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Abstract

The aim of this work was to create a novel imaging sensor with a photoactive layer
consisting of solution-processable organic semiconductors. The base of this sensor
is a chip for signal processing and read-out, fabricated with state-of-the-art com-
plementary metal oxide semiconductor (CMOS) technology. Combining this tech-
nology, deployed for imagers in most digital cameras, with organic materials, allows
the creation of a hybrid imager with new and enhanced features. In this thesis, the
solution-processability of certain organic materials, as conjugated polymers, was ex-
ploited since they allow a straightforward deposition on different substrates, as also
the CMOS-chips, without increasing cost and process complexity significantly com-
pared with conventional crystalline semiconductors. A spray-deposition process for the
bulk-heterojunction of the blend PCBM:P3HT (poly(3-hexylthiophene): [6,6]-phenyl
C61 butyric acid methylester) on top of the CMOS-chip was developed, resulting in
the formation of homogeneous organic layers with good electro-optical performance.
Furthermore, to allow the integration of organic materials onto the chip, a new kind of
organic photodetector layout with an inverted stack of the different layers, introduc-
ing a sensitive oxygen plasma treatment of PCBM:P3HT, was invented. To increase
the external quantum efficiency of this device over 70 %, a PEDOT:PSS (Poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate)) formulation was optimized towards
high conductivity and transparency and was integrated as top electrode onto the in-
verted organic photodetector. With the spray-coating process this inverted organic
architecture was then deposited on top of the CMOS-chips. The final hybrid prototype
imagers were fully opto-electronically characterized. The results proved the suitability
of the device for imaging application and generated new knowledge about noise types
in organic photodetectors. The external quantum efficiency of up to 50 % is remarkable
higher as for standard active pixel CMOS-imagers because the pixel (geometrical) fill
factor of the hybrid device is about three times higher. Additionally, by integrating
different organic materials, as a squaraine dye, on the chip, the cost-effective portabil-
ity of the hybrid concept to different wavelength regions, also beside the visible range
of the spectrum, was demonstrated.
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Chapter 1

Introduction

During the last years, a new industry dealing with the large field of organic elec-
tronics has started to emerge. According to a recent study in april 2012 [Res12],
the global organic electronic market is expected to be worth 8.2 billion US$ in 2012,
currently mostly driven by display technologies like AMOLED (active-matrix organic
light-emitting diode) for mobile phones, and will demonstrate high growth at an an-
nual rate of 33 % from 2012 to 2018 [Res12]. Although the emerging technologies are
complementary to conventional crystalline (silicon) electronic devices, most applica-
tions will be of a new kind rather than a replacement. This is due to the fact that the
organic materials do not outmatch the electrical performance of their inorganic coun-
terparts, but offer some major advantages like flexibility and low-cost processing which
will create a market over the next few years mainly for flexible displays, bio-sensors
and RFID (Radio-frequency identification) labels.
One of the major strengths of organic electronics is their solution-processability, refer-
ring to the ability of organic materials to be processed in a liquid state. The deposition
of the dissolved organic materials is a low-cost fabrication process since no vacuum or
high temperature processing steps are required. Additionally, the availability of cheap
and renewable materials decreases the overall cost of organic electronics.
The organic layers can be deposited with different solution-processing techniques, such
as spin-coating, and allow a cost effective mass production with a continuous fabrica-
tion line, a so called roll-to-roll processing like slot-die-coating [Bla09, Kre09], ink-jet
printing [Hot07] and spray-coating [Gir11, Na10, Ted09], as also explored for this work.
These low-cost processing techniques can unfold their full potential when efficient mul-
tilayer engineering is feasible [Zho11] and when in addition to the organics, also the
electrode materials can be replaced with solution-processable materials. Especially a
replacement of the brittle ITO (indium tin oxide) containing expensive indium, much
in demand for LCD (liquid crystal display) production, is a major task which was also
investigated in this work. ITO is commonly deployed in organic optoelectronic devices
as transparent electrode material as in OLED (organic light emitting diode) displays,
solar cells and photodetectors.
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2 Introduction

The liquid state of the organic semiconductors allows not only a deposition on flexible
substrates, but on any kind of substrates, including inorganic electronic circuitry like
amorphous silicon thin-film transistor circuitry [Ted07, Rau09] and combination with
inorganic materials, for example colloidal quantum dots as infrared absorber [Rau09].
Hence, the solution-processability is the key to develop low-cost hybrid technologies
which combine certain advantages of organic materials with additional benefits of the
inorganic material. Such a hybrid combination was investigated in this work.

The main focus of this thesis is the development of a hybrid imaging device based
on inorganic complementary metal oxide semiconductor (CMOS) technology. Here,
the well-established processing of silicon circuitry and the state-of-the art imaging per-
formance are exploited at the CMOS-side. The benefits of the integration of organic
materials can be understood taking a closer look on a state-of-the-art CMOS-imager
as used for consumer or industrial applications. It consists of APSs (active pixel sen-
sors) in which read-out amplifiers are incorporated to each pixel in addition to the
photoactive silicon photodiodes to obtain a similar good noise performance as with the
competitive CCD (charge coupling device) technology [Big06]. The APS imager is a
more cost-effective imaging system as a CCD-imager since the CMOS-technology offers
the possibility to integrate monolithically the required electronic circuits on one single
chip [Big06].
The disadvantage of an APS is the reduced area for photodetection in each pixel
due to the integrated electronics. The ratio between the photoactive to the non-
photoactive area of a pixel is defined as pixel fill factor. This value is usually be-
low 30 % [Fos97, Big06], decreasing the light sensitivity of the pixel, which can be
expressed as quantum efficiency, by the same amount and hence also the signal-to-
noise-ratio respective the quality of signal detection. To overcome this limitation,
focusing microlens-arrays can be implemented [Iid97, Hur97], a multilayer of amor-
phous silicon (thin film on ASIC) can be deposited [Lul99, Sch98] or the sensor can be
transformed into a back-illuminated imager [Pai05]. The disadvantage of these meth-
ods is that they all require significant additional processing and therefore increasing
cost. At this point, low-cost solution-processable organic materials, like conjugated
polymers, offer a significant improvement since they can be deposited with a low-cost
process on top of the CMOS-chip to cover it as continuous film. Hence, the vertical
integration results in a 100 % fill factor and the light sensitivity of each pixel can be
increased significantly depending on the organic photoactive material. For the com-
monly used bulk-heterojunction of PCBM:P3HT (poly(3-hexylthiophene): [6,6]-phenyl
C61 butyric acid methylester), employed for photodetection in the visible range of the
spectrum up to 650 nm, EQE values of about 75 % [Ted09, Bai11a] are reported.
To demonstrate the improvement of CMOS-sensitivity with organic photoactive layers
was one of the major challenges of this thesis.

Another benefit which arises due to the use of organic layers for photodetection is
the ease of switching the process to different organic materials without increasing pro-
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cess complexity and cost. Most interesting are soluble polymers exhibiting different
absorption characteristics, especially with wave length ranges which can not be ad-
dressed with conventional CMOS-imagers. Since the silicon absorption edge is situated
at about 1.1 µm, near-infrared light (NIR) (780 nm - 3 µm) is only partly detectable.
This wave length region is interesting for a number of applications, including security
and military applications as security cameras, automotive night vision systems [Luo10]
and optical fiber communication due to fiber attenuation minima at 1.3 µm and 1.55
µm. Regarding imaging, especially the wave length region between 1200 and 1800 nm
is interesting due to a phenomenon called ‘night-glow‘ which refers to a natural, stable
night sky light source due to interaction of the atmosphere with solar winds. With a
radiant sterance of about 1 · 10−10 W cm−2 sr−1 [Vit72], it is bright enough for the use
as illumination for security cameras. So far, only expensive solutions like compound
semiconductor cameras, as InGaAs and MCdTl, are available for this wave length re-
gion. Instead, a hybrid NIR CMOS-detector, e.g. containing a NIR sensitive polymer
as reported in [Gon09] would not increase cost compared to the imager version sensitive
in the visible range of the spectrum.

Within this thesis, the way towards a hybrid CMOS-imager is illustrated, demonstrat-
ing the development of an organic photodiode suitable for integration to the CMOS-
chip.
Chapter 2 informs the reader about organic semiconductors, especially about solution-
processable conjugated polymers, and passes information for a basic understanding of
CMOS image sensors. Chapter 3 focuses on the experimental background, containing
descriptions of the used materials and the OPD fabrication steps. Additionally, im-
portant photodiode performance and material characteristics will be addressed as well
as the ways to measure them. In chapter 4 and 5 the results of the development of an
OPD suitable for CMOS-chip integration are presented. With spin-coating, an efficient
OPD is developed in chapter 4 which features top-absorption with a highly transparent
polymer top anode. In chapter 5, spray-deposition is investigated for the deposition of
organic materials. This vertical deposition method turned out to be suitable for the
organic material integration on top of the textured CMOS-substrates. The results of
these two chapters are then combined to finally create a hybrid CMOS-imager in chap-
ter 6. The performance of this imager is explored to test the suitability for imaging
application.
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Chapter 2

Physical and technological
background of the hybrid imager

This chapter provides a physical and technical background about the organic and
inorganic materials used in this work. State-of-the-art CMOS-technology is addressed
and compared to CCD-technology to understand the present limits of imaging.

2.1 Organic semiconductors

Semiconductivity can be found in numerous carbon based materials. Two main classes
are the so-called small molecules [Mis12], which contain polycyclic aromatic com-
pounds like pentacene and anthracene, and the polymeric semiconductors like regioreg-
ular poly(3-hexylthiophene) and [6,6]-phenyl-C61-butyric acid methyl ester (see section
3.2.2.1, 3.8). Both are employed in various electronic devices like OLEDs (organic light
emitting diodes), OSC (organic solar cells), OTFTs (organic thin film transistors) and
OPDs (organic photodiodes) [Sch04]. The main difference is their type of processing,
either evaporation or solution processing techniques are used. Evaporation and subli-
mation are thin film depositions with a low degree of contamination since no solvents
are involved and the vacuum applied reduces contaminants like oxygen and water.
Long-chained polymers decompose under excessive heat and exhibit a too large molar
mass for evaporation. They are chemically designed to be soluble in common aromatic
solvents and can be deposited with various techniques like spin-coating (see section
3.3.2), spray-coating (see section 3.3.3), doctor-blading and ink-jet printing [Hot07].
The processing of a liquid phase is the major strength of organic polymers since it
reduces cost due to application of low temperature, the expandability of vacuum and
the ease of large scale deposition.

The main elements of an organic semiconductor are carbon and hydrogen which usually
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6 Physical and technical background

form only electrical insulating materials. To understand the origin of the semiconduct-
ing property of some organic molecules and polymers, it is necessary to take a closer
look on the formation of molecular orbitals which are a mathematical concept to de-
scribe the wave-like behavior of electrons inside the molecule. They are formed by
combining atomic orbitals from each atom of the molecule. The valence shell of carbon
has a 2s and three 2p orbitals, filled with four valence electrons building a 2s22px2py
configuration. Whereas the orbital shape |Φ|2 with the wavefunction Φ is spherical for
the 2s orbital, the p orbital is dumbbell shaped.
One way to describe the formation of a molecule is the hybridization concept. Here,
the atomic orbitals are mixed to form so-called hybrid orbitals before the actual bond-
ing of two atoms occur. It is not valid for free atoms since the transformation of the
orbitals is related to an energy release. Depending on the number of atomic orbitals
which contribute to the hybridization, there are different types. Two interfering orbitals
lead to sp hybridization, three to sp2 hybridization and four to sp3 hybridization. For
instance, sp3 hybridization leads to the formation of diamond, the sp2 hybridization
occurs in graphite and most conjugated polymers and is described in detail in the
following section.

2.1.1 Conjugated polymers

The sp2 hybridization involves the formation of three hybrid orbitals which are arranged
in a plane with angles of 120◦ and a remaining orthogonal p orbital, as indicated in
Fig.2.1. In the basic sp2 hybridized molecule, the ethylene (C2H4), the sp2 orbitals
of the carbon overlap with the s orbitals of two hydrogen atoms as well as with the
sp2 orbital of the other carbon atom. The resulting bonds are called σ-bonds. The
orthogonal p orbitals interaction leads to the formation of π-bonds which lie above
and below the plane spanned by the sp2 orbitals. Since the degree of overlap of the
p orbitals is low, the π-bonds are weak [Mor11] and the electrons do not belong to a
certain orbital respective atom. This strong electron delocalization is the origin of the
semiconducting property of organic semiconductors. In conjugated systems, the p or-
bitals with their delocalized electrons are connected via each other through alternating
single (σ) and double (σ plus π) bonds. In conjugated polymers, consisting of a chain
of repeating organic monomers, the delocalization occurs along the whole chain and
hence one dimensional conduction arises.
The fundamental origin of the bandgap of the conjugated polymers is related to the

Pauli principle. Due to orbital overlapping the atomic energy levels split and a bond-
ing respective antibonding state is created to prevent that electrons are in the same
quantum state. The corresponding energy levels are the LUMO (lowest unoccupied
molecular orbital) and the HOMO (highest occupied molecular orbital) in analogy to
the valence and conduction band of an inorganic semiconductor. Compared to the
structural unit of the polymer, the bandgap Eg decreases with increasing number n
of the unit molecule, as illustrated in Fig.2.3 for n thiophene rings [Sal98, Mul01].
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1 s                    3 p 3 s            unchanged   p 2p

trigonal planar geometry 

120°

Figure 2.1: The sp2 hybridization of a carbon atom with the hybrid sp2 orbitals in a trigonal
planar geometry with a separating angle of 120◦.

C C C C

Figure 2.2: The formation of an ethylene molecule gives rise to σ and π-bonds.

Addition of thiophene rings leads to a splitting of the energy levels until a band struc-
ture is created containing all discrete energy levels of the polymer monomers. Fig.2.3
indicates that Eg gets infinitely small for increasing n and therefore the conjugated
polymers would lose their semiconducting property and would become metallic. This
is not observed experimentally and can be explained by the Peierl distortion theory
[Pei55]. Due to the introduction of a periodic distortion of the molecules along the
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Figure 2.3: Splitting of the energy levels due to the Pauli principle with increasing number n of the
thiophene monomer. Picture taken from [Mul01].

polymer chain, an elastic energy is added to the total energy of the system. This
problem can be solved in analogy to the basic free electron gas model with a periodic
potential, the Kronig-Penney model [Gro12]. In this model, the periodicity of the crys-
tal creates energy band gaps in the E-k diagram at multiples of the value k = π/a,
with a the period length of the system and k the wave vector related to the crystal
momentum. A distortion of every second molecule just increases the period length to
2a. Hence, the displacement, or phonon, leads to the formation of new energy gaps in
the Brillouin zone at multiples of k = π/2a which lowers the electron energy compared
to a undistorted chain. These new bandgaps are indicated in Fig.2.4. In conjugated
polymers, these energy savings outweigh the additional cost of elastic energy and lead
to the formation of a finite bandgap Egap which is proportional to the amplitude of the
periodic potential respective the difference between long and short bonds ∆r [Ker95]:

Egap ∝ ∆r (2.1)

2.1.2 Charge transport

Due to a predominant amorphous character, the charge transport in organic materials
is quite different compared to an inorganic semiconductor with a crystalline structure.
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 a     a                                             a+Δr  a-Δr

E E

 wave vector k                                    wave vector k  

Egap

-π/a                  0                 π/a                            - /a    - /2a      0       /2a   /a                            π π π π

Figure 2.4: The formation of a bandgap due to a periodic distortion ∆r after Peierl in the
E-k-diagram.

In the inorganic material, the carriers are described by Bloch waves and considered
to be quasi-free, disturbed by a periodic potential which gives rise to their bandstruc-
ture. In comparison, the polymer represents a 1-dimensional system, but disrupted by
structural defects like chain twists and kinks which change the nature of charge carrier
transport. The degree of order among the single polymer chains is generally low. An
organic material can be therefore considered as amorphous material where the disor-
der gives rise to a localization of the wave functions. The charge carriers which are
involved in the transport along the polymer chain are located in the monomer levels
in the HOMO respective LUMO band as shown in Fig.2.3. A sufficiently large number
of the single states justifies a statistical model as suggested by Bässler et al. [Bae93].
Here, the density of states D(E) for electrons in the LUMO and holes in the HOMO
is expressed as Gaussian distribution:

D(E) = N√
2πσ2

· exp
(
−(E − E0)2

2σ2

)
(2.2)

N is the density of the monomer states, E −E0 is the energy measured relative to the
center of D(E) and σ is the width of the Gaussian density of states.
With this Gaussian shaped D(E), a transport model for the movement of charges
between the localized states was developed by Miller and Abrahams [Mil60]. In this
model, the transport takes place via tunneling between an initial state Ei to a target
state Ej. Because of the quantum mechanical tunneling nature of the charge transport
and the dependence on a probability function, this transport process is commonly
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LUMO

HOMO

E

D(E) x

Ei 
Ej 

e

h

Figure 2.5: The Gaussian density of states
for the HOMO and the LUMO level. The
electron respective hole hopping from one
energy state to another is indicated.

E

x

initial state

phonon
absorption

target state

phonon 
emission

tunneling

escape 
energy Rij

EiEi

Ej

W

Figure 2.6: The hopping process of the carrier from
the initial to a target state involving phonon
absorption and emission.

referred to as hopping transport. Generally, the hopping rate is given by [Mil60, Sch02]:

ν = ν0 · e−2αR (2.3)

Here, ν0 is the maximum hopping rate, sometimes called attempt-to-escape frequency,
α is the inverse localization radius, stating how well charge carriers can tunnel across
the distance, and R is the spatial distance between both states.
Since tunneling occurs only for Ei = Ej phonons have to contribute to the process to
provide the missing energy. This is indicated in Fig.2.6. For an upward jump to the
higher state Ej, an escape energy W > Ej −Ei has to be expended to reach the target
state. The phonon absorption probability is approximated by Boltzmann statistics
whereas the emission is usually set to 1 [Sch02]. With Eq.2.2, a total transfer rate
can be given by an integral over the differential escape rate for all W . In case of a
downward jump, Eq.2.3 is valid, whereas for an upward jump only phonon energies
W > Ej − Ei are relevant:

ν = ν0 · exp
(
−2αR− Ej − Ei

kBT

)
(2.4)

In case of an applied electric field, the site energies include also the electrical energy.
Bässler et al. [Bae93] found with Monte-Carlo simulations a dependence of the charge
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carrier mobility µ on temperature T and the applied electric field F which was also
validated experimentally [Gil72]:

ln(µ) ∝
√
F , ln(µ) ∝ 1

T 2 (2.5)

The model of Miller and Abraham does not take into account the presence of trap states,
in which carriers are trapped and released with certain time constants. Arkhipov et al.
[Ark01] reduced the charge transport to a trap-controlled transport with an effective
transport level and a distribution of trap states keeping hold of the mobile charges. This
model was extended [Mon11, Ram06, Man07] by introducing an exponential density
of traps. In [Mon11], Montero et al. take the influence of SCLC (space charge limited
current, see section 3.4.1) into account. Here, the trapped population is the charge
carrier density nt in the exponential distributed trap states along the bandgap:

nt(Ef ) =
∫ Ec

Ec−Egap

D(Et)f(Et, Ef )dEt D(Et) = Nt

kbTt
e

Et−Ec
kbTt (2.6)

with Nt the effective density of traps, Tt the characteristic trap temperature, f(Et, Ef )
the fermi function, Et a trap energy level and Ec the transport level.

