully exploit the potential
of organic printing technology, all-carbon based photodetectors with semi-
transparent electrodes were printed on a flexible substrate. [106] To reach this
goal the silver bottom contact was replaced with a PEDOT:PSS electrode, so
that the only non transparent material would be the active blend for which
the transparency could be modulated by varying the thickness. Not only this
electrode allows for the semi-transparency of the device, but it also provides
a very smooth interface with the organic semiconductor compared to the one
of silver contacts (fig. 2.9b-c). Both PEIE and PFN were tried as interlayer.
In fig. 2.10a it is shown that dark current density at 1V of reverse polariza-
tion is lower than the one exhibited by Ag-based devices suggesting that the
smoother bottom electrode surface reduces instabilities due to the formation of
leakage paths often observed with the rougher silver printed electrode. Kelvin
probe measurements prove that the PEIE and PFN are effective in inducing
asymmetry of Wf between top and bottom electrodes also for PEDOT:PSS
contacts (sec. 5.3.1). Fig. 2.10b shows the EQE recorded illuminating the
devices from top and from substrate side. For both the efficiency is above 40%
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Figure 2.9: AFM images (a) PFN spin coated on glass, (b) CCI-300 bottom contact; (c)
PEDOT:PSS bottom contact. Different sintering steps were tried for the silver ink obtaining
comparable surface morphology features and roughness (20 − 30nm).

in the region of absorption of the active material. Substrate light absorption
can be accounted for the difference between the two spectra.

2.3.4 Increasing photoactive area

In addition to dark current and EQE also photodetector capacitance is an
important parameter to be taken into account. It is related to the maximum
amount of photogenerated charge that can be detected by the pixel, to capac-
itive coupling when the switch is commuted and to noise considerations. [79]

Considering the architecture of an imager (sec. 3.2) the row-addressing sig-
nal couples through parasitic switch capacitances changing the voltage across
the photodetector of:

∆VPD = ∆VRow
CP

CP + CPD
(2.1)

where ∆VRow is the maximum voltage swing of the row, CP the parasitic
capacitance between row line and photodetector, CPD the photodetector ca-
pacitance. This effect could be detrimental for the readout process and should
be minimized by increasing CPD/CP ratio. Regarding the parasitic capaci-
tances of the addressing transistor they are around 0.5 − 1pF (sec. 3.3.1),
while for the switching diode ∼ 1pF . Kept constant the thickness of the
layers that give good static performance, the values of the parasitic capaci-
tances are strictly related to the limit in resolution capability of inkjet printing
and they are difficult to be lowered without changing processing techniques.
Consequently, the easiest approach to reach the goal is to increase the pho-
todetector capacitance. This can be done by enlarging the photoactive area
(eq. 3.1), turning down the achievable resolution. Due to subtle relation
between drying dynamics and layer morphology this step is far from being
trivial, e.g. the fabrication of larger silver bottom contacts results in thicker
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Figure 2.10: (a) I-V measurements in dark (black) and under white light (red) of a
semitransparent PFN-based photodetector. (b) EQE spectra acquired shining from top
(black) and from substrate side (red) light at ∼ 1mW · cm−2, 1V bias.

and prone to cracking electrodes. Because of the cracks of silver bottom
electrode we selected PEDOT:PSS bottom contacts for the following develop-
ments. We started realizing larger photodetectors simply extending patterns
used for 100 · 100µm2 devices to obtain (200µm)2 and (300µm)2 nominal ar-
eas. Despite the good coverage of the electrode pad by P3HT:PCBM blend
dark currents are orders of magnitude higher.

The same worsening can be seen even for small devices where the PE-
DOT:PSS electrode was deposited using droplet of larger volume (∼ 200pL)
that we realized. Even if the macroscopic properties of the top electrode
are not sensitive to the variation of this parameter, on the contrary, post-
processability and optoelectronic behaviour of devices do show a dependence
on the PEDOT:PSS printing recipe. Most strikingly, large PEDOT:PSS
droplets result in devices that are unable to withstand post-deposition thermal
treatments: as-printed devices have a proper electric behaviour, but become
short circuits after annealing at temperature as low as 90°C. For this devices
the EQE is larger than 40% over a broad wavelength range up to ∼ 600nm.
The specific detectivity is 2·1011Jones (evaluated at 570nm, 1V applied bias):
if compared to the literature on P3HT:PC61BM photodetectors, [92–96] this is
a relatively low value, as a result of relatively high dark current density (few
µA · cm−2). These results suggest that the deposition of PEDOT:PSS on top
of the blend layer is a delicate process step that can significantly change the
performances.

Seen these results we fabricate photodetectors where top electrode is finger-
like with stripes as narrow as the one used for (100µm)2 detectors. The
photosensitive area is given by the intersection of top fingers and bottom pad
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Figure 2.11: Optical micrograph of a large-area, semitransparent photodetector. Scale
bar = 100µm.

(fig. 2.11), and are around 180 ·300cm−2. Characterization done on large area
devices realized in this way show negligible variations with respect to smaller
one apart from the device capacitance which is increased up to ∼ 8pF almost
direct proportionally to the area (tab. 2.1).

2.3.5 Fully-printed photodetectors

Having available an all-patterned device it would be a great advantage for its
integration with different electronic components because it does not require
deposition steps affecting the whole substrate. In previously presented devices
bottom contact functionalization was still done by mean of spincoating. To
address this point we formulated a printable PFN-based ink and printed it
only on the bottom electrode.

In figure 2.12a are reported I-V plots measured on the best device with
PFN printed on PEDOT:PSS bottom electrode. Reverse dark current density
is the lowest of the fabricated devices and reaches 3nA · cm−2 at 1V giving
a light/dark ratio of 2.5 · 105. EQE exceeds 40% over a 200nm band of
wavelength with a peak of 42% at 525nm (fig. 2.12b). The best value for
calculated D∗ is of 6.2 · 1012Jones: the record among the ones we obtained.
EQE is weakly dependent on P (EQE ∝ P−0.06) while the response time
follows a power law on P with −0.91 as exponent (fig. 2.12c). The 90%−10%
photocurrent fall time is of about 100µs at 1µW of impinging power (fig.
2.12d).
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(c)

Figure 2.12: (a) I-V measurements in dark (black) and under white light (grey) of a fully-
printed photodetector. (b) EQE spectrum acquired at ∼ 1mW · cm−2, 1V bias. EQE (c)
and tF all (d) as function of the incident power density (measured at 570nm, at 1V applied
bias).
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2.3.6 Direct current increase

Work was done to increase direct current density motivated by the fact that
a possible pixel architecture makes use of a diode as addressing element (a
detailed discussion about pixel structure and its readout will be carried out
later at sec. 3.3).

Aiming to a photodetector with a high rectification ratio, we tried to keep
reverse current density as low as possible and to rise the direct current at the
same time. We set aside PFN as interlayer because it introduces a high series
resistance strongly affecting the direct current. Instead PEI was used to tailor
bottom electrodeWf . We fabricated devices both with small (50 ·80µm2) and
large area (250 · 300µm2).

I-V curves exhibit reverse dark current density mean value of 200nA·cm−2

(best device: 130nA · cm−2) (fig. 2.13a) and mean direct dark current density
of 34mA·cm−2 (best 90mA·cm−2) (−1V bias) which is among the best results
obtained for P3HT:PCBM detectors. [89,107]

A EQE peak of 73% at 470−505nm was recorded (fig. 2.13b). Calculated
peak D∗ results in 4.52 ·1012Jones at 525nm for the best device. Dark current
density is aligned with PFN-based detectors while the EQE is slightly better
(tab. 2.1).

Measuring photoresponse in fuction of impinging light power PEI-functionalized
devices reveal a photoconductive behaviour with EQE > 1 for low light in-
tensities (fig. 2.14a). Time response is power dependent: the 90% − 10%
response time goes from its lowest value at the higher illumination (426µs at
130nW ) to higher ones, reaching the value of 8.5ms at 745pW (fig. 2.14b).
We stress the fact that in the presented way it is possible to realize the two
different components of the diode-addressed passive pixel at the same time,
without addition of process steps.

2.3.7 Other photodetector structures

We printed P3HT on top of the blend in a PEI-based device because it might
help to reduce dark current and to tailor the interface with the top con-
tact. [98,99] Dark current density and direct current density are lower than for
reference one, i.e. without the P3HT interlayer; EQE is comparable. A pre-
liminary characterization was done changing the light intensity. Both behaves
as photoconductor in the region of high impinging light intensities, but they
differ going towards low light regimes. Decreasing impinging optical power
the detector with P3HT interlayer turns out to be slower than the reference.
Further investigation should be done to in depth understand the modification
of the interface and consequent effects on devices performances.
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(a) (b)

(c) (d)

Figure 2.13: I-V curves of a small photodiode in dark (black) and under white light (red)
(a) and of a large photodector realized with the same process (b). EQE spectra measured
at 1V reverse bias under ∼ 1mW · cm−2 light for swD (c) and PD (d).

(a) (b)

Figure 2.14: EQE (a) and response time (b) as function of the incident power density
(measured at 570nm, at 1V applied bias).
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Also other photodetectors structures were fabricated and tested, e.g. de-
vices with interlayer deposited on top of P3HT:PCBM or other injection block-
ing materials (vanadium oxide and zinc oxide), but not fully characterized
because preliminary results obtained on I-V measurements do not show bet-
ter performances compared to the ones already obtained. Gathered data are
reported in table 2.1.

2.3.8 Air exposure and shelf life measurements

After being annealed and tested the first time some of the P JET 700 N /
PEIE-based devices were exposed to air for 1 hour, then moved again inside a
glovebox and measured. No significant change in current densities was seen.

Shelf-life measurements were performed. Some CCI-300 / PFN- and P
JET 700 N / PEIE-based devices were kept inside a glovebox for 9 and 10
month respectively. I-V curves acquired show no variation compared to the
first measurement pointing out that the photodetectors are pretty stable in
controlled environment.

2.3.9 Encapsulated photodetector and noise measurement

We also measured photodetector noise in order to estimate the minimum de-
tectable signal. For this purpose semi-transparent, large area, PEI-funtionalized
photodetectors were encapsulated by spincoating PMMA in acetonitrile and
IPA (sec. 3.3.1 for details on PMMA formulation) on top of the devices and
glueing the whole substrate between two glass slides by means of epoxy resin.
We recorded I-V curves of the encapsulated photodetectors finding only little
difference with the non-encapsulated ones (fig. 2.15a). Leaving them in air for
20 days dark current characteristics remained unchanged demonstrating the
encapsulation effectiveness. The device impedance was acquired with an LCR
meter and results in a capacitive component of 15pF with series resistance of
40kΩ due to PEDOT:PSS access lines (fig. 2.15b).

Noise power spectra were measured with a cross-correlation spectrum ana-
lyser [108] keeping the device in dark and polarizing it at different reverse bias
voltages. The instrument returns the parallel noise spectral density in a band
from 0.1Hz to 10kHz (fig. 2.16a). At higher frequencies amplifiers series
noise is coupled through device capacitance making it impossible to measure
the photodetector noise. This effect is quantitatively in accordance with the
measured impedance of the device (fig. 2.15b).

When 1V is applied to the photodetector a huge of 1/f noise dominates
over the white dark current shot noise (Sn,Idk

= 2qIdk ∼ 8.25 · 10−29A2/Hz).
Noise corner frequency is around 10kHz with 1V bias. Decreasing the re-
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(a) (b)

Figure 2.15: (a) I-V curves for photodetector in dark and under light (6400K, ∼ 1mW ·
cm−2) before (black) and after encapsulation (blue). After 20 days of permanence in air I-V
curves were measured again (red) (non calibrated light). (b) Real part impedance of the
encapsulated device vs. frequency. At low frequency capacitive part is dominating while at
high frequency the device impedance is clamped to electrode resistance.

(a) (b)

Figure 2.16: (a) Noise spectral density of an encapsulated photodetector recorded in dark
conditions. The reverse bias was varied from 0 to 1V . D∗ vs. frequency evaluated on the
basis of the noise measured on the device biased at 1V.
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verse polarization 1/f noise diminishes completely vanishing when zero bias
is applied, as expected for thermodynamical reasons. At the same time a com-
ponent proportional to f0.5 rises. Further investigation and device modelling
must be done to give a physical meaning to this contribution.

In presence of Flicker noise the expression for D∗ given in sec. 1.2.2 looses
its validity because the noise spectral density is no more white. D∗ becomes
dependent on frequency and bandwidth at which the photodetector is op-
erated. Let’s consider that photodetector signal is sharply filtered by the
acquisition system between a frequency fi and a higher one ff . The minimum
detectable signal (at SNR= 1) is given by the square root of the noise power:

Smin =
√∫ ff

fi

Sndf (2.2)

where Sn is the noise power spectral density and f the frequency.
In our case, being the photodetector cut-off frequency of about 5.5kHz

there is no reason to operating the device above this frequency. A band-
width between 1 and 5.5kHz is a reasonable choice. In this situation we can
compare Smin obtained considering the measured noise spectral density and
the one calculated taking into account only the shot noise. In the first case
Smin = 2.9pA while for the latter Smin = 0.67pA. The dominant Flicker noise
exhibited by the photodetector under test worsens the SNR performance as
expected.

D∗ in presence of non-white noise can be rewritten as follows:

D∗(f) = λq

hc

EQE
√
A√

1
1Hz

∫ f+1Hz
f Sn(f̄)df̄

(2.3)

where λ is the wavelength of impinging light, q the elementary charge, A the
area of the photodetector, h the Planck constant, c the speed of light. In fig.
2.16b the D∗ vs. f for the measured device is reported and compared with
specific detectivity for shot noise only.

In most of the works presented on organic photodetectors, D∗ was ex-
trapolated without measuring noise power density (sec. 1.3.4). Therefore, to
compare our results with the works reported literature we keep on using D∗
calculated on the base of shot contribution only.
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2.4 Conclusive remarks
Table 2.1 summarizes the results obtained and presented in this chapter. Over-
all, we have demonstrated the possibility to fabricate photodetectors with
good optoelectronic performances via cost-effective and additive inkjet print-
ing technique. Silver based photodetectors show worse performances with
respect to PEDOT:PSS ones or because dark current density is higher or
because of poor EQE. Additional key features as semi-transparency and fully-
patternability of the realized PEDOT:PSS-based devices offer advantages for
their integration in complex electronic systems. With a calculated specific
detectivity that reaches 6.2 · 1012Jones in the best case, the inkjet printed
photodetectors realized in this work are not only among the best of printed
photodiodes reported in literature so far but compete also with their inorganic
counterpart (sec. 1.3).

A careful optimization led to achieve photodetector and switching diode
with parameters values that fulfil the requirements for the fabrication of a
photosensitive pixel based on these kind of detectors (sec. 3.2.4).

Future developments should investigate deeply the temporal dynamics and
find ways to improve the inkjet printed photodetector speed. Noise analysis
and its reduction could be interesting topics too.
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Table 2.1: Summary of the fabricated devices performances. For current densities mean
values, standard deviation, best value are reported in this order. Where non specified
photoactive (P3HT:PC61BM) and top electrode (P JET 700 N + Zonyl) were kept constant:
the device structure refers only to bottom layer and its functionalizer.

45



46



47



48



Chapter 3

Direct-written passive pixel
for digital imaging integrating
inkjet printed organic
photodetectors

Hereby it is reported on the fabrication and the characterization of passive
pixels realized by inkjet printing and femtosecond laser ablation integrating
an all-organic photodetector and an all-organic switch. Solutions to process
integration issues are discussed. Thanks to the versatility of the fabrication ap-
proach used, three different pixel architectures were realized and here described.
Their performances are presented and compared. At the end the fabrication of
a matrix of pixels is reported together with its characterization.

3.1 Introduction
Many applications can take great advantages from a mechanically flexible,
lightweight and non-fragile imaging device with a large pixelated photosen-
sitive area in the fields of industrial non-destructive testing, medical imag-
ing, homeland security, nuclear safety, solar energy harvesting and smart sur-
faces. [2,109,110]. Specifically, due to the lack of convenient ways for focusing
X-ray radiation, digital panels are required to be as large as the objects for
what they are designed to image. [111] Large area coverage can represent an
issue in terms of manufacturing cost in the case of crystalline semiconduc-
tors while amorphous silicon and organic semiconductors can cope with that
need. [112]
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Hydrogenated amorphous silicon (a-Si:H) and standard CMOS based-
backplanes were used for the addressing indirect X-ray imagers. [73,113–118]
Although a-Si:H-based sensors deposited at low temperature (150°C) were
reported, [119,120] those backplanes result brittle and limited in flexibility. [121]
Different materials can be exploited to realize flexible imagers on plastic sub-
strates at room temperature, but vacuum thermal evaporation and photolitho-
graphic steps are required. [110,122–124] The approach followed in cited examples
relies in the uniform coverage of an addressing backplane with a photoactive
layer. In spite of a great simplification of the process a non-pixelated pho-
tosensitive layer could be prone to optical cross-talk. [49,73] On the contrary,
monolithically integrated pixels were proposed consisting in a photodetector
and a transistor side by side on the same foil. The disadvantage is the reduc-
tion of geometrical fill factor, i.e. the ratio between the photoactive and the
pixel areas. [125,126] Also in these examples vacuum depositions are used.

Here we report the realization of fully-direct-written, all-organic passive
pixels for digital imaging applications and their organization into a matrix.
Polyethylene naphthalate (PEN) was chosen as the substrate for device fabri-
cation due its light weight and flexibility, which might be premium features in
large area applications. Our approach is based on the layer-by-layer deposi-
tion of films through additive inkjet printing technique combined with femto-
second laser ablation to selectively remove materials to open sub-micrometric
gaps. With respect to the presented state of the art, these techniques have a
number of advantages: no need of vacuum equipment for manufacturing; films
can be directly deposited on almost whatever substrates without the need of
masks; they have low material consumption, produce almost no waste and can
pattern large areas (sec. 1.1). Not only these techniques introduce improve-
ments in terms of fabrication process, but also allow to realize different pixel
structures and layouts.

3.2 Large area organic imager architecture
The well-known structure for an imager is a 2-D array of photosensitve pixels,
organized in rows and columns, that spatially sample the impinging light
signal and convert it into an electrical charge that is read through a properly
designed amplifier. To reduce the cost of the system the readout circuit is
shared by more than one pixel. Generally speaking, after the exposure, pixels
are read line by line by means of line drivers that activate row by row an
addressing element present in each pixel. The charge stored in each pixel is
sent by columns to the readout amplifiers. Every pixel has three functions:
conversion of light into charge, temporary storage the photogenerated charge
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Figure 3.1: Schematic drawing of an X-ray imager.

with low losses and to transfer the charge to the readout amplifier when the
pixel is addressed (fig. 3.1).

Another way to acquire a large imaging field is to scan with a 1-D image
receptor the other dimension. In principle a single line detector and a very
highly collimated light beam could be used for this approach. Despite the
excellent rejection of scattered radiation can be achieved, this method is highly
inefficient in the utilization of the output of the lamp so that much energy is
wasted (in the case of X-ray imaging a full scan would result in an enormous
heat led on the X-rays tube). Moreover moving parts and reconstruction
algorithms must be employed.

The focus of this work will be a 2-D matrix architecture. A charge-sensitive
pre-amplifier or a transimpedence amplifier (which maintain their input at
virtual ground) are used as external circuitry to read flat-panel detectors.

3.2.1 Light conversion into charge

The conversion from visible photons to charge was presented in sec. 1.2. Be-
ing the X-ray imaging a feasible application the focus of this paragraph will
be on the conversion mechanism related to this field. X-rays can be converted
to charge either in direct or indirect way. Due to their low density and atomic
weight, organic compounds are typically unsuitable for the direct collection
of X-rays, whose absorption depth decreases with the atomic number Z of
the material as Z−n, where n ∼ 3 − 4. [127] The direct conversion of ionizing
radiation into electric charge by means of organic materials would require un-
realistically high thickness of the detectors active layer. In indirect conversion
high energy X-quanta are collected and converted into visible light by scin-
tillating materials and sent to a photodiode responsive to visible radiation.
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In literature there is a number of studies concerning the evaluation of scin-
tillators parameters. [79,118,127–129] Solution processable scintillators were also
proposed. [98] Common materials for scintillating screens are thallium doped
cesium iodide (CsI:Tl) and Gd2O2S:Tb, namely GOS, both emitting in green
region, at 560nm and 545nm respectively.