In organic semiconductors, the transport of charge can involve various quasiparticles in
contrast to an inorganic semiconductor. In a crystal, the weak interaction of electrons
with the lattice gives rise to an electron quasiparticle which is still considered as an
electron but with a different effective mass.
Depending on the arrangement of the σ and π bonds within the disordered conjugated
polymer, different electronic ground state configurations are possible. The excited
states are then generated by forming of quasiparticles due to the interaction of σ and π
bonds. Among the various different quasiparticles, the most important ones are the so
called polaron and the more familiar exciton. A polaron is a fermionic quasiparticle car-
rying charge e, deforming the local atomic geometry, e.g. by changing the nearby bond
alternation lengths respective the difference in bond-lengths of two adjacent bonds. In
other words, it is a charged particle surrounded by a cloud of phonons. This kind of
quasi-particle can not be created in inorganic semiconductors since the crystal lattice
is quite rigid.
Another important excitation is the chargeless exciton which is generated by photon
absorption or interaction between two opposite charged polarons [Sun11]. It couples
strongly to phonons, giving rise to structural deformations. The spin of the exciton is
an integer value, for generation by light absorption it is zero (Singlet exciton) due to the
spin conservation during the optical transition. Since the photoexcitation brings the
electron in a higher state, also spatially, leaving back an equally, but positive charged
localized hole, this two particle system can be described using the model of an hydro-
gen atom. In inorganic semiconductors, the binding energy of an exciton is small due
to the coulombic screening by other electrons (high dielectric constant) and the small
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effective electron and hole mass. These kind of exciton is also called Mott-Wannier ex-
citon, exhibiting typical binding energies of several meV [Gro12]. The Frenkel-exciton
can be found in materials with small dielectric constant ε, as conjugated polymers with
ε ≈ 3− 4 [Dei10a], and comprises therefore a high binding energy which can be in the
range of about 0.5 to 1 eV [Dei10a]. In organic materials, the excitons usually reside
on a single polymer chain segment and are called intrachain excitons.
To reach an excited state in the polymer, a pulse of light can be employed. How a
typical photoexcitation process in a conjugated polymer looks like, is shown in Fig.2.7
[Dei10b]. After photon absorption, a singlet exciton is generated with an optical gap

Figure 2.7: Polymer energy levels in the ground state, during charge transport and after
photoexcitation. Picture taken from [Dei10b].

Eg,abs between the excitonic levels far away from the HOMO and LUMO levels due to
the high binding energy. The exciton can either recombine or the charges get sepa-
rated (see section 2.1.3). In case of dissociation of the exciton (i), a strongly coulombic
bound polaron pair of a negative and positive polaron is formed with levels PP 0 and
PP 1. For charge transport this polaron pair has to be separated. The dissociation
can be described by the Onsager model [Ons38] which gives a probability to separate a
Coulomb-bound pair of ions of opposite charge with a given initial distance under the
influence of an external electric field. But the model does not take into account the
energetic and spatial disorder of a conjugated polymer neither the high local charge
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carrier mobilities of a polymer chain [Dei09]. The polaron pair dissociation process is
so far not conclusively understood which constrains the finding of a trade-off between
photocurrent and open circuit voltage in an organic solar cell [Dei10a].
For charge transportation, after overcoming of the polaron pair binding energy (ii), the
single charged polarons are conducted on the polaronic levels separated by a so called
single particle gap Eg,s. The transport takes place by the described hopping transport
from one localized state to the next, under influence of an internal or external electric
field, until they reach the electrodes. The final step is a charge extraction from the
organic material which is influenced by surface recombination and hence carrier con-
centration at the electrode-organic interface.
Whereas the optical band gap can be measured by absorption, the polaronic transport
levels and the transport gap can be accessed by photoelectron spectroscopy [Dei10b].

2.1.3 Bulk-heterojunction

In the previous section the charge transport in an organic material was described, but
not the driving force of exciton dissociation. Since the exciton binding energy is in
the 1 eV range, thermal energy kBT is not sufficient. By introducing a second organic
material with different HOMO and LUMO levels in a bilayer architecture, the energy
can be provided for exciton separation. This is shown in Fig.2.8. The material with a
higher LUMO and higher HOMO level is working as electron donor material. A photon
which is absorbed in the donor, creates an exciton which diffuses until is recombines
or reaches the second material, the electron acceptor. At the interface, the energy is
provided for the exciton to be separated since the electron reaches a state with much
lower energy. The same accounts for the hole in the HOMO level.
The dissociation process occurs on a very fast time scale of tens of femtoseconds [Hwa08]
and is much faster than any competing loss processes like photoluminesence or a tran-
sition from a singlet to a triplet exciton. The dissociation occurs only if the energy
gain is larger than the exciton binding energy. The energy gain is not the energy off-
set between the HOMO respective LUMO levels since these levels describe uncharged
polymer chains. The relevant energy levels are the PP 0 and PP 1 levels of the polaron
pair, see Fig.2.7.

Although the organic active layer can be fabricated quite thin (minimum layer thick-
ness about 100 nm) due to the high photon absorption coefficients of up to 107 m−1

[Gun07], most excitons recombine in bilayer devices. The reason is the very small
exciton diffusion length due to the high exciton binding energy in conjugated poly-
mers, which is usually in the range of 10 nm. For the electron donor P3HT (see section
3.2.2.1) it is only 4 nm [Lue04]. Thus, the donator and acceptor material phases should
be chosen with the same dimensions to minimize recombination losses. This concept
can be realized with a bulk-heterojunction architecture. Here, the solution processable



14 Physical and technical background

donator and acceptor materials are mixed together in their liquid phase to fabricate
films with a random nanoscale network of the two phases. This is indicated in Fig.2.9.
The interface between both phases is not planar, but spatially distributed over the
whole layer. This allows the generation and extraction of excitons in the whole film.
The random forming of the network has also certain disadvantages. A percolation path
to the respective electrode might not be given. If percolation occurs between both elec-
trodes, ohmic paths in parallel to the diode increase the dark current of a photodiode
(see section 3.4.1). In addition, the random forming make the control about the in-
ternal structure difficult, but it can be influenced by the choice of the solvents and an
annealing step. That the choice of the solvent has indeed an huge impact on device
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Figure 2.8: Simplified energy diagram of a
photon absorption process. A singlet exciton is
generated by the photon in the donor phase and
dissociated at the acceptor interface. Electron
hopping occurs towards the cathode due to an
electrical field. The process is concluded by
carrier extraction to the cathode.
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Figure 2.9: Light absorption in a bulk
heterojunction. An exciton diffuses until it
dissociates at the donator acceptor interface.

characteristics will be shown in section 4.1. Additives to the donator-acceptor blend
can also enhance the nanomorphology [Yao08]. Also different fabrication methods re-
sult in different device characteristics due to different polymer orientation in the blend
[Kre03]. The influence of annealing, which is usually performed at temperatures be-
tween 100◦C - 150◦C, is manifold. Annealing improves the crystallinity of the polymer,
by e.g. a more parallel orientation of P3HT chains to each other, and results in a higher
carrier mobility [Van06]. The random networking tends to form films with a vertical
donor-acceptor phase gradient. This can be disadvantageous in case the concentration
of the acceptor is higher at the anode compared to the donor concentration because the
electron extraction probability at the wrong electrode increases, resulting in a carrier
loss mechanism. Annealing of the organic films reduces the gradient remarkably and
can enhance therefore the extraction selectivity [CQ08, Zen10].
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The before mentioned term ‘wrong‘ electrode becomes clearer considering the origin
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Figure 2.10: Operating modes of an organic bulk heterojunction device with a high work function
anode and a low work function cathode.

of the rectification of an organic device, including photodiodes, solar cells and light-
emitting diodes. The simplest device architecture is a bulk-heterojunction sandwiched
between two metallic electrodes. If the two electrodes are symmetrical, also the IV-
characteristic (see section 3.4.1) for forward and reverse bias voltages would show only
a weak asymmetry (due to the offsets of HOMO and LUMO levels) which is critical for
photodetectors since a high current (without illumination) in reverse bias is related to
a bad detectivity (see section 3.4.4). The choice of electrode materials with a similar
work function like the acceptor LUMO level (cathode) and the donator HOMO level
(anode) increases the device asymmetry for applied bias as shown in Fig.2.10. The first
case, the open circuit condition, accounts for applying an external forward bias which is
equal to the open circuit voltage Voc. As estimation, Voc is related to the work function
difference φA − φC of the electrodes, but the physical origin is more complicated (see
section 3.4.1). Since the HOMO and LUMO levels are in a flat band condition, there
is no electrical driving force present and hence the current is almost zero.
The short-circuit mode accounts for the absence of an external electrical field. Since
Fermi levels adjust themselves to their equilibrium state, a net built-in electric field
remains inside the device. Hence, photogenerated carriers can drift under influence of
this field to the respective contacts, electrons to the cathode and holes to the anode.
Organic solar cells work in this operating mode.
If a forward bias larger then Voc is applied, the charges can be efficiently injected into
the blend. Here the asymmetry favors a very high forward current due to the small
injection barriers. If the injected charges recombine radiatively, the device is working
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as a light emitting diode.
For reverse bias, the injection barrier is very high, and can only be overcome by a
small amount of carriers (‘dark current‘) by thermal excitation or tunneling. For pho-
togenerated carriers the situation is different, they are drifted like under short-circuit
condition to the respective electrodes. The difference between this two modes arises
due to different strengths of the electric field. A high electric field enhance the polaron
pair dissociation [Mih04] which increases the photocurrent, and in addition the transit
time is increased and hence the photodiode speed (see section 3.4.3).

2.2 CMOS image sensors

This section provides a basic overview about present silicon imaging to motivate the
need for hybrid solutions involving organic materials as photoactive layer.
The most important silicon imager technologies, the complementary metal oxide semi-
conductor (CMOS) and charge-coupling-device (CCD) sensors, are used for various
imaging applications ranging from low-cost consumer products like phone cameras to
high-end products such as the Hubble space telescope.
Both type of imagers are manufactured in silicon foundries with the same basic mate-
rials (silicon, polysilicon, silicon oxide/nitride), but their architecture is fundamentally
different. CCD imagers comprise MOS-structures which confine the photogenerated
carriers in potential wells. These charge packages are transported sequentially from
pixel to pixel. This is a fundamental difference to CMOS-imagers which have a pn or
pin junction as photosensitive element. CMOS-imagers which will be addressed in de-
tail in section 2.2.2 and 2.2.3 since they present the base of the development of hybrid
sensors.
CMOS-imagers were originally developed in the 1960s [Fos97], but not used commer-
cially because of large pixel size compared to CCD. Not until middle of the 1990s,
CMOS reemerged as alternative to CCD due to the following advantages:

• Low power consumption: The power consumption of a CMOS-imager is up
to factor 100 less than that of a CCD-imager [Big06]. The reason is that CMOS-
imagers need only one low voltage supply while a CCD requires multiple voltages
for efficient photocarrier shifting between the MOS-potential wells.

• Lower cost: The lower costs compared to CCD arise because of the potential of
on-chip-integration. Required processing electronics like functions for timing or
analog-to-digital conversion (ADC) can be monolithically integrated in CMOS-
technology on a single chip. This decreases system size and complexity. CCDs
for comparison, require 3-8 supporting chips [Sto02].

• High speed imaging: The CCDs are fundamentally limited to the serial read
out of the charge packages. With CMOS-technology, an ultrahigh-speed imager



17

design that increases the frame rate over one million fps (frames/s) [ED09] is
feasible.

• Less blooming: Blooming is an effect arising due to high illumination which
saturates the pixel so that charges are injected also to adjacent pixels. In CMOS-
imagers, a so called anti-blooming transistor can be introduced which drains
excess photocurrent.

The first generation of CMOS-imagers were so called Passive Pixel Sensors (PPS),
referring to the fact that the pixel mainly consists of the photoactive silicon area.
By implementing a read-out transistor (source follower amplifier) on the pixel level, a
part of the photoactive area got lost but the imager performance could be remarkably
increased regarding noise performance [Big06]. This architecture is called Active Pixel
Sensor (APS) (see 2.2.3).
Today, the main difference between CMOS and CCD sensors is that the later ones are
still the more mature technology, used for high-quality imaging whereas CMOS-imagers
are still one their way to be equally competitive in terms of mainly light sensitivity
(reduced fill factor, see section 2.2.3) and noise (under a low illumination level) [Big06].

2.2.1 Silicon photodiode

The core of a CMOS-imager is the photosensitive element, a silicon photodiode with
a pn-junction. Silicon is the preferred material in CMOS-technology since it is abun-
dant on earth and the fabrication of the crystalline form is cheaper compared to other
semiconductors like gallium arsenide (GaAs). In addition, the existence of a native
oxide allows an easy incorporation of it as insulator on silicon circuits. GaAs does not
provide a stable insulating layer.
Regarding the use as photoactive material, silicon is not an optimal choice due to its
indirect bandgap Eg = 1.12 eV [Sze69] which decreases the photon absorption coeffi-
cient α due the additional phonons involved for conservation of momentum. Starting
at the band gap edge at 1.1 µm, α increases to about 104 cm−1 at about 500 nm wave
length (P3HT as comparison, at 500 nm: 105 cm−1 [Kim06]) and reaches its maximum
of 106 cm−1 at 400 nm wave length due to transition over the zero-momentum gap at
3.4 eV [Sze94]. Since up to this energy, α remains small, and since the light power I(x)
of an incident beam decreases in depth x inside the silicon with I(x) = I0 ·e−αx, typical
absorption lengths 1/α are in the range of 1 µm for green wave lengths and 10-100 µm
for the higher wave length part (800-1100 nm).

A typical photodiode architecture as shown in Fig.2.11, fabricated with CMOS-technology,
exhibits a depletion zone up to a depth of about 2 µm [Cho11] due to limitations of the
ion implantation for creating the doped layer. As a result of this non-optimal layout
of the pn-diode, most photocarriers are generated deeply in the substrate region and
diffuse in all directions. If the exciton diffusion length is not sufficient to reach the
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depletion layer where the electric field accelerates holes towards the p-layer respective
electrons to the n-doped layer, the carriers recombine and hence the charge collection
efficiency is decreased. Especially the long wave length part which can penetrate deeply
into the substrate leads to a decreased spatial resolution [Sto02] correlated with cross
talk to adjacent pixels. Another drawback arising due to the design is a slow photore-
sponse because of the slow diffusion movement [Cho11, Sto02].

photons

band gap

Figure 2.11: On the left side a silicon photodiode is shown with a pn junction created by doping
the surface region oppositely compared to the silicon substrate. The on the right side positioned
energy diagram shows the pn-junction with the depletion zone. Incident light generates excitons
inside the neutral p an n regions as well the depletion zone. In the depletion zone, the electric field
accelerates the electrons to the n and holes to the p layer. Carriers in the neutral region can reach
the depletion zone within their diffusion length. Picture taken from [ham].

Due to the small pixel size necessary for large pixel arrays, typical illumination levels
result in photocurrents in the range of pico- to femtoampere. These very low signals
are difficult to detect due to the additional generated noise floor. To ease the readout,
the photodiodes are operated in storage mode [Sto02]. The photodiode is biased at a
known voltage V0, and the incident photons cause a voltage variation across the diode
for a certain time, called integration time. The longer this time, the more charges are
collected and the higher is the voltage change:

Iph = dQ

dt
= −C(V ) · dV

dt
(2.7)

C(V ) is the diode capacitance that is dependent on the applied voltage since for
the depletion layer width W account: W ∝ (ΦB − V )m [Sze69] with ΦB the built-in
potential and m a coefficient accounting for the junction geometry (m = 1/2 for a step
junction).
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Figure 2.12: The general concept of integrated signal read-out of a CMOS imager.

The integration concept is illustrated schematically in Fig.2.12. The circuit contains a
photodiode that should provide after a time t = tint an output voltage Vout proportional
to the number of accumulated photogenerated carriers. At the beginning (1), the reset
switch is closed and a reset voltage V = VDD is applied to the photodiode. The reset
switch opens (2) and the photocurrent causes a voltage drop of ∆V during t = tint. At
(3), the read switch closes and the charge, integrated on the photodiode capacitance
and related to the voltage drop, is then output as Vout = ∆V [YP04]. At (4), the read
switch is closed again and the reset switch opens. At this point, the circuit returns to
the initial state (1).

2.2.2 CMOS-chip architecture

A typical CMOS-imager, as shown in Fig.2.13 consists of:

• Pixel array: Mordern CMOS imagers exceed the 1000 x 1000 pixels per array
since the pixel size is continuous reduced, currently to about 1 µm [Lee11].

• Analog Signal Processors (ASP): These electronic circuits perform functions
such as charge integration over a certain (light) exposure time, noise filtering by
correlated-double-sampling, and fixed-pattern-noise (see chapter 6) suppression.
Correlated double-sampling refers to a high-pass filter operation to reduce reset
noise (see chapter 6).

• Analog-to-Digital Converters (ADC): In Fig.2.13 column-parallel ADCs are
shown, connected to every pixel column. An ADC converts the analog voltage
signal of the photodiodes to a digital number to allow further signal processing.
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Figure 2.13: A typical CMOS-imager architecture on a silicon chip. Picture taken from [Sto02].

• Row and column selector: This logic consists of switches that connect a row
of pixels via vertical busses to the ASPs.

• Timing and control: The pixel read out and re-initializing requires a precise
time-dependent control about the logic operations. In section 2.2.3 this will be
further addressed.

Independent on the pixel type (APS, PPS) the most common read-out method is the
progressive-scan read out [Sto02]. The row selectors are sequentially activated which
initialize the transfer of the pixel signal to the column outputs. A readout register
serially shifts the column output values towards the ACDs.

2.2.3 CMOS-pixel concepts

The pixel does not only contain the photoactive area, but provides also some circuitry
for the read out. The main sensor types, the passive pixel sensor (PPS) and the active
pixel sensor (APS) differ regarding their complexity.
The PPS is a simple circuit as already depicted in Fig.2.12 in the previous section.
The read-out is achieved by connecting the photodiode to the column bus, which re-
sets the photodiode voltage and allows the photogenerated charge to flow to a charge
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integrating amplifier, which converts the charge to a voltage signal, at the end of the
column bus.
An advantage of this approach is, that the PPS exhibits a large ratio of the photoactive
area compared to the overall pixel area. This ratio is referred to as (pixel) ‘fill factor‘.
Although the pixel area of a PPS-imager is about 100 % photoactive, the overall pho-
toactive area (including not only the sum of all pixels but also the space in between)
can not reach 100 % due to the space needed for the read-out circuitry and additional
pixel spacing to avoid cross talk effects (see chapter 6). Hence, for a PPS imager, the
overall fill factor is typically in the order of 80 % [Fuj00].
The high fill factor of the PPS leads to a high sensitivity and a high signal-to-noise ra-
tio (for definition of SNR, see section 3.4.2). Nevertheless, several disadvantages limit
the performance remarkably. The high capacitance of the metallic bus lines which
connect the pixel to the amplifier leads to a readout noise scaling with

√
C (for reset

noise see section 3.4.4) which is about factor 10 higher than in CCD-imagers [Fos97].
The long bus lines also deteriorate the scalability of the pixel area. Since the readout
of a pixel column is of serial nature (e.g. one amplifier for one column), the readout
speed is decreased resulting in decreasing image capture times for increasing the pixel
array. To overcome this problem, the APS was developed. Here, a read out amplifier

Figure 2.14: A T3-APS architecture

is incorporated in addition to the photodiode to each pixel. Hence, since the amplifi-
cation is performed inside the pixel, this sensor type is less affected by reset noise. The
simplest architecture, a T3-APS, is shown in Fig.2.14. It contains a MOSFET as reset
transistor to initialize and reverse bias the photodiode with VDD. The charge integra-
tion in the photodiode occurs during an integration time. The process is continued by
switching on the row-select transistor which connects the amplifier transistor in the
selected pixel to its load to form a source follower (SF). The photodiode charge is thus
converted into a voltage by the source follower operation and can be read out via the
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column bus. This amplification allows to observe the pixel voltage without removing
the accumulated charge.
Although the APS-sensor provides a better performance compared to a PPS, it has a
major drawback due to the reduced fill factor. Since the electronic circuits are laterally
implemented in CMOS-technology (e.g. doping via ion implantation of the substrate)
and shadow the light incidenting on the silicon, the photoactive pixel area is reduced
by the number and lateral dimensions of the electric components inside the pixel. For
a typical APS, the pixel fill factor is only in the range of 30 % instead of up to 100 %
in PPS- and CCD-imagers [Big06].
The reduced photoactive area has an impact on sensitivity as well as the signal-to-noise
ratio. Since the sensitivity of a pixel can be expressed as product of fill factor and its
quantum efficiency it is decreased linearly by the fill factor. Besides, a low fill factor
limits the scaling perspective of the pixel. A smaller pixel exhibits a smaller capaci-
tance which can store less carriers. Since the shot noise (see section 3.4.4) increases by√
N with the number of photogenerated carriers N , the signal-to-noise ratio N/

√
N

(see section 3.4.2) is reduced for small N .
Hence, one of the main research topics of CMOS-imagers concerns the improvement of
the fill factor. A common method for increasing the fill factor is to employ microlens-
arrays on top of the pixel to focus the incident light on the photoactive area [YTF00,
Iid97]. With this processing step, the fill factor can be increased up to 90 % [Big06].
A fill factor of almost 100 % can be reached by a vertical deposition of photoactive
amorphous silicon on top of an ASIC-readout circuit [Lul99, Lul00, Sch98]. An alterna-
tive is also to transform the CMOS-imager from a front-side to a back-side illuminated
imager. By thinning the substrate to a thickness in the range of the absorbance length
of the photons, the opaque circuitry on the front side can be avoided [Pai05]. All these
methods have in common that they are expensive due to the additional amount of
processing. In addition, the down-scaling perspective might be limited.