Regarding to this thesis work CsI:Tl was taken as reference, but the devel-
opment of scintillator-pixel matrix coupling was left to further studies. For a
prototype flat-panel imager with CsI:Tl as scintillator operated under mam-
mographic conditions (26kV p beam at exposure comprised between 0.5 and
19mR) El-Mohri et al. [128] derived from simulations a X-ray fluence per unit
exposure of 46520X-quanta

mR ·mm2 and a mean number of optical quanta emitted

by the scintillator per impinging X-ray of 312 photons

X-quanta . These data lead
to an estimation of the number of visible photons impinging on the detector
operating in mammographic conditions which turns out to be in the range of
106 ÷ 108 per mm2. Similar calculation could be done for data provided by
Gelink et al. [84,110] for a RQR5 radiation obtaining ∼ 107÷109 photons

mm2 . Pixel
photoresponse should cover these ranges in order to be considered for X-ray
medical-imaging.

3.2.2 Charge storage

The photogenerated charge collected at PD electrodes should remain stored
on the physical capacitance of the device while waiting that the other lines
are read. In general, the intrinsic capacitance of the device can be described
by a parallel plate capacitor model:

CPD = ε0εr
A

d
(3.1)

where ε0 is the permittivity of free space (8.85 · 1012F ·m−1), εr the relative
dielectric constant of the intrinsic semiconductor (for organics ∼ 3 − 4), A
the geometric area, and d the thickness of the active material. During the
time between the exposure and the readout dark current flows through the
photodetector pushing it towards saturation. The leakage must be negligible
respect to the nominal signal in order to allow dark image subtraction without
reduction of the dynamic range. The noise due to dark current must be small
compared to the readout noise. The maximum amount of charge that can
be stored on the photodetector is its capacitance times the initially applied
reverse bias voltage, typically in the order of some pC.
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(a) (b)

Figure 3.2: Matrix structures with TFT (a) and swD (b) as switching element.

3.2.3 Charge readout

Among CMOS pixel structures X-ray panels generally implement the passive
one because it is more simple to be fabricated and maximizes the geometrical
fill factor despite it is a slower, more noisy and destructive way of reading
compared to active approach. [130] This is the choice also for this thesis work.

In passive pixels only two building blocks are present: a photodetector and
a switch. The transfer of the photogenerated charge to the readout circuit is
done thanks to the switch that can be either a thin film transistor (TFT) or
a diode (swD) implementing the structures reported in fig. 3.2. In first case
each pixel is a three-terminal device with the transistor gate connected to the
row driver and the other two terminals connected one to the bias line and the
other to the column amplifier. For what concerns the latter the two terminal
pixel, comprising diodes back-to-back connected, is placed between the row
driver and the readout amplifier. The fabrication of both photodetecting and
addressing diodes at the same time reduces the number of process steps and
therefore the complexity of the manufacturing and thus should improve the
device yield.

All the switches along a row are connected together with a control line.
This allows the external driver to change the state of each switching element
along the row at a time. Every row requires a separate control line. The
output terminals of the pixels of a column are connected to a single read out
amplifier so that the matrix is read line by line.

Fig. 3.3 explains the timing of the acquisition of signal from a pixel of
the imager. The matrix is initialized during a so-called reset phase in which
the photodetector capacitance is pre-charged to a certain reverse bias. This
is obtained keeping the switching elements in their conductive state (on) and
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(a) (b)

Figure 3.3: Simplified image acquisition process for TFT pixel (a) and swD pixel (b).
Gate voltage/diode drive voltage, reverse bias and pixel output current are schematically
depicted. The yellow region correspond to the exposure time.

then switching them back off leaving the photodetector floating. During the
exposure time the photocurrent is integrated on the photodetector discharg-
ing its capacitance. When exposure is finished the subsequent reset pulse is
applied a current flows through the column amplifier. Being the integral of
this current proportional to the amount of charge needed to restore the reset
condition it is possible to calculate the number of impinged photons. The
electronics external to the matrix stores and digitizes the signal.

In absence of other spurious limitations, the time needed to transfer the
charge from the pixel to the pre-amplifier is determined by the discharge rate
of the photodetector capacitor through the on-resistor of the switch, giving
a time constant of CPD · RON . While for TFT switch resistance in on-state
remains constant with respect to source-drain voltage, with diode switches the
situation is more complicated because the resistance increases (in principle
exponentially) as the voltage across the diode switch reduces. This problem
can be solved moving the zero signal level far from the high-resistance regime
of the switching diode. To do that the row pulse for signal reading is larger
than the one to reset the pixel. In this way a offset charge is read allowing to
work outside the high-resistance regime of the swD. To assure that the pixel
is correctly reset light must be shone between read and reset pulses, otherwise
the reset one cannot properly switch on the diode. The timing diagram of the
described procedure is shown in fig. 3.4.

It is worth to notice that the simple picture presented above differs from
a real imaging devices because of charge-coupling transients present whenever
the switching element is changed from one state to the other. The small but
finite leakage current through the switch in its off -state makes the system
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Figure 3.4: Timing scheme for switching diode pixel with optical reset. This is obtained by
a succession of two row pulses per cycle with different amplitudes with an optical exposure
in between.

unideal too. Both the charge injection and the leakage of the switching el-
ement during the off -state result in an offset in the read charge that must
be taken into account when reconstructing the signal provided that injection
does not saturate the amplifier and leakage does not delete the signal before
the readout. More detailed models for pixels are reported in fig. 3.5. For a
matrix where TFT is the switch charge coupling occurs through gate parasitic
capacitances and off -current pushes the photodetector to reset situation. On
the other hand, using a switching diode its intrinsic capacitance is the reason
for charge coupling and its leakage forces the detector to saturate, acting as
the photodetector dark current.

3.2.4 Passive pixel requirements

Taking into consideration a radiographic imaging system Blakesley et al. [79]
have predicted that a photodiode EQE greater than 25%, dark current density
around 10nA · cm−2 and a TFT on/off ratio of 107 are required to operate a
prototype imager at high exposures. For a detector operating across the radio-
graphic exposure range, quantum efficiency above 40%, dark current density
of less than 1nA · cm−2 and a TFT on/off ratio in excess of 108 would be
required. Tab. 3.1 summarizes the requested values for parameters of a good
pixel. In order to neglect charge injection coupling capacitors must be at least
an order of magnitude lower than photodetector one. This is achieved work-
ing on gate overlap with source and drain electrodes for TFT or keeping the
switching diode area much smaller than photodetector one. [79,111] In order to
be operated under X-ray exposure the photodetector has to exhibit radiation
hardness.
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(a) (b)

Figure 3.5: Schematic circuit diagram of a refined model for TFT-based (a) and swD-based
(b) pixels. Finite ROF F and RON and presence of parasitic capacitors are included.

Parameter Value
Photodiode EQE > 25%
Photdiode dark current density < 100nA · cm−2

Phodotiode capacitance ∼ 2pF
Pixel pitch ∼ 200µm
RON < 107Ω
ROFF < 1014Ω
Parassitic capacitance � 1pF

Table 3.1: Parameters requirementes for a good pixel.
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3.2.5 Peripheral electronics

Auxiliary circuitry is needed to operate the imager supplying the required
voltages, amplifying the signals from pixels and digitising them for their elab-
oration and storage. The peripheral electronics also includes the logic for
synchronization of driving and reading. These are parts of the system that
must be carefully designed tailoring them for each particular image sensor and
can have a significant effect in the imaging performances. Every peripheral
component can potentially be a noise source tending to reduce the quality of
the final image. The most critical one is the pre-amplifier. The standard con-
figuration is a charge-integrating amplifier where the signal charge from the
pixel is transferred to the feedback capacitor which determines the electronic
gain. Usually a reset switch is used to blank out the charge on the feedback
capacitors before the pixel is addressed. An other way to reset feedback ca-
pacitor is to place a resistor in parallel to it. In order to cope with charge
injection through parasitic capacitors pre-amplifiers must be extremely linear
and have a suitable dynamic to absorb this charge.

3.2.6 Noise components

An imager shows noise intrinsic sources that add to poissonian distribution of
impinging photons and to the noise of the peripheral electronics. In the case of
radiography noisy X-ray sources and fluctuation in the scintillator conversion
processes must be considered too. A number of studies discuss noise sources
for flat panel imagers. [131,132] In principle the approach used by Maolinbay et
al. [131] can be extended to organic imagers. Therefore is possible to compute
the system performances in terms of electronic noise also in this case, provided
that every useful parameter is known. Here we list the main noise components
related to pixel operation (fig. 3.6).

Two unavoidable noise sources are the shot and 1/f noises associated with
the dark current of the photodetector (sec. 1.2.2) that acts both when the
switch is off, integrating itself on photodetector capacitance, and when the
switch is on, going directly to the pre-amplifier. This latter contribution is
negligible because the time during which the photodetector is addressed is
usually a small fraction of the one while the pixel is in off -state. Also the
TFT channel resistance gives rise to two kind of noise: thermal and 1/f both
in on- and off -state. Another source of noise is kTC noise due to the thermal
noise of the on-resistance of the switching element. While active pixels can
delete this component through double correlated sampling, in passive pixels
it is unavoidable.

For what concerns the peripheral circuitry in addition to the effect of
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Figure 3.6: Schematic illustration of the generalized additive noise model of a flat-panel
imaging system descibed in ref. [131]. The model consists of five noise components: pixel
noise; data-line thermal noise; externally coupled noise; pre-amplifier noise and digitization
noise of the ADC.

pre-amplifier noise, attention should put on the effect of the distributed resis-
tance of the conductive lines on the array that acts as a source of thermally
generated noise. Fluctuations of supply voltages can couple with the signal.
This is manifested as line-correlated noise and can be largely lowered care-
fully designing the peripheral system. At last digitization noise related to the
analog-to-digital converter (ADC) has to be taken into account especially for
low resolution ADCs.

3.3 Direct-written organic pixel
The integration of two different devices is a non-trivial task that requires the
ability to deposit materials on a defined pattern in a precise way. Moreover
each deposited layer must withstand all the following process steps without
a significant degradation of its properties. Consequently the two devices fab-
rications become interdependent, therefore particular care must be taken for
actions that affect the whole substrate such as spincoating depositions and
annealing steps.

Three different pixel architectures were realized taking into account results
on photodetectors presented in chap. 2. Transistor development was not the
purpose of this work.1

1Sadir G. Bucella and Mario Caironi are acknowledge for providing direct-written TFTs
and for the work done to tailor their characteristics for specific needs of this work.
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3.3.1 Pixel structures and realization

Within the realized pixel structures two make use of a TFT as addressing
element, the other one is a double diode pixel. One of the TFT+PD and
the swD+PD have coplanar photosensor and switch, viz. fabricated on the
substrate, while for the third the photodetector is printed on top of the gate
dielectric and connected by a vias to the transistor (fig. 3.7 and 3.8). In the
following we will refer to the pixel as ’coplanar’, ’double diode’ and ’stacked’
respectively.

3.3.1.1 Coplanar pixel

For the coplanar structure at first silver reference marks were printed and sin-
tered. Then a first part of TFT fabrication was done: P JET 700 was printed,
covered by spincoated PEI and ablated transversally to obtain source and
drain contacts; P(NDI2OD-T2) N2200 (from Polyera) was printed over the
channel and annealed at 120°C overnight. This choice was taken because the
overnight annealing results in lowering detector performances due to increased
dark current or shortcircuiting their electrodes (sec. 2.3.1). Subsequently a
large-area, semitransparent photodetector with printed PFN as interlayer was
realized as reported (sec. 2.2 and 2.3.5). After that the TFT dielectric is
realized by spinning PMMA dissolved in acetonitrile (AcN)-isolpropyl alco-
hol (IPA) (7 : 3) at 65mg ·mL−1. PMMA solution was carefully selected to
preserve photodetector performances. Standard solvents used for PMMA, i.e.
n-butil acetate and methyl ethyl ketone, damage the photodetectors short-
circuiting top and bottom electrodes as can be clearly seen from I-V of pho-
todetectors on top of which solvents under investigation were spincoated (not
shown). As reported in literature they are good solvents for PCBM. [133] This
evidence suggests that PCBM is ridissolved leaving a photoactive layer full
of pinholes that fosters the collapse of the top electrode on the bottom one.
From optical micrograph damaged spots due to solvent spinning can be seen
in fig. 3.9a. Cytop dielectric (from Bellex) resulted in PD damage too. A
single PMMA solvent that is orthogonal to P3HT and PCBM is hard to be
found. PMMA co-solvents were considered and according to Hansel’s param-
eters we selected AcN and IPA solution to be orthogonal for the blend and
verified this hypothesis by spinning it on top of a photodetector. [134] We op-
timized AcN:IPA ratio and the spinning parameters to obtain a 350− 450nm
thick film as flat as possible. To fabricate transistor PMMA was spinned at
6000rpm for 1min, obtaining a layer of 425nm with a waviness of ±25nm (fig.
3.9b). To close the TFT gate electrode was printed with P JET 700. At the
end the pixel was moved inside a glovebox and annealed at 100°C for 1h.
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(a) (b)

(c) (d)

Figure 3.7: Side view (top) and top view (bottom) of the layouts for pixels realized with
TFT as switch: coplanar (a) and stacked (c). In blue is depicted PEDOT:PSS, in grey
silver, in orange P3HT:PCBM blend, in green N2200. Optical micrograph micrograph for
coplanar (b) and staked pixels (d). Locations of pixel components is highlithed with dashed
rectagles. Scale bar = 100µm.
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(a) (b)

Figure 3.8: (a) Side view (top) and top view (bottom) of the layouts for the double pixel
realized. In blue is depicted PEDOT:PSS, in grey silver, in orange P3HT:PCBM blend,
in green N2200. (b) Optical micrograph micrograph of the pixel with locations of pixel
components highlithed with dashed rectagles. Scale bar = 100µm.
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Figure 3.9: (a) Optical micrograph of a printed photodetector on which n-butil acetate
was spincoated. Damaged spots can be clearly seen. (b) Profile of PMMA film spincoated
on PEN following the recipe described in the text.
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3.3.1.2 Stacked pixel

To obtain a direct-written TFT with the good performances n-butil acetate
should be used as PMMA solvent and an overnight annealing at 120°C per-
formed after the dielectric deposition. [67] Both are steps that lower or even
permanently damage performances of the printed PD. A way to solve this in-
tegration issue is to fabricate the photodetector when the TFT is finished and
annealed, on top of PMMA dielectric. Exploiting a bottom contact transistor,
TFT electrodes and PD ones lie on different planes separated by an insulating
layer. The electrical connection between TFT and PD is done by opening
a via hole in the PMMA layer printing a number of chlorobenze droplets
on the same position. To realize the stacked pixel a TFT was fabricated as
described in the following. At first silver reference marks were printed and sin-
tered. Then P JET 700 was printed, covered by spincoated PEI and ablated
transversally to obtain source and drain contacts; N2200 was printed over the
channel and annealed at 120°C overnight. After that PMMA at 65mg ·mL−1

in n-butil acetate was spincoated as TFT dielectric. To close the TFT gate
electrode was printed with P JET 700 over the channel region. Thereafter a
vias was opened on a silver pad that was connected with a PEDOT:PSS elec-
trode of the transistor and filled with P JET 700 N. Then a semitransparent
photodetector with printed PFN as interlayer was realized as reported (sec.
2.2 and 2.3.3). The area of the PD is of 2500µm2. At the end an annealing
at 100°C for 30min and then 120°C for 1h was done in glovebox.

3.3.1.3 Double diode pixel

Double diode is the simplest structure for the pixel. It was realized by printing
two semi-transparent, PEI-functionalized photodetectors, one with large area
(250 ·300µm2) and the other one small (50 ·80µm2), connected by the bottom
electrode (sec. 2.3.6). In this way there were fabricated two photodetectors
connected back-to-back by the cathode electrode.

The fact that switching diode is sensitive to light too does not introduces
issues on the working mechanism of the pixel: dark current and photocurrent
of the switch act in parallel to the ones of the photodetector. Keeping their
areas unbalanced by a factor 10 or more the main dark and light contributions
come from the photodetector.

3.3.2 Results and discussion

Single devices, isolated from each other, but subject to the whole pixel fab-
rication process were tested in order to verify the correct behaviour at the
end of the realization. It is worth to be noticed that the direct-written TFTs
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employed in this work must be able to operate well in linear regime, i.e. at
low drain-source voltages with respect to the conventional ones used to char-
acterize organinc TFTs. This constrain is due to the ability of the realized
photodetectors to withstand only a limited range of reverse biases (around
1V , sec. 2.3). Figure 3.10 and table 3.2 report characteristics and parameters
for each kind of photodetector, transistor and switching diode. From these
data one can derive information about the maximum signal before pixel sat-
uration, parasitic capacitive coupling, expected readout time and maximum
delay time before signal loss due to leakage becomes too large.

The comparison with requirements (sec. 3.2.4) points out that for every
structure EQE fully satisfies the specific being higher than 25% at 525nm.
One must notice that for the coplanar structure the photodetector EQE is
lower with respect to the others. This can be assigned to the presence of the
PMMA layer on top of the PD. The dielectric, which has a wavy profile, can
scatter part of the impinging radiation. Regarding the dark current density it
is lower than the required 40pA of the specific (= 100nA · cm−2 · (200µm)2).
The PD capacitance is in the order of the requested one. Parasitic capacitors
are esteemed taking into account the overlap between gate and source/drain
contact (∼ 50 ·80µm2) for the transistor and supposing a parallel plate model
with dielectric constant of 3. Their reduction costs some effort in order to
stabilize printing jet and shrink as much as possible TFT electrodes width.
We succeed in achieving values around 250ƒF , almost negligible with respect to
detector one, as requested. Resistances of the switches were roughly calculated
as the ratio between the voltage across the switch and the current flowing
through it. The ratio between on- and off -resistances of the switching element
does not satisfy the specification for all the three structures. Only the double
diode architecture has a RON in specific, but it is valid only at the starting
point of the readout process. It is worth to notice that also for TFT the on-
resistance decreases during the readout with the reduction of VDS (fig. 3.11).
Time constants related to readout and maximum delay time were calculated
(tab. 3.2). Even if on- and off -resistances afflict predicted values for readout
and maximum delay time, reasonable results are expected for a pixel. Thus
we proceeded with pixel characterization.

The pixels are evaluated in terms of output current, measured photocharge
vs. number of impinging photons and charge loss varying the delay between
light exposure and readout. The minimum time needed to correctly read all
the charge, i.e. the time for which the switch must stay in the on-state, can
be derived from the output current measurement looking at the time constant
of the decaying waveform. The second kind of measure points out the range
of detectable signals and the IN/OUT calibration plot. Fixed an acceptable
error due to charge loss mechanisms and a readout time for the pixel, the
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(a) (b)

(c) (d)

(e) (f)

Figure 3.10: I-V characteristics in dark (black) and under white light (red) and transfer
characteristics (drain current: red; gate leakage: black) of the single devices realized in par-
allel to pixels fabrication for coplanar (a)-(b), stacked (c)-(d) structures. I-V characteristics
in dark (black) and under white light (red) of PD (e) and swD (f) for double diode structure.
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Table 3.2: Summary of the fabricated devices performances. Expected values are calcu-
lated as indicated in the table. Specifically the maximum delay is determined by photode-
tector dark current being higher than TFT leakage. Photodetectors are considered biased
at 1V in reverse condition after the reset. (∗) Readout time for the double diode pixel is
longer than the one reported here because of the increasing of RON approaching reset value.
(∗∗) For double diode pixel τDelay = 0.2 · CP D · IOF F because the PD is polarized around
2V .
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(a) (b)

Figure 3.11: Channel resistance of TFT in coplanar (a) and stacked pixel (b) vs. drain-
source voltage (VG = 10V ).

latter measurement gives a hint on the maximum number of rows that the
sensors array can have without losing the information stored in each pixel.

In TFT-based architectures PDs have the anodes biased at −1V with
respect to ground. The output of the pixel was connected to the virtual ground
of a DHPCA-100 transimpedance amplifier by means of a probe station. The
gain of the pre-amplifier was set in order to maximize the signal without incur
in saturation. The output was sent to a Tektronix MSO2014 oscilloscope.
Dark reference subtraction and post processing were done by software. A
LED with emission peak at 525nm was driven by an Agilent 81150A waveform
generator and optically coupled to the pixel by means of a plastic optical
fiber (2mm diameter, 02-551 Edmund Optics). Impinging optical power was
measured with a BPX-65 (Osram) silicon photodetector and used to compute
the theoretical charge as the number of photons impinging on the sensitive
are times the elementary charge.

3.3.2.1 Coplanar pixel

For a coplanar pixel the results are reported in fig. 3.12. The expected
charge coupling is small, neither in measurements it turns out to be a problem.
The readout time constant is around 7ms, therefore the TFT must stay on
more than 35ms, which is in accordance with the predicted readout time.
The range of detectable signal goes from 200fC (1.25 · 106photons) to 300pC
(1.8 ·109photons). Being the active area of 7.5 ·10−2mm2, the minimum signal
corresponds to 1.7 ·107photons ·mm−2 which partially covers the requirement
for mammography (sec. 3.2.1). The maximum measured charge is ∼ 6pC
approaching the maximum limit imposted by the saturation (1V ·8pF = 8pC)
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If a 10% error on the measured charge could be accepted, the delay cannot be
longer than 1ms. However, the expected value was around 80ms. After the
measures we isolated single devices and tested them separately. No significant
difference was found on the I-V characteristics fostering to exclude that single
devices performances degraded while the pixel was measured. The low value
for maximum delay is still an unclear point. It must be noticed that if more
than one line has to be addressed, e.g. in a imaging matrix, the system will
be subject to a trade-off between non-complete reading and the loss of charge.

3.3.2.2 Stacked pixel

Stacked pixel measurements are shown in fig. 3.14. Being the photodetector
unoptimized regarding capacitance coupling, viz. its capacitance is compa-
rable to the parasitic one, charge injection affects heavily the measurements.
PSpice simulations are performed to verify the aforementioned statement. The
circuital scheme reported in fig. 3.13a was implemented and the ratio between
photodetector and parasitic capacitances changed. Simulated output current
is reported in fig. 3.13b and clearly show that for CPD/CP ratios below 3
the readout is far from being ideal. In these cases the voltage at the node
between the PD and TFT rises so high during the TFT switch on that a clip-
ping situation is reached. From that moment on the signal is completely lost.
Simulation foster to conclude that CPD/CP ≥ 10 are desirable for the pixel
correct behaviour. The stacked pixel situation is not in the latter range, thus
the output current corrected by dark measurement does not have a proper
shape and the readout time can not be extracted. Nevertheless, the time at
which the clipping is reached depends on voltage present at the node between
the PD and TFT before the switch on transition, thus related to the amount
of impinged charge. Therefore it was possible to acquire the measured charge
vs. the theoretical one finding that the range of detectable signal goes from
5 ·108photons ·mm−2 to 5 ·1010photons ·mm−2 (from 200fC to 20pC). Mam-
mographic range is not addressed (sec. 3.2.1), but anyhow a proof of concept
for the stacked pixel realization was produced. For sure the realization of a
large area PD would improve the performances and may lead to the fulfilment
of the requirements.

3.3.2.3 Double diode pixel

From I-V measurements RON and ROFF are respectively ∼ 500kΩ and 100GΩ
(calculated at −1 and 1V ). Among the three structures double diode pixel
exhibits the best ratio between on and off states (2 ·105) because of relatively
low RON . This result leads also to an expected fast readout compared to the
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Figure 3.12: Output current at differnt light intensities (a), measured photocharge vs.
theoretical (b) and charge loss varying the delay between light exposure and readout (c) for
a coplanar pixel. Dashed line represents the 1:1 input/output relation.
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Figure 3.13: Circuital scheme used for capacitive coupling simulations. (b) Output current
simulated at differen CP D/CP ratios. (c) Output current in the case of CP D/CP = 1
changing the amount of impinging light.
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Figure 3.14: (a) Stacked pixel output current kept in dark (black) and after exposure to
light (red); dark is substracted from light and the modulus of the waveform corresponting
to the neat photogeneration plotted in blue. (b) Measured photocharge vs. number of
impinging photons for a stacked pixel. Dashed line represents the 1:1 input/output relation.
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other kind of pixels.
Double diode pixel performances are reported in fig. 3.15. The duration

of the output current peak is dominated by the speed of the row pulse ramp
which was kept of 100µs to control the charge coupling. The readout time
constant is around 50µs, consequently the addressing pulse must be longer
than 250µs. Expected time for readout does not consider the increasing of
the on-resistance, thus it is reasonable that measured values are higher than
what predicted. The range of detectable signal spans over almost 4 orders of
magnitude and the minimum is of 1.1·106photons·mm−2. In the central range
of light signals the input/output characteristic is almost linear and there is a
1:1 relation between the measured and the theoretical charge. If a 10% error
on readout charge could be accepted the readout delay does not constitute a
problem until 10ms: 40 lines of double diode pixels can be read. These results
perfectly fits into the requirement for mammography (sec. 3.2.1) paving the
way to the realization of a fully-inkjet printed and semi-transparent organic
imager.

3.3.3 Conclusions

We designed layouts of pixels selecting proper architectures that allow both
to realized a direct-writing as the only approach and to explore different sce-
narios. Thanks to a careful control of the deposition steps, we succeeded in
the realization of photodetectors, transistors and switching diodes that can
be integrated in one of the described pixel structures. A new recipe for gate
dielectric deposition was developed. It can be easily implemented in a wide
range of device manufacturing where the only alcohols or nitriles are borne.
Direct-written, semitransparent organic pixel were fabricated on a flexible
substrate and characterized. In particular double diode architecture not only
is the simplest but also exhibits noteworthy performances. The results show
that is possible to explore the realization of an imager composed with the pre-
sented pixels. An optimized stacked structure should be fabricated in order
to properly compare it with the other two kinds. Some effort should be put
in understanding of discrepancy between prediction and result of maximum
acceptable delay. Being the switch resistances far from specifics future work
should be devoted to the optimization of direct-written addressing elements.

3.4 Direct-written matrix
Basing on the good results shown so far an attempt to build a direct-written
matrix was done. The direct-writing approach makes it easy to replicate the
same unit many times without increasing process complexity. Consequently a
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Figure 3.15: Double diode output current at different impinging light powers (a), mea-
sured photocharge vs. number of impinging photons (b). Dashed line represents the 1:1
input/output relation. (c) Charge loss varying the delay between light exposure and read-
out for a double diode pixel. Delay measurement was done at three different amount of
photogenerated charge: 6.5pC (red), 9.4pC (blue) and 14.9pC (black).
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direct-written pixel as the one presented before (sec. 3.3.1) can be replicated
easily in a matrix structure without the need of further optimization. We
adopted the coplanar as pixel structure.2

In order to realize an image sensor pixels have to be connected as explained
before (sec. 3.2). Inkjet printing can cope with the realization of intercon-
nections too. Where horizontal and vertical lines cross parasitic capacitors
are present: an attention should be put on those areas because they could be
source of leakage and raise capacitive coupling and system noise.

Modulation transfer function (and DQE for X-ray applications) should be
evaluated after a careful design of the whole system because strictly related
to the pixel geometry and arrangement, the overall front-end electronics (and
the scintillator). The optimization modulation transfer function (MTF) and
detective quantum efficiency was not the purpose of this study which focuses
mainly on obtaining a correct behaviour from the image sensor.

3.4.1 Matrix building

Before pixel fabrication vertical silver lines were printed and sinterd using
TEC-IJ-010 ink. They will serve as column lines, connecting transistor drain
electrode to the column pre-amplifier, and common polarization lines, to keep
the detector anode biased negatively with respect to amplifier virtual ground.
Being these lines quite long (∼ 1cm) the adoption of silver ink to print vertical
interconnections allows to maintain low the parasitic line resistance. Then we
realized a 5 × 5 matrix of coplanar pixels spaced by 2.2mm in both direc-
tions. Before connecting the gate electrodes 6 layers of PMMA dissolved in
polycarbonate (PC) and IPA (7 : 3) at 40mg ·mL−1 were inkjet printed on
crossing points in order to strength the dielectric and to reduce the parasitic
capacitance resulting from lines overlap. Each layer was printed 180s after
the previous one, viz. when the antecedent is partially dried. Then gate con-
nections were printed horizontally with P JET 700. After moving the image
sensor inside a glovebox we performed a thermal annealing of 1h at 100°C. A
row and a column of isolated pixels and single devices were realized in paral-
lel to the matrix fabrication for check tests. Figure 3.16 shows the complete
layout of the fabricated direct-written matrix and a photo of the final product.

The matrix was exposed to LED light at 525nm coupled by mean of a
plastic optical fibre (2mm diameter, 02-551 Edmund Optics) placed ∼ 1cm
apart from the matrix in order to have a light spot as large as the matrix. An
8-channels waveform generator (WFG600 from FLC electronics) was used as
row driver. Four charge pre-amplifiers with feedback capacitor Cf = 1pF and

2Even if double diode pixel is outperforming the others it was developed at last, thus
there was no time to fabricate a matrix based on this architecture.
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(a) (b)

Figure 3.16: Layout (a) and photograph (b) of the direct written matrix realized. In blue
is depicted PEDOT:PSS, in grey silver, in orange P3HT:PCBM blend, in green N2200 and
in bluish green PMMA thikenings.

resistance Rf = 100MΩ were used in parallel to read columns output. Pre-
amplifiers were biased between 6V and −6V , virtual ground stays at −3.2V
in polarization. The pole of the amplifier has a time constant equal to 100µs.
We wrote a LabView program controlling signal timing and acquisition. Dark
reference subtraction and post processing were done by software.

3.4.2 Results and discussion

3.4.2.1 Preliminary tests

First of all, single devices were checked to validate the process. Photodetectors
dark current is around 100pA corresponding to 160nAcm−2, being devices
areas of (250µm)2. Its EQE is above 40% for wavelengths below 600nm.
The transistors exhibit off -current of ∼ 100pA and RON < 200MΩ. The
comparison between this test devices and the ones realized with single pixel
process (tab. 3.2) shows some differences: dark current and EQE are higher for
the matrix test structures while for transistor RON and ROFF is the opposite.

PD capacitance value is around 14pF (eq. 3.1). With these values the
estimated readout time is of 14ms (calculation performed as in tab. 3.2). PD
dark current and TFT channel leakage current have almost the same value
but acting in opposite way, the first discharging the latter recharging PD
intrinsic capacitor, they tend to cancel out. In this situation it is not trivial
to determine the maximum delay time by simple calculation.

In fig. 3.17 optical micrograph and profile of strengthen isolations are
reported. The thickness of the printed PMMA exceeds 500nm with an almost
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Figure 3.17: Optical micrograph (a) and profile (b) of a PMMA two pads printed to
strengthen the dielectric a crossing point of horizontal and vertical lines. Scalebar = 100µm.

rectangular profile. P JET 700 horizontal lines present no issues to climb over
the printed PMMA pad without breaking up. The 500nm of the thickening
add to the 450nm of the spincoated dielectric separating horizontal lines from
vertical one of almost 1µm. Thickened crossing points are able to sustain 10V
without leakages and have a capacitance of ∼ 450ƒF in accordance with the
estimate of 500ƒF assuming an approximation of parallel plates capacitor.

The matrix has a non-optimized pixel pitch of 2.2mm which results in
an optical cut-off frequency of ∼ 0.22cycles ·mm−1. It must be noticed that
the overall pixel dimensions were not as shrunk as possible, therefore the
geometrical fill factor is very poor and the pixel pitch large. Nevertheless, this
allows to partially relax the request on layer-to-layer registration preferring to
focus the attention on devices electrical performances.

3.4.2.2 Matrix readout

To readout the matrix we polarized gates at −8V and at 10V to keep TFTs
in off - and on-state respectively. PDs anode is biased at −4.5V , i.e. −1.3V
with respect to pre-amplifier virtual ground. Gates are driven with trapezoidal
pulses with 5ms as on-time and rise and fall time of 2.5ms each. Between the
switch off of a line and the switch on of the following there are 100µs, which
are negligible compared to pulse width. Before exposure to light, all pixels are
reset by applying a gate pulse on every row at the same time. This operation
puts the matrix in the correct starting state (sec. 3.2). To remove the offset
due to dark/leakage currents and charge couplings dark signals are acquired
and subtracted from light acquisitions.

Among the 25 pixels of the matrix only 6 operate properly detecting im-
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(a) (b)

Figure 3.18: (a) Current waveforms recorded during the matrix readout process corrected
for the ones measeured keeping the matrix in dark condition by dividing the pre-amplifiers
output voltage by Rf . (b) Voltage waveforms recorded at pre-amplifiers output during two
matrix readout processes one with the matrix kept in dark and the other subjected to light
exposure. When gate voltages rise the charge coupling through parasitic capacitors can be
seen affecting the signal.

pinging light, while for one, even if it shows a response to light, the gate
pulse causes pre-amplifier saturation leading to non-ideal signal reconstruc-
tion. This large coupling cannot be explained with an increase of the overlap-
ping area between gate and source/drain being the three electrodes as wide
as the others. A dielectric local imperfection might be the reason for the in-
creased parasitic capacitance. Of the non-working pixels two were damaged by
dust particles, one resulted unconnected because of misaligned gate printing
and the others had large gate leakage. In order to preserve the behaviour of
the others they were manually isolated scratching their interconnection with
probe station tips. For sure, an improvement of the process yield must be an
aim of future developments.

Pre-amplifier output voltage waveforms corrected for dark are reported in
fig. 3.18a. The first and the second peaks correspond to the readout of the two
rows while the three different traces are the columns outputs. Each pixel is
subjected to an unknown amount of impinging photons thus it is not possible
to draw the measured vs. theoretical charge plot with complete certainty.3

3Measures here reported were taken employing a setup still under development. In that
arrangement optical fibre and matrix were not fasten to a common frame and the light
beam not collimated. An improved version of the measurement system was designed and
produced to solve these issues. Impinging light was calibrated finding that the intensity of
the collimated beam is of 0.35mW · cm−2.
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(a) (b)

Figure 3.19: Voltage waveforms recorded at a pre-amplifiers output during the matrix
readout process changing the exposure time (a) and corresponding measured charge (b) vs.
duration of exposure.

For sure the statistical spread of pixel characteristics has a role in differences
between displayed waveforms.

Even if in a matrix more parasitic effects come into play, it is worth to
notice that they do not compromise the signal readout. Specifically, capacitive
coupling is not detrimental for columns 3, 4 and 5 (fig. 3.18b). On the
other hand column 2 is affected by pre-amplifier saturation caused by charge
coupling as stated before: a small signal is visible but its shape denotes the
reaching of saturation and then the recover to acceptable range. During the
readout of one row when the addressing elements switch on a peak is seen
for each column and then a charge flows with a slower dynamic. The current
returns to zero after almost 20ms which is of the same order of what predicted
(sec. 3.4.2.1).

The exposure time was changed from 2ms down to 20µs and a column out-
put was recorded to check the sensitivity to light (fig. 3.19a). Time-integrating
the output current the measured charge vs. exposure time is derived finding
a sublinear dependence between them for the whole range of exposures tested
(fig. 3.19b). A consistent signal was recorded from all-over the two orders of
magnitude large range of signals tested. Basing on the measured light inten-
sity of the second version of the setup a rough esteem the theoretical charge
is reported on the top x-axis. Relaying on this approximation the readout
charge results below the theoretical one as it was also found for the single
coplanar pixel (fig. 3.12b). The range of detected signals spans from 2 to
200pC (1.2 · 107 − 1.2 · 109 photons). This range is not suitable to enable
organic mammographic screen. The non-linearity of the input/output char-
acteristic is not a problem at first approximation: once calibrated the system
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Figure 3.20: Voltage waveforms (a) recorded at a pre-amplifiers output during the matrix
readout process changing the delay between the exposure to light and rows readout and
corresponding measured charge (b) vs. delay. Spurious peaks clearly visible for the black
curve are unrelated with matrix behaviour. They are due to unwanted step signals that
sometimes appear at the output of the gate driver when driving voltage has to sharply
change its slope.

acquiring its input/output curve for whatever measured charge is possible to
derive the impinged amount of photons.

The signal loss increasing the delay between the exposure to light and a
row readout was experimentally derived (fig. 3.20). As already noticed for
single pixels coplanar structure has readout times in the order of tens of ms.
The same is found for matrix readout (no limitation is introduced by the pre-
amplifier): from fig. 3.18 it can be clearly seen that after 10ms the current
is still higher than the zero value, therefore gate pulses should be extended
more. However, this results in an increased readout delay for the following
row which will be affected by a larger error. Keeping the reading time 10ms
long allows to read almost correctly the second line too (fig. 3.20). Assuming
a 10% maximum acceptable loss three more lines can effectively be addressed
if the process yield would be higher.

3.5 Conclusive remarks
This work demonstrates the possibility to fabricate an imager prototype of
interconnected semitransparent organic pixels realized by inkjet printing and
femtosecond laser ablation. The versatility of the fabrication approach used
was a great advantage for the improvement of performances and to achieve the
goal. The overall thermal budget is limited (maximum temperature of 120°C)
and the material waste low. No vacuum technique or mask was used. The
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flexibility and lightweight of the substrate are other key features. Fabrication
yield and characteristics of single components were enough to operate the
matrix and to acquire signals from 6 pixels covering two order of magnitudes
of impinging light intensity.

The further development of this research could benefit industrial non-
destructive testing, medical imaging and homeland security fields. In particu-
lar it should be put effort on increasing the spread between on- and off -state
resistance of the addressing element in order to speed up the readout and
to allow to read a larger number of rows. Then the process yield should
be increased and overall pixel dimensions shrunk. MTF and DQE must be
evaluated.
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Part II

Organic Photodetectors for
specific needs
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Chapter 4

Inkjet printed polymeric
electron blocking and surface
energy modifying layer for
low dark current organic
photodetectors

The reduction of dark current is required to enhance the signal-to-noise ra-
tio and decrease the power consumption in photodetectors. This is typically
achieved by introducing additional functional layers to suppress carrier in-
jection, a task that proves to be challenging especially in printed devices.
In this chapter we report on the successful reduction of dark current below
100nA · cm−2 in an inkjet printed photodetector by the insertion of an elec-
tron blocking layer (EBL) based on poly[3-(3,5-di-tert-butyl-4-methoxyphenyl)-
thiophene] (poly-PT), while preserving a high quantum yield. Furthermore,
the EBL strongly increases the surface energy of the hydrophobic photoactive
layer, therefore simplifying the printing of transparent top electrodes from wa-
ter based formulations without the addition of surfactants. We will describe
the fabrication of photodetectors and the features of the electron blocking layer
will be analysed with respect to the ones presented so far.