Chapter 3

Solution-processed organic
photodetectors

This chapter will give the reader information about the build-up of OPDs as well as
about the methods involved in fabrication and organic layer treatment of the devices.
The most important photodetector performance characteristics are defined and a de-
scription about the setups used for measuring them is included.

3.1 The organic photodetector build-up

3.1.1 Layer stack

The most simple build-up of an OPD consists of the photoactive material sandwiched
between two electrodes, as also described in section 2.1.3. To improve the performance
of the OPD, usually interlayers are additionally introduced to improve carrier injec-
tion into or extraction out of the photoactive layer. In this thesis, an interlayer of
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), described in
chapter 3.2.3, is used to suppress electron conduction to the anode and with it also the
dark current flowing in the device. On this impact is also reported in section 4.1.5.
The different materials are enclosed by electrodes with a low and a high work function,
see section 3.2.4 and 3.2.3. In this thesis, either indium tin oxide (ITO), gold or con-
ductive PEDOT:PSS was used as high work function material and aluminum as the
low work function cathode.
Different build-ups are possible depending on the particular application. The most
common layer stack starts with a transparent substrate, either glass or a flexible foil,
and ITO as bottom electrode. The low work function cathode completes the stack, as
depicted in Fig.3.1. This build-up was deployed in this thesis mainly in section 5.3.1.

23
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Another concept which can be found in literature concerns inverted photovoltaic de-
vices in which the roles of the electrodes are exchanged by introducing an electron
selective contact on top of the ITO electrode. For this concept, an improved photocur-
rent generation can be observed due to a favorable vertical material phase segregation
[Wal06].
A different inversion can be achieved by flipping the whole layer stack, starting with the
low work function cathode and concluding with the high work function anode, as de-
picted in Fig.3.2. This inversion of the fabrication steps is appealing mainly for flexible
organic solar cells [Lun07, Na08] since the brittle and expensive ITO conventionally
used as bottom electrode can be replaced by a metal deposited with a cost-efficient
roll-to-roll process [Kre09, Ahn08, SR00].
In this thesis, the main focus was on this inverted layer-stack since it can be integrated
onto a CMOS-chip. With an inverted layer stack the aluminum layer of the CMOS
top metalization acts also as bottom electrode of the OPD. An additional advantage
is that transparent and conductive high work function materials, as PEDOT:PSS (see
section 3.2.3 and 4.3) can be used as top contact, changing the device henceforth from
a bottom to a top absorbing photodetector as it is necessary when using opaque sub-
strates like silicon.
The build-up of the OPD, regardless which layer stacking concept is used, is concluded
by an encapsulation to protect the organic layers from reacting with oxygen and water
which leads to a degradation of the device performance, see section 4.5.

transparent anode 

photoactive layer

PEDOT:PSS 

aluminum 
cathode

incident light

transparent substrate

Figure 3.1: Conventional build-up starting with
a transparent substrate, followed by an ITO
anode, the hole conductor PEDOT:PSS, the
photoactive layer and the top cathode material.

aluminum cathode 

photoactive layer

PEDOT:PSS 

transparent
 anode 

incident light

(opaque) substrate

Figure 3.2: The inverted layer-stack forming a
top-absorbing photodetector.
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3.1.2 Diode layout

The photoactive area of the diode is laterally defined as the overlapping area between
both electrodes since the diffusion length of photogenerated carriers parallel to the
organic layers is in the range of only a few micrometers which will be discussed in
section 6.2.3, addressing pixel-to-pixel crosstalk.
In this work, most organic photodetectors were fabricated as large scale devices on
glass substrates with a dimension of 2.5 x 2.5 cm2. In Fig.3.3 two typical layouts
with the inverted as well the non-inverted layer stack are shown. Through a metallic
shadow mask eight metallic electrodes with a lateral size of 7 mm2 are thermally
evaporated onto the substrate. The other large scale electrode, only sparing the part
of the substrate on which the eight counterelectrodes are electrically contacted, is either
evaporated (aluminum or gold) or spin-coated (conductive PEDOT:PSS).

Figure 3.3: Large scale
photodetectors:
bottom: an inverted
spincoated detector with eight
gold top electrodes (anodes)
top: a non-inverted sprayed
detector with eight aluminum
top electrodes (cathodes).

Figure 3.4: Four sprayed
arrays of photodetectors on
either glass or silicon
substrates. Each array,
consisting of 36 pixels, is
covered by a sprayed organic
spot and a thermally
evaporated gold electrode.

Figure 3.5: Layout of the
CMOS test structure:
top: the whole, 1 cm2 big
structure, consisting of the
array, the wires and
contacting pads for the
aluminum cathode and the
gold top electrode.
bottom: the enlargement of
the array in the middle of the
structure, consisting of 36
photolithographically defined
pixels.



26 Solution-processed organic photodetectors

To validate the organic deposition processes before implementing them on top of
CMOS-chips, test structures (see Fig.3.4) with similar active area sizes were fabri-
cated using CMOS compatible methods and materials. As substrate either glass or
silicon was used. The layout of the test structure, defining the geometry of the alu-
minum cathode, is depicted in Fig.3.5. The structure, with an overall dimension of 1
cm2, consists of an array of 36 square shaped pixels with pad sizes varying from 40 to
70 µm and gaps in between varying from 30 to 100 µm.
The pixel dimension on the test structure is too small to allow a metal deposition
through an aluminum mask as used for large scale detectors. This is due to the fact
that shadowing effects of the metal mask with a thickness of about 500 µm would
prevent a homogeneous deposition on the substrate. Instead, a photolithographical
definition of the structures with a photoresist was necessary. The contacting lines,
connecting the array to the outside contacting pads (200 µm pad size), are passivated
with a thin layer of SiN to guarantee that only the pixel themselves overlap with the
large scale top gold electrode to allow a precise definition of the photoactive area.

3.2 Materials for organic photodetectors

3.2.1 Solvents

The choice of the solvent to dissolve the conjugated polymers is critical to the device
performance since the solvent influences the film formation during the drying process.
In general, conjugated polymers are soluble in aromatic hydrocarbons like toluene,
dichlorobenzene (DCB) and xylene which were mainly used in this thesis. High boil-
ing point solvents like (di)chlorobenzene are known to lead to improved mobility and
henceforth device efficiency due to a better crystallisation of the photoactive polymers
achieved by the slow drying of the films. A review is given in [Li07].
Also in this thesis better results of spin-coated OPDs (EQE and dark currents), see
section 4.1.4 were achieved by the use of 1,2-DCB, but this is believed to originate from
the higher photoactive layer thickness. Due to the slower evaporation of the solvent
during spincoating, also lower spin speeds which result in increased layer thickness lead
to the formation of homogeneous films. A thick photoactive film increases the amount
of absorbed photons as well as the shunt resistance which decreases the dark current
due to the reduction of leakage paths through the bulk heterojunction. The choice of
the solvent influences the nano-scale distribution of donator and acceptor materials as
reported in [Aud10, Yao08]. In section 4.1.4 it will be shown that this can have a huge
impact on device interface properties.
For different organic deposition methods, different organic solvents can be favorable,
as will be shown in section 5.2.1, since also solvent properties like viscosity and surface
tension influence the layer formation. An overview of important solvent properties is
given in Tab.3.1. The surface tension values are taken from [Jas72], the other properties
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are information given by the manufacturers.

Table 3.1: Parameters of typical solvents

Solvent Toluene 1,2-Dichlorobenzene Xylene
Boiling point (◦ C) 111 180 140
Density (g·cm−3) 0.87 1.32 0.87

Surface tension (mN/m @ 20◦ C) 27.9 35.4 28-29.8
Viscosity (mPas @ 20◦ C) 0.56 1.32 0.6

3.2.2 Photoactive materials

3.2.2.1 P3HT (Regioregular poly(3-hexylthiophene))

Polythiophenes emerge from the polymerization of a sulfur heterocycle, called thio-
phene, and can be functionalized with a huge variety of substituents. The conjugated
polymer P3HT is generated by adding a hexyl group as the side chain of the thiophene
ring, see Fig.3.6.

Figure 3.6: Molecular structure of the
polythiophene P3HT.

Figure 3.7: Interdigit structure of regioregular
P3HT.

Depending on the position of this side chain, when single monomers are attached to each
other two basic configurations are possible, the so-called regioregular P3HT (rr-P3HT),
depicted in Fig.3.7 and the regiorandom P3HT (rra-P3HT). For device applications,
the rr-P3HT is preferred since its flat structure and the chain orientation enable the
formation of an interdigitated network of the P3HT polymers, as shown in Fig.3.7,
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which increases the degree of crystallinization. As a result, the charge carrier mobility
is increases compared to rra-P3HT [Pan00]. The monomer coupling regularity of the
rr-P3HT used in this thesis is 95 %. A further increase of the amount of regioregularity
would increase the charge carrier mobility, but this effect is not observed when blending
the P3HT together with a electron acceptor like PCBM forming a bulk-heterojunction
[Mau10].
The HOMO and LUMO levels of P3HT are at 3.0 eV respective 4.9 eV [Shr06] which
turns the P3HT to a electron donator and hole acceptor material in a P3HT:PCBM
bulk-heterojunction. Here, typical hole mobilities are in the order of 1 · 10−6 cm2/Vs
[Cai07].

3.2.2.2 PCBM ([6,6]-phenyl-C61-butyric acid methyl ester)

PCBM is a derivative of the fullerene C60, consisting of 60 carbon atoms ordered
in a shape similar to a football. Although evaporated C60 films show high electron
mobilities up to 8 · 10−2 cm2/Vs [Had95], the material cannot not be used in solution-
processable electronics due to low soluability in common aromatic solvents. To over-
come this problem, the C60 is functionalized with a methyl-ester-group, as indicated
in Fig.3.8. The LUMO level of PCBM is 3.7 eV and the HOMO level 6.1 eV [Shr06].
Blended with P3HT, PCBM acts as electron acceptor material with electron mobilities
around 1 · 10−7 cm2/Vs [Cai07].

Figure 3.8: Molecular structure of the fullerene derivative PCBM.

3.2.2.3 Squaraine

The standard bulk-heterojunction of PCBM:P3HT exhibits photon absorption up to a
wavelength of about 650 nm, respective 900 nm, taking the low absorption of PCBM



29

up to this wave length into account which can be only exploited for devices when ap-
plying high external bias [Che10]. In chapter 4, Fig.4.21, showing a typical spectral
PCBM:P3HT photodetector quantum efficiency, the low PCBM absorption is visible
around 700 nm wave length.
For organic solar cells, a sensitivity in the near-infrared (NIR) part of the sun spec-
trum would enhance the power conversion efficiency. Also for organic photodetectors
sensitivity beyond the visible part of the spectrum (390 nm - 750 nm) would enable
a range of applications. Among these is the active night vision, which refers to the
active illumination of objects with NIR light. It is interesting for security and military
applications and is also applied by the automotive industry [Luo10].
As also motivated in the introduction, the phenomenon called ‘night-glow‘ between
1200-1800 nm in the earth atmosphere, is also an interesting option for NIR imaging
with security cameras.
The NIR wave length range is also interesting for optical fiber communication since the
attenuation in the fibers due to Rayleigh scattering is strongly decreased with increas-
ing wave length. At about 600 nm wave length the attenuation is about 10 dB/km
and is decreased to about 1 dB/km at 1000 nm with attenuation minima at 1.3 µm
and 1.55 µm.
In contrast to the demand of NIR-devices, there exist only a few families of low-band
gap polymers since a synthetization of large scale quantities that are sufficiently pure
for incorporation in devices is as challenging as providing sufficient solubility for pro-
cessing and a long term stability. Reviews of the synthetization of different conjugated
polymers are given in [Kre07, Ron07].
Furthermore, only a few materials are sensitive beyond the absorption edge of silicon
which is especially interesting since this would enable the realization of cost effective
NIR detectors as alternative to expensive detectors based on III/V-semiconductors, as
reported in [Gon09].
In this thesis the NIR sensitive organic dye squaraine was valuated regarding the suit-
ability of integration into the hybrid imager. Squaraine [Bev10, Bin09, Bin11, Wei10],
a condensation product of electron rich molecules with squaric acid, is know for an
efficient NIR absorption from the red up to about 1000 nm and good stability against
oxygen and water [Sil08]. Amongst various possible substituents around the squarylium
core, in this thesis hydrazone end-capped symmetric squaraines with a glycolic func-
tionalization chain was chosen [Bin09, Bin11], see Fig.3.9. The glycolic chain, indicated
in Fig.3.9 as R, is necessary to guarantee a good soluability in aromatic solvents. Fur-
thermore the glycolic chain enables a proper mixing capability with PCBM [Bin09]
which acts as electron acceptor when blended with squaraine (HOMO: -3.3 eV, LUMO
-5.0 eV). This enables the fabrication of efficient bulk-heterojunction detectors with
electron mobilities of about 6 ·10−6 cm2/Vs and hole mobilities of about 2 ·10−6 cm2/Vs
[Bin11].
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Figure 3.9: Molecular structure of a hydrazone end-capped squaraine dye.

3.2.3 PEDOT:PSS
(Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate))

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) or PEDOT:PSS is a polymer
which is widely used in organic photovoltaics. It contains the conjugated polymer
PEDOT which is based on polythiophene. In its pure form, PEDOT is not soluble
in common solvents. This problem has been solved by polymerization of PEDOT in
the presence of the water-soluble poly(styrenesulfonic acid) (PSS) to produce the ac-
queous dispersion PEDOT:PSS. The chemical structure of PEDOT:PSS is represented
in Fig.3.10.
PEDOT itself is not intrinsically conductive since the p-conjugated carbon chain does
not conduct. But doped with PSS it becomes a p-type semiconductor with a conduc-
tivity which is controlled by the excess amount of PSS in the solution [Kir05, Cri03].
Depending on the bulk resistivity, ranging from about 1 · 105 Ohm·cm down to values
comparable to a metal, different applications of PEDOT:PSS are feasible.

3.2.3.1 PEDOT:PSS as interlayer

PEDOT:PSS is widely used in organic solar cells, light emitting diodes and photodetec-
tors as interlayer between the electrode and the photoactive respective emitting layer
of the device. An advantage of the PEDOT:PSS-interlayer is that hole extraction and
injection properties to and from the active layer are improved which leads also to a
higher quantum efficiency. For the improved device performance of an organic pho-
todetector with a PEDOT:PSS interlayer different reasons can be found in literature
although many are related to conventional devices with an ITO bottom electrode. The
high work function (5.2 eV) of PEDOT:PSS allows the formation of an ohmic contact
with most common donor polymers and with the ITO anode by reducing energy bar-
riers [Bro99] to allow effective charge injection and extraction. Secondly, it is reported
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Figure 3.10: Molecular structure of PEDOT and PSS.

that PEDOT:PSS can be used to planarize the ITO anode which can exhibit superficial
spikes [Lim11, Fri09]. This planarization also explains the lower dark current for pho-
todiodes with an ITO anode observed when inserting a PEDOT:PSS interlayer [Fri09].
For an inverted diode with the PEDOT:PSS on top of the photoactive layer, this expla-
nation does not account. The author supposes that in this case the PEDOT:PSS covers
the low-resistance pathways (like pure phases of either donator or acceptor material)
through the photoactive film, suppressing therefore electron transport between the two
electrodes since the PEDOT:PSS is an electron blocking layer. This assumption is con-
firmed by the fact that only the use of high resistive PEDOT:PSS formulations lead to
a significant reduction of the dark current. In section 4.1.5 the impact of the insertion
respective the abstinence of a PEDOT:PSS interlayer will be investigated.
In this work, for the PEDOT:PSS interlayer the formulation Clevios P VP CH 8000 by
H.C. Starck was used. It exhibits a bulk resistivity of about 1 · 105 to 3 · 105 Ohm·cm.

3.2.3.2 PEDOT:PSS as electrode

By decreasing the amount of PSS the conductivity of PEDOT:PSS formulations could
be significantly increased during the last years, currently culminating with the for-
mulation Clevios PH 1000 by H.C. Starck in the year 2010. Conductivities up to
1400 S/cm are reported [Kim11]. This increase of conductance is not an intrinsic
feature of the formulations but has to be activated by adding high boiling solvents
like ethylene glycol (EG), glycerol, dimethyl sulfoxide (DMSO), N-methylpyrrolidone
and sorbitol [Ouy05, Cri06, Wan05, Na09, Kim11] which increase the conductivity of
dried PEDOT:PSS films by several orders of magnitude. The origin of the enhance-
ment of conductivity in the treated PEDOT:PSS films is believed to arise from both
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the morphological changes and the more uniform distributions of PEDOT-rich regions
throughout the PEDOT:PSS films. The high boiling point solvents remove the in-
sulating PSS partly and increase therefore the contact areas between the conductive
PEDOT grains to form highly conductive pathways [Na08, Na09, Kim11].
In section 4.3 the fabrication of highly conductive PEDOT:PSS films by adding ethy-
lene glycol is investigated.

3.2.4 Electrical contacts

Materials have to fulfill certain requirements to be suitable as electrode materials for
organic photodetectors:

• low sheet resistance for low serial resistance of the device

• transparency of at least one electrode

• low roughness of the bottom electrode

• high work function for the anode, low work function for the cathode

• stability against chemical reactions with other device layers and against oxidation

• low cost and unlimited availability

There exist a range of metals available suitable as anode and cathode materials, but
a drawback is their low transmittance which decreases also the external quantum ef-
ficiency of the device. Additionally their processing is costly, since high temperature
and vacuum involving thermal evaporation (see section 3.3.1) is used.
In this work, aluminum with a work function of 4.3 eV [Mic77] was used as cathode
material for the inverted as well the non-inverted photodetector. Since it is a low work
function material, surface oxidation can occur and alter the device characteristics (see
section 4.2).
Due to the free moving of electrons in a metal, the electrons screen the electric field of
the incident light effectively, thus even very thin layers suppress light effectively. A 20
nm thin film of gold (work function 5.1 eV [Mic77]), used as anode material, transmits
only about 50 % of green light, see section 4.3.
A common used anode material with high transmittance (90 % for the visible spec-
trum) and low resistance (down to 5 Ω/sq.) is indium-tin-oxide (ITO). The drawback
of this material is the limited availability of the indium which increases the cost of
ITO. A low cost and solution-processable alternative, a conductive version of the PE-
DOT:PSS, was investigated in this work as reported in section 4.3 and 3.2.3.
The work function of electrode materials has to be chosen similar to the HOMO respec-
tive LUMO level of the organic polymers. For an organic solar cell this is important
since the difference of the work function has an impact on the open-circuit voltage. For
an organic photodetector this has almost no relevance since a photodiode is driven in
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reverse bias much larger than the internal field generated by the difference of the work
functions.
For a photodetector, the mismatch of work functions to polymer energy levels has
a big impact on the device performance. It can enhance electron injection from the
anode into the organic layer which increases the dark current [Xue04]. Applying a re-
verse external voltage, the polymer LUMO level bends downwards and enables Fowler-
Nordheim-tunneling of electrons from the anode trough the triangular shaped energy
barrier to the polymer. The lower the anode work function, the higher is the tunneling
probability.