4.1 Introduction
Nowadays photodetectors are used in many electronic systems ranging from
telecommunications, imaging and security fields. In particular, emerging wear-
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able and disposable applications require low cost manufacturing, large area
fabrication, mechanical flexibility and lightweight which are features hard to
be obtained with silicon technology. Additive, cost-effective, scalable printing
techniques (e.g. roll-to-roll, inkjet printing, screen printing, spray coating)
are perfectly suitable for to develop large-area, distributed, complex optoelec-
tronic systems. [49,135] Among printing technologies, inkjet offers the capability
of transferring a digital pattern directly and without contact on a variety of
substrates and it is an easily customizable technique. [77] In order to develop
printed devices that cope with aforementioned needs functional inks of organic
materials are good candidates, thanks to their peculiar features such as so-
lution processability, chemically tailorable properties, abundance of primary
materials, mechanical flexibility. [75] In the field of light sensing, some exam-
ples of printed photodetectors have been already reported, [136–139] yet the con-
straints related to the inkjet printing manufacturing resulted in some issues
and/or in a trade-off between device complexity and device performances.
Indeed, in addition to the photoactive layer(s) and to the charge collecting
electrodes, a photodetector ideally requires additional layers – termed hole
and electron blocking layers (HBL and EBL) – in order to suppress the in-
jection of dark current, which otherwise limits the minimum detectable signal
and increases power consumption. [3,49,78,140–145] The development of printable
HBLs and EBLs is a non-trivial task, because each ink has to be tailored with
proper rheological characteristics, and come from orthogonal solvent respect
to the underlying layer, in order to wet but not to dissolve/damage this latter.

Here we exploit a suitably synthesized polythiophene derivative to de-
velop an EBL that both reduces the dark current and strongly increases
the surface energy of the hydrophobic photoactive layer used. As a result
of the introduction of such EBL, we demonstrate a reduction of the dark
current density below 100nA · cm−2 while preserving a high quantum effi-
ciency above 65%. Moreover, thanks to the increased surface energy, the
top anode contact can be directly printed from a water a based poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) formulation. This
is advantageous because PEDOT:PSS water-based inks poorly wet the usually
hydrophobic underlying photoactive layer. To overcome this issue a surfac-
tant is often added, [58] even in high amount, [136] but this complicates the ink
formulation and in addition the surfactant effects on PEDOT:PSS electronic
and mechanical properties and ultimately on the device performance are still
poorly understood. [13]
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4.2 Experimental
Reference samples were prepared similarly to the ones reported in ref. [136]:
polyethylene naphthalate (PEN) (DuPont) was used as substrate, silver TEC-
IJ 060 (InkTec) ink was printed with Dimatix DMP2831 with 10pL nozzle
and sintered in air at 140°C to realize aligning reference marks and easy con-
tactable electrical probe points. Clevios P Jet 700 N (Hereaus) PEDOT:PSS
ink was filtered with 0.2µm PVDF filter and printed with DMP2831 10pL
cartridge. The HBL was realized using polyethylenimine branched (PEI)
(Sigma Aldrich) diluted in 2-methoxyethanol to 0.1w% concentration and
spin-coated over the bottom contacts at 5000rpm (1000rpm/s) for 1 minute.
Poly(3-hexylthiophene) (P3HT) (RR = 96.6%, MW = 65500) was purchased
from Merck, and [6,6]-phenyl-C61 butyric acid methyl ester (PCBM) (pu-
rity > 99.5%) was purchased from Solenne. Both were used as received.
P3HT:PCBM (1:1) blend was dissolved in 1,2-dichlorobenzene (68vol%) and
mesitylene (32vol%) solution and stirred overnight. The blend solution was
heated at 80°C for 10 min and filtered with a 0.20µm PTFE filter and inkjet
printed with a Microfab JETLAB 4 equipped with a 40µm diameter DLC
nozzle. Clevios P Jet 700 N was printed over the blend with Zonyl FS-300
fluorosurfactant (Sigma Aldrich) added to the fluid (10wt%).

For the EBL poly[3-(3,5-di-tert-butyl-4-methoxyphenyl)-thiophene] [146] (poly-
PT) was synthesized by Letizia Colella. For the fabrication of devices with
EBL, 4mg of poly-PT, extracted with n-hexane, were dissolved in 1mL of
n-butanol:ethylene glycol (9:1) and heated at 70°C for 1 hour. The ink was
heated at 80°C for 10 minutes before use and filtered with a 0.45µm PVDF
filter. Poly-PT was printed on P3HT:PCBM by means of a DMP2831 inkjet
printer equipped with 10pL nozzles on top of the active blend or spin-coated
in three steps (200rpm, 100rpm/s, 6s; 1000rpm, 200rpm/s, 80s; 5000rpm,
1000rpm/s, 60s). On top of poly-PT, Clevios P Jet 700 N was printed with
or without Zonyl FS-300. We realized the following device configurations by
keeping the bottommost layers fixed, viz. PEDOT:PSS/PEI/P3HT:PCBM
and changing the topmost ones (fig. 4.1d):

(a) ../poly-PT spin-coated/PEDOT:PSS

(b) ../poly-PT printed/PEDOT:PSS+Zonyl

(c) ../poly-PT spin-coated/PEDOT:PSS+Zonyl

(d) ../PEDOT:PSS+Zonyl

(e) ../n-butanol:ethylene glycol/PEDOT:PSS+Zonyl
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(a) (b)

(c) (d)

Figure 4.1: Chemical structure (a) and absorption spectrum (b) of LC153 polymer. Energy
levels scheme (c) and structure of the device (d).

The entire manufacturing process was carried out in ambient condition.
Poly-PT was characterized through Bruker NMR ARX400. Profiles were mea-
sured by stylus profilometry (KLA Tencor Alpha-Step IQ). A Varian Cary 50
Spectrophotometer was used to measure layer absorbance. Contact angles
were measured using a Dataphysics OCA 15EC. Current-Voltage (I-V) mea-
surements were recorded in a nitrogen-filled glove box in dark and under white
light (6400K, about 3mW · cm−2) on 9 devices, voltage bias applied to the
bottom contact. External Quantum Efficiency (EQE) spectra were recorded
at about 1mW · cm−2 in glovebox. EQE spectra and power dependences were
taken with the device under test reversed biased, grounding the top electrode
and applying 1V to the bottom one.

All depositions were carried out in ambient condition. Profiles were mea-
sured by stylus profilometry (KLA Tencor Alpha-Step IQ). A Varian Cary 50
Spectrophotometer was used to measure layer absorbance. I-V in dark and
under white light (6400K, about 3mW ·cm−2) and external quantum efficiency
(EQE) measurements were performed in glovebox, positive polarization ap-
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plied to bottom contact. EQE spectra were recorded at about 1mW · cm−2.
EQE spectra and power dependences were taken applying a reverse bias of
1V on the devices.

4.3 Results and discussion
The poly-PT was chemically engineered to act as an EBL for a P3HT:PCBM
blend based photodetector in the device configuration showed in fig. 4.1. On
one hand the presence of the bulky 3,5-di-tert-butyl-4-methoxyphenyl induces
distortion of the backbone, thus leading to a short conjugation length (i.e.
large energy gap) and a LUMO level (lowest unoccupied molecular orbital)
at −2.3eV ; on the other hand the HOMO level (highest occupied molecular
orbital) is located at −5.0eV , in order to allow efficient holes collection from
P3HT.

The raw poly-PT obtained by precipitation from methanol was fractioned
by hot extraction with two different solvents (i.e. n-hexane and chloroform).
The fraction of poly-PT recovered from n-hexane was chosen as it was soluble
in many organic solvents. A proper solvent choice allowed the formulation of a
printable ink orthogonal to the P3HT:PCBM-based blend. Different classes of
solvents have been tested to assess possible dissolution or modification of the
P3HT:PCBM layer. N-alkanes and ethers led to a decrease of the photoac-
tive layer thickness, whereas alcohols have demonstrated to be a convenient
choice. Among these, isopropanol and hexanol were ruled out for the device
fabrication because the low boiling point of the former led to nozzle clogging
related to fast solvent evaporation at the orifice, while the high boiling point
of the latter left the deposited layer wet even after two hours at room tem-
perature. These two issues were overcome using n-butanol as main solvent
and obtaining an ink with boiling point in between the isopropanol and the
hexanol ones.

The devices were fabricated in a vertical structure with the photoactive
blend sandwiched in between two printed PEDOT:PSS-based electrodes. Both
the top and bottom electrodes are transparent, making possible to imping with
light from both sides. [138] In this work devices were tested by shining light from
the top side. HBL (EBL) was placed between the bottom (top) electrode
and the photoactive material. A reference sample, namely (d), fabricated
according to such architecture without the presence of the EBL, shows an
EQE peak of 73% at 470 - 505nm (fig. 4.2a). The same device displays
a dark current density with an average value of 200nA · cm−2 (best device:
130nA ·cm−2) (fig. 4.2b). Calculated peak specific detectivity (D∗), assuming
the shot noise as the dominant component of the dark current, results to be
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Figure 4.2: (a) EQE spectra of devices (a), (b), (c), (d) and (e) reversed biased at 1V .
(b) Dark current density statistics for fabricated devices measured with a reverse bias of
1V . Bars indicate maximum and minimum measured values. (Inset) I-V characteristics are
reported of the best (a) device in dark (continuous line) and under 3mW · cm−2 6400K
white light (dashed line).

1.45 · 1012 Jones under 505nm light. EQE and dark current density of these
detectors are comparable with the previously reported examples of printed
photodetectors and among the best P3HT:PCBM based detectors irrespective
of the fabrication technique. [89,94,136,147,148]

Firstly, we investigated the role of the additional layer of poly-PT, either
printed or spincoated, comparing devices (b) and (c) to the reference (d)
keeping constant the recipe for the other layers, e.g. fluorosurfactant is added
to top electrode ink of the three device kinds. For all (b), (c) and (d) devices
EQE spectra show values in excess of 65% between 450nm and 525nm and
no significant difference in spectral shapes (fig. 4.2a). This indicates that
poly-PT: i) does not sizably affect light absorption, in agreement with its
high transmittance in the visible range; [146] ii) does not hinder hole collection,
thanks to its HOMO being well aligned with P3HT HOMO. In fig. 4.2b
statistical data on dark current density are reported: when the EBL is present,
either spin-coated or printed, dark current density is reduced more than twice
reaching a mean value of 75nA · cm−2 (best device: 55nA · cm−2), with 1V
reverse bias applied. Calculated peak specific detectivity (D∗) results to be
2.2 · 1012 Jones for (b) and (c) at 505nm light which is 1.5 times higher than
the reference (d). We would like to stress that poly-PT improves D∗ also
when it is inkjet printed, allowing the fabrication of an all-printed device.

In order to discriminate the effect of poly-PT solvent alone from the one of
the polymer itself we realized devices (e) by spin-coating n-butanol:ethylene
glycol (9:1) instead of the poly-PT solution, setting the same spincoating pa-
rameters used for EBL layer deposition. These devices exhibit a dramatic
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Figure 4.3: (a) Response time measured on device (c) at different reverse bias voltages
(impinging light 570nm, 1.7mW · cm−2). (b) Dark current density statistics for fabricated
devices measured with a forward biased of 1V . Bars indicate maximum and minimum
measured values.

increase of the dark current density mean value and dispersion: these obser-
vations highlight that the positive effect on dark current density is due only
to the electron blocking polymer and is not related to solvent effect. [148–152]

We have completed the electrical characterization of the aforementioned
devices by measuring their response time, extracted as the 90% - 10% pho-
tocurrent fall time upon the application of a light pulse. In spite of the
improvement on D∗, the detectors with poly-PT layer are slower than the ref-
erence sample: the response time is 106µs for reference devices (d), 136µs for
those with inkjet printed poly-PT (b) and 254µs for those with spun poly-PT
(c). Devices (c) show response time independent of the applied bias (fig. 4.3a).
This evidence rules out the transit time as the main limitation to device speed
and suggests that those devices operate in a photoconductive regime as con-
firmed by their EQE being above unity at low light intensity (fig. 4.4a). [153]
In printed P3HT:PCBM blends electrons are expected to have larger mobility
with respect to holes one. [97] As a tentative explanation for the slower response
time of (b) and (c) compared to (d), we hypothesize that poly-PT increases
the density of interfacial trapping states for electrons. [98] The difference in
response speed of devices (b) and (c) could be possibly related to a different
morphology of the printed poly-PT layer compared to the spin-coated one. [154]
The choice of printing the EBL instead of relying on spincoating as poly-PT
deposition technique has the advantage of faster photodetector response.

I-V curves of device (c) exhibit a dark current density of 40mA · cm−2 in
average (1V forward bias) (fig. 4.3b), which is the same as the reference (d)
and ranging among the best P3HT:PCBM based detectors. [89,107] Instead, the
forward current density of detector (b) in dark is almost one order of mag-
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Figure 4.4: EQE (a) and photocurrent (b) versus impinging optical power (measured at
570nm, 1V reverse bias).
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Figure 4.5: Decay time, i.e. the time needed to reduce the photocurrent by a factor e,
(A) and photocurrent-decay time product (B) versus impinging optical power (measured at
570nm, 1V reverse bias).
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(a) (b) (c)

Figure 4.6: Optical micrographs of photodetectors realized without poly-PT nor Zonyl
addition (a), without poly-PT with Zonyl addition (b), with poly-PT without Zonyl addition
(c). Scale bar 200µm. Dashed lines highlight PEDOT:PSS bottom (black) and top (blue)
contacts.

nitude lower. The worse hole injection through the printed poly-PT is likely
related to a different thickness or morphology of the printed EBL compared
to the spin-coated one. [154]

Finally, we verified that the presence of poly-PT simplifies the deposi-
tion of the top anode thanks to its superior wettability with respect to bare
P3HT:PCBM blend. Optical micrographs show that Zonyl addition is manda-
tory to realize a continuous top electrode for photodetectors realized without
poly-PT (fig. 4.6a and b), while with poly-PT a continuous top PEDOT:PSS
contact can be obtained even without the Zonyl addition (fig. 4.6c). Fig 4.7a
and b show the side view of 1µL P JET 700 N droplet dispensed on bare
P3HT:PCBM and on the stack P3HT:PCBM/poly-PT. The contact angle is
16° in presence of the EBL while it is 36° without it, demonstrating that bare
P JET 700 N can be printed more easily on poly-PT than on P3HT:PCBM.
We verified that poly-PT solvent (n-butanol:ethylene glycol (9:1)) alone is not
effective in modifying the wettability. We point out that there is no significant
difference between samples with (c) and without Zonyl (a) in terms of EQE
(fig. 4.2a), reverse dark currents (fig. 4.2b) and response time (fig. 4.5a).
Conversely, the absence of Zonyl affects the forward current density that is
reduced by a factor 10. These results lead to the hypothesis that different top
electrode adhesion is the cause for a worse injection of holes from top contact.

Shelf life was measured for device with printed poly-PT (b) kept in the
dark and in nitrogen atmosphere inside a glovebox. I-V curves were measured
after 15 months from device fabrication (fig. 4.8). Not only the photocurrent
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(a) (b)

Figure 4.7: PEDOT:PSS droplet on bare P3HT:PCBM (a) and on P3HT:PCBM/poly-
PT (b). Contact angles are of 35° and 16° respectively. For contact angle measurements
P3HT:PCBM was spincoated on PEN at 1000rpm, 500rpm/s, for 60s.

remains unchanged, but reverse dark current density is reduced reaching the
value of 34nA · cm−2. The light to dark ratio results more than doubled
with respect to the first measurement demonstrating no device degradation
in controlled conditions.

4.4 Conclusions
Thanks to the insertion of poly-PT as an electron blocking layer and the con-
sequent increase in surface energy, it was possible to fabricate fully-organic,
inkjet printed photodetectors where the top anode electrode could be simply
processed from a PEDOT:PSS formulation without the addition of a fluoro-
surfactant. Importantly, the insertion of the printed EBL succeeded in halving
average dark current densities, resulting in 75nA · cm−2, while maintaining
EQE as high as 65%. The addition of the printed poly-PT layer mildly affects
the device response time, which turns out to be of 136µs. These achievements
on printed, semitransparent photodetectors with low dark currents can pave
the way for a cost-effective integration of this sensing element in interactive
surfaces and imaging systems with challenging SNR requirements such as
medical imaging, biosensing and night vision.
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Figure 4.8: I-V characteristics of (b) device in dark (black) and under 6400K white light
(red) two days (dashed) and 15 months (continuous) after the deposition.
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Chapter 5

Near infrared inkjet printed
photodetectors

Hereby inkjet printed photodetectors with sensitivity extended to the near in-
frared wavelenght is reported. A method that allows to print small molecules is
proposed. We will focus both on the manufacturing details and on the electro-
optical characterization of the devices. In the last part of the chapter the
results of an insight on the role of PFN are reported.

5.1 NIR photodetectors and small molecule devices
NIR-light is fundamental for applications in optical communications, [155,156]
remote control applications, [157] and biomedicine. [158] Being infrared photon
energies lower than visible ones their collection requires the employment of
low band-gap compounds as photoactive materials. Several fields of applica-
tion [159,160] exploit the near infrared radiation (NIR) and would benefit from
the advantages of the organic semiconductors. In last years some examples
of organic NIR photodetectors have been reported, [142,161] overcoming known
issues regarding synthetic accessibility, chemical stability and solubility of low
band-gap materials. [162,163].

In the case of organic photodetectors, all-plastic short range data com-
munication, plastic digital and conformable imagers, position and security
sensors, and interactive surfaces become possible. [49] To date the examples of
all-printed photoresponsive devices are mainly limited to the case of blends
comprising conjugated polymer donors. Semiconducting small molecules are
also appealing, as they are not affected by polydispersity and are characterized
by a simpler purification technique, which also fulfil the purpose of a better
scalability of organic electronics. While inkjet printed blends of semiconduct-
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ing polymers have already been shown to be reproducible, [154,164] additional
issues have to be solved when dealing with the printing of small molecule-
based blends. The major problem arises from the strong tendency of such
small molecules to crystallize. Crystalline films are desired when the printing
is directed to specific functionalities of the organic films, as in high mobility,
single crystal organic field effect transistors (OFET). [165,166] Instead in donor
acceptor blends a proper phase intermixing is required to improve charge sep-
aration. [167] However, the strong tendency of small molecules to crystallize
usually limits the control of the uniformity and the reproducibility of the
printed film. In fact, a strong tendency to crystallization leads to phase seg-
regation between donor and acceptor components (D-A) in the blend. Such
poor intermixing reduces the D-A interfacial area, providing reduced exciton
dissociation and therefore charge collection at the electrodes. Also, the pres-
ence of large aggregates or crystallites very often increases the roughness of the
active materials favouring short circuiting and higher densities of interfacial
defects. Furthermore, solutions containing small molecules are characterized
by a lower viscosity than polymer solutions, providing a very different rheo-
logical behaviour of the printed drop, favouring coffee stain flows. [16,168]

In this part of the work we make use of a recently synthesized narrow
band-gap small molecule and we achieve reproducible printing by introducing
a semiconducting polymer to obtain a ternary blend. Concerning photoactive
blends based on small molecules, this is a quite novel strategy and allowed
us to greatly reduce issues related to poor printability and low device perfor-
mances. We demonstrate an all-organic and fully-printed photodiode, with
a spectral responsivity region extending until 750nm, which thanks to semi-
transparent contacts enables double-side signal detection: light detection is
indeed demonstrated to occur both when light is incoming from the top and
from the bottom side of the photodiode, with comparable efficiencies.

5.2 Experimental
PEN was purchased from DuPont and used as flexible, lightweight and trans-
parent substrate. The synthesis of T1 has already been reported. [169] The
silver layer was inkjet printed using a Fujifilm Dimatix 10pL cartridge filled
with Cabot Conductive Ink CCI-300 further diluted with ethanol and ethy-
lene glycol (1 : 0.3 : 0.7), filtered with 0.2µm PTFE filter. After deposition,
two annealing steps were performed in ambient atmosphere, the first one at
70°C for 30 minutes, the second one at 140°C for 10 minutes. PFN was pur-
chased from Ossila and dissolved in a mixture of methanol (99.6vol.%) and
acetic acid (0.4vol.%) to obtain a 1mg ·mL−1 solution which was deposited
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by spincoating at 2500rpm for 1min with an acceleration of 1000rpm/s. The
measured thickness of the PFN layer on glass was 5nm.

7,7’-(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b’]dithiophene-2,6-diyl)bis(6-
fluoro-4-(5’-hexyl-[2,2’-bithiophen]-5-yl) benzo[c][1,2,5] thiadiazole) (T1) was
used as photoactive donor blended with [6,6]-phenyl-C70-butyric acid methyl
ester (PC70BM) as acceptor. The concentration of the binary blend of T1
and PC70BM was 35mg · mL−1 (21mg · mL−1 of T1 and 14mg · mL−1 of
PC70BM). The ternary blend of T1, PC70BM (purity 99% from Solenne) and
P3HT were prepared from a solution of 1,2-dichlorobenzene (68vol.%) and
mesitylene (32vol.%) to which a 0.4vol.% of 1,8-diiodoctane (DIO) (Sigma
Aldrich) was added. All solvents where purchased from Sigma Aldrich. P3HT
(RR = 96.6%, Mw = 65500Dalton) was purchased from Merck. The blend
solution was stirred overnight at 100°C in glovebox. Before printing, the so-
lution was heated at 70°C for 10 min, filtered with a 0.2µm PTFE filter and
then printed with a Microfab JETLAB 4 equipped with a 40µm diameter noz-
zle with Diamond Like Carbon (DLC) coating. Clear solutions were obtained
upon addition of P3HT, no particulate suspension was present. The new for-
mulation remained clear and stable throughout all the printing time. Clevios
P Jet N PEDOT:PSS ink was enriched with Zonyl FS-300 fluorosurfactant,
filtered with 0.2µm PVDF filter and used to load a Dimatix 10pL cartridge.
The PEDOT:PSS bottom electrode was annealed at 100°C for 10min before
blend printing. Each deposition was performed in ambient condition.

KLA Tencor Alpha-Step IQ was used to measure stripes profile. The UV-
Vis absorption spectra were acquired on a Varian Cary 50 Spectrophotometer.
IV measurements in dark and under white light (6400K, 5mW · cm−2) were
performed in glovebox and acquired with an Agilent B1500A Semiconduc-
tor Parameter Analyzer. EQE measurements were performed in glovebox at
incident power of about 1mW · cm−2. Devices were illuminated by a set of
Light Emitting Diodes covering the spectral range between 370nm and 810nm.
Atomic Force Microscopy (AFM) images were acquired with an Agilent 5500
microscope.

5.3 Results and discussion
Narrow band-gap small molecules have been successfully employed in organic
solar cells as they can combine IR photoresponse, high power conversion effi-
ciencies and ease of processability due to their higher solubility with respect to
polymers. [29] Recently, a blend of T1 and PC70BM in the presence of the addi-
tive DIO has been demonstrated to provide solar cells with power conversion
efficiencies of up to 9%. [169–171]
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(a) (b) (c)

Figure 5.1: Profiles of printed blends. (a) line profile of a printed drop of a binary blend of
T1 and PC70BM; (b) line profile of a printed stripe of the ternary T1:P3HT:PC70BM blend
prepared with 5mg of P3HT; dissolved in mesitylene-dichlorobenzene solvent mixture; (c)
line profile of a printed stripe of ternary blend on a silver stripe. We highlight the strong
coffee stain effect observed for binary blends, which is suppressed in the ternary ones.

Firstly, we investigated the inkjet printing of binary blends based on T1
acting as donor and PC70BM as the acceptor dissolved in dichlorobenzene-
mesitylene solvent mixture. This solvent combination results in a strong coffee
stain effect (sec. 1.1.1.2), leaving the central part of the printed stripe thinner
than 30nm, and edges as thick as 80nm. The binary formulation has also
been tested with other solvents as chlorobenzene, but always resulted in a
high probability of nozzle clogging due to the likelihood of precipitate for-
mation. The coffee ring effect was difficult to overcome by using a suitable
mixing of solvents with different boiling points and surface tensions, which
is a strategy commonly adopted in the case of polymer semiconductor blends
(sec. 2.2). The profile of the drop obtained by inkjet printing the binary blend
T1:PC70BM dissolved in a mesitylene-dichlorobenzene solvent mixture is re-
ported in fig. 5.1a. When integrated into a vertical structured device, where
the printed layer is sandwiched between two conducting electrodes, such ac-
tive layers lead to very unstable electrical behaviour, prone to short-circuiting
even at low bias voltages, likely due to an active layer too thin to cover the
rough silver bottom contact without defects (fig. 2.9 in sec. 2.3.3). The
thickness of the layer can be increased by heating the substrate up to 120°C
during printing. Such a thick film could form thanks to the increased vapour
pressure of the solvents at high temperature, favouring the fast drying of the
printed drop coming into contact with the hot substrate plate and limiting the
spreading of the ink. However, this causes strong phase separation together
with the formation of large T1 crystals (fig. 5.2), providing very low device
reproducibility. [172] To overcome this issue we adopted a ternary formulation,
where an additional photoactive polymer is introduced into the blend to vary
the ink viscosity and to reduce small molecule crystallization. To this end
we chose P3HT as the semiconducting polymer, due to its capability to par-
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Figure 5.2: AFM images of inkjet printed blends on top of the silver electrode: (a)
T1:PC70BM in the absence of P3HT. The substrate was heated up to 120°C during printing;
(b) T1:PC70BM blend with the addition of 2mg of P3HT; (c) T1:PC70BM blend with the
addition of 5mg of P3HT; (d) T1:PC70BM blend with the addition of 10mg of P3HT. Inset:
optical microscope images of the printed photodetectors; the brighter vertical stripes are
Ag printed bottom electrodes; the horizontal semitransparent stripes are the PEDOT:PSS
top electrodes; the blend stripe is printed on top of the Ag electrode (vertical lines in
micrographs, in figure (a) the blend is the dark drop).
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ticipate to the transport of the photogenerated charges. Also, it is widely
commercially available and cost-effective photoactive material providing the
possibility to foster a broadband response of the device when combined with
T1. The new ternary blend formulation allowed a reduction in the coffee ring
effect by favouring a better control on the printing process. This allowed us
to reproducibly print blend stripes with uniform thickness of about 100nm by
holding the substrate at room temperature. Following recent studies presented
in the literature, [173,174] we have also explored the possibility to introduce a
high molecular weight and insulating polystyrene (PS) polymer to increase
the solution viscosity. Huang et al. [173] showed that for low PS concentrations
it is possible to improve the thickness, the absorbance and the uniformity of
films based on T1:PC70BM deposited by spin-coating. However, by employing
a similar strategy we could not easily optimize inkjet printable formulations
due to high viscosity. A deeper investigation of the role played by molecular
weight and concentration of PS was not the purpose of this work.

Different amounts of P3HT were added to the ternary blend: for a 1mL so-
lution we kept the amounts of T1 (15mg ·mL−1) and PC70BM (14mg ·mL−1)
constant, to which 2, 5 and 10mg of P3HT was added (respectively 10%,
26%, 53% weight ratio of P3HT and binary blend). Profiles are reported in
fig. 5.1b-c. The concentration of the solutions with P3HT is equal or lower
with respect to the one without it. The P3HT addition only cannot be enough
to explain the observed thickness increase for the ternary formulation. The
improved wetting control and printability of the blend is observed already with
very low P3HT concentrations, therefore such an increase of the total thick-
ness cannot be explained by a selective accumulation of the semiconducting
polymer. Though in the ternary blend a coffee ring effect can still be observed,
the peak to valley ratio and the lateral width of the printed pattern are halved
with respect to the one found in the binary blend. These considerations point
out that a different wetting and evaporation dynamics are involved for ternary
blend printing due to the addition of the semiconducting polymer. The AFM
image of the T1:PC70CM photoactive film (fig. 5.2) shows features similar
to the ones exhibited by crystalline films of the same materials, as previously
obtained by other groups, [172,175,176] leading to the conclusion that also in the
printed film of this work the T1 component has a strong tendency to crys-
tallize. By increasing the amount of P3HT an effective morphology variation
occurs and the crystallinity of T1 is strongly affected. Crystalline domains are
still evident for blends containing 10% P3HT. Their size reduces by adding
26% of P3HT, while they are no more identifiable than for the 53% one. This
last ink formulation led to a printed layer morphology with evident fibrillar
structures, ascribable to P3HT aggregates. [177] This trend is also confirmed
by UV-Vis absorption spectra reported in fig. 5.3, where the main absorption
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Figure 5.3: (a) chemical structures of T1 (R1 = n-hexyl R2 = 2-ethylhexyl). (b) UV-Vis
absorption spectra of the printed blend on a PEN substrate covered with a layer of PFN,
normalized at 400nm. The PEN-PFN absorption has been subtracted as background.

of the T1 around 400nm shifts to lower wavelength upon increasing the P3HT
content, as expected for a less crystalline film of T1. [172,176]

Though the visible region of the spectra of T1 in the blends overlaps with
the P3HT absorption tail, the relative intensity of the peaks around 600nm
and 700nm suggests the same reduced crystallization of T1 when increasing
the P3HT content in the blend. This variation in the relative intensity of
the peaks at 600nm and 700nm and the shift in the blue region were already
shown for samples of pristine T1 owing to different degree of crystallinity. [176]

Once we optimized the ink formulation, we fabricated the photodetector
devices on PEN substrates. The devices have a vertical structure with the
photoactive layer placed between two conductive electrodes. Electrodes were
realized by printing commercial inks: a silver nanoparticle based ink for the
bottom opaque electrodes or PEDOT:PSS for the transparent ones. In all the
devices the top contact is a printed PEDOT:PSS electrode (sheet resistance
∼ 5kΩ/2). Current versus voltage measurements for devices based on printed
ternary blends are provided in fig. 5.4a, along with the corresponding Exter-
nal Quantum Efficiency (EQE) spectra in fig. 5.4b-c. The data are compared
with a binary blend of P3HT:PC60BM (1:1). Low content of P3HT is respon-
sible for higher instability of devices fabricated with the blend containing 2mg
of P3HT. A more stable device is obtained by printing a stack of 3 layers of
the 2mg P3HT blend, its EQE is reported in fig. 5.4c. For photodetectors, the
printed bottom electrode was functionalized with PFN by means of spincoat-
ing. The introduction of PFN in our devices led to a rectifying behaviour by
strongly decreasing the inverse dark current and thus increasing the ON/OFF
ratio. Briefly, we could identify an effective hole-injection blocking effect. This
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Figure 5.4: (a) Dark (dashed) and white light (5mWcm−2) I-V of the devices with printed
Ag bottom electrode; EQE spectra at 0V (b) and 1V (c) for each kind of blend.
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conclusion is supported by Kelvin probe measurements where we measured a
decreased work-function for both Au and PEDOT:PSS electrodes, following
the PFN layer deposition. In the following section (5.3.1) we provide a more
comprehensive description of the role played by the PFN interlayer.

Photodiodes made with the 53% P3HT ink formulation showed the best
performances in terms of dark current and photocurrent density approaching
light-dark current ratio of 104, while the VOC is only slightly reduced (fig.
5.4a). Measurements of EQE spectra were performed at 0V and 1V fig. 5.4b-
c. Higher photoresponse in the 650 − 750nm region occurs when increasing
the P3HT content in the blend. In this region only the T1 is responsible
for the light absorption. By combining these data with the observation of a
decreased crystallinity of T1, we find, as expected, that the strong tendency
of small molecules to crystallize can be a drawback when trying to optimize
the photodetector efficiency.

So far we have demonstrated that it is possible to obtain high efficiency
in small molecule printed photodetectors through the addition of a semicon-
ducting polymer that inhibits crystallization. To fully exploit the potential
of our approach and the added value of organic printing technology, we have
optimized an all-carbon based photodetector printed on flexible substrates
with semitransparent electrodes. [106] For this goal we replaced the silver bot-
tom contact with a PEDOT:PSS electrode, so that the only non transparent
material would be the active blend for which the transparency could be mod-
ulated by varying the thickness. Not only does this electrode allow for the
semi-transparency of the device, but it also provides a very smooth inter-
face with the organic semiconductor. This feature reduces instabilities due to
the formation of leakage paths often observed with the rougher silver printed
electrode. The rectifying behaviour and the dark current density, as low as
1µA · cm−2 (fig. 5.5a), shown by these devices, prove that the PFN interlayer
is effective in inducing asymmetry between top and bottom electrode work
functions as also demonstrated by Kelvin probe measurements (sec. 5.3.1).

Fig. 5.5b reports the EQE measurements acquired with light impinging
respectively from the top side and bottom side of the device. We stress that
the semi-transparent photodetector responds from both sides to a broad wave-
length band up to 710nm with an EQE above 10%.

5.3.1 Role of PFN in dark current reduction

From literature it is known that a suitable interlayer can be used in order to
suppress the dark current density in inverse polarized photodetectors. [136,142]
In this work we employed PFN [178] as an interfacial layer. The efficacy of the
PFN as injection layer was already investigated, especially for applications in
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Figure 5.5: (a) Dark and Light I-V of the devices with bottom and top PEDOT:PSS
electrodes for blend containing 5mg of P3HT. (b) EQE spectra of the device acquired at 1V
bias, with light impinging either from the bottom or the top side. Inset: optical microscope
image of all-organic photodetector. The different values found in the EQE for top and
bottom side illumination, is still under investigation. This could be associated with a possible
vertical phase segregation of the PC70BM to the bottom electrodes acting as a screening
for the incoming light reducing the effective photon intensity absorbed by the blend. Also,
when shining light from the bottom electrode, the PEN substrate can act as a scattering
medium reducing the effective light intensity impinging on the active layer.

the field of Organic Light Emitting Diodes (OLEDs). [179] Some studies could
show the variation of the work function induced by the PFN layer on top of
substrates like ITO or ZnO. [103] However the microscopic factors which lead
to the overall device improvement are still unclear. A fixed dipole moment
can effectively lead to a change in the workfunction of the functionalized
electrode. Also an induced dipole shielding of the polarization field could lead
to a reduced tunneling injection from electrode to the active material. [180] The
following study shows the hole blocking capability of PFN, which plays an
important role in the reduction of the dark current. The reduced dark current
following PFN insertion mainly determines the strong increase in the ON/OFF
current ratio of the devices investigated in this work. To explain the PFN role
in our printed photodetectors we firstly measured the electrode workfunction
with and without PFN layer by Kelvin Probe Microscopy. The data are
presented in tab. 5.1. The presence of a top layer of PFN induces a reduction
in the work function of ∼ 0.5eV for both gold and PEDOT:PSS electrodes.
In the case of printed silver electrodes the measurements are more unstable
due to the high roughness of the electrodes ( ∼ 20− 30nm) leading to easier
tip contamination. It is not the purpose of this work to address the specific
microscopic mechanism leading to the observed variation in workfunctions.

We also investigated the PFN influence on the dark currents by comparing
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Printed electrode Workfunction [eV]
Au 4.9± 0.1
Au/PFN 4.2± 0.1
Ag 4.8± 0.3
Ag/PFN 4.9± 0.3
PEDOT:PSS 5.3± 0.04
PEDOT:PSS/PFN 4.8± 0.04

Table 5.1: Workfunction of printed electrodes measured by Kelvin microscopy under ni-
trogen atmosphere. Highly Ordered Pyrolytic Graphite (HOPG, workfuntion = 4.6eV ) was
used as reference. The workfunction value is the averaged value measured over different
tips and different sample areas. The measurements were performed by using a 5500 Agilent
Microscope and Pt coated tips (Micromash, 150kHz resonant frequency, 7N · m−1 force
constant).

different device configurations. In particular hole-only devices, made of a gold
bottom electrode (vacuum-evaporated, ∼ 2nm roughness), were compared
with devices including a printed silver bottom electrode and a printed PE-
DOT:PSS bottom electrode. In all the devices the active blend (T1:PC70BM
with 26% of P3HT) and the PEDOT:PSS transparent top electrode were
printed. Per each bottom electrode, three configurations have been investi-
gated: a- without PFN interlayer; b- with the PFN interfacing the bottom
electrode and the blend; c- with the PFN interfacing the top electrode and
the blend. Fig. 5.6 shows the measured dark current density of the tested de-
vices; bias is applied at the bottom electrode with respect to the top one and
current is measured at the top electrode. Looking at the devices containing
gold bottom electrode, we observe that for positive bias, i.e. for holes injected
from the gold electrode, the current density (at 1V ) decreases by almost two
orders of magnitude when the PFN is present at the bottom interface.

This is consistent with a blocking effect on holes injection. We also notice
that when the PFN is at the top electrode, the holes injection from the gold
electrode is substantially unaltered for voltages higher than 0.3V with respect
to the devices without PFN. The lower current density for positive voltages
lower than 0.3V may be related to an extraction barrier introduced by PFN.
If we consider the energy alignment of the HOMO-LUMO levels presented in
fig. 5.7, we can explain such different behavior of the PFN at the top and
bottom electrode of the Au devices by considering its HOMO energy level,
i.e., when PFN interfaces Au electrode, holes injection is hampered by the
introduction of an energetic barrier due to the energy HOMO level of PFN.

Also, Kelvin probe measurement show a strong decrease in workfunction
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Figure 5.6: I-V plot of the dark currents measured for devices containing either Ag, Au,
PEDOT:PSS as bottom electrode and PEDOT:PSS as top electrode. For each bottom
electrode three different device configurations have been tested, where the PFN layer was
either absent, at the bottom or at the top.
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Figure 5.7: Energy diagram of the different electrodes and active materials used in the
photodetector fabrication. For gold, silver and PEDOT:PSS we report the energy level as
measured with the Kelvin probe microscope under nitrogen atmosphere. The other energy
levels reported in the scheme were taken from literature for the pristine PFN, PC70BM, [181]

P3HT and T1. The effective workfunction measured for PEDOT:PSS/PFN electrode is
4.8eV (Kelvin probe, tab. 5.1).

for the gold/PFN electrode, which is consistent with the increase of the injec-
tion barrier for holes into the blend active materials.

Looking at the negative biases region, where electrons are injected from the
bottom electrodes, and the holes from the top, we find that when PFN is at the
top, it effectively blocks holes injection, strongly reducing the current. When
it is at the bottom, the current density, while being higher than in the previous
case, is again reduced with respect to the PFN free device. Tab. 5.1 shows that
since in presence of PFN the measured workfunction for gold/PFN electrode
decreases, a better electron injection should be expected as also reported in
the literature. [105] The reduced current density indicates that in spite of the
strong workfunction decrease, the low mobility of PFN might hamper the
electron injection into the active material, suggesting that the current is still
dominated by holes, in this case injected from the top PEDOT:PSS electrode.
The reduced injection of holes from PEDOT:PSS with the PFN at the bottom
may be ascribed also in this case to an extraction barrier.

When considering the dark current for silver devices the same conclusion
as for gold can be drawn confirming a similar role played by PFN. The current
density found for PEDOT:PSS devices with PFN at the bottom is very similar
to the one observed for gold and silver bottom electrodes, both for positive
and negative biases. This indicates that PFN introduce a similar blocking
effect for holes injection and extraction also in PEDOT:PSS based devices.
The rise in the effective workfunction of the new PEDOT:PSS/PFN electrode
(tab. 5.1) further increases the hole injection barrier, inferring the electron
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Device JR,Dark JF,Dark Photo/Dark current VOC
[mA · cm−2] [mA · cm−2] [V ]

Au – a 7.34 0.52 1.3 0.11
Au – b 10 · 10−3 25 · 10−3 51 0.42
Au – c 0.34 · 10−3 0.86 5.8 0.29
Ag – a 0.14 0.73 5.1 0.19
Ag – b 9.1 · 10−3 21 · 10−3 638 0.45
Ag - c 4.8 · 10−5 58 · 10−3 95 0.10

PEDOT:PSS - a 2.7 · 10−3 4.1 · 10−3 13 0.00
PEDOT:PSS - b 1.2 · 10−3 7.4 · 10−3 372 0.33
PEDOT:PSS - c 0.19 · 10−3 5.77 7.2 0.17

Table 5.2: Figures of merit are reported for devices with gold, silver and PEDOT:PSS
bottom electrode without PFN interlayer a-, with the PFN interfacing the bottom electrode
and the blend b- and with the PFN interfacing the top electrode and the blend c-. JR and
JF are dark current densities under reverse and forward bias respectively at 1V and −1V ;
ratio between photocurrent and dark current values and (VOC) open circuit voltage per each
device structure.

injection enhancement and the strong rectifying behavior observed for these
devices.