3.3 Fabrication of organic photodetectors

The major strength of solution-processable organic electronics is the availability of
cheap and renewable materials and the low-cost fabrication since no vacuum or high
temperature processing steps are required. The organic materials can be deposited with
spin-coating, see section 3.3.2, and spray-coating, see section 3.3.3 which is also suitable
for implementation on large-scale substrates. Furthermore, the solution-processability
allows a continuous fabrication line, a so called roll-to-roll processing [Bla09, Kre09],
which can be implemented with deposition methods like spray-coating, ink-jet-printing
[Hot07] and slot-die-coating [Bla09, Kre09]. Only the electrodes are critical regarding
cost-efficient deposition and can be in addition resource-limited, like ITO. In a polymer
solar cell the ITO anode is accounted for 30 % of the overall module cost [Kre09].
Also the deposition of the metal cathode can be implemented witout the use of a
vacuum coating step, e.g. with solution-processable silver nanoparticles [Kre09].
A processing step which can increase the overall cost is the packaging which has to
encapsulate the organic materials carefully to avoid the segregation of oxygen and
water which react with the organics and cause a device performance degradation, see
section 4.5. Related to that, for long term stability an entire processing in an inert
atmosphere might be necessary to avoid the contamination with oxygen and water
during the fabrication. In this work, the spin-coated devices were fabricated in a
nitrogen filled glovebox system of the company MBraun.

3.3.1 Electrode deposition by thermal evaporation

For the deposition of metallic electrodes for organic devices resistive thermal evap-
oration is commonly used since it allows a thickness control in the range of a few
nanometers as well as a precise evaporation rate adjustment below one angstrom per
second. The basic working principle of the thermal evaporation is the resistive heating
of the material inside a container, a so called ‘boat‘.
A schematic drawing of the setup is shown in Fig.3.11. By applying a sufficiently high
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electrical current through the boat, usually consisting of tungsten, the solid metal starts
to evaporate inside the evaporation chamber which is evacuated down to a pressure of
about 5 · 10−7 mbar. The low pressure guarantees a long mean free path of the atoms
so that they can reach the substrate. In addition, the low amount of residual gases
enables the fabrication of metal films with low contamination.
The evaporation rate of the metal atoms is determined by the current flowing through
the boats and monitored by the change of the eigenfrequency of an oscillating quartz
crystal. Since this quartz and the substrate are located at different places inside the
evaporation chamber, the spatial ratio of the rate differences, the so-called tooling
factor, has to be precisely measured (e.g. with an AFM, see section 3.4.5.2) for the
different metals used for evaporation. To reach a stable evaporation rate, the mate-
rial is heated in several steps with pauses in between to enable a homogeneous heat
distribution inside the material. After reaching a stable evaporation rate, the shutter
protecting the substrate during the heating phases is removed and kept open until
the quartz crystal measures the desired layer thickness. For a homogeneous material
deposition on the substrate, a rotating substrate holder is used.
The optimal evaporation rate depends on several factors, including the geometry of the
whole setup, and a general recommendation cannot be given. In [Lee04] it is reported
that an increase of the evaporation rate of aluminum from 0.3 A/s to 1.5 A/s leads
to a better device performance of an OLED due to a decreasing amount of nitrogen
incorporated into the metallic films and a less rough morphology. Also in this work, a
significant change of the aluminum roughness was observed when increasing the rate
from 1 A/s (about 7 nm RMS-roughness) to 10 A/s (about 2.5 nm RMS-roughness).
However, a high deposition rate is also related to a high temperature generated at
the boat which can be radiated to the substrate and can decompose the organic ma-
terials. A clear dependence of theses factors was not observed regarding the organic
photodetector device performance. For the deposition of the aluminum cathode for the
inverted devices on the glass substrates, a high deposition rate of 10 A/s was chosen
to keep the electrode roughness low to decrease the amount of leakage paths through
the organic layers. For the deposition on top of the organic layers in a non-inverted de-
vice, 1 A/s was used to keep the thermal budget on the organic layers as low as possible.

To define the electrode area, two different methods were used, depending on the struc-
ture size. For a structure size down to about half a millimeter, a metallic shadow mask
was used to shield the substrate where no material should be deposited. Since a typical
mask is about 500 to 700 µm thick, a certain area inside the structure is ‘shadowed‘
by this barrier. Therefore, a thinner mask has to be used which allows also the lateral
definition of structures down to 10 µm as necessary for the CMOS test structures in
section 3.1.2. For the generation of such a mask, a photoresist was spincoated on top
of the substrate and structured by means of photolithography.
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Figure 3.11: Schematic build-up of an evaporation machine.

3.3.2 Organic layer deposition with spin-coating

Spin-coating is a lateral deposition method since the only relevant force involved is
the centrifugal force which spreads the liquid material over a rotating substrate. It
is a common method to deposit photoresist with high layer thickness uniformity and
reproducibility for photolithography, but is also wide spread for the organic layer de-
position. An advantage is that it is a quite simple method since along with materials
parameters like viscosity and boiling point, there are only a few spin parameters in-
fluencing the resulting film thickness and quality. After applying the material on the
substrate, the acceleration of the rotating substrate is the first relevant spin parameter.
Since many commonly used solvents like toluene or chloroform exhibit a low boiling
point and evaporate therefore quickly, the choice of a too low acceleration could lead
to non-uniform films. The final spin-speed, usually expressed as number of rotations
per minute, is the most relevant parameter since the related radial force, quadratically
dependent of the angular speed, determines the layer thickness. During spin-coating,
the film becomes more viscous due to solvent evaporation and reaches a final layer
thickness.
Typical layer thicknesses relevant in this work are between 100 and 300 nm. Thick pho-
toactive layer thicknesses (> 200 nm) turned out to be favorable for low dark current
and high EQE, but by decreasing the spin speed and the related radial force, also the
layer homogeneity suffers and even a de-wetting of the substrate can occur. Another
drawback of spin-coating is that it can not be applied for large scale deposition and that
it is limited to flat substrates. High surface textures lead to high layer inhomogeneities
[Gu95] and film cracks.
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3.3.3 Organic layer deposition with spray-coating

Spraycoating is widely used for lacquer deposition in large scale industry production.
During the last years there were also several attempts to establish this technique for fab-
rication of organic solar cells [Na10, Gir09, Gir11, Hot09] and photodetectors [Ted09].
In this work, first a simple hand-held commercial airbrush gun, usually used for artis-
tic purposes, was tested. Since this simple system provides no control of the resulting
film thickness, drop size and layer roughness, the experiments were continued with a
commercial automatic air atomizing spray gun, containing a dual fluid nozzle with ex-
ternal mixing (Krautzberger M10). Fig.3.12 shows a schematic drawing and Fig.3.13
a picture of this setup. The term ‘dual fluid nozzle‘ refers to the separate control
of the liquid medium, the organic polymer, and the atomizing gas, which allows the
adjustment of the material flow independently of the gas pressure. Furthermore, the
external mixing of the two media, outside of the nozzle, provides a better protection
against obstruction of the nozzle and allow therefore also the spraying of quite viscous
fluids. The spray gun is pneumatically controlled by an electromechanical 3/2-way
valve which has two purposes. Starting the spraying process, it opens the atomizer air
valve and moves shortly afterwards the needle towards an upper position (see Fig.3.12)
to open the nozzle. Stopping the deposition, the nozzle is closed first. This procedure
bears an important advantage compared to simpler spraying guns since a homogeneous
spray pattern can be achieved and dripping is prevented.
The spray pattern is influenced strongly by the geometry of the spray setup as well
by solvent properties and by a set of spray parameters that were varied in this work
to obtain organic films with suitable morphological and electrical characteristics for
device application, see section 5.1.

Among the solvent properties, mainly boiling point, surface tension and viscosity in-
fluence the spray pattern and the drop formation. A low boiling point leads to an
enhanced evaporation of the solvent until the drops reach the substrate. As will be
shown in section 5.1, this leads to an increased material consumption and hence a more
expensive deposition process. Viscosity and surface tension are related to each other,
but whereas viscosity is a dynamic property defined as the ability of a liquid to resist a
change in the shape or arrangement of its molecules during flow, the surface tension is a
static cohesive force which tries to arrange the liquid in a shape with minimum energy.
Surface tension can be determined by measuring the contacting angle of a liquid drop
and a substrate. Both properties have an influence on the drop size since they repre-
sent the force resisting the formation of new drop surfaces. The surface tension plays
also a major role on the substrate where the impinging drops form an interconnected
network. During this work it was shown that this networking has a major influence on
the opto-electronical OPD performance, see section 5.2.1.

Regarding the spraying parameters, the choice of the distance between nozzle
and substrate is critical since only a certain range guarantees the formation of uni-
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Figure 3.12: Schematic build-up of the spraying
setup.

Figure 3.13: Picture of the spraying setup
used in this work.

form films. In the wet regime, corresponding to a position of the nozzle close to the
substrate, the sprayed drops do not lose a sufficient amount of the solvent during their
flight and hence the on the substrate impinging drops form a wet film with uncon-
trollable thickness and uniformity. The upper extremity, a distance far away from the
substrate, causes a complete evaporation of the solvent until the drops reach the sub-
strate, thus only powder is deposited. The intermediate regime allows the drops to
lose a sufficient amount of solvent during their flight and therefore a quick drying when
they reach the substrate, forming a homogeneous network of drops with a thickness
depending on the spraying time. The spraying time can be precisely adjusted with a
timer connected to the pneumatic control. It influences the layer thickness linearly as
will be shown in chapter 5. The substrate can be heated during the spraying process
which enhances the drying of the drops and influences the resulting morphology. The
heating temperature is critical since it influences the drop-networking, e.g. it controls
the roughness of PEDOT:PSS, see section 5.2.2. The pressure of the atomizing air
influences the velocity of the atomizing gas and of the drops. An increased pressure
leads also to a finer atomization of the polymer since the amount of kinetic energy is in-
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creased to overcome the material surface tension at the nozzle. A smaller influence has
the material flow which is the amount of material flowing towards the nozzle, driven
only by gravitational force. It turned out that it is also the most critical parameter
regarding the reproducibility of the layer thicknesses, using the same set of spraying
parameters. A readjustment of the needle rise of some 10 micrometers changes the
layer thickness in the order of several hundred nanometers, see section 5.1. Due to
this effect, a careful control of the layer thickness was necessary, which can be done
by comparing the color of sprayed film with a set of films with known thicknesses or
measuring the thicknesses directly with a profilometer, see section 3.4.5.2.
Another important factor influencing the reproducibility of results is a careful cleaning
of the spraying gun after each spraying step since only one gun was used for spraying
the blend as well the water-containing PEDOT:PSS formulation.
The whole spraying process was performed in air. To minimize the impact of this
ambient condition on the sprayed layers, inert nitrogen was used as atomizing gas.

3.3.4 Low pressure plasma treatment

Along with the different physical states of matter, solid - liquid - gas, neutral ionized
gas known as plasma, is the fourth state.
For many technical processes a so called low pressure plasma is generated by the supply
of electrical energy. The term ‘low pressure plasma‘ refers to the low pressures of the
reactive gas, which are typically in the range of 1 mbar. At such low pressures, the
temperature of free electrons is much higher than the temperature of heavy particles
such as atoms, molecules and ions inside the plasma since in two-body collisions, the
lighter particle is favored. Typically, the electron kinetic energy can be as high as some
10 000 K [Spa78]. Due to the low density and heat capacity of the electrons the amount
of heat transferred to the gas, the walls and the sample is very small. Therefore a low
pressure plasma is also called ‘cold‘ plasma. This feature is crucial for an usage on
temperature sensitive materials like polymers.
Typical process gas pressures applied during this work are in the range of 0.3 Torr,
which is well below the critical pressure at about 10-100 Torr [Bel67] at which the
electron and gas temperature reach a thermal equilibrium.
The interaction of the plasma with the sample surface induce various chemical and
physical reactions which involve modifications of the surface and also a removal of
material. The most common applications are:

• Cleaning and etching

• Cross-linking of surface molecules to increase surface-hardness

• Chemical change of the surface through incorporation of plasma particles.

Almost any kind of gas can be used to generate a plasma, even ambient air. Reactive
gases like oxygen are usually preferred, since the atomic species in the plasma easily
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break surface bonds to be incorporated or to form volatile gases like carbon dioxide
or water. In this work, it is exploited that oxygen radicals adsorb at the uppermost
atomic surface layer of the polymer which results in the formation of a considerable
amount of functional polar regions which increase the surface energy and also the hy-
drophility. This will be reported in detail in section 4.1.

To ionize the gas, a sufficient amount of electrical energy has to be supplied. This
can be implemented by several methods, including glow discharge plasma generated
by the application of a low frequency (< 100 kHz) electric field between two metal
electrodes and capacitive plasmas generated with high frequency electric fields (13.6
MHz). In this work, a microwave plasma asher was used in which a magnetron gen-
erates a microwave with a frequency of 2.45 GHz respective 12 cm wave length. The
advantage of microwave generated plasmas over RF plasmas is that due to the higher
frequency oscillations of the electric field in microwave plasmas, electrons travel shorter
distances compared to RF plasmas before they switch direction. Subsequently, fewer
electrons reach the sample surface per switching cycle thus minimizing the charging of
the surface. With a minimum surface charge, the acceleration of positive ions towards
the sample surface is only weak, decreasing the undesirable surface ion bombardment
to a minimum.
In this work, it turned out that the organic materials can be easily damaged during
plasma treatment. A careful adjustment of plasma parameters, like treatment time
and power had to be performed to prevent a morphological and electrical damage. In
the used model ‘Femto‘ by ‘Diener Electronics‘ morphological changes of the organic
polymer layers were observed even for very short oxygen treatment times and low mi-
crowave powers.

In Fig.3.14 to Fig.3.16 the morphology change of a spin-coated P3HT layer, measured
with an AFM (see section 3.4.5.2), is shown. An untreated and two treated films are
shown, one of them with a minimum treatment power for hydrophilization of the layer
and one exposed to a plasma generated by a microwave with doubled power. There are
clear changes, apparent as cracks and craters, visible at the treated samples compared
with the untreated film. The RMS-roughness changed from 2 nm (untreated) to 10
nm (180 W microwave power). Deep cracks evolved during the treatment, the depth of
these craters increases for different long treatment times and different plasma powers.
Typical values are about 10 nm for an applied power of 90 W and 50-100 nm for 180
W power, respectively. No general change of the layer thickness was observed.
A similar result shows the treatment of PCBM:P3HT blends (Fig.3.17 to Fig.3.19).
Here the effect is not as pronounced which is attributed to the influence of PCBM,
but on a different lateral scale also here cracks, with similar depths and roughnesses
compared to P3HT, become visible. Since these changes do not appear when only
microwaves are coupled into the chamber without a reactive gas, they are attributed to
the ion bombardment. The layers turned out to be not suitable for device integration
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since the cracks cause a considerable increase of the electric leakage current.

Figure 3.14: Untreated
P3HT-film. RMS-roughness:
2 nm

Figure 3.15: Treated
P3HT-film (90 W, 18 s):
RMS-roughness: 2 nm, cracks

Figure 3.16: Treated
P3HT-film (180 W, 18 s):
RMS-roughness: 10 nm, deep
cracks

Figure 3.17: Untreated
PCBM:P3HT-film.
RMS-roughness: 1.6 nm

Figure 3.18: Treated
PCBM:P3HT-film (90 W, 18
s): RMS-roughness: 5 nm,
small craters

Figure 3.19: Treated
PCBM:P3HT-film (180 W, 18
s): RMS-roughness: 5 nm,
deep cracks

Finally, only a setup geometry with a ‘down-stream‘ chamber, see Fig.3.20 turned out
to be sufficient sensitive for the organic processing needs. In the asher model ‘TePla
100-E‘ the plasma is generated at a different location, about 20-30 cm over the sample
position and then transported towards the sample using a vacuum pump. During
this transport, the plasma state actually breaks down and primarily neutral species,
including reactive radicals and metastable molecules, remain which react with the
sample surface, but without the otherwise inevitable ion bombardement. Interestingly,
no morphological chances were sensed also after long treatment times when parts of
the materials were already etched away.
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Figure 3.20: Schematic build-up of a down stream plasma asher.

3.3.5 Encapsulation

A careful shielding of organic devices to ambient conditions is necessary due to the
sensitivity of organic materials to oxygen and water. These molecules can react directly
with the polymers or also with the low work function electrodes like aluminum to
form insulating oxides which alter the photocurrent-voltage characteristic [Kre07]. The
degradation process is further enhanced since PEDOT:PSS is hygroscopic. A review
about different degradation effects is given in [Jor08].
To shield the organic device, a simple encapsulation was used consisting of a thin glass
plate and an UV-curing epoxy glue. Since the encapsulation is fabricated on top of
the device, it is only a one-dimensional effective barrier for oxygen and water because
there can be still a side segregation of the polymer layers towards the active diode area.
Still, very good long term stability can be reached by this simple encapsulation which
will be shown in section 4.5.

3.4 Characterization of organic photodetectors

The following chapter is a survey on the most important photodetector characteristics
and the methods to measure them. To convert light into a voltage signal, low and
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high light levels have to be detected by the device and timely variant signals have to
be processed. In addition, also material parameters like electrical resistance and layer
thickness have a huge influence on the device performance and will be addressed here
too.

3.4.1 Current-voltage (IV) characteristics

In Fig.3.21 a typical organic photodetector current-voltage curve is shown for a mea-
surement under dark and illuminated condition. Typically, the current is scaled log-
arithmically to accentuate the light on/off-ratio. Whereas the reverse dark current
should be kept as low as possible to ease the detection of low level light signals, the
current under illumination should be ideally as high as the amount of the incident
photons (see section 3.4.2).
The shape of the IV-curve is determined by a number of different parameters and phys-
ical processes inside the organic photodetector. To describe them, an equivalent circuit
diagram as shown in Fig.3.22 can be used, even when the details of these processes are
not known. The main components are also indicated in Fig.3.21 and described in the
following paragraph.
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Figure 3.21: A typical IV-curve in a semilogarithmic plot of an inverted photodiode under dark
and illuminated conditions (100 mW/cm2).

Current source IL: This parameter presents the number of dissociated excitons,
generated by the incident light, before any recombinations processes can take place.
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 Ilight

I  dark

Figure 3.22: The equivalent circuit diagram of an organic photodiode. It consists of a (photo)
current source IL, a diode D, a serial resistance Rs, a shunt resistance Rsh and a capacitance C.

Ideal diode D: The diode is a voltage dependent resistor with a rectifying behavior
due to the asymmetry of the electrode work functions. An ideal diode IV-characteristic
is only present with the serial resistance Rs=0 and the parallel resistance Rsh =∞.

Serial resistance Rs: It can be divided into a contribution of the electrical contacts
(wiring, electrode sheet resistance) and of the organic materials themselves. The carrier
transport through the organic layers is affected by the mobility and the layer thickness.
Additionally, the carrier mobility can be affected by traps and space charge effects. The
general low charge carrier mobility in most organic semiconductors favors the build
up of excesses charges which create an electric counter field that reduces the current
throughput. This current, the so called ‘space charge limited current‘ (SCLC) can be
expressed by the Mott and Gurney equation [Mon09]:

Isclc = 9
8εµ0

V 2

d3 (3.1)

with µ0 the mobility, ε the dielectric constant and d the organic layer thickness. The
expression is only valid if no traps are present or for shallow traps with a trapping
time shorter than the charge carrier transit time. For deep traps, with a trapping
time longer than the transit time, the SCLC depends on the density of traps and their
energetic distribution. Trapped charges can play a major role in the IV-characteristics.
At low reverse bias, most carriers are trapped, creating a counter electric field which
hinders the photocarrier transport. In forward direction, the SCLC is visible as abrupt
increase of the current slope V m with m ≥ 2 [Mon09]. For high forward bias, the
trapping states are completely filled and the injected carriers are transported like in
the trap free condition which is visible as transition from a V m≥2 to a V 2 regime.
In this work, the deep trap SCLC was observed for the inverted OPDs and will be
reported in detail in section 4.1.
Rs can be estimated from the slope at a positive voltage where the IV-curves become
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linear since the diode D becomes very conductive. In case of a dominant space charge
including deep traps, a direct extraction is not possible.

Shunt resistance Rsh: This parallel resistance Rp is related to leakage paths through
the bulk heterojunction, mainly the pure phases of either n- or p-type semiconductor
connecting the two electrodes. In reverse bias, Rsh limits the dark current and must
therefore kept as high as possible, ideally Rsh = ∞, to decrease the dark current to a
minimum.

Capacitance C: Time dependent effects like charging-discharging are taken into ac-
count. Since the ratio A/d of the photoactive area A to the layer thickness d is generally
large for OPDs due to d ∝ 100 nm, C is not negligible. It influences the speed of a
photodiode via the RC-time constant.

Open-circuit voltage Voc: It is influenced by the difference of the electrode work
functions which causes a built-in electrical field, but the impact is lower as expected
due to the influence of Fermi level pinning of the cathode and the reduction potential
of the fullerene [Bra01, Den05]. Voc is also related to the energy difference between the
the HOMO level of the donor and the LUMO level of the acceptor material [Bra01].
The relevance of the open circuit voltage for an OPD is marginal since an OPD is
driven in reverse bias.

An organic bulk heterojunction can be described in analogy to an inorganic diode since
it consists of numerous pn-junctions at the donator-acceptor interfaces in the random
network. For an ideal diode in the dark follows with the Shockley-equation and an
ideality factor n which describes the organic bulk material:

I = I0 · (e
eV

nkBT − 1) (3.2)

Under illumination, the light generates the photocurrent IL which adds to the Shockley-
equation. In addition, Rs and Rsh can be introduced in a simple model [Rau04]:

I = I0 · (e
e(V −IRs)

nkBT − 1) + V − IRs

Rsh

− IL (3.3)

The measurement of the IV-curve of an OPD is performed with a Keithley 2602 con-
trolled by a Labview interface. A special sample holder eases the selection of the
different diodes of each substrate. Illumination occurs with a wide spectrum halogen
source which is calibrated to a light intensity to 100 mW/cm2 before each measurement
run.
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3.4.2 Sensitivity and external quantum efficiency (EQE)

Quantum efficiency is a quantity to describe the light sensitivity of a photosensitive
device. The most common term is the external quantum efficiency (EQE) which is
defined as:

EQE = number of electrons in the external circuit
incident photons on the device (3.4)

It expresses the efficiency of the photon to electron conversion in the device. A related
term is the internal quantum efficiency (IQE) which considers only the amount of
photons which actually reach the photoactive layer, see Eq.3.5. The IQE is determined
mainly by the mobility of the photogenerated charge carriers and strongly influenced by
the photoactive layer thickness and the related serial resistance (see section 5.2.1). The
IQE can be almost 100 % which was demonstrated in [Par09]. The EQE, in contrast, is
reduced mainly by transmission T and reflectivity R losses at the transparent electrode,
the encapsulation and the PEDOT:PSS layer.

IQE = number of electrons in the external circuit
incident photons on the photoactive layer = EQE

1−R− T (3.5)

Another common quantity to describe the photodiode sensitivity is the spectral re-
sponse (SR). It is the electric current in the external circuit per Watt of incident light
(A/W). It gives lower values for shorter wave lengths compared to the EQE since the
SR is related to the energy E = hc/λ of photons (with h the Planck constant, c the
speed of light, λ the wave length and e the elementary charge) and not the number. It
can be calculated with the EQE:

SR = EQE · eλ
hc

(3.6)

A high sensitivity is especially important for imagers since the photoactive pixel area
is very small which also reduces the amount of light which can be transformed into an
electrical signal.

For imagers, a common quantity which is related to the EQE is the signal-to-noise
ratio (SNR). The SNR can be regarded as a measure of the sensitivity of an imager
and is defined as the ratio of the average light signal and the standard deviation of the
signal representing the amount of noise (see section 3.4.4 for details about noise):

SNR = average number of photogenerated electrons
RMS-noise of photogenerated electrons (3.7)

nph, the number of photogenerated electrons, is expressed as: nph = EQE · Φλ
hc
· t · A
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with Φ the light intensity (W/m2), A the pixel area and t the exposure time. The
number of noise electrons is dependent on different fundamental noise sources which
are described in section 3.4.4.
The measurement setup used in this work to determine the EQE and also trans-
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Figure 3.23: The schematic built-up of an EQE setup.

mission and absorption of the different diode layers is shown in Fig.3.23. As wide
spectrum light source, a 300 W xenon-lamp, is used which covers a wave length region
from 300 to about 2500 nm. The light is transmitted through filters which cut off the
wave length range in which higher orders of the constructive interference at the grating
would appear. After passing a chopper wheel which modulates the light at a frequency
of 210 Hz, the beam hits the grating inside the monochromator(Oriel Cornerstone 260)
and is spectrally dispersed. Two gratings with different blaze wave lengths (350 nm,
1000 nm) are installed to cover a wave length region from 300 nm to 2.0 µm. The
monochromatic light illuminates first the calibrated reference silicon diode with known
spectral response to determine the amount of photons arriving at a certain distance
from the monochromator. Afterwards, the device under test is moved to the same
position. An external bias can be applied to the diode. The photocurrent signal is
amplified, converted to a voltage and displayed by a lock-in amplifier which sends the
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signal to a labview interface where it is displayed as EQE with Eq.3.4. The lock-in
amplifier (Merlin Digital Lock-in Radiometry System) substracts the background sig-
nal of the chopped signal which makes the measurement less sensitive to background
illumination.
A reliable EQE measurement requires an accurate positioning of the sample as well as
careful reference measurements. Since two different amplifiers are used for the reference
silicon diode and the device under test, a mismatch of the signals occurs which had to
be corrected by multiplying the corresponding device EQE by a factor of 0.9.
Regarding the positioning of the sample, the variance of the distance d from monochro-
mator slit to the device has a big impact on the EQE due to the beam broadening.
For ∆d=2 mm, the error is 5 % of the EQE value. Due to a specially designed sample
holder, the distance variation was kept to a minimum (±1 mm).

3.4.3 Photodiode speed

Depending on the intended use, the organic photodetector speed is more or less rele-
vant. For an application as low cost optical interconnect in data transmission [Pun07]
much higher demands have to be met than for imaging [Bai12].
The speed is usually characterized as rise and fall time or cut-off frequency. The rise
time is defined as the time which is required to increase the output signal from 10 %
to 90 % of the final output level. This is illustrated in Fig.3.24 with a square wave
excitation signal (light pulse) and the corresponding response signal (as voltage signal).
A different way to describe the photodetector speed is the 3 dB cut-off frequency fc. It
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measurement result of an OPD.

is defined as the frequency at which the maximum signal response of the photodiode de-
creases to

√
1/2 of the DC value. The measurement of the 3 dB cut-off frequency is per-

formed by illuminating the photodiode with light pulses of constant height but varied
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frequency. The maximum height of the output signal of the photodiode is determined
for the different excitation frequencies and plotted with respect to the DC value. The
DC value can be determined by applying very low frequencies where the signal height
does not vary for increasing the excitation frequency slightly. A typical measurement
is indicated in Fig.3.25. Since the logarithmic unit decibel (with base 10) is defined for
power quantities P but the signal height is displayed as voltage V , a factor of 20 has
to be included for the voltage ratio: 10 · log(P/P0) = 10 · log(V 2/V 2

0 ) = 20 · log(V/V0).

The photodetector response time respective frequency is influenced mainly by two
components, the transit time ttr and the RC time constant trc. The transit time is the
time which is required by the photogenerated carriers to cross the photoactive layer
to reach the electrodes. It is given by ttr = d2/µV with the layer thicknesses d, the
carrier mobility µ and the voltage drop V . In the RC time constant trc = RC, R
sums up the serial resistance of the electrodes and the load resistances and C is the
photodiode capacitance plus all additional capacitances of the external circuit. In case
the photodetector is limited by trc, the signal shape in Fig.3.24 at the fall time side
can be described with:

V (t) = V0 ·
[
1− e

−t
RC

]
(3.8)

With this equation and the definition of the rise time t, the rise time is calculated to
t = RC · ln(9). The RC limitation allows also a direct relation between t respective fc:
[Shi09]

t = RC · ln(9) = ln(9)
2πfc

= 0.35
fc

(3.9)

Since the photodiode speed can be strongly influenced by various physical processes,
this relation is only an approximation, but a similar relation was found in [Bai11a].
The precise way of performing the cut-off or rise time measurement influences strongly
the result. This is illustrated on the basis of two parameters in Fig.3.26 and 3.27. The
organic layer mobility can be affected by trap filling which can introduce a dependence
on the applied light intensity [Arc13]. This effect is illustrated in Fig.3.26. In this
work, all cut-off measurements, if not otherwise mentioned, were performed at a light
intensity of 800 µW/cm2.
The duty cycle is related to the repetition rate of the excitation pulses. A duty cycle
of 50 % means that the time between two pulses is equal to the pulse length. A duty
cycle of 1 % means that in one period, only 1 % of the time is occupied by the pulse
and 99 % is idle time. The dependence between fc and the duty cycle is shown in
Fig.3.27. For about 20 % duty cylce, fc is saturating which means that by extending
the idle time to 80 % of the period the neighbouring pulses do not influence each other,
e.g. by overlapping. In this work, all measurements were performed at a duty cylce
of 50 % since this is a common way of measuring silicon diodes. It has to be noted
that this method decreases the measured cut-off frequencies about 10 % compared to
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a single puls measurement.
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Figure 3.26: The influence of different light
intensities on the cut-off frequency of an OPD.
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Figure 3.27: The influence of a varying duty
cycle on the cut-off frequency for two different
light intensities.

The instrumentation for performing the dynamic measurements consists of a wave-form
generator (Keithley2602) which generates voltage pulses applied to a light source, a
transimpedance amplifier (FEMTO Current Amplifier DHPCA-100) and a 1.5 GHz
digital sampling oscilloscope (LeCroy Wavepro 715zi). The light source is a fast green
LED (525 nm, rise time: 15 ns, fall time 45 ns) which outputs the square wave pulses
illuminating the OPD. The photocurrent of the OPD is amplified and converted to a
voltage signal with the FEMTO and displayed at the oscilloscope. The cables used to
wire the OPD to the amplifier and the LED to the wave form generator should exhibit
low capacitance to suppress related artifacts in the response signal to a minimum.

3.4.4 Temporal noise

Temporal noise, referring to the time-dependent fluctuations in the signal value, is
the fundamental limitation of the acquisition of small light signals in a photodiode.
Around the actual signal, these instantaneous noise voltage amplitudes form a random
pattern which is specified by a probability density function. Commonly, noise follows
a Gaussian distribution. Then the noise can be expressed as RMS-noise voltage Vnoise
which corresponds to the standard deviation of the Gaussian distribution.
For a small number of occurrences, e.g. a low photon count relevant for photon shot
noise, the Poisson distribution is valid:

f(s) = N se−N

s! (3.10)

Here, N is the mean number of occurrences and s the number of occurrences. The
standard deviation and the RMS-noise voltage is then Vnoise ∝

√
N .
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The three main types of temporal noise in (inorganic) photodiodes are shot noise,
thermal noise and flicker noise. The shot noise is the most relevant noise source known
for CMOS-imagers [Big06]. It is associated with the random fluctuations of moving
carriers in a conductor (dark shot noise) or with the random arrival of photons on the
detector (photon shot noise), both obeying the poisson distribution. The fundamental
origin is the discrete nature of the charge flow in units of the elementary charge and the
presence of potential barriers, like a pn-junction of a photodiode. When encountering a
potential step, potential energy of the carrier is abruptly transferred to kinetic energy
which leads to inhomogeneous current flow.
Shot noise has an uniform power density in the time domain and is independent on
temperature. Since the standard deviation of the electron distribution is

√
N , for the

RMS-noise voltage follows:

Vnoise =
√
N
e

C
=
√
Signal(V ) · e

C
(3.11)

Signal(V ) is the measured mean voltage signal and C is the photodiode capacitance.
Thermal noise or Johnson noise arises due to the thermal (Brownian) motion of
the carriers in any kind of conductors and follows a gaussian distribution with an
uniform power density like shot noise. It is described by the Nyquist relation (valid for
frequencies < 100 MHz) and is expressed in units of A/

√
Hz: [Car09]

Vnoise =
√

4kTR∆f (3.12)

with T as temperature, R as resistance and ∆f as noise bandwidth. A noise type
related to the thermal noise is the so called reset noise which is not a fundamental
noise source but a repacking of thermal noise in presence of a capacitor. Reset noise
can be found in CMOS-imager electronics during the conversion from the charge to the
voltage domain involving a thermal affected reset voltage [Big06]. The noise bandwidth
of a circuit with a capacitor and a resistor is ∆f = 1/4RC [Rob75]. With Eq. 3.12,
the thermal noise can be rewritten as:

Vnoise =
√
kT

C
(3.13)

This reset noise is the result of the low-pass filtering of the noise from a resistor, using
a capacitor.
Flicker noise is also called 1/f noise. It is the least understood noise source, but
can be observed in various passive (carbon resistors) and active (MOSFETs) devices
[Hun90]. It is related to a carrier number or mobility fluctuation due to trapping of
carriers (e.g. the gate oxide of a MOSFET) or bulk scattering. A high impurity level
increases the flicker noise. The noise spectral density Sf has a time dependence and is
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proportional to [Mar00]:

Sf ∝
Iα

fβ
(3.14)

α is a factor related to the trapping nature (surface or volume) and β hints to the
distribution of trap energies inside the semiconductor band gap. Usually, β = 1 is
valid which accounts for an uniform trap distribution over space and energy [Lin10].

Important photodiode parameters related to the temporal noise is the noise-equivalent
power NEP and the detectivity D. The NEP is related to the responsivity SR of a
detector, but it takes into account the ability to detect small light signals. It is the
radiant light intensity Φ in W/cm2 on the area A that produces a signal voltage Vsignal
equal to the total noise voltage Vnoise from the detector:

NEP = ΦA
Vsignal/Vnoise

(3.15)

The detectivity D is defined as the inverse of the NEP. A higher D indicates the ability
of the OPD to detect lower light levels. D increases with shrinking the photoactive
area A. The specific detectivity D∗ eliminates this dependence:

D∗ =
√
A ·B
NEP

(3.16)

D∗ is the signal-to-noise ratio in case 1 W of radiation is incident on a detector with a
sensitive area A of 1 cm2 and the noise is measured with an electrical bandwidth B of
1 Hz, expressed in cm

√
Hz/W. Hence it is a normalized detectivity that is practical for

comparing the performance of detectors with different areas and different bandwidths.

Noise voltage measurements of photodetectors are very sensitive to influences of the
measurement setup itself. A main problem arises with the photodetector area. Large
areas are related to large capacitances. The noise gain of an amplifier is proportional
to the input capacitance and hence measurement of large scale organic photodiodes
is not reliable. Instead of the large OPDs fabricated in this thesis, their down-scaled
counterparts on the CMOS chips were investigated to quantify the amount of noise
present in organic materials, see section 6.2.2.

3.4.5 Material characterization

Beside the opto-electronical characterization of a whole device, also the single materials
have to be addressed to improve the organic layers of the device independent of each
other. The most important characteristics investigated in this work are the sheet
resistance of the polymer electrode as well the thicknesses and morphologies of the



52 Solution-processed organic photodetectors

individual organic layers.

3.4.5.1 Sheet resistance determination

The sheet resistance ρsheet is a measure of resistance of a two-dimensional thin film
with uniform thickness. It is the result of a four-point measurement. The term refers
to the use of four co-linear and equidistant (distance s) electrical probes on the sample
instead of two. Current injection and voltage measurement are separated. The voltage
is sensed with the inner needles while a current is applied to the two outer probes.
Using a high impedance voltmeter, no current is flowing through the inner needles and
contact and spreading resistances are eliminated in the measurement. Fig.3.28 shows
a schematic drawing of a four point measurement setup. A reliable measurement
presumes an infinite size of the sample (r →∞) and that the film thickness d is much
smaller than the probe spacing s (d << s). With known current I and sensed voltage
V , for the sheet resistance follows:

ρsheet = π

ln2 ·
V

I
= ρ

d
(3.17)

By multiplying the sheet resistance with the layer thickness d, the bulk resistivity ρ
can be calculated. The unit of ρsheet is Ω/sq. which refers to the lateral measurement
method. Practically, to account for the non-infinite size r and the shape (e.g. circular

Figure 3.28: The schematic built-up of a four-point measurement setup.

or rectangular) of the sample, a correction factor has to be multiplied to the measured
ρsheet. Depending on r/s, correction tables can be found in [Smi58].
The fourpoint measurements were performed with a setup designed for polymer sheet
resistance measurements. Common probe station needles with small curvature radius
(micrometers) turned out to be not suitable for the characterization. The local high
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current densities in the measured polymer, related to the small tip radius, lead to
creation of high resistive channels or contact areas in the polymer which distort the
measurement. Reliable characterization was performed with spring mounted gold tips
with round tops for a bigger contact area to the sample surface.

3.4.5.2 Thickness and morphology

For thickness and morphology characterization, an atomic force microscope (AFM)
(JEOL JSPM 5200) as well a mechanical profilometer (Dektak 8) was used.

The AFM provides a sub-nanometer vertical resolution for a precise measurements
of layer thicknesses and roughnesses due to the exploitations of surface forces in the
range of 10−10 N. Among theses forces, the attractive van-der-Waals force and the re-
pulsive force due to overlapping of electron orbitals (Pauli exclusion principle) are the
most important ones, commonly described as Lennard-Jones potential [Bai08]. The
forces act on a tip of a silicon cantilever which is scanned over a sample to obtain
a two-dimensional image of the surface topography. The scan modus is typically the
tapping-mode. In this modus, the cantilever is vertically oscillating (driven by a piezo
element) at a frequency near the resonant frequency (in the range of about 100 kHz).
Since the tip is only in direct contact with the sample for a short time within the oscil-
lation period, this modus minimizes sample damages compared to the non-oscillating
contact modus.
The change of the cantilever oscillation due to the surface forces is detected with a
laser beam which is reflected by the cantilever backside and hits a silicon photodiode,
as indicated in Fig.3.29. The deviations of the laser beam are converted to height infor-
mation. Commonly, a feedback loop is employed to maintain a constant force between
tip and sample. This is realized by the piezoelectric tube which moves the sample in
vertical direction.

The quality of an AFM picture is limited by various factors. The fundamental hori-
zontal resolution is limited by the tip radius (about 7 nm). The geometry of the tip
strongly influences the topography result. An electrostatic discharge or a collision with
dust particles can damage the tip and hence worse the lateral resolution. For high
aspect topographies (long vertical dimension plus thin lateral size) special tips have
to be used. The gain of the feedback loop, which is related to the time delay of the
re-adjustment of the piezo to maintain constant force between sample and tip, has to
be adjusted for each scan to avoid a blurred depiction of sharp edges. A high measure-
ment speed can also lead to a similar blurring effect. Hysteresis of the piezo elements,
visible as concave image curvature, can not be avoided but can be corrected with a
software post-processing. In this work, the program ‘WSxM‘ by ‘Nanotec‘ was used
for these corrections.
A general drawback of the AFM is the limitation of scanning large (vertical) structures
as well as large (lateral) images. The maximum lateral image size of the JEOL is 25
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Figure 3.29: The schematic built-up of an AFM.

µm. Henceforth, big structures like sprayed polymer drops with typical lateral dimen-
sions of 5-50 µm can not be investigated regarding the layer roughness.