Tab. 5.2 summarizes parameters exhibited by each kind of photodetector.
Combining all the above observations, we can conclude that the PFN

interlayer can affect the device performances by varying the electrode work-
function, as shown by Kelvin probe measurements, as well as by acting as
a hole blocking layer both for injection and extraction. However, the only
workfunction variation does not explain all the observed phenomena and the
role played by the PFN poor conductivity associated with its wide bandgap
and/or its different thickness and morphology on top of each electrode, has to
be called into cause. In fact, such blocking effect can be also attributed to the
poor charge transport properties of PFN which constitutes a non-negligible
(5nm thick when measured on glass), low mobility layer to be overcome by
charges. [104]

We also remind that in presence of acetic acid, the protonated PFN is a
cationic polyelectrolyte, i.e. counterion drifting could be possibly foster other
possible mechanism as internal field screening or ionic dipole induced phe-
nomena. Time dependent current measurements show that no ionic drifting
can be claimed to be responsible for the observed hole blocking phenomena
and reduced dark current (fig. 5.8). [182] We would like to stress that such
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Figure 5.8: Time resolved current dynamics clearly shows the absence of any ions drift
mechanism possibly induced by the ionic nature of the PFN in presence of acetic acid
(PFN+). The current dynamics have been acquired at constant applied bias of 0.5V and
0.8V .

analysis is valid for the specific thickness of PFN used in the current study
(∼ 5nm), thicker or thinner layer can show completely different effect on the
I-V measurements.

5.4 Conclusions
In conclusion, this work demonstrates the possibility to reproducibly fabri-
cate all-organic and fully-printed, semi-transparent photodiodes on plastic
substrates by adopting low band gap small molecule based inks, properly for-
mulated by exploiting ternary blends containing semiconducting polymers.
A broad-band wavelength, extending to the NIR range, response could be
obtained both when light impinges from the top and the bottom side. Semi-
transparent, all-printed detectors can pave the way for a cost-effective integra-
tion of innovative light sensing elements in future interactive surfaces, flexible
displays, and surveillance systems.
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Chapter 6

Planar inkjet printed
photodetectors for
fully-printed, all-polymer
integrated twilight switch

The integration of a fully-printed planar photodetector with printed organic
Schmitt trigger is reported in this chapter. At first the fabrication of the light
sensor and transistor are presented. Then the circuit rationale is explained
dealing with Schmitt trigger working mechanism and the determination of it
transition voltages. Satisfying performances of the single devices and trigger
are demonstrated by measurements shown. On the basis of those results it was
possible to simulate the behaviour of the twilight switch. Finally the validation
of the realized system as dusk sensor is proven by full-system measurements.

6.1 Introduction
The tremendous development of organic electronics in the last 30 years can
be attributed to the new perspectives envisioned through the study of organic
materials. This development is now being enabled for consumer electronics,
introducing very interesting properties like flexibility and transparency, along
with solution-based manufacturing thanks to cost-effective mass production
printing techniques. [24] The main target applications are flexible displays, [183]
integrated systems for distributed and wearable sensing and interactive sur-
faces, with applications in automation, health-care, industrial diagnostic and
security. Concerning light detection, organic semiconductors offer several ad-
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vantages because of their high absorption coefficient and the possibility to
finely tune the absorption optical bandwidth. [30,31,33] The fabrication of high
quantum yield and semitransparent organic photodetectors by means of print-
ing techniques was been the topic of previous chapters. The only example of
their integration in fully-direct-written circuits was presented here (chap. 3).

To make organic electronics suitable for these applications, reliable and
robust electronics must be implemented. This can be achieved by following
the path paved by the silicon electronics industry which found the best ro-
bustness in the development of complementary logic. Although the concept of
complementary logic is simple, fabrication of such circuits with organic mate-
rials and scalable printing techniques is not straightforward. [184,185] For this
reason, most of the organic circuitry in literature is uni-polar, [186] with a direct
consequence on circuit performances mainly in terms of power dissipation and
area occupation, or includes hybrid approaches for the fabrication in which
some of the process steps require, for example, high resolution photolithog-
raphy. [187] Printing by means of techniques inherited by the graphic arts, i.e.
inkjet printing, flexographic printing, bar-coating, rotogravure, etc., would en-
able industrial mass production with reduced capital investments and limited
cost per unit area of the final product. Moreover, depending on the chosen
deposition method, it would allow faster customization and time-to-market
thanks to the use of digital pattern definition techniques. The step towards
all-printed circuits and systems is far from trivial: [24,185] techniques in use
still suffer resolution limitations, and the uniformity and yield requirements
for industrial production can still hardly be guaranteed. Some recent works
have tested different scalable printing methods for the fabrication of organic
complementary circuits and have been able to successfully produce devices
with good reproducibility and yield. [188–191] On the other hand, these works
still suffer some performance limitations in terms of charge carrier mobility
or need to include some process steps which are hardly scalable (tab. 6.2).
Recently [67] a method to fabricate all-carbon-based, transparent, flexible and
all-printed organic field effect transistors (OFETs) and complementary circuits
in ambient conditions with scalable production techniques was developed, but
a clear demonstration of the feasibility of this method for the fabrication of
real-life applications is still lacking.

In this work, after a brief analysis of the fabrication of reliable complemen-
tary circuits and photodetectors in a fully-printed approach with all-polymeric
materials, we describe their integration into a stand-alone implementation re-
alizing an all-organic integrated photo-active switch on plastic, an application
usable in real-life contexts, e.g. for a twilight sensor or for industrial machin-
ery control. The fabricated photo-active switch detects the amount of envi-
ronmental light power and triggers a digital ON/OFF signal at pre-defined
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threshold conditions. In particular, the OFF signal is provided when the light
power exceeds a pre-set PT+ threshold and the ON signal is triggered when the
light power drops under a second PT− threshold, with PT− < PT+. This fea-
ture, intentionally designed, grants an intrinsic immunity to light fluctuations,
a feature that may be desirable for particular applications operating in a real-
life context. Indeed, a commonly required behaviour for devices responding
to environmental stimuli is to trigger their state when a predefined threshold
condition is met, and then reject any possible small signal fluctuations, i.e.
the devices should hold their new state until the stimulus undergoes a large
variation. The photo-active switch described here is provided with this advan-
tageous capability, guaranteeing its suitability for integration in applications
requiring the detection of and reaction to environmental light conditions. Here
we single out and investigate a possible example: a twilight switch, a device
used in outdoor lighting to automatically activate illumination at night or in
general when environmental light is lacking. The immunity to fluctuations,
which is a key feature in our implementation, effectively rejects small light
intensity drops and peaks which are common in a real-life environment, i.e.
due to the build-up of clouds or the passage of a body in front of the device.

6.2 Fabrication
Clevios P Jet 700 and Clevios P Jet 700 N were the PEDOT:PSS inks used
for the fabrication of transistors and photodetector respectively, both pur-
chased from Heraeus. The Ag-nanoparticles-based ink CCI-300 was pur-
chased from CABOT corp. P(NDI2OD-T2) was purchased from Polyera
and diketopyrrolopyrrole-thieno [3,2-b]thiophene (DPPT-TT) was synthesized
as in [192]. Poly(methyl methacrylate) (Mw120k) was purchased from Sigma
Aldrich.

6.2.1 Photodetector fabrication

Photodetector electrodes were inkjet printed using a Fujifilm Dimatix DMP2831
with a 10pL nozzle cartridge on bar-coated PMMA. One of the electrodes was
coated with a hole injection blocking interlayer by inkjet printing PFN, pur-
chased from Ossila, dissolved at 1mg ·ml−1 in a solution of water (45vol.%),
IPA (45vol.%) and ethylene glycol (10vol.%) to which 0.4vol.% of acetic acid
was added. The blend ink of P3HT:PC61BM (1:1) was obtained by mixing
1,2-dichlorobenzene (68vol.%) and mesitylene (32vol.%), both purchased from
Sigma Aldrich. Before printing with a Microfab JETLAB 4 equipped with a
40µm diameter DLC nozzle, the blend solution was stirred overnight, heated
at 80°C for 10min and filtered with a 0.20µm PTFE filter.
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6.2.2 Transistor, interconnections and resistances fabrication

The patterning of the source and drain electrodes of the devices and the inter-
connections was performed using a Fujifilm Dimatix DMP2831 inkjet printer
equipped with a 10pL cartridge. Five silver reference pads were printed at
convenient locations with the same printer, to facilitate the measurement
operations. After printing, an annealing step (110°C, 30min) followed. A
solution of P(NDI2OD-T2) in mesitylene (5g · l−1) was then printed using
the same printer in the channel region of the n-type transistors, and an an-
nealing step (120°C, 8h) was performed. Later, a solution of DPPT-TT in
mesitylene (5g · l−1) was printed in the channel region of the p-type transis-
tors. A 700nm thick dielectric layer was fabricated by means of a custom
bar-coating apparatus for deposition of a PMMA solution (n-butyl acetate,
70g · l−1), and a drying step was performed (80°C, 15min). Via holes were
chemically drilled by inkjet printing of chlorobenzene. Gate electrodes and
top-layer interconnections were fabricated via inkjet printing of PEDOT:PSS
ink. Low conductivity Clevios 4083 PEDOT:PSS (purchased from Heraeus)
was diluted 7:3 with deionized water as in [193] and used to print the voltage
divider resistance.

The layout of the printed patters is reported in fig. 6.1a together with the
optical micrograph of the system (fig. 6.1b).

6.2.3 Electrical measurements

The measurement of the circuit voltage transfer curve, as well as the transfer
and output characteristics of the single transistor devices, was performed in
a nitrogen atmosphere using an Agilent B1500A Semiconductor Parameter
Analyzer. Photodetector I-V measurements in the dark and under white light
(6400K) conditions were performed in glovebox using Agilent B1500A. The
overall system was measured by using the B1500A as the voltage supply and
recorder while the 6400K white light (max power approx. 0.01W · cm−2) was
used for shining light on the device. As a load, an external passive resistance
of 1GΩ was employed.

6.3 Circuit rationale
The opto-electronic circuit we realized operates as a photoactive switch, the
function of which is to trigger a logic output signal when the amount of light
power impinging on the detector exceeds a certain threshold, which can be
defined beforehand during the circuit design phase. As an additional fea-
ture, this switch, which has a programmable hysteretic threshold, is capable
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(a)

(b)

Figure 6.1: (a) Full system layout with identification of the trigger, photodetector and
load resistance areas. (b) Optical micrograph of the overall system on PEN foil.

of rejecting light power fluctuations that could generate multiple unwanted
ON/OFF transitions in the case of a fixed threshold. This twilight switch
integrates a planar photodiode and a Schmitt trigger, electrically connected
as depicted in the schematic in fig. 6.2a.

The photodetector behaves as a variable impedance device, bearing dif-
ferent resistances as a function of the amount of light power impinging on
it. The resistive partition realized by the photodiode and the printed pull-
down resistor is fed to the input terminal of the Schmitt trigger. The trigger
is responsible for the definition of the desired switching thresholds and for
providing an appropriate signal fluctuation immunity.

6.3.1 Schmitt trigger working principle

The Schmitt trigger is a very common and well-known electronic circuit. [194]
Its basic function is to provide an inversion of the logic value at its input,
in a similar manner to the simpler inverter logic gate, with the additional
feature of providing a defined-by-design hysteresis between the high-to- low
and low-to-high transitions. Its realization in complementary logic is shown
in fig. 6.2b, and an example of an ideal voltage transfer curve is shown in fig.
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Figure 6.2: (a) Schematic of the photo-active switch proposed in this work. The pho-
todetector acts as a variable resistor RP D in a voltage divider configuration with the load
resistance RLOAD. (b) Complementary Schmitt trigger circuital scheme. (c) Ideal voltage
transfer characteristic of a Schmitt trigger highlighting the hysteresis behaviour with the
two thresholds VT + and VT −.

6.2c, which highlights the two transitions at the VT+ and VT− thresholds. The
width of the hysteresis and position of the threshold voltages can be tuned by
suitably designing the aspect ratio of the transistors.

6.3.2 Transition thresholds determination

The analysis of the circuit mainly relies on the determination of the threshold
voltages for high-to-low and low-to-high transitions. The symmetry between
the p- and n-subnetworks allows the separate analysis of the two transitions;
hence, only the n-type network will be treated as an example. When the
input voltage VIN is set to 0V , transistors M1 and M2 are turned off, and the
output voltage VOUT is kept at the supply voltage level VDD thanks to the
series of transistors M4-M5. Hence, transistor M6 is off and transistor M3 is
on, keeping VX at (VDD − Vtn). When VIN reaches Vtn, M1 turns on in the
saturation region, driving a current

I1 = 0.5µnCox
W1
L1

(VIN − Vtn)2 (6.1)

while M3 drives

I3 = 0.5µnCox
W3
L3

(VDD − VX − Vtn)2 (6.2)

and VX decreases linearly with the increase of VIN , as long as M2 is in the
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off-state. By equating I1 and I3 results:

VX = VDD − Vtn −
√
k1
k3

(VIN − Vtn) (6.3)

where
ki = 0.5µnCox

Wi

Li
(6.4)

When VX reaches VIN − Vtn, M2 turns on and starts to discharge the output
node. Thus, the high-low transition would start at a value

VT+ =
VDD +

√
k1
k3
Vtn

1 +
√

k1
k3

(6.5)

In reality the real high – low transition initiates at a value VIN > VT+, since
at VT+, when M2 is turned on, a current path from VDD to ground is created
through M5 – M4 – M2 – M1, and a small further increase of VIN is needed
to lower the voltage of the output node, allowing M6 to turn on and complete
the triggering action. Similarly, the low-to-high transition threshold can be
derived as follows

VT− =

√
k4
k6

(VDD − Vtp)

1 +
√

k4
k6

(6.6)

We have validated our approach for the determination of the switching thresh-
olds through simulations of the circuit for different k1/k3 = k4/k6 ratios (fig.
6.3), and we found good accordance between the simulation and the theoret-
ical prediction with a maximum discrepancy of 900mV .

6.4 Results and discussion

6.4.1 Photodetector

A photodetector was realized on top of a bar-coated PMMA layer, which serves
as gate dielectric in the trigger realization, in order to facilitate the subsequent
integration in the final fabrication stage. Two parallel PEDOT:PSS electrodes
separated by a 90µm gap were fabricated by inkjet printing. Subsequently,
printing of the photoactive ink formulated by dissolving P3HT and PC61BM
at 30mg ·ml−1 in a solution of dichlorobenzene and mesitylene as in chap. 2 is
performed. No thermal treatment was required to obtain device performances
suitable for the application here described, thus relaxing constraints on the
thermal budget during the system integration.
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Figure 6.3: Theoretical (dashed lines) and numerically simulated (solid line) thresholds
at VDD = 60V for Schmitt triggers designed with different aspect ratios.

The need to apply a bias higher than a few volts to properly comply with
the Schmitt trigger supply voltages (sec. 6.4.3) forces the choice for a planar
structure that shows a reduced electric field with respect to a vertical one
because of the larger inter-electrode spacing; typically tens of micrometers for
the planar, and hundreds of nm for the vertical structure. If two symmetric
PEDOT:PSS electrodes are adopted, the ratio between the resistance in light
and dark conditions was slightly higher than unity (fig. 6.4).

To solve this issue we resort to the functionalization of one of the electrodes
that was done by printing PFN on top. The PFN hole blocking effect prevents
hole injection from the functionalized electrode while their collection at the
other contact is kept unchanged (sec. 5.3.1). The photodetector biased at
60V shows a resistance (RPD) of 7.2GΩ when kept in the dark, while RPD =
91.7MΩ when exposed to 10.9mW · cm−2 6400K white radiation. The RPD
versus impinging power curve is reported in fig. 6.5c, for a photodetector
biased at 60, 30 and 1V .

We stress the fact that a wide modulation is present also for the low
bias (1V ). We measured the external quantum efficiency (EQE) spectrum
of the detector (fig. 6.5d), recording a response well superimposed with the
P3HT:PC61BM absorption spectrum. The response time was determined at
various light intensities: as a photoconductor, the device shows typical photo-
conductive features with fast response times at high light intensity and slow
at low ones (fig. 6.6b). The decay time is equal to 150µs at 1mW · cm−2

while at 100nW · cm−2 is around 100ms. Above 100µW · cm−2 the photore-
sistance follows a photoconduction model which takes into account hopping
charge transport in an exponential density of states (fig. 6.6). [153] We also
found good reproducibility of the photodetector parameters between different
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Figure 6.4: Photodetector current in the case of symmetrical electrodes in dark (black)
and exposed to 3mW · cm−2 white light (red) as function of the applied voltage. Ratio
between photocurrent and dark current computed at bias of 60V is 1.085.

Figure 6.5: (a) Layout and optical micrograph of the printed planar photodetector. (b)
I-V characteristics in dark (black) and lighted (red) conditions with resistance computed at
bias of 60V . (c) Resistance versus impinging optical intensity at 60V (black), 30V (red)
and 1V (blue) of applied bias. (d) External quantum efficiency and absorption spectra of
the printed planar photodetector.
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Figure 6.6: Photodetector photocurrent (a), response time (b) and product between pho-
tocurrent and response time (c) plotted versus optical power density. Above 100µWcm−2

the photoresistor shows fingerprints of hopping photoconduction in exponential density of
states: the photocurrent follows a power law on light intensity with exponent less than unity,
decay time decreases as power law on light intensity and the product between the two is
independent on impinging intensity.
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(a) (b)

(c)

Figure 6.7: (a) Normalized resistance variation for a number of photodetectors and (b)
resistance variation for a single photodetector after bending at different bending radii. (c)
Stability measurements for photodetectors in a 130 days period.

realizations in light and dark regimes of operation (fig.6.7a).
Moreover, the photodetector resistance variation under tensile stress was

measured, showing minimal change down to a bending radius of less than
2mm, both in light and dark conditions (fig.6.7b). This result is perfectly
compliant with the bending properties of the transistor devices, as described
in [67]. Stability measurements on the photodetector (fig.6.7c) show limited
parameter variations in a period of 130 days during storage in a nitrogen
glove box.

6.4.2 Transistor characterization

We employed p- and n-type organic field effect transistors (OFETs) in a top-
gate, bottom-contacts architecture (fig. 6.8a,d).

On a 125µm thick PEN substrate, we patterned PEDOT:PSS by inkjet
printing to de fine the source and drain electrodes, resulting in an OFET with
channel length L = 50µm, which is kept constant for all devices, and with the
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Figure 6.8: (a) 3D View of a general OFET stack employed in this fabrication and (d)
top view of the device. (b) Transfer and (e) output characteristics for a p-type OFET, (c)
transfer and (f) output characteristics for an n-type OFET ( W = 1000µm, L = 50µm).

variable channel width W , depending on circuit design requirements. Then
p- and n-type semiconductors are deposited from solution by inkjet printing
in the channel region, resulting in a ∼ 40nm thick layer. The 700µm thick
dielectric layer is then deposited via bar-coating following the same procedure
as in [67]. The output and transfer curves of two typical n- and p-type devices
realized through this process are shown in fig. 6.8b,c,e,f, and the extracted
charge carrier mobilities and threshold voltages are summarized in tab. 6.1.
The devices fabricated through this process feature a gate leakage current
level lying below 10pA guaranteeing an appropriate decoupling between the
input and output stages of the logic gates when they are employed in com-
plementary circuits. In general, an organic transistor can be operated both
in the hole and electron accumulation regimes, a feature referred to as am-

Type Semiconductor µn µp Vtn Vtp
[cm2/V s] [cm2/V s] [V ] [V ]

N P(NDI2OD-T2) 0.18 2 · 10−3 4.8 −20
P DPPT-TT 2 · 10−3 0.08 20 −4

Table 6.1: Summary of the average of extracted saturation mobilities and threshold volt-
ages for the fabricated OFETs
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bipolarity. [195] Despite this, in the case of strongly different charge mobilities
associated to the two carriers, we refer to the highest one to define whether
the transistor is employed as p- or n-type. We identify the highest one as the
nominal mobility, while the lowest one is denominated as the parasitic channel
mobility. The saturation mobilities and threshold voltages associated to the
parasitic charge carriers for our n- and p-type transistors are summarized in
tab. 6.1. The Schmitt trigger complementary layout is designed to operate
properly in the case of ideally unipolar transistors, yet in our case a degree of
ambipolarity is present and this has an effect which is discussed in the next
section. In our previous work [67] OTFTs fabricated with the same process
along with transparency these devices showed great flexibility, despite the use
of a rather thick PET substrate, as assessed by bending tests. By apply-
ing a tensile stress > 1% perpendicular to the FET array channel a minimal
variation of the electron mobility was found, denoting the robustness of this
fabrication approach. In order to assess the advantages and disadvantages of
our method over other fully-printed approaches for the fabrication of com-
plementary circuits, we have compared the performance of our fully-printed
all-organic devices with some works implementing fully-printed or partially
printed complementary logic circuits (tab. 6.2).

We highlight how this robust fabrication process allows the realization of
p- and n-type transistors with almost balanced mobilities and good threshold
voltage values. Moreover, it is noteworthy that our approach, among all the
compared works, combines excellent performance in terms of charge carrier
mobility and an all-organic all-polymer fabrication process at the same time.

6.4.3 Schmitt trigger

The Schmitt trigger was fabricated by connecting six transistors realized fol-
lowing the layout illustrated in fig. 6.1a. We realized three different de-
signs with values of 0.09, 0.25 and 0.81 for k1/k3 = k4/k6. These values
should guarantee, in an ideal trigger, high-low switching thresholds of 47.3,
41.7, and 33.9V respectively and in low-high switching thresholds of 12.7,
18.3, and 26.1V respectively. The measured voltage transfer characteristics
(VTCs) illustrate the correct behaviour of the circuit at different VDD (fig.
6.9a k1/k3 = k4/k6 = 0.25), a quasi rail-to-rail operation and a hysteresis
window correctly centred around VDD/2.

A collective view of the VTCs of the three different designs (VDD = 60V ) is
presented in fig. 6.9b, highlighting good agreement of the transition threshold
with the predicted values for an aspect ratio of 0.81, agreement that gradually
worsens while moving towards lower aspect ratios. To address this deviation
from the ideal prediction, we introduced in the simulations the contribution
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(a) (b)

(c)

Figure 6.9: (a) Voltage transfer curves for a Schmitt trigger with k1,4/k3,6 = 0.25 at
different supply voltages and (b) voltage transfer curves at VDD = 60V for triggers with
different aspect ratios. (c) Ideal, simulated and measured trigger switching voltages for
different transistor aspect ratios and under multiple ambipolarity conditions.
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Aspect ratio Simulated Measured Deviation Simulated Measured Deviation
k1,4/k3,6 VT + [V ] VT + [V ] [%VDD] VT − [V ] VT − [V ] [%VDD]

0.09 38.1 37.5 1.0 19.3 18.3 1.6
0.25 38.1 38.9 1.3 19.2 21.2 3.3
0.81 34.6 33.5 1.8 21.2 25 6.3

Table 6.3: Simulated and measured Schmitt trigger thresholds for different transistor
aspect ratios.

of the parasitic channel due to the ambipolar nature of the semiconductors
employed. [187,191] Indeed, we verified that ambipolarity leads the circuit to
deviate from the ideal behaviour as predicted by the formulas derived pre-
viously. We have simulated the circuit behaviour for different values of the
nominal and parasitic charge carrier mobility (respectively µn and µs), and
we show the results in fig. 6.9c. The results of the simulation associated with
the values summarized in tab. 6.1 (thick solid line, fig. 6.9c) are displayed in
tab. 6.3, along with the measured threshold voltages and the deviation from
the simulated values. The simulation results fit well with the experimental
data in the case of the high-low threshold, while the deviation is more distinct
when considering the low-high thresholds. We attribute this discrepancy to a
drift of the threshold voltage VT of the p-type transistors due to bias stress
occurring during the measurement time. Therefore, even in the absence of a
strong ambipolarity, as in our case, the circuit suffers a remarkable deviation
from the ideal theoretical behaviour, reducing the available maximum width
of the hysteresis window. To limit this source of non-ideality, a reduction of
the contribution of the parasitic channel is needed. We performed a second
simulation (thin dashed line, fig. 6.9c) in which we set µn/µs = 103, and we
show that this further reduction of the ambipolar contribution would allow an
approach to the ideal behaviour and of exploiting a hysteresis window width
of up to 60% of the supply voltage.

6.4.4 Environmental working simulation

Taking into consideration the device operation, we have simulated the system
response to a real working environment on the basis of the experimental data
collected for the discrete trigger and photoresistor components. To this pur-
pose, we calculated the solar direct radiation power on a surface at a particular
tilt angle as a function of latitude and day of the year. [196] The resulting di-
rect radiation versus daytime plot, calculated at 44°N latitude (Milan, Italy)
and for the 172th day of the year, is shown in fig. 6.10a. In order to extract
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Figure 6.10: (a) Photodetector equivalent resistance in response to direct solar exposure
during the day. (b) Load resistance range selection for a trigger designed with VT + = 40V
and VT − = 20V . (c) Trigger input from the RP D − RLOAD voltage divider at different
values of the load resistance. (d) Simulated system output for a load resistance of 300MΩ.
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the resistance as a function of the daytime, we fitted and then numerically
reconstructed the resistance-power curve of the photodetector at 60V . By
comparing the direct exposure to sun power with the aforementioned data
it is then possible to plot the photodetector equivalent resistance during the
whole day. This information is useful to make a direct estimation of the input
signal fed to the Schmitt trigger as a result of the voltage divider between
the variable photodetector resistance RPD and the PEDOT:PSS printed load
resistance RLOAD. To properly address the signal that is fed to the trigger
input, both the photodetector resistance RPD and the load resistance RLOAD
must be taken into consideration. Since RPD in light and dark is fixed by the
PD fabrication process and layout, a proper load resistance must be chosen.
In fact, the need to satisfy the requirements for the input signal to be greater
than the VT+ threshold, when the PD is exposed to a certain solar intensity,
and lower than the VT− threshold, in almost-dark conditions, is consequently
imposing a range upon which the load resistance must be chosen. In fig. 6.10b
this range is highlighted, for a Schmitt trigger with threshold VT+ = 40V and
VT− = 20V , by evaluating the input signal fed to the trigger for different
RLOAD values. As RPD values we used the previously reported experimen-
tal data in which RPD = 7.2GΩ in dark conditions and RPD = 91.7MΩ at
an incident power of 0.01W · cm−2 ; the RPD-incident power curve fitting
allows the estimation of RPD for any illumination value, hence extracting a
RPD = 23.2MΩ at an incident power of 0.1W ·cm−2. Under these conditions,
the allowed load resistance values range from 46MΩ to 3.6GΩ as highlighted
in fig. 6.10b. It is important to point out that the gate leakage current coming
from the Schmitt trigger may affect this choice by modifying the voltage at
the input node following the relation:

VIN = RLOAD
RLOAD +RPD

VDD + ILeak
RLOAD ·RPD
RLOAD +RPD

(6.7)

thus potentially compromising the previous RLOAD estimation. Simulations
(fig. 6.11) show that for the range of resistances employed in our application,
leakage levels must be lower than 1nA to have a negligible effect. Therefore
our system does not suffer this drawback since common gate leakage levels
are in the 1 − 10pA range, as reported in fig. 6.8. As the RLOAD range and
the RPD values are defined, it is then possible to evaluate the trigger input
signal as a function of the daytime. Fig. 6.10c shows the signal trend for
different RLOAD values chosen inside (60MΩ, 300MΩ) and outside (20MΩ,
5GΩ) the allowed range. Whereas the former provide perfect switching beyond
the thresholds, the latter give rise to a non-switching behaviour of the trigger.
The correct behaviour of the input signal is also underlined in fig. 6.10d where
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Figure 6.11: Influence of the leakage current on the choice of RLOAD considering a gate
leakage coming out of the trigger gate and the photodetector in dark conditions.

we have simulated an ideal output of the entire system as a function of the
daytime. As the Sun is rising, thus the solar incident power increases, the
input signal triggers the device to a low output at approximately 4.50AM .
Similarly, the device is triggered to a high output level when the incident
power is decreasing, at approximately 7.30PM . This also demonstrates that
the resistance RLOAD can be used, in addition to the hysteresis windows, to
fine-tune the time at which the switching occurs. The relation between the
target switching power and the system parameters can be used to properly
design the system and is derived as follows:

VT+(PT+) = VDD

(
1 + 10a+b log10 PT +

RLoad

)−1

=
VDD +

√
k1
k3
Vtn

1 +
√

k1
k3

(6.8)

where a and b are parameters extracted by fitting the resistance-power relation
of the photodetector and PT+ is the target switch-off power. The same applies
to the negative threshold.

6.4.5 Full-system measurements

The base building blocks presented have been integrated following the layout
depicted in fig. 6.1 and the output voltage was measured upon variation of
the impinging light intensity from dark to a maximum of 10.9mW · cm−2. In
fig. 6.12a we plot the variation of the Schmitt trigger input voltage versus
light intensity (linear scale for the intensity in the inset), highlighting the
proper operating behaviour of the light-sensing stage. Finally, in fig. 6.12b,
we show the correct switching activity of the output voltage upon the variation
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(a) (b)

Figure 6.12: (a) Measurement of the trigger input voltage versus impinging light intensity
(linear scale on abscissa in the inset). (b) Variation of the output voltage of the circuit
(blue) upon change of the impinging light intensity (red). PT + and PT − threshold voltages
are marked.

of the impinging light intensity. The fluctuation immunity feature, previously
introduced, is demonstrated by high-lighting the different switching thresholds
(dashed thin black line, fig. 6.12b) for the high-low and low-high transitions.

6.5 Conclusions
We have demonstrated an effective method for integrating different trans-
parent and fully carbon-based devices into a single real-life application. In
addition, the fabrication was entirely realized by employing scalable printing
techniques at low temperatures and in ambient conditions. The implemented
fabrication process, combining the good resolution typical of inkjet printing
techniques together with the advantages of fast prototyping and reduced waste
of material, proved itself capable of fabricating devices with optimal perfor-
mance and improved repeatability, desirable features for the realization of
circuits or integrated systems in an industrial environment. In particular, we
realized a twilight switch integrating a printed organic photodetector and a
printed organic Schmitt trigger. First, the Schmitt trigger design requirements
for the tuning of its switching thresholds have been discussed and experimen-
tally validated, including the non-idealities introduced by the OFETs ambipo-
lar contribution. This analysis was then used and combined with simulations
to properly design a sensor capable of reacting to the daily typical sunlight
intensity variation and trigger an ON/OFF signal at selected times of the day.
The designed system was fabricated entirely using scalable printing techniques
and the correct integration and working behaviour of the overall system was
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experimentally validated. Compared to other recent works in which organic
complementary circuits were realized employing scalable techniques, at least
partially, our fabrication method not only enables a fully-printed approach,
but also attains a performance among the best in terms of charge carrier
mobility and threshold voltage standard deviation. This work proves the fea-
sibility of our technique for the fabrication of real-life applications combining
desirable elements (such as bendability and transparency) for the realization
of electronics for wearable devices, distributed sensing, bio-electronics or flex-
ible displays, solely employing techniques which are scalable to low-cost mass
production.
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Conclusions

My Ph.D. thesis reports on the development of inkjet printed organic pho-
todetectors and their integration in complex optoelectronic systems.

We have demonstrated the possibility to fabricate photodetectors with
good optoelectronic performances via cost-effective and additive inkjet print-
ing technique. Additional key features as semi-transparency and fully-patternability
of the devices offer advantages for their integration in complex electronic sys-
tems. With a specific detectivity that reaches 6.2 · 1012Jones in the best case,
the inkjet printed photodetectors realized in this work are not only among the
best of printed photodiodes reported in literature so far but also compete with
their inorganic counterpart. This work demonstrates the possibility to fab-
ricate an imager prototype of interconnected semitransparent organic pixels
realized by inkjet printing and femtosecond laser ablation. The versatility of
the fabrication approach used was a great advantage for the improvement of
performances and to achieve the goal. The overall thermal budget is limited
and the material waste low. No vacuum technique or mask was used. The
flexibility and lightweight of the substrate are other key features. Fabrication
yield and characteristics of single components were enough to operate the ma-
trix and to acquire signals from 6 pixels detecting two order of magnitudes of
impinging light intensity.

The use of a suitably synthesised interlayer material, namely poly-PT, was
addressed. Guidelines for the design of poly-PT aim to an effective electron
blocking layer which can also serve to improve the wettability of photoactive
blend by PEDOT:PSS ink. Poly-PT design took in consideration its solu-
bility too. Not only it turns out to be solution processable but can also be
deposited with inkjet printing without damaging the organic semiconductor.
Fully-organic, inkjet printed photodetectors realized exploiting this new in-
terlayer succeed both in avoiding the massive addition of fluorosurfactant to
PEDOT:PSS and halving dark current densities with respect to reference de-
vice. Printed semitransparent photodetectors with reduced dark current can
pave the way for a cost-effective integration of this sensing elements in interac-
tive surfaces and imaging systems with challenging SNR requirements. Photo-
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conductive behaviour was deeply investigated highlighting changes introduced
by the EBL. Specifically, increased amount of interface traps is pointed out
as a reasonable cause for the slowing down of the response and as an extra
contribution to the electron blocking effect.

The adoption of low band gap small molecule based inks to fabricate all-
organic, semi-transparent photodiodes printed on plastic substrates was re-
ported. Proper formulation of organic ternary blends led to reproducibly
device realization. The wavelength response of P3HT:PCBM detector was
extended to red and NIR ranges, obtaining a devices sensible from 470 to
750nm. EQE in excess of 10% was achieved up to 710nm both when light
impinges from the top and the bottom side.

The investigation of PFN role found that a PFN thin layer is effective in
0.5eV reduction of the workfunction of PEDOT:PSS and gold electrodes. I-V
measurements performed on a number of different devices structures was used
to prove PFN hole blocking effect.

At last it was presented the realization of a twilight switch integrating a
printed organic planar photodetector and a printed organic Schmitt trigger.
Planar structure was chosen because it makes possible to apply to the photore-
sistor voltages of tens of Volts without incurring in breakdown. The Schmitt
trigger design requirements for the tuning of its switching thresholds have
been discussed and experimentally validated, including the non-idealities in-
troduced by the OFETs ambipolar contribution. This analysis was then used
and combined with simulations to properly design a sensor capable of reacting
to the daily typical sunlight intensity variation and trigger an ON/OFF sig-
nal at selected times of the day. The designed system was fabricated entirely
using scalable printing techniques and the correct integration and working
behaviour of the overall system was experimentally validated reproducing the
exposure to sun that occurs during a day.
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Appendix A

Introduction to organic
semiconductors

In this appendix electronic properties of organic semiconductors will be used
to introduce concepts related to charge transport in molecular solids, their
interaction with light and injection of charges from metal to organic semicon-
ductors.

A.1 Fundamental properties of organic semiconduc-
tors

Organic semiconductors are carbon-based compounds undergoing the sp2 or
sp hybridization of the atomic orbitals. [197,198] The hybridization is the re-
sult of the linear combination of 2s and 2p orbitals, resulting in a strong and
localized covalent bond between the adjacent atomic sites (σ-bond) which
constitutes the back-bone of the carbon based molecule/polymer. When one
or two p orbitals are not involved in the hybridization, but still available
they combine with each other to form weak π-bonds (fig. A.1). This kind of
bond admits the existence of an electronic cloud delocalized over the molec-
ular plane and gives semiconducting properties to molecular solids. [198] Or-
ganic compounds are built up by the repetition of the same fundamental unit,
named monomer, for one (molecule), few (oligomers) or many times (poly-
mer). Molecules/polymers are packed together to form molecular solids via
Van der Waals interactions. Those interactions (10kcal/mol) [199] are weaker
than covalent bonds (e.g. crystalline solids), but strong enough to build solid
state films. Mechanically flexibility and processability from solution at room
temperature are allowed by the weakness of the Van der Waals interaction.

129



Figure A.1: Formation of the hybridized orbital sp2 (top); σ and π orbitals in the ethylene
molecule (bottom).
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A.2 Electronic properties of organic semiconduc-
tors

A.2.1 Peierls instability in organic systems

The model of the monodimensional semiconductor adopted in solid state
physics can be exploited to describe the electronic properties of molecular
solids. Considering a chain with an infinite number of monomeric units with-
out chemical defects, the model of 1-D semiconductor can be used to describe
the electronic properties of the system. Let’s consider the case of polyacetilene:
putting several monomeric units close together to form a chain, we expect a
strong σ-orbital located around the atomic sites and a delocalized π-orbital
placed above and underneath the plane of the carbon sites. In the hypothesis
that atom sites are equally spaced by the same amount d each atom shares
one half-filled p orbital. For a chain composed by n carbon sites, the system
presents a half-filled band made of n energy levels, according to the Bloch
theorem. Consequently polyacetilene should behave like a metal, but this
is not true. Peierls theorem states that one-dimensional equally-spaced ions
chain with one electron per ion is unstable. [200] In fact, if the periodicity of
the chain is modified, i.e. doubled, displacing the even parity atoms of δ in
order to modulate the distance between adjacent carbon atoms, a gap appears
in the dispersion diagram at k = ±π/2a (being a the distance between two
adjacent carbon atoms). The energy states lying between −π/2a and +π/2a
undergo an energy reduction, while the energy of the other states is increased.
Since half a band was empty, the final result is a energy decrease for occupied
states and an energy increase for empty states, leading to the band structure
of a semiconductor material. In the case of polyacetilene the ground or the
fundamental state comes from a distortion where r = 2, giving rise to a second
order degeneracy: the half-filled ’initial’ band is split in two bands where the
occupied states lie energetically below the empty states. A gap appears in the
dispersion plot at k = ± π

2d and the semiconducting behaviour of polyacetilene
can be easily justified (fig. A.2).

In the organic systems Peierls instability is named dimerization or conjuga-
tion. In cases where adjacent carbon sites are not equivalent and the 2a peri-
odicity already exists before taking into account the effect of the dimerization
the so called extrinsic contribution to the gap has to be added to the dimer-
ization one. In the case of chains with finite length the Jahn-Teller theorem
holds: conjugated oligomers show a dimerization of the molecule which leads
to an energy stabilization of the HOMO orbital (Highest Occupied Molecu-
lar Orbital) and a destabilization of the LUMO orbital (Lowest Unoccupied
Molecular Orbital) which results in an energetic gap between them.
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Figure A.2: Comparison between the E − k plot of undimerized (left) and dimerized
systems (right).

A.2.2 Excited states

Excited states in organic semiconductors can be ionic, when one or more
charges are introduced in the system, or neutral.

Ionic states The ground state in conjugated systems strictly depends on
the occupation of the π-orbitals in the half-filled band. The dimerization
occurs to minimize the overall energy: the occupied states result stabilized
while the unoccupied unstabilized. The dimerization causes an expense of
the elastic energy. If an additional charge is introduced the system, it places
on the first available level destabilized by the dimerization. Its energy is
higher than in absence of the dimerization which turns out to be energetically
disadvantageous. The system will tend to locally recover its undimerized state
to arrange the additional charge. This perturbation can be seen as a state in
between the LUMO and the HOMO and is usually named polaron. [198,201] If
an external field is applied, the polaron can travel across the system, followed
by the induced lattice distortion.