Consequently, for investigation of the sprayed samples a ‘Dektak‘ profilometer was
used. Here, a diamond stylus is moved with a specified pressure (5 mg) laterally across
a sample which is in vertical contact. In comparison with the AFM, the profilometer
is an electromechanical instrumentation in which the vertical change of the stylus is
capacitively detected. Nevertheless, it provides an excellent vertical resolution < 5
nm. The horizontal resolution is limited by the tip radius which is 12.5 µm for all
measurements performed in this work.
The RMS-roughness is defined, with N the number of measurement points, 〈y〉 the
average height level, as:

RMS =

√√√√ 1
N

N∑
n=1

(yxn − 〈y〉)2 (3.18)

It was determined by performing a line scan of 1.5 mm across the sample, correcting
the sample tilt with substracting the linear fit of the data and finally calculated using
Eq.3.18.



Chapter 4

Towards an efficient top-absorbing
photodetector fabricated with
spin-coating

The first step towards the hybrid CMOS-imager is to develop an organic photodetector
stack which can be integrated to the CMOS chip. The main challenge concerns the
opacity of the chip. As mentioned in section 3.1.1, the commonly used OPD layout is a
bottom-absorbing detector. Hence, the OPD has to be transformed to a top-absorbing
device. The easiest way for this transformation is to reduce the layer thickness of the
metallic top electrode (usually a low-work function material like aluminum or silver) to
obtain a semi-transparency. But since metals shield efficiently electro-magnetic waves,
their transparency stays low, therefore limiting also the OPD quantum efficiency.
A second issue arises due to the interface between the chip and the OPD. Since the
uppermost layer of the chip has to act as bottom electrode for the OPD, it must
exhibit a suitable work function for the rectifying behavior of the OPD. In the state-
of-the-art bottom absorbing detector, the bottom electrode is a high work function
material, usually ITO (as described in section 3.1.1). Since the bottom electrode can
be opaque like the chip itself, an alternative high-work function material would be gold
with a work function of 5.1 eV [Mic77]. Generally, metals can be well deposited in
CMOS-technology, either by thermal (see section 3.3.1) and electron beam deposition
or sputtering. But only a small number of metals are actually deployed in CMOS-
technology due to unwanted contaminations by diffusion into silicon. Gold is CMOS
incompatible due to its tendency to form deep energy traps inside the silicon bandgap.
Aluminum is a preferred contacting material, but it is a low work function material
with 4.3 eV [Mic77]. Using aluminum as bottom electrode for the OPD means that
the whole layer structure of the OPD has to be inverted, with a high work function
electrode as uppermost layer.
The easiest way to inverted the layer sequence would be to flip-chip the state-of-the-art
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detector and connect it via bumps to the CMOS-substrate, e.g. via the low melting
point (157 ◦C) Indium [Air05] which can be processed at temperatures not damaging
the organic layers. But this technique is costly due to the processing itself and the use
of indium.
A cost-efficient way is to develop a new kind of an organic photodetector with inverted
layer structure. How the basic structure of this CMOS-compatible OPD looks like, is
depicted in Fig.4.1.

opaque substrate 

Al (cathode) 

PCBM:P3HT 

PEDOT:PSS  

transparent anode 

Figure 4.1: Basic layer sequence of an inverted, top-absorbing photodetector.

Inverting the layer sequence is related to several main challenges and questions:

1. How does the inverted material interfaces influence the device characteristics?

2. What top electrode material provides best device performance?

3. Is it possible to deposit the water based PEDOT:PSS solution on top of a hy-
drophobic blend layer?

These challenges are addressed, investigated and overcome in the following chapters.

4.1 PEDOT:PSS deposition on the hydrophobic blend

The electron-blocking layer PEDOT:PSS is commonly inserted between the photoactive
blend and the anode since it considerably decreases the dark current due to suppressed
leakage current to the anode (see section 3.2.3) and since it leads also to improved
quantum efficiency (as shown in section 4.1.5) due to the improved photogenerated
hole extraction from the photoactive blend. There are only few reports about equiv-
alent methods to improve the device performance. Arca et al. insert self-assembling
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monolayers [Arc13] and Ramuz et al. tried to omit the PEDOT:PSS by simply in-
creasing the blend layer thickness, showing low dark currents but no EQE values for
the PEDOT:PSS free OPD.
In an inverted OPD structure, the water based PEDOT:PSS solution has to be de-
posited on top of the photoactive blend instead on top of the ITO anode in the common
non-inverted structure. This fabrication step is a challenging task since the conjugated
polymers exhibit a high hydrophobicity due to the non-polarity of their bonds. Spin-
coating of the PEDOT:PSS solution Clevios P VP CH 8000 directly on top of the blend
resulted in no adhesion of the PEDOT:PSS at all.
In literature, different inverted layouts containing a PEDOT:PSS layer were already
proposed, but focusing on organic solar cells (OSCs). A difference to photodetectors
arises due to the choice of the PEDOT:PSS formulation. For organic solar cells, usually
high conductive formulations like Clevios TM P VP Al 4083 (bulk resistivity 500−5000
Ωcm) and Clevios F CPP105D (bulk resistivity 1 · 10−2 Ωcm [Gla05]) are used which
exhibit a higher conductance than the OPD formulation Clevios P VP CH 8000 (bulk
resistivity 1−3·105 Ωcm). The use of the OSC PEDOT:PSS formulations increases the
dark current which is not important for an OSC but critical for an OPD. Reports about
sufficient wetting properties of Clevios TM P VP Al 4083 mixed with isopropanol can
be found [Hau08] and also using Clevios F CPP105D was successful [Gla05, Zim07]. In
this work, these chemical modifications of the PEDOT:PSS proved to be not suitable
for the inverted layer structure. Mixing Clevios P VP CH 8000 with isopropanol (up
to 50 %) and the wetting agent Dynol 604 (0.3 %) contained in Clevios F CPP105D
turned out to properly wet the blend, but IV-measurements showed an one order of
magnitude increased dark current compared to non-inverted reference samples.
Other alternatives for PEDOT:PSS deposition concern a soft contact lamination of the
PEDOT:PSS onto the blend [Kim08a] and the chemical or physical change of the blend
layer itself. This can be performed by silanization [Tob04] or oxidation [Hsi09] of the
blend surface to introduce polar species necessary for wetting with PEDOT:PSS. In this
work, a mild oxygen microwave plasma process turned out to be suitable for a proper
PEDOT:PSS deposition without deteriorating the OPD performance [Bai10, Bai11a].
As already reported in detail in section 3.3.4, a sensitive plasma has to be created to
avoid a damage of the blend layer surface. For typical plasma parameters used in this
work, no blend damage was detected by AFM measurements.
In the next sections, the impact of the plasma treatment on the organic blend itself
and on the electro-optical characteristics is reported.

4.1.1 Blend layer surface wetting

To determine the best plasma process for maximum wetting of the blend surface, dif-
ferent parameter sets were tested on glass substrates covered with thermal evaporated
aluminum and spin-coated PCBM:P3HT blend. The aluminum layer underneath has
to be included (like in the device) because of an additional heating effect arising in the
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metal due to electrical currents induced by the micro-wave.
Plasma parameters which can be changed are the electrical power applied at the mag-
netron to generate the micro-wave (abbreviated as ‘micro-wave power‘), the pressure
of the oxygen atmosphere and the treatment time. For a sensitive plasma treatment
either the microwave power as well as the treatment time should be kept low. The min-
imum power which could be applied to generate a stable oxygen plasma is about 100
W. The treatment times can be varied from about 5 s (corresponding to the timescale
for ignition of the plasma) to hours. After about 5 min treatment time at 100 W, a
visible etching of the blend layer occurs starting at the edges of the samples while the
blend distant from the edges remains unaffected. For all tested treatment times the
roughness of the layers, investigated by AFM, does not change (RMS-roughness: 1.3
nm ±0.1 nm). No physical damages are observed.

     untreated                                                 5 s                                             1 min

Figure 4.2: PEDOT:PSS drops on top of glass substrates covered with a blend layer. Different
oxygen treatment times are employed. The contact angle is indicated in the left picture.

A quantitative parameter to measure the adhesiveness of PEDOT:PSS on top of the
treated samples is the so called contact angle. It is defined as the angle between the
surface of the solid blend layer and the tangent of a liquid drop of the test substance, as
indicated in Fig.4.2. The contact angle is a result of the interface and surface tensions
(surface free energies) between the liquid and solid material surround by air and is
related to the surface energies by the Young equation, with γs the solid surface free
energy, γl the liquid surface free energy and γsl the interface energy between solid and
liquid:

γs = γl · cos(θ) + γsl (4.1)

A contact angle θ > 90ř indicates a hydrophobic surface with a low surface free energy
and a very poor wetting ability while θ → 0 accounts for highly hydrophilic surfaces.
The contact angle was determined by applying drops of PEDOT:PSS (with equivalent
volumina) on the horizontal leveled substrates with the treated blend layer which were
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photographed directly after PEDOT:PSS deposition (to avoid unwanted evaporation
of the liquid). The contact angle between drop and surface was evaluated assuming
that the drop shape is spherical. The accuracy of the measurement is limited by the
manual procedure and it is estimated to be < 2◦.
Fig.4.3 shows the the impact of the different plasma treatment times on the wetting
ability of the blend layer. The untreated blend surface has a very hydrophobic contact
angle of about 106◦. Even very short plasma treatment times result in a strong decrease
of the contact angle which is saturating for treatments longer than 15 s. The very
small contact angles in the order of 10◦ reached by the plasma treatment indicate
highly hydrophilic surfaces. Spin-coating on these samples resulted in the formation of
homogeneous PEDOT:PSS layers.
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Figure 4.3: The contact angle of PEDOT:PSS
drops on blend layer samples treated with
oxygen plasma with different treatment times.
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Figure 4.4: Change of the contact angle for
samples stored for different times in nitrogen
atmosphere after plasma treatment (1 min, 100
W). As comparison,an untreated sample and one
exposed to heat after the treatment are shown.

Another issue related to the plasma treatment is the stability of the treated surface due
to time delays or temperature changes before further processing. In Fig.4.4 samples
are shown which were plasma treated and then stored for different time scales (up to 4
days) inside a nitrogen atmosphere. The plasma effect occurs to be quite stable during
this time scale due to the small change of the contact angle. Heat applied after the
treatment leads to strong change of the contact angle. A typical annealing condition for
the blend (140◦C for 7 min) turns the blend almost hydrophobic again. This conclusion
is important for spray-deposition of PEDOT:PSS as reported in section 5.2.2.
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4.1.2 Composition of the plasma-induced oxidized interface
layer
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Figure 4.5: Decomposition of the S(2p) peak (164 eV) of P3HT due to different long plasma
treatments. The inset shows the increase of the integrated area of the sulfur oxides (around 169 eV)
with respect to the integrated area of the whole spectrum. At 165 eV the S(2p 3

2 ) signal is visible.
The setup used for XPS is a SPECS MCD5 XPS instrument. The base pressure in the XPS analysis
chamber was about 5 · 10−10 mbar. The samples were excited with X-rays with a monochromatic
MgKa radiation at 1253.6 eV. The photoelectrons were detected with a hemispherical analyzer
positioned normal to the sample surface. The energy resolution was about 0.3 eV. The high
resolution spectra were taken at a pass energy of 15 eV and with a 0.025 eV energy step.

To understand the chemical reactions of the oxygen plasma with the blend surface and
in order to extract qualitative and quantitative information about the generated oxygen
species, X-ray photoelectron spectroscopy (XPS) measurements were performed. This
method (experimental details see in Fig.4.5) gives information about the electronic
state of an element. The electron binding energy, corresponding to the electronic
configuration of the electrons within the atom (e.g. 1s, 2s, etc.), is changed due to
molecule formation like oxidation processes. The number of detected electrons in the
characteristic peaks is related to the amount of the material within the area which is
irradiated by the x-rays. To extract percentage values, the raw signal must be corrected
by a sensitivity factor unique for each material. Still, it has to be noted, that only the
photo-emitted electrons are counted. Re-capturing of electrons appears in a material
depth of about 5 nm and less. Therefore the XPS measurement is only a surface
sensitive measurement without giving information of the actual thickness or profile of
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the modified surface, but tells about the average composition within a depth related
to a distance where the electron kinetic energy is high enough to escape the material.
The samples which were investigated consist as for the contact angle measurements,
of a glass substrate with 100 nm thermal evaporated aluminum and a PCBM:P3HT
layer (dissolved in toluene). The plasma treatment was performed at 100 W microwave
power and for treatment times of 15 s, 1 min and 5 min.
Fig.4.5 shows different S(2p) spectra of the blend for the different plasma treatment
times of the blend. Sulfur is present due to the thiophene ring of P3HT. Without
plasma treatment, only a signal at 164 eV is present which is related to the sulfur
bonded to carbon in the thiophene ring of P3HT. Beside the main peak, a second
feature appears after plasma treatment at about 169 eV, which can be assigned to
polar sulfur oxides. The amount of these oxides increases with longer treatment times.
After an abrupt rise to an oxide content (corresponding to the fraction of oxides of the
overall S(2p) spectrum) of about 25% at 15 s, it increases to 60% at 5 min treatment
as shown in the inset of Fig.4.5. This result indicates that for gaining a sufficient
wetting ability, the blend surface has to be significantly changed. For 1 min, a typical
treatment time, already about one third of the P3HT molecules (P3HT concentration
in the blend is 50 %), exhibits a oxidized thiophene ring. This effect is also pronounced
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Figure 4.6: Decomposition of the C(1s) peak of the PCBM:P3HT blend after a 1 min long plasma
treatment. The envelope curve represents the measured spectrum of the 1 min treated sample.
Using Lorentz-Gauss shapes, different peaks (P1-P4) were fitted.

in the C(1s) spectrum. Since carbon is the main element contained in both PCBM and
P3HT, the change of it gives a hint on the overall oxidation of the blend. In Fig.4.6
two samples are compared, the untreated with a 1 min treated sample. Both exhibit a
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main peak at 285.0 eV (P1) due to the C-C and C-H bonds of the conjugated polymers.
With the plasma treatment a higher energy shoulder besides the main peak at 285.0
eV becomes apparent. According to typical chemical species found on plasma treated
polymers [Lop91, Lis93], three different components (P2, P3, P4) to the spectrum
shoulder on the right side of the main peak (see Fig.4.6) can be qualitatively identified.
The P2 peak at 286.5 eV corresponds to C-O bonds (hydroxyl, ether), P3 at 287.9
eV to carbonyl (C=0) or double ether (O-C-O) bonds, and P4 at 289.0 eV is due to
ester (O=O-OH) and carboxyl (O=C-O) groups. All these species are polar functional
groups enhancing the hydrophility of the blend surface.

4.1.3 Impact of plasma treatment on device performance

The blend layer hydrophilization with plasma treatment was demonstrated in the pre-
vious sections. The impact of the modified blend layer surface on the electro-optical
performance of inverted organic photodetectors will be investigated within this and the
next section.
Since the hybrid CMOS concept requires aluminum as bottom electrode, this material
was also chosen for the large scale spin-coated reference samples with a lateral diode
size of 7 mm2. The general architecture was already described in section 3.1.2 and
3.1.1. As top electrode the high work function material gold was chosen due to the
possibility of thermal evaporation and since it exhibits a semi-transparency for thin
layer thicknesses.
The blend layer was prepared and spin-coated as described in the experimental de-
tails. The use of toluene as solvent results in a blend layer thickness of 110 nm after
spin-coating. The PEDOT:PSS solution was spin-coated on top of the plasma-treated
blend, resulting in a thickness of 170 nm. Along with the inverted OPDs, also non-
inverted reference samples were fabricated with ITO as bottom and aluminum as top
electrode. All fabrication steps were performed under nitrogen atmosphere.

In Fig.4.7 the IV-curves of the inverted together with non-inverted reference samples
are shown. The plasma treatment on the blend layer was performed for 1 min and
at 100 W. The non-inverted reference with ITO shows typical light and dark current
characteristics. Compared to that, also the inverted OPD exhibits an equally good
light-on/off-ratio for external bias larger than -1 V which indicates that the plasma
treatment does not severely alter the carrier injection and extraction properties of the
photoactive layer.
Obvious differences with respect to the non-inverted reference are the decreased for-

ward current of the inverted diode (factor 100 @ + 2 V) and a photocurrent decrease
for low reverse bias between -1 V and the open circuit voltage Voc which is smaller than
for the non-inverted reference. This deviation from the expected exponential behavior
is observable as a kink respective s-shape in the linear scale which is shown in Fig.4.9.
The forward photocurrent density of an inverted diode measured up to 3 V is shown
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Figure 4.7: Typical IV-curves of an inverted diode and a non-inverted reference diode (with an
ITO-anode) for dark and illuminated conditions. The applied light intensity was 100 mW/cm2.

in Fig.4.8. For bias voltage starting at Voc up to V < 0.5 V the current can be well
fitted with an exponential increase eqV/nkT (with q=elementary charge, n=ideality fac-
tor, k=Boltzmann constant, T=temperature) according to the Shockley equation for
inorganic diodes. For increasing voltage the current slope begins bending downwards
(which might be related to a serial resistance) before it increases stronger again for
bias voltages higher than +2.2 V best fitted with a V 4 voltage dependence. This
voltage dependence V m with m ≥ 2 is typical for space charge limited current (SCLC)
[Mon09, Jai01, Kum09] (see section 3.4.1). Generally, SCLC describes the charge trans-
port in a material with low conductivity, where the concentration of the injected charge
(into an organic layer) may exceed the intrinsic charge concentration which is followed
by the build-up of space charge. Without traps or shallow traps involved in SCLC and
without an effect of the electrical field on the mobility m = 2 holds, but if deep traps
or a field dependent mobility are present m > 2 accounts, which is characteristic of
the filling of exponential distributed traps [Mon09]. The fact that also at high forward
bias of +3 V the exponent m is equal to 4, hints to a high number of trap states which
still captures charges. Otherwise the IV-curve would bend downwards to change to a
square law dependence.
Since the plasma treatment introduces a big amount of interface states by generating
oxides on the blend, the origin of the SCLC in the inverted devices can be understood
as follows. The oxides act as traps which accumulate charges which in turn reduce the
electric field inside the device. That oxides can indeed lead to SCLC, is observed during
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Figure 4.8: Semilogarithmic plot of the forward photocurrent density of an inverted device. The
dashed curves represent fitted curves.

lifetime measurements [Jor08, Kre07] of solar cells and is related to oxygen diffusion
into the device forming insulating interfaces, especially between the low work function
electrode and the polymer layers.
A qualitative explanation of the s-shaped photocurrent in Fig.4.9 can be given by dis-
cussing the influence of the electric field Esc generated by the space charge. For point
A in Fig.4.9, the external electric field Eext (reverse bias) is high which is equivalent to
Ei + Eext >> Esc, with Ei the internal electric field respective built-in field of the de-
vice. At A, the photocurrent is high and starts to reach a plateau value for large reverse
bias. For decreasing the external field at B, the photocurrent decreases too since Esc
becomes the dominant electric field in the device. Esc is a counter electric field to the
reverse bias since the photogenerated holes which are transported towards the anode
by the external field charge the oxide traps positively, building up a space-charge re-
gion. Hence, the hole transportation through the positively charged interface is slowed
down. At C, there is no drift component of the charge transport and Ei + Eext = Esc
is valid. Compared to the non-inverted reference with ITO, Voc is decreased for the
inverted OPD (from Voc = 0.5 to 0.4 V ) due to the space charge field. Also in forward
direction, at D, Esc decreases the current since hole injection creates an additional
barrier for the holes traveling through the plasma-treated interface.

The electric field Esc generated by the accumulation of the holes is also visible in the
dynamic light response of the OPD since it has a characteristic time constant to reach
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Figure 4.9: The photocurrent of the inverted device shown in Fig.4.7 on a linear scale. The
different regimes A-D are explained in the text.
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Figure 4.10: Photocurrent density shape versus
time of various light intensities (1 ms long square
pulse) without applied bias voltage.
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Figure 4.11: Increase of the photocurrent peak
and the steady state value as function of the
light intensity on a double-logarithmic scale.

the saturation value. In Fig.4.10 the photocurrent of an inverted device after illumi-
nation with a 1 ms long square light pulse with different light intensities for Eext = 0
is shown. Illumination of the device with the pulse leads to the formation of a signal
peak at the beginning of the light pulse response which starts to decrease within a time
range of about 0.5 ms to a steady state value. A similar transient shape was observed
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before by Zaus et al. [Zau07] when inserting a hole conductor layer with low hole mo-
bility in a non-inverted PCBM:P3HT photodetector. The observed characteristic peak
(at the beginning of the photoresponse) which increases within several microseconds,
is due to a normal transient response with a typical rise time as described in section
3.4.3, dominated by the carrier transient time and the RC-time constant. During the
carrier transport, holes are trapped at the oxides which leads to a continuous increase
of the counter field Esc which results in an exponential decrease of the photocurrent
on a time scale of about 1 ms. After the light pulse, there is a negative signal of the
photoresponse observed which is due to the decay of the accumulated charge. At 500
µW/cm2, the accumulated charge, calculated as the integral of the negative signal,
reaches a value of 3 · 10−9 C/cm2.
While the peak value of the photoresponse increases linearly with increasing light in-
tensity, as shown in Fig.4.11, as for normal organic photodiodes [Bra01], for the steady
state value a saturation effect occurs at about 50 µW/cm2 which indicates the efficient
trapping of the increasing amount of photogenerated charges. Below this value, the
amount of photogenerated charges is not sufficient to build up a Esc with significant
strength.
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Figure 4.12: Dependence of the dynamic
photocurrent density shape of various bias
voltages. The light intensity is 0.3 mW/cm2.
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Figure 4.13: Frequency response of the
inverted diode for an applied voltage of -4 V.

For applying an additional external bias voltage, the shape of the photoresponse
changes, which is illustrated in Fig.4.12. For bias voltages larger than -1 V, a value at
which the kink of the IV-curves disappears and Ei + Eext >> Esc accounts, a behav-
ior is observed which is typical for organic photodetectors and not dependent on the
light intensity. Within typical rise times of about 5 µs @ -1V the photocurrent reaches
a plateau, see Fig.4.12. The corresponding cut-off frequency measurement, measured
at -4 V, is shown in Fig.4.13, measured by applying 300 µW/cm2 at 530 nm wave length.
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A further understanding of the impact of the oxide traps can be gained by determining
the influence of an increasing oxidation of the blend layer on the electronic performance.
Inverted OPDs were fabricated with different treatment times and different microwave
powers. The on/off ratio between light and dark current was similar for different
samples, but a change of the forward current density and of the photocurrents (Fig.4.14
and Fig.4.15), could be observed. For either increasing treatment time or plasma power
the forward current density increases too. In addition, also the kink at reverse bias
is influenced. For the smallest applied power (respective times ≤ 15 s, not shown
here) the kink is more pronounced. This observation is a contradiction of the SCLC
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Figure 4.14: IV-curves (linear scale) under
illuminated conditions (100 mW/cm2) for plasma
treatment performed with different power
settings. A non-inverted device is shown as
reference.
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Figure 4.15: Increase of the forward
photocurrent density @ +2 V with increasing
plasma treatment time and microwave power.

model. Since, as shown in Fig.4.5, the amount of sulfur oxides on P3HT increases on
the blend surface with time, also the number of trapping states increases. This should
result in an increased space charge field due to the increased number of accumulated
holes. An additional effect that could explain the observation is suggested by the
author [Bai10]. Since also traps located well below the intrinsic DOS distribution
(deep traps) can take part considerably at the transport when sufficiently states are
available [Ark02], an increased number of oxides can enhance the current transport by
trap-assisted hopping. This additional contribution can decrease the built-up of space
charges at the plasma-treated interface. This assumption is further investigated in the
following section.

4.1.4 Impact of different solvents on device performance

In order to investigate the assumption that trap-assisted hopping transport can alter
the SCLC characteristic, a possibility is to alter the nano-morphology of the blend and
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with it the number of transport paths.
The use of different solvents influences the random-networking of the PCBM and P3HT
phases as reported in [Aud10, Yao08]. Audinot et al. [Aud10] report on a P3HT en-
riched surface of a blend layer dissolved in 1,2-dichlorobenzene (DCB). This effect
should have a positive influence on the inverted devices since a high amount of P3HT,
which is responsible for the photogenerated hole transport towards the anode, would
also result in a high number of trap states after plasma treatment.
To compare the P3HT amount in layers fabricated with two different solvents, namely
toluene (as so far used) and DCB, XPS measurements of the S2p spectrum were per-
formed. In Fig.4.16 two plasma-treated (1 min) blend layers, fabricated with toluene
and DCB, are shown. Both show a very similar shape, the peaks correspond to the
created sulfur oxides at about 169-170 eV and to the sulfur in the thiophene at 164 eV
(as already shown in Fig.4.5). For both solvents, the amount of oxides compared to
the overall S2p spectrum is about 40 %. The signal height of the blend layer prepared
with DCB is much larger than compared to toluene. The ratio of the integrals of the
two spectra reveals a factor 5 higher signal for DCB. This result confirms the P3HT
enrichment on top of the DCB-blend layer surface. This finding is finally proofed by the
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Figure 4.16: Decomposition of the S(2p) peak (164 eV) of P3HT due to plasma treatment for two
different blend layers. One is prepared with DCB, the other with toluene.

IV-characteristic of the inverted OPD prepared with DCB, as shown in Fig.4.17. Two
inverted devices are identical except for the blend layer, one fabricated with toluene and
a thickness of 110 nm and the other spin-coated to 300 nm by using the high-boiling
point solvent DCB. Due to the slow evaporation of the DCB, spin-coating results in



69

much higher layer thicknesses for the same polymer concentration compared to toluene.
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Figure 4.17: Typical IV-curves of inverted and non-inverted diodes (with ITO) prepared with
toluene and with DCB for dark and illuminated conditions. The applied light intensity was 100
mW/cm2.

The SCLC is much less pronounced for DCB since the s-shape is reduced as well the
forward current increased. This is even better visible on a linear scale, shown in the
inset of Fig.4.17, including a non-inverted reference without plasma treatment as com-
parison. Going from forward to reverse bias, the photocurrent plateau value is reached
at about -0.5 V for using DCB, compared to -1 V for using toluene as solvent. This re-
sult supports the assumption that indeed the number of trap hopping paths influences
the impact of the built-up of space charge within the device.
In Fig.4.17, Voc is slightly increased (by 0.1 eV) which can be due to the reduced space
charge field or also related to the different blend composition. The dark current could
be almost improved by one order of magnitude by using DCB. This effect is not due to
the different nano-morphology but simply related to the higher blend layer thickness
which decreases the probability of ohmic leakage paths (e.g. pure PCBM or P3HT
phases) from one electrode to the other. OPDs made with DCB with the same layer
thickness as the toluene devices exhibit an equal dark current compared to toluene.

Fig.4.17 shows in addition an IV-curve of a non-inverted device with a blend layer,
fabricated with toluene, and exposed to an oxygen plasma (100 W, 1 min) prior to
aluminum evaporation. The difference to the inverted diode (fabricated with toluene)
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Figure 4.18: The bias voltage dependence of an
inverted OPD prepared with DCB for a light
intensity of 800 µW/cm2.
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Figure 4.19: Increase of the photocurrent peak
and the steady state value of the photoresponse
as function of the light intensity on a
double-logarithmic scale.

is that at the blend (PCBM)-Al interface of the non-inverted device electron injection
and extraction occurs and the blend (P3HT)-PEDOT:PSS interface of the inverted
device enables hole transport. A different device performance of the two diodes would
therefore further confirm the impact of a P3HT respective PCBM gradient within the
blend layer. The plasma-treatment of the blend in the non-inverted device before cath-
ode evaporation leads to the formation of a kink resembling to that of the inverted
device. A pronounced difference between the plasma-treated non-inverted and the in-
verted OPD is the increased forward current density (factor 25 @ +2 V).
The increased forward current density resembles more that one of the inverted device
fabricated with DCB. According to the assumption that trap states are involved in
the current transport, this behavior can be explained with the different plasma layer
interface. Whereas the inverted device fabricated with DCB exhibits a P3HT enriched
blend surface for efficient hole transport from the gold anode, the non-inverted device
fabricated with toluene can efficiently transport electrons through the plasma-treated
blend interface from the aluminum cathode since it is enriched with PCBM (and de-
pleted of P3HT).

The reduction of the space charge field of devices fabricated with DCB is also strongly
visible in the dynamic photoresponse which is illustrated in Fig.4.18 and Fig.4.19. In
Fig.4.18, although a high intensity is applied to the photodiode, there is no overshoot
visible in the beginning of the photoresponse for small applied external bias. Typi-
cal response times are slightly higher compared to the thinner toluene blend due to
the higher transit time through the blend. The rise time is 5-10 µs for external bias
applied and about 100 µs for 0 V. Typical cut-off frequencies measured are around
300-350 kHz. In Fig.4.19 the light dependence of the photoresponse without applied
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external field is showed in analogy to Fig.4.11. There is a strong difference between
toluene and DCB devices regarding the amount of light which is necessary to create an
overshoot at the beginning of the photoresponse as shown for toluene in Fig.4.10. For
toluene, the onset light intensity is only about 50 µW/cm2 whereas for DCB this value
increases to about 1000 µW/cm2. This improvement is quite important for an appli-
cation as imaging device since highly linear responses are required for signal processing.

Another important electro-optical device characteristic not discussed until now, is the
external quantum efficiency (EQE). This performance value is limited by the trans-
mission of the top electrode. As already mentioned, gold was chosen as top electrode
due to the suitable work function and the possibility of thermal evaporation. A 20
nm thick layer of gold, exhibiting a roughness of about 2 nm, was deposited on top of
the hole conductor. The transmission of this layer, compared to the standard material
ITO used in non-inverted photodetectors, is shown in Fig.4.20.
Compared to ITO, the gold layer exhibits a remarkably decreased transmission due to
the efficient screening of light by the free electrons. Fortunately, the maximum trans-
mission of the gold layer corresponds to the absorption maximum of the blend layer.
Still, the maximum transmission of 55 % limits the EQE to the same value in case
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Figure 4.20: Transmission of a 20 nm thick gold layer and of an about 100 nm thick ITO-anode.

no further losses appear. The other losses, which have to be taken into account for a
device, are due to the light transmission through the hole conductor PEDOT:PSS and
the encapsulation layer (for the inverted OPD) respective glass substrate (for the non-
inverted diode). These losses were measured at a complete stack of relevant materials.
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At 500 nm, for a non-inverted device, about 80% of the incoming light is transmitted
to the blend layer (through the glass-substrate, the ITO-anode and a 170 nm thick
PEDOT:PSS-layer). In an inverted device, a maximum of 50% of the photons at 500
nm reach the blend layer after passing the encapsulation, the gold and the PEDOT:PSS
layer.
Theses limits can be compared with the spectral EQE, measured at -4 V, shown in
Fig.4.21. Comparing the EQE @ 500 nm with the amount of light reaching the active
layer after transmission, about 75 % of the photons are converted into current for both
the non-inverted and the inverted diode. Thus the reduced EQE of inverted devices
can be completely explained by the loss of light due to the reduced transmission of
gold. There is no indication that the plasma treatment has a negative impact on the
EQE.
For the two different solvents toluene and DCB, there is no remarkable difference vis-
ible in the EQE. OPDs prepared with DCB exhibit slightly higher EQE due to the
increased absorption length in the thicker blend for the incident photons.
The space charge field due to the plasma treatment is only visible in the EQE mea-
surements for low reverse bias since then the condition Ei + Eext → Esc is valid. This
leads to a strong non-linear dependence of the EQE on bias voltage instead of a linear
dependence usually observed [Pun07]. As can be seen in Fig.4.22 for an inverted OPD
prepared with toluene, from -1 V to 0 V bias, at which also the s-shape of the IV-curve
is present, the EQE decreases as much as between -4 V to -1 V. A similar observation
was made for devices prepared with DCB. For both, a saturation of the efficiency is
reached for bias voltages larger than -5 V.
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Figure 4.21: External quantum efficiency
(EQE) of a non-inverted and two inverted diodes
(prepared with toluene respective DCB) for an
external bias voltage of -4 V.
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Figure 4.22: The bias dependence of the EQE
of the inverted OPD prepared with toluene.
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4.1.5 OPDs without the hole-conductor PEDOT:PSS

The plasma-treatment is necessary to deposit the water based PEDOT:PSS. Since it
leads to the formation of an additional interfacial layer, the impact on the device char-
acteristics without the PEDOT:PSS layer could be of interest. Devices were fabricated
as reported so far, with 1,2-DCB as solvent, and with the plasma treatment, without
inserting the PEDOT:PSS layer but directly evaporating the gold electrode on top.
Additional OPDs without plasma treatment and without PEDOT:PSS were fabricated
as reference diodes.
In Fig.4.23 the results are illustrated. Compared to the standard inverted OPD, the
OPD with just a blend layer exhibits the expected high dark current. This is due to
the low-resistive, ohmic pathways through the photoactive film which consists of only
one phase of donator or acceptor material which result in a decreased shunt resistance
of the device. By inserting the PEDOT:PSS layer, dark electron injection from the
anode to the blend is blocked and, regarding the high resistance of the PEDOT:PSS
layer, also the transport of the thermally generated holes towards the anode is hin-
dered. These effects lead to the about two orders of magnitude decrease of the dark
current by inserting the high resistive formulation Clevios P VP CH 8000.
The sample without PEDOT:PSS, with the oxide layer, shows an even better device
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Figure 4.23: IV-curves of the OPDs with
untreated blend, treated blend and treated blend
with included PEDOT:PSS layer.
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Figure 4.24: External quantum efficiency
(EQE) of the different structured inverted OPDs
at an external bias voltage of -4 V.

performance. The dark current is further reduced to about 5 · 10−5 mA/cm2 at -4
V. Also the EQE is remarkably improved compared to the pristine blend layer. As
showed in Fig.4.24, the EQE is increased from 33 % (untreated blend) to 45 % for the
treated blend without PEDOT:PSS. The origin of these improvements is not clear. It
can be related to a similar working principle as with PEDOT:PSS, but an effiecient
suppressing of carrier injection might be difficult due to the very thin thickness of the
oxide layer, which is in the range of some nanometers, since tunneling can occur. That
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the oxide interfacial layer is indeed very thin and sensitive is supported by the fact
that about 50 % of the fabricated samples exhibit a behavior as the untreated sample
showed in Fig.4.23. It seems that the layer can be easily damaged, e.g. by the thermal
evaporation of the gold layer. This high scrap rate hampers the application of this
concept for a hybrid imager.

4.2 Aluminum as cathode material

Aluminum is a commonly used cathode material due to its low work function of 4.3 eV
[Mic77] which is similar to the LUMO level of PCBM at 3.7 eV (see section 3.2.2.2). A
characteristic of aluminum is an excellent corrosion resistance due to the forming of a
native oxide (Al2O3) when exposed to air or water. This thin layer effectively prevents
further oxidation. The thickness of this native layer is quite thin, in the range of 2 nm
[Lu08] and it forms instantly after air exposure. Since the native oxide is an insulator,
the presence of it on top of the aluminum cathode can alter the interface properties to
the organic materials. The inverted OPD can be fabricated in nitrogen atmosphere,
but the fabrication of the CMOS chip is performed in air. A typical time scale between
aluminum deposition on the chip and further organic fabrication can be in the order
of weeks.

4.2.1 Oxidation of the aluminum cathode

In order to investigate the influence of the native oxide on the electric behavior of
the inverted OPDs, 100 nm thick aluminum layers were thermally evaporated and
oxidized under different conditions. Two substrates were stored under ambient air
conditions and two under nitrogen atmosphere, for two respective six days. The oxygen
contamination inside the glove box with nitrogen atmosphere was around 1 ppm.
Together with a fresh evaporated aluminum layer, the substrates were used for OPD
fabrication. In Fig.4.25 the measured IV-characteristic is shown.

Whereas the dark current in reverse direction is not affected by the changed organic-
aluminum interface, the method of storing as well as the time scale of oxidation lead to
different forward and photocurrent behavior. The IV-curve of the device stored six days
in the glove box shows slightly decreased forward current and photocurrent around 0 V
bias. The oxidized samples exhibit strongly changed characteristics. The sample stored
six days in air shows strong disturbances of the photocurrent around 0 V. The open-
circuit voltage point is shifted to lower values. The strong decrease of the photocurrent
around 0 V hints to a space charge limited current similar to the space charge region
at the plasma treated blend surface. Similar observations at the aluminum-organic in-
terface were made by Glatthaar et al. [Gla07] who reported about slow charge transfer
at the aluminum-organic interface of an organic solar cell due to a corrosion of the
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Figure 4.25: IV-curves of inverted OPDs with oxidized aluminum bottom electrodes.

aluminum electrode. Interestingly, for other organic materials in non-inverted layouts
contradicting reports can be found. Vogel et al. [Vog06] reported about reduced solar
cell performance due to recombination centers at the C60-aluminum interface because
of aluminum diffusion during thermal evaporation of aluminum without involving ox-
ides. Li et al. [Li97], faced a similar problem, showed that these unwanted aluminum
gap states can be eliminated in an OLED by introduction of a thin layer of Al2O3
between the organic emission layer Alq3 and the aluminum layer.
The EQEs of all devices in Fig.4.25, not shown here, are hardly influenced in reverse
bias. At -4 V, only the device stored 6 days in ambient air showed an EQE reduction
of about 5 %.
According to literature [Bar12], the saturation thickness of the native oxide, in the
range of a few nanometers, is reached within hours. But the results in Fig.4.25 sug-
gest, that the oxidation occurs on a larger time scale. To investigate this, also a 5
months old aluminum substrate (exposed to ambient air) was used for OPD fabrica-
tion. The IV-curve, shown in Fig.4.26, is strongly influenced compared to the reference
diode. This final result hints to either a time-dependent thickness growth of the oxide
or the occurrence of additional chemical reactions. Although the aluminum covered
substrates were carefully cleaned with acetone and 2-propanol before further fabrica-
tion, still water might be attached to the surface reacting with the organic layers.
As conclusion, regarding the time delayed fabrication of the OPDs on top of CMOS-
substrates, a treatment of the aluminum surface is necessary for good electrical perfor-
mance.
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4.2.2 Removal of the native aluminum oxide
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Figure 4.26: IV-curves of inverted OPDs with and without wet-chemical etching of the aluminum
bottom electrode.

The native oxide on top of the aluminum layer can be either removed by physical meth-
ods (e.g. reactive ion etching) or wet chemical etching. Taking into account that the
whole CMOS-chip, maybe already bonded and mounted inside a chip carrier, has to
withstand the treatment, a physical method is not practicable since the electromagnetic
fields involved could cause a damage to the chip (see also section 6.1.2). A more conve-
nient way is wet-chemical etching with suitable etchants comprising low-etching rates
and a high selectivity since the aluminum itself should not be considerable removed.
Since Al2O3 is harder than aluminum itself, it turned out that only an etchant with an
extremely low etching rate leads to satisfying results. Ammonium hydroxide NH4OH,
with a concentration of 30 % in water, was identified as suitable candidate since it
comprises a low etching rate of about 30 nm/min (of both aluminum and the oxide)
and does not react with the silicon or the passivations layers like SiN of the CMOS
chip. The echting rate was determined with AFM which also proofed that there is not
any surface roughness increase due to the etching.
Etched aluminum layers were used for inverted OPD fabrication to prove the suitabil-
ity of the method. In Fig.4.26 three different devices are shown: an OPD fabricated
with fresh aluminum and two with aluminum bottom electrodes exposed 5 months to
ambient air. One of them was directly etched for 30 s with NH4OH in ambient air
before further processing in nitrogen atmosphere. The unetched sample shows a strong
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degradation due to the native oxide layer as discussed before, whereas the etched sam-
ple does not differ from the reference sample.
In addition, further tests demonstrated that ammonium hydroxide does not damage
(for a typical etching time of 30 s) electronics nor bonding wires on the CMOS-chip.
Only for long exposure to the etchant (> some minutes) a damage could be observed
with the microscope on the aluminum pads respective bottom electrodes for the organic
photodiodes.