Neutral states Neutral states usually arise from interaction of light with
the system. When a photon is absorbed in the semiconductor, an electron-hole
pair is generated. The photogenerated charges are bound together through
the Coulombic interaction in an exited state named exciton. The exciton
radius and its binding energy strongly depend on the dielectric constant of
the semiconductor. According to the Bohr model for the hydrogen atom [202]

the semiconductor dielectric constant accounts for screening the coulombic
interaction. In classical crystalline semiconductors, like silicon (ε = 11.9), the
screening is so effective that the exciton binding energy is easily overcome
by thermal energy and the charges are free to travel in the semiconductor
(Wannier-Mott exciton). Organic semiconductors usually have low dielectric

132



constant. Consequently the exciton binding energy usually ranges from 0.1 to
1eV (Frenkel excitons [201]) making it difficult to dissociate the tightly bound
electron-hole pair at room temperature.

A.3 Transport in organic semiconductors
The motion of charge carriers in molecular solids has two mechanisms: the
intramolecular transport, when the polaron is smaller than molecule, and
the intermolecular transport, when the charge hops from one molecule to
another. Generally speaking the intermolecular transport is the bottleneck
in the charge transport, due to the weak solid state interactions between
molecules and the high degree of disorder of organic systems. [203] From a
general point of view a carrier can be subject to coherent transport, analogous
to band-like transport for delocalized states, or hopping transport, if it moves
with thermally activated jumps between localized states. The carriers motion
in an ideal crystal at 0K is totally coherent, but progressively increasing the
temperature electron-phonon interaction tends to produce a localization of the
carrier. The ratio between the resonance integral (related to energetic gain
for charge delocalization) and polaron binding (related to energetic gain for
charge localization), determines the degree of this localization. [204] Taking into
account a material the transport can be band-like below a certain temperature
and hoppig-like for higher ones. [205] For solids with high disorder degree, the
hopping-like model must be always used because carriers are localized even at
0K.

Organic semiconductors can be seen as a collection of hopping site where
the disorder causes a random distribution of energy values around HOMO
and LUMO. In amorphous organic semiconductors the statistic distribution
is typically assumed to be Gaussian, as shown in fig.A.3. [203]

A.3.1 The hopping transport

A description of hopping transport will be provided here. Let’s consider the
charge hopping between two sites, A and B. It is a two steps process: to reach
resonant condition the two states exchange energy with phonons, then charge
tunneling from the departure to the arrival site can occur (fig. A.4). Thus
the hopping probability depends on two terms: the first takes into account
the thermal activation, hence depending on the energy difference between A
and B, the second accounting for the tunneling effect. This latter depends on
the wavefunction overlapping of the sites, that takes into account their spatial
displacement. A quantitative definition of the hopping rate was provided by
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Figure A.3: Density of states depending on the system disorder arising from completely
delocalized states (zero disorder; left) to completely localized ones (right).

Figure A.4: Hopping process from the state i to the state j through phonon interaction.
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Figure A.5: In the presence of a Gaussian distribution of sites, the states on the tail are
easily excited to a defined energy known as transport energy aside from their initial energy.

Miller and Abrahams for disordered semiconductors [206]:νi,j = ν0 · e
∆Ei,j

kT · e−γri,j ,Ej > Ei

νi,j = ν0 · e−γri,j ,Ej < Ei
(A.1)

where ν0 is the maximum hopping rate, ∆E is the energy difference between
the two sites with energies Ei and Ej , k is the Boltzmann constant, T the
absolute temperature, γ is the inverse localization radius and ri,j is the spa-
tial distance between the two sites. A Boltzmann-like statistics was assumed
for phonons (∆Ei,j

kT ). In eq. A.1 only upward hops are considered because no
thermal contribution is required for downward transitions, only the tunnelling
term survives in a first approximation. At high temperature ∆Ei,j

kT → 1, the
only the term e−γri,j determines the hopping rate, hence hop toward the clos-
est sites is favoured. For low temperature the situation is the opposite: most
likely hop occurs toward the sites that need less activation energy. Generally
the system finds an optimum radius as well as an optimum energy that max-
imizes the hopping rate. This is known as Variably Hopping Regime (VHR).
It has been demonstrated for distributions decaying faster than E−4 that the
optimal arrival site does not depend on the starting site. [207] This is also valid
for carriers in gaussian tail which is usually the case for organic semiconduc-
tors. [208] The energy of this optimal site is defined as the transport level (fig.
A.5). After being excited to the transport level, the carrier will probably hop
toward low energy sites. where it waits until it is excited again to the trans-
port level. It is possible to qualitatively assess the carrier mobility by using
the concept of transport level. The mobility is limited by the most difficult
hops, just in the same way as a series of resistances is dominated only by the
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biggest ones. One can consider only the hops upward to the transport level.
The diffusivity associated to this kind of events is given by the square of the
covered distance multiplied by the hopping rate. Finally the mobility can
be derived by means of the Einstein relation. This kind of scenario is called
Multiple Trapping and Release. [209] Only carriers promoted to the transport
level contribute to the electrical conduction and the amount of these carriers
is strongly related to the difference between the transport level and the energy
of the departure site in the DOS tail.

A.3.2 Field-dependent transport

So far we have discussed the transport properties of disordered semiconductors
in presence of only small electric field considered as a weak perturbation for
the system. In this case the thermal energy is the only factor that determines
the hopping rate. if the strength of the field is increased up to induce a
modification of few kT to the barriers between adjacent sites, the mobility is
directly affected showing an electric field dependence. The spatial correlation
between hopping sites is related to the main mechanism responsible of the
degree of disorder of the system. [210] A relationship between the mobility and
the electric field applied to the system can be drawn depending on the nature
of the spatial disorder. In polymers systems doped by molecules the disorder
is considered to be caused by the random orientation of electric dipoles. This
leads to a functional dependence of the spatial correlation radius on 1/r: in
that case the mobility follows the Poole-Frenkel dependence on the electric
field (µ ∝ e

√
F ), where F is the applied electric field. For systems which do

not show neat dipoles other models should be exploited to derive the mobility
dependence on the electric field.

A.4 The interaction with light
Strong visible absorption and the tunability absorption/emission spectrum
are among the main advantages of organic semiconductors. [201] The photon
interaction with an organic semiconductor can be described by the Fermi’s
golden rule:

2π
~

= |〈i |H| f〉|2 δ(Ef − Ei ± E) (A.2)

where the ~ is the reduced Planck constant, 〈i is the wavefunction of the initial
state, f〉 is the wavefunction of the final state, H is Hamiltonian associated to
the perturbing photon and E is the energy difference between the two states.
The delta function states the amount of energy absorbed during the transition,
while the term |〈i |H| f〉|2accounts for the strength of coupling between the
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initial and the final state. This latter term strongly depends on how much the
initial and final state wavefunctions overlap. In crystalline semiconductors the
overlap may be small, e.g. final far-ranging state and initial localized state,
while in quantum confined systems will be larger being both final and initial
state confined on the same location. In this way the photon absorption would
be greater for localized states; this is the case of many organic semiconductors.

When a photon is absorbed an electron is promoted from grount state to
an excited one and a tightly bound Frenkel exciton is generated. To collect
charges the exciton must be broken generally providing an additional external
energy. Being spinless the exciton can dissociate only if at least one of the
two carriers in the bound couple is transferred to another site, otherwise the
exciton relaxes and the initially excited site comes back to its ground state
S0. Excitons dissociation phenomena are usually divided into intrinsic and
extrinsic.

A.4.1 Exciton intrinsic dissociation

The following description is rigorously valid for molecular solids, but it can
describe also disordered systems at a first approximation. [201] Called Sn the
exited singlet state of a molecule/site it can relax to S0 through one of the
following processes (fig. A.6a):

Internal Conversion (IC) The excited state thermalizes to the intermedi-
ate state S1 releasing energy to vibronic levels. According to the Kasha
rule this is a very efficient process. Then a relaxation to the ground
state occurs either radiatively or not.

Intersystem Crossing (ISC) The initial singlet state Sn is converted to
a triplet state Tn via spin flip. This decay is not allowed by the spin
selection rules, but it can happen thanks to the spin orbit coupling
(it is an efficient process when heavy atoms are involved). Then, Tn
thermalizes to the lower T1 state. Transition from T1 to S0 requires
again spin orbit coupling. The average lifetime of T1 is usually much
longer than S1.

Autoionization (AI) One hot charge can move to an adjacent molecule/site
provided that the overlapping integral between the adjacent sites is high
enough. This mechanism is rather inefficient in molecular solids for
which overlapping integral is generally low. Autoionization is in compe-
tition with IC.

Let’s analyse the AI process more in details being the one that can con-
tribute to light detection. A photogenerted hot charge carrier that moves
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(a) (b)

Figure A.6: (a) Jablonski diagram summarizing the possible transitions inside a molecule
upon interaction with light. (b) Schematic representation of the processes following the
absorption of a photon by an organic molecule in the presence of an electric field. The
electric field supplies the excess energy needed to dissociate the molecular exciton.

away from the photogeneration site (AI) will experience several thermaliza-
tion processes by interacting with the vibrational levels of the system. The
spatial distance covered while it loses its excess of energy is called thermaliza-
tion length (Lth) and it’s very short (∼ nm) due to poor electronic mobility
in disordered systems. During the thermalization the electron-hole pair in the
Frenkel exciton becomes less tightly bound. This new excitonic state is named
Charge Transfer (CT) state. Thermal energy promote the pair dissociation
only if it’s larger than coulombian interaction. This situation occurs when Lth
is higher than the capture radius defined as:

rC = q2

4πεkT (A.3)

If the incoming photon energy is higher than the system bandgap Eg the extra
amount of energy can facilitate the dissociation. Typically an excess of 0.5−
1eV would be enough to escape recombination and get exciton dissociation
by AI process. Electric field (typically in the order of 105 − 106V/cm), can
enhance the carrier migration to an adjacent site according to the Onsager
model. [211]

A.4.2 Exciton extrinsic dissociation

Even in presence of high energetic photons or external electric field, the AI
is a very inefficient dissociation process. The widely adopted technique to
provide enough energy for the exciton break is to mix semiconductors with
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Figure A.7: Schematics of the photoinduced charge transfer between a donor and an
acceptor molecule. In the case (a), the exciton generated on the molecule D is broken up
by electron transfer to the lower LUMO of the molecule A. In the case (b), the exciton is
generated on the molecule A and broken up by hole transfer to the higher lying HOMO level
of molecule D. In both the situations, charge transfer from a molecule to the adjacent one
is assumed to be energetically favorable for the system.

different electron affinities, namely donor (D) and acceptor (A), in a so called
heterojunction. [212,213] If the exciton is generated close enough to the interface
between the D and A species, the dissociation probability rises. That requires
that charge transfer between the two materials is favoured by energetics: for
electrons (holes) generated in the D (A) the LUMO (HOMO) of the acceptor
(D) must stay energetically lower (higher) than the LUMO (HOMO) of the
D (A) (fig. A.7).

This process (D∗ → D+ +A−), named photoinduced charge transfer, is ef-
ficient in unbound electron and the hole and make them free to drift towards
their respective electrodes. Because excitons have usually limited diffusion
lengths in organic semiconductors [212,214] only pairs generated less than a dif-
fusion length far from the D/A interface can undergo dissociation. Therefore
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the best approach is to realize a bulk heterojunction where a distributed and
interpenetrating network of the two species maximizes the area where the
excitons can get dissociated. [213,215] Nevertheless, while enhancing the effi-
ciency of excitons break up, continuous paths have to be preserved for both
phases, otherwise the separated charges can not percolate towards their re-
spective electrodes. The degree of phase separation between the two species
indeed plays a key role: ’comb’ structure is the ideal case where the opti-
mum trade-off between charge transport and exciton dissociation is achieved.
Other attempts to maximize the area where the excitons can get dissociated
were made, i.e. the bilayer structure, [216] where both the acceptor and the
donor semiconductors are thinner than the exciton diffusion length. Finally
it’s worth to report that evidence of dopant-assisted exciton dissociation en-
hancement was found. [217]

A.4.3 Exciton migration

Exciton transfer can occur from a molecule to another. It can follow differ-
ent processes either radiative or non-radiative and does not contribute to the
photocurrent generation. For radiative transfer the exciton energy is released
in the form of radiative decay of the donor molecule and reabsorbed by an ac-
ceptor molecular site nearby. The spectral overlap between the two moieties
determines the efficiency of this kind of process. [218] Instead, non radiative
transfers can basically occur via two different mechanisms. [201] Both of them
do not imply any neat charge transfer. Dexter transfer is directly proportional
to the overlap integral between the wavefunctions of the two sites involved and
it basically implicates a nearest neighbour interaction because of the exponen-
tial dependence on the spatial distance ( ∼ e−x). Dexter transfer involves only
sites close enough (0.1 − 1nm [218]). The latter one is called Förster transfer
and it is a dipole-dipole interaction regulated by the overlap between the ab-
sorption spectrum of the acceptor phase and the fluorescent spectrum of the
donor. Even sites farther apart their Van der Waals radii up to a distance of
10nm are interested by Förster transfer.

A.4.4 Photogenerated carriers recombination

A photogenerated hole-electron pair can immediately recombine with a cer-
tain probability upon their creation. [201] Recombination is named geminate
when the generate pair fails to fully dissociated; non-geminate when occurs
between carriers generated by different absorption events. Geminate recom-
bination is one of the main reasons of the external quantum efficiency (EQE)
limitations in low mobility systems. [219,220] The electric field comes into play in
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determining the escape probability for the excitons according to the Onsager
theory, [211]. The recombination rate (and hence the escape probability) is ex-
pected to be independent on the excitation density and the photocurrent de-
pends linearly on the incident power P (monomolecular decay). If in bimolec-
ular recombination the recombination of charges is controlled by diffusion of
carriers in absence of deep traps Langevin model is typically applied. [221] It
predicts that the recombination occurs when two carriers of different signs
meet each other at a distance less than the critical radius (eq. A.3): in that
case they are attracted by Coulombic force, an exciton will form and charges
recombine. This mechanism is driven by excitation density. The recombina-
tion coefficient is mobility dependent and the photocurrent is proportional to
the square root of the optical power (I ∝ Pα, with α = 0.5). Therefore the
Langevin recombination is dominant at high incident power regimes. In real
devices α ranges between 0.5 and 1. [222] The simultaneous presence of different
recombination processes can explain the experimental data. [223] Trap-assisted
phenomena are the main responsible of the deviation of from the expected
mono- or bimolecular models. In low mobility systems traps act as recombi-
nation centres. The relationship between the photocurrent and the incident
power depends on the traps and on the charge distribution in the system.

A.5 Charge injection
At first approximation the charge injection from metal contacts into an or-
ganic material is dominated by the height of the energetic barrier arising from
the difference between the metal workfuntion φM and the LUMO (for elec-
trons) and HOMO (for holes) levels of the organic semiconductor. Joining
together a piece of metal and an organic semiconductor, at the thermal equi-
librium the Fermi level in the metal and in the organic system must be the
same. Consequently there will occur a migration of charges from the metal
to the semiconductor (or viceversa) depending on their relative Fermi levels
displacement. Built-in potential will appear, sustained by the charges accu-
mulated at the metal/organic interface. On the metal charges accumulate on
a surface layer, on the semiconductor side carriers can arise space charge area
or interfacial dipoles (fig. A.8).

The first contribution comes from free charges or dopants, while the lat-
ter could be due to a variety of mechanisms in organic semiconductors that
can alter the interface energetics. [224] Other three contributions come into
account in determining the charge injection: the electrostatic energy due to
external electric field, the image charge potential and semiconductor disorder
that causes inhomogeneities at the interface. [224,225] The injection of charges
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Figure A.8: (a) Schematic of the energy levels in the isolated metal (left) and semicon-
ductor (right). (b) Charge distribution at the metal/semiconductor interface. The Fermi
level between the metal and the semiconductor is aligned. The energy levels are bent as a
consequence of the built-in potential.

is basically the transition of a carrier from an excited state in the metal to a
localized state in the organic semiconductor via thermally assisted tunneling
through the energetic barrier between the two states(fig. A.9). A simpli-
fied description is based on the thermalization of a hot charge of the metal
into a localized state in the semiconductor close to the interface. [224,226] If
the thermalization length is higher than the distance between the interface
and the peak of the barrier, then the carrier will be effectively injected in the
semiconductor, otherwise it will be either pushed back to the interface by the
image potential or moved towards the bulk of the semiconductor by thermal
agitation. While in high semiconductors mobility the thermionic emission is
the limiting factor for charge injection, in low mobility the transport through
the interface can be the bottleneck making the injection efficiency mobility
dependent, as usually observed for organic semiconductors.
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Figure A.9: Hole injection at the metal-semiconductor interface. The ’hot’ charge can
overcome the barrier occupying a localized state in the semiconductor. The states in the
metal are considered delocalized.
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Appendix B

Printing parameters

In this appendix inkjet printing parameters used to print inks employed in this
work will be reported. For both printers voltage waveforms applied to the piezo
are generally drawn and then followed by tables listing specific parameters.

B.1 Jetlab waveforms

Figure B.1: Voltage waveform parameters for the MicroFab JETLAB 4 printer.
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Parameter P3HT:PCBM and T1:PCBM
T1:P3HT:PCBM

Rise time 1 [µs] 3 10
Dwell time [µs] 20 30
Fall time [µs] 8 3
Echo time [µs] 20 40
Rise time 2 [µs] 20 4
Idle voltage [V ] -6 -5
Dwell voltage [V ] 26 50
Echo voltage -22 30
Jetting frequency [kHz] 500 500
Drop spacing [µm] 70 70

Table B.1: Parameters values for P3HT:PCBM, T1:P3HT:PCBM and T1:PCBM blends.

B.2 Dimatix waveforms

Figure B.2: Voltage waveform parameters for the Dimatix printer.
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Parameter PEDOT inks TEC-IJ-010 CCI-300
∆V [V ] 36 40 40
∆t1 [µs] 2.752 2.752 2.688
∆t2 [µs] 3.712 3.712 3.776
∆t3 [µs] 3.392 3.392 3.392
∆t4 [µs] 0.832 0.832 0.832
L1 [V ] 0 0 0
L2 [V ] 1 1 1
L3 [V ] 0.67 0.67 0.47
L4 [V ] 0.40 0.40 0.40
Slew rate1 ∆V · [µs−1] 0.65 0.65 0.65
Slew rate2 ∆V · [µs−1] 0.93 0.93 1.40
Slew rate3 ∆V · [µs−1] 0.60 0.60 1.13
Slew rate4 ∆V · [µs−1] 0.80 0.80 0.80
Jetting frequency [kHz] 1 5 3
Drop spacing [µm] 35 32 35

Table B.2: Parameters values for conductive inks.

Parameter PFN LC153 CB PMMA
∆V [V ] 40 40 40 21
∆t1 [µs] 2.752 5.504 7.488 3.456
∆t2 [µs] 3.712 7.424 5.76 3.776
∆t3 [µs] 3.392 6.784 5.632 2.880
∆t4 [µs] 0.832 1.664 2.496 0.832
L1 [V ] 0 0 0 0
L2 [V ] 1 1 1 1
L3 [V ] 0.67 0.67 0.67 0.67
L4 [V ] 0.40 0.40 0.53 0.40
Slew rate1 ∆V · [µs−1] 0.65 0.65 0.19 2
Slew rate2 ∆V · [µs−1] 0.93 0.93 1.47 2
Slew rate3 ∆V · [µs−1] 0.60 0.60 0.96 1.33
Slew rate4 ∆V · [µs−1] 0.80 0.80 0.8 0.8
Jetting frequency [kHz] 5 5 1 1
Drop spacing [µm] 35 27 5 30

Table B.3: Parameters values for other inks printed with Dimatix.
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