4.3 Inverted OPDs with a solution-processable poly-
mer electrode

So far it was shown that the inverted OPDs exhibit comparable device performance
to the non-inverted OPDs with an ITO anode. The only drawback concerns the low
transmission of the semi-transparent gold top electrode which reduces the EQE as re-
ported in section 4.1.4. To improve the EQE, the gold layer thickness can be decreased
to enhance the transmission. In Fig.4.27 the spectral resolved transmissions of three
different gold layers evaporated on glass substrates are shown. The 20 nm thick gold
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Figure 4.27: Transmission of thermal evaporated gold films with different thicknesses.

film was so far used for device fabrication. By decreasing the thickness by factor 2,
the maximum transmission is improved from 55 % to about 70 %. Also the spectral
shape is more flattened for the 10 nm thick gold film. This result indicates that also
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the EQE could be positively influenced. But the fabricated devices with a 10 nm
and also a 15 nm thick gold anode exhibit a strong device degradation (not shown
here) during subsequent IV-curve measurements visible as decrease of the photcurrent
and the forward current. Although the overall RMS-roughness of gold is < 5 nm, a
probable strong local decrease of the already shrinked layer thickness, resulting in the
formation of highly resistive spots, could explain the degradation since these resistive
spots can heat up during the current flow and damage the heat sensitive organic layers
underneath.
Hence, to improve the EQE, the gold layer has to be replaced by a material with similar
high work function, but enhanced transmission. Since the deposition of transparent
conductive oxides like ITO involve high temperatures and kinetic energies which can
damage the organic layers [Sch09], they are not suitable electrode materials for the
inverted OPD.
An alternative is the conductive version of the polymer poly(3,4-ethylenedioxythiophene)
: poly(styrenesulfonate) (PEDOT:PSS). As described in section 3.2.3, it is solution-
processable, highly transparent and it is a suitable anode material due to the high
work-function of 4.8-5.2 eV. It is well known that by adding high boiling point polar
solvents as ethylene glycol, N-methylpyrrolidone and dimethylsulfoxide, PEDOT:PSS
undergoes a conductivity increase of several orders of magnitude [Cri06, Ouy05]. The
origin of the enhanced conductivity is not completely understood, however, it is re-
lated to a morphological change of the PEDOT:PSS film as investigated by Na et al.
[Na08, Na09]. Na et al. reported about the decrease of the thickness of the insulating
and hydrophilic PSS shell around the PEDOT-rich core of a PEDOT:PSS grain. The
decrease of this electrical barrier leads to the formation of superior charge transport
paths between the single grains.
In recent years, the sheet resistance of PEDOT:PSS films could be decreased to around
100 Ω/sq. and even less and consequently also grid free organic solar cells with a trans-
parent polymer electrode [Na08, Na09, Kim11, Hau09, Zho08, Na10, Lim08] were fab-
ricated, including large scale deposition techniques like spray-coating [Na10, Lim08].
Since the sheet resistance of the polymer electrode is increased compared to ITO (5-30
Ω/sq.), which leads also to an increase of the device serial resistance, the solar cell
fill factor is reduced. Hence, these kind of devices are usually less efficient than ITO
reference samples.
The impact of a polymer electrode on the OPD performance, significant at reverse bias
voltage, was investigated during this work, published in [Bai11a] and is summarized in
the following section.

4.3.1 PEDOT:PSS as highly transparent and conductive elec-
trode

Before device integration, the conductive PEDOT:PSS film was optimized towards low
sheet resistance Rsheet combined with a high transmittance T . There is a trade-off
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between Rsheet and T since increasing the layer thickness d is related to a decrease of
Rsheet ∝ 1/d but also to a decrease of T ∝ e−αd, with α as absorption coefficient.
The high boiling point solvent which was chosen as conductivity enhancer is ethylene
glycol (EG). Together with dimethylsulfoxide, the highest conductivities are reported,
but EG additionally provides the possibility of applying it as post treatment for dried
PEDOT:PSS films as reported by Kim et al. [Kim11].
At first, the sheet resistance of spin-coated films consisting of the PEDOT:PSS for-
mulation Clevios PH 1000 by H.C. Starck, which is currently the formulation which
provides the highest achievable polymer conductivities, and EG was investigated. The
two substances were mixed together with different mixing ratios and stirred for several
hours at room temperature before the spin-coating deposition. An optimal mixing
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Figure 4.28: The median of the measured sheet resistance of polymer layers with varying amount
(by weight) of EG inside the PEDOT:PSS formulation PH1000, with and without containing 0.3 %
of the wetting agent Dynol. The errors bars indicate the standard deviation of about 5 subsequent
measurements.

ratio can be extracted with Fig.4.28, which shows the sheet resistance of the material
mix, spin-coated with 2000 rpm which corresponds to a film thickness of about 120 nm
which was quite comparable for the different mixing ratios. Without adding EG, for
the PH1000 formulation Rsheet ≈ 200 kΩ/sq. accounts. The mix, after drying at 140
◦C for 10 min on a hot plate, shows a strong decrease of Rsheet after adding only small
amounts of EG. An optimum can be found around 100:10=PH1000:EG at about 180
Ω/sq. For higher amounts, Rsheet increases slightly again.
For comparison, also layers of other electrode materials were characterized. The 20 nm
thick gold layer exhibits Rsheet ≈ 5 Ω/sq. and ITO about Rsheet ≈ 15 Ω/sq.
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The wetting of the mix on top of the glass substrates turned out to be insufficient
since the film tends to tear-off. To improve adhesion, about 0.3 % of the wetting agent
DynolTM 604 was added to the mix before stirring. In Fig.4.28 it can be seen that
this additional component does not worsen the conductivity of the layers. The optimal
mixing ratio for high conductive polymer films, which was determined and chosen for
device fabrication, is EG:PH1000=10:100 (by weight).

Consequently, the influence of the layer thickness on Rsheet and transmission T was
investigated. The spin-speed was varied between 3000 rpm and 500 rpm, which is
the lowest spin-speed to obtain homogeneous films, resulting in layer thicknesses be-
tween about 75 nm and 265 nm. In Fig.4.29 the transmission spectra of conductive
PEDOT:PSS layers with different layer thicknesses are shown. For comparison, two
alternative anode materials, commercially available indium-tin-oxide (ITO) and a 20
nm thick gold layer, are added to Fig.4.29. Compared to these standard materials, the
modified PEDOT:PSS exhibits a very high transmission even for thick layers. Thin
layers up to about 150 nm layer thickness are even more transparent than the ITO layer
for a wave length region up to the absorption edge of the PCBM:P3HT heterojunction
at about 650 nm. In Fig.4.30, the transmission change for two different wave lengths
is indicated. The change of T within this thickness range is almost linear. At around
500 nm wave length, where the T is next to its maximum, the thinnest layer of 75 nm
exhibit T = 98 % which decreases only about 10 % for increasing the thickness to 265
nm. At 800 nm, the transmission is for all thicknesses above 75 %.
Combining these results with the measured Rsheet, which is related to the layer thick-
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Figure 4.29: Transmission spectra of
PEDOT:PSS layers (with different thicknesses),
commercially available ITO and a 20 nm thick
gold layer electrode.
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ness d by Rsheet ∝ 1
d
, gives rise to the curve plotted in Fig.4.31. The thickest layer

with 265 nm exhibits a very good sheet resistance of Rsheet = 80 Ω/sq. and a still high
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transmittance. Generally, the conductive PEDOT:PSS layer exhibit a conductivity σ
of σ = 1/(d ·Rsheet) ≈ 500 Scm−1.
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Figure 4.31: Transmission change at 450 nm (max. transmission) of PEDOT:PSS layers as a
function of their sheet resistance and layer thickness.

Ethylene glycol can not be only mixed to the PEDOT:PSS solution, but it can also be
used for a post-treatment of dried PEDOT:PSS films. The whole dried layer is ‘dipped‘
for a certain time, usually minutes, in pure EG and dried afterwards again. This can
be also performed with layers that are already fabricated with a mix of PEDOT:PSS
and EG, as reported by Kim et al. [Kim11]. They report about conductivities up to
1400 Scm−1 compared to pristine films fabricated with only a PEDOT:PSS:EG mix
exhibiting about 700 Scm−1.
To investigate the impact of the dipping on Rsheet, different samples were fabricated
with different layer thicknesses which were determined precisely (< 5 nm uncertainty)
with the AFM. The reference samples (A) were fabricated as reported so far, with
a mixing ratio of 100:10=PEDOT:PSS:EG. Two other samples (B) were additionally
dipped afterwards for 5 min respective 20 min in EG and dried afterwards for 10 min
at 140◦C. They are referred as ‘mix + dip‘ samples. The last one (C) is a spin-coated
pure PEDOT:PSS film, dipped for 5 min in EG (‘dip‘).
As also observed in [Kim11], the post-treatment causes a strong change of the layer
morphology. In Fig.4.32, the change of the layer thickness for the post-treated films
is shown, for the different treatment times (5 respective 20 min) of the B samples
no difference was observable. As initial layer thickness the thickness before the post-
treatment is meant. For the thicker layers a significant change of about 1/3 of the layer
thickness occurred. For sample C the effect is similar, but less pronounced.
The origin of the thickness reduction is related to the morphological changes reported
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Figure 4.32: The change of the initial film thicknesses of the samples B (mix + dip) and C (dip)
after the post-treatment with EG.

in [Kim11]. With the post-treatment the reduction of the insulating PSS regions is
much stronger than with only mixing EG to the PEDOT:PSS for which no thickness
change was observed. This ‘washing-out‘ leads to the formation of a compact, PEDOT
rich layer. The information about thickness change is important since the improvement
of conductivity reported by Kim et al. in [Kim11] could be simply related to the re-
duction of film thickness. Actually, the important quantity for the electrical transport
in the device is Rsheet, independent on the physical dimensions, and not the bulk re-
sistivity 1/σ since there is no difference in the electrical transport in case σ is doubled
but d is reduced by half compared to the initial state.
In Fig.4.33 the dependence of the sheet resistance on the layer thickness is shown. The
difference of Rsheet for the same d between the reference samples A and the treated
samples (B+C) is significant. But taking the results of Fig.4.32 into account, Rsheet

of the treated samples is almost the same as before the treatment, only a thickness
change occurs. The best results for Rsheet could be obtained with the 20 min treated
sample, Rsheet = 50 Ω/sq., but this result is only slightly better as the best reference
sample A with Rsheet = 65 Ω/sq.
A similar result can be obtained by characterizing the transmission T in Fig.4.34. Here,
for the same layer thickness, the treated samples exhibit lower transmission. This effect
can be attributed to the morphological changes of the PEDOT:PSS. As for Rsheet, the
transmission curve is shifted to the left side by a value corresponding to the change
of thickness. Only the amount of PSS is different between the samples, but not the
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Figure 4.33: The sheet resistance dependent on
the layer thickness for all samples.
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Figure 4.34: The transmittance dependent on
the layer thickness for all samples.

PEDOT which leads to the similar transmission compared with the reference samples
A. The different treated samples show a slightly different behavior, as indicated with
linear fits, which can be partly influenced by the measurement inaccuracy related by
the T measurements (±1.5 %).
A final comparison between the different samples, shown in Fig.4.35, illustrates the
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Figure 4.35: Transmission over sheet resistance for the various treated films.

dependence of T on Rsheet. All samples show a quite similar behavior, with a slight
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worse T/R ratio for the reference samples. This result proves that the post-treatment
concept does not bring an improvement regarding Rsheet nor T , although the conduc-
tivities could be increased from 500 to 900 Scm−1 (Kim et al.: 1400 Scm−1). Hence,
the simple mix of PEDOT:PSS with EG was chosen for device integration.

4.3.2 Electro-optical performance of inverted OPDs with poly-
mer electrode

To test the impact of the very different Rsheet and T of the conductive PEDOT:PSS
on devices and to compare with the gold layer, devices with different thick polymer
electrode were fabricated. The processing of the new anode was equally performed as
with the dummies on glass substrates and the photoactive diode area was defined with
a heat-resistant adhesive tape to shield the material during spin-coating. The other
device parts were fabricated as in section 4.1.4.
In Fig.4.36 the IV-characteristics of two inverted photodetectors, one with the so far
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Figure 4.36: Typical IV-curves of inverted diodes with a gold respective polymer electrode under
dark and illuminated conditions. The applied light intensity was 100 mW/cm2.

used gold electrode and the other with the new solution-processable polymer electrode,
comprising a sheet resistance of 100 Ω/sq., is shown. The new device sustains a similar
low dark current for high reverse bias (2 · 10−4 mA/cm2 @ -4 V), but even one order
of magnitude lower current for smaller reverse bias (1 · 10−5 mA/cm2 @ -1 V). The
current density under illumination increases about 50 % due to the enhanced trans-
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parency of the polymer layer thus improving the photocurrent on/off-ratio at -4 V to
four orders of magnitude. The forward current density is slightly reduced due to the
higher resistance of the polymer electrode (100 Ω/sq.) compared to the gold electrode
(3 Ω/sq.).
Comparing the impact of different layer thicknesses and according sheet resistances of
the anode on the IV-characteristics, by increasing Rsheet from 100 Ω/sq. to 300 Ω/sq.,
neither the for a photodetector relevant dark nor light backward current are influenced
within accuracy of fabrication and characterization, whereas the forward current den-
sity slightly decreases. Since a photodetector is operated in reverse bias, the increased
serial resistance introduced by the polymer electrode, even if deposited as a thin layer
with lower conductance, does not limit the electrical detector performance.
The improved light transmittance of the PEDOT:PSS anode compared to the semi-
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Figure 4.37: External quantum efficiency (EQE) of devices with gold respective polymer
electrodes. The inset shows the EQE decrease with increasing anode sheet resistance.

transparent gold layer manifests itself by remarkable values of the external quantum
efficiency (EQE). In Fig.4.37 the EQEs of inverted photodetectors with gold (20 nm
thick) respective polymer anode (200 nm thick, 100 Ω/sq.) are shown. Whereas the
narrow transmission spectrum of a 20 nm thick gold layer with a transmission maximum
of about 55 % showed in Fig.4.29 is responsible for an EQE exhibiting a maximum of
only about 45 % @ 530 nm (-4 V) and efficiency losses at the short wave length range,
the replacement with PEDOT:PSS increases the short wave length part of the EQE
and shifts the maximum over 70 % (-4 V). This value is comparable to the EQE of
state-of-the-art non-inverted ITO photodetectors [Ted09, Ram08].
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The dependence of the EQE on the electrode sheet resistance is shown in the inset of
Fig.4.37. With increasing Rsheet (decreasing layer thickness) from 100 Ω/sq. to 300
Ω/sq. the EQE decreases by about 7.5 %. This is interesting since the transmission at
the same wavelength (see Fig.4.31) increases by 6.5 % when increasing Rsheet from 100
Ω/sq. to 300 Ω/sq. Consequently, decreasing the sheet resistance has bigger impact
on device performance than increasing the transmission.
An optimal layer thickness for the inverted photodetector could not be determined
since lowering of the spin-coating speed results in the formation of inhomogenous PE-
DOT:PSS films. All devices fabricated with polymer electrodes thicker than about 200
nm exhibit large EQE variations and were not exploited for further investigations.
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Ω/sq. at -4 V. The inset shows the dependence
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Figure 4.39: Dynamic photocurrent response
for diodes with different sheet resistances. The
applied light pulse length was 5 µs and the
frequency 100 kHz. The inset shows the decrease
of rise and fall time with decreasing sheet
resistance. Overshoots are dedicated to
capacitive effects arising from cables.

A further performance parameter which is influenced by Rsheet is the dynamic behavior
respective the -3db cut-off frequency fc. The serial resistance of the electrodes, pro-
portional to the Rsheet, plus additional load resistances sum up to a total resistance R.
The time constant trc = RC takes this resistance into account, together with the pho-
todiode capacitance C ∝ A/d (with diode area A). fc is also influenced by the transit
time ttr of the light generated carriers traveling through blend and PEDOT:PSS to
the electrodes. The transit time is given by ttr = d2

µV
with layer thicknesses d, carrier

mobility µ and voltage drop V . For inverted photodetectors with different conductive
electrodes but with the same layer structure in between, the transit time towards the
electrodes is constant.

The overall device time constant t is the root-sum-square value of the individual time
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constants [Wal48] and is related to the cut-off frequency fc ∝ 1/2πt:

t =
√
t2tr + t2rc (4.2)

Since the sheet resistance of a polymer electrode can be about two orders of magnitude
higher than that of a metal electrode, also trc can increase remarkably. To investigate
the impact of the sheet resistance on the dynamic behavior of photodiodes with a poly-
mer top electrode, the cut-off frequencies were measured.
In Fig.4.38 the frequency response of an inverted diode with a polymer electrode (100
Ω/sq.) on illuminating it with square light pulses (light intensity 0.8 mW/cm2, duty
cycle 50%) is shown. At about 420 kHz the -3dB attenuation is reached. This is a
state-of-the art -3db cut-off frequency for organic photodiodes [Bai10, Pun07, Ram08].
Increasing Rsheet from 100 Ω/sq. to 300 Ω/sq. results in a cut-off frequency decrease
to about 260 kHz.
Considering this experimentally determined dependence between sheet resistance and
cut-off frequency in the inset of Fig.4.38 and assuming that C is equal for each diode,
it is possible to determine a proportional factor x = ttr/trc for different trc respective
Rsheet with Eq.4.2. Assuming R ∝ Rsheet, a change of Rsheet also causes a proportional
change of trc. For the device with the lowest sheet resistance, Rsheet = 100 Ω/sq., x = 2
follows, which means that ttr contributes about 4 times more (see Eq.4.2) to the overall
time constant than trc. In addition, also an upper limit of the cut-off frequency of the
photodetectors with polymer electrodes can be estimated with Eq.4.2 and the data of
the inset of Fig.4.38. With RC = 0 only the transit time determines the overall time
constant t, resulting in an upper cut-off frequency limit of about 470 kHz which is
barely higher as the highest cut-off frequency measured in Fig.4.38. The conclusion of
these dynamic measurements is, that although Rsheet of the polymer electrode is two
orders of magnitude higher than that of a metal electrode, it is not the dominant con-
tribution to the time constant. Still the transit time, governed by the layer thicknesses
in the devices and the mobility, determines the speed of a detector.
Interestingly, the best obtained cut-off frequencies of devices fabricated with the poly-
mer electrode are significant higher than of devices with a gold electrode as reported
in section 4.1.4 (300-350 kHz). This result can be influenced by the different interface
to the electrode which might enhance the carrier extraction for the polymer electrode
due to the supposed almost equal work function of both conductive PEDOT:PSS and
the hole-conductor PEDOT:PSS.
In Fig.4.39 typical light pulse responses of the photodetectors with different anode
sheet resistances are shown for a light pulse frequency of 100 kHz. The shape of the
response changes for the different resistances, meaning that also rise and fall time (the
fall time is defined as time required for a pulse to decrease from 90% to 10% percent
of the peak value) change accordingly. This is shown in the inset of Fig.4.39 where
the response times double for increasing Rsheet=100 Ω/sq. to 300 Ω/sq. The behavior
is consistent with the trend shown before in Fig.4.38 where the cut-off frequency is
reduced approximately by half.



88 Towards an efficient top-absorbing photodetector fabricated with spin-coating

4.4 A panchromatic photodetector with squaraine

So far, all inverted OPDs were fabricated with the common mix of the donator P3HT
and the acceptor material PCBM. For sensing, especially for the hybrid concept, also
the wave length region beyond the absorption edge of PCBM:P3HT (650 nm) is in-
teresting since currently, there are no cheap night vision systems available. InGaAs
cameras are employed for the NIR-region (up to 1700 nm), but they are expensive,
among other factors due the rare resource of indium. Possible applications for NIR-
enhanced imagers are given in section 3.2.2.3.
In this thesis, to enhance the absorption range of the organic bulk-heterojunction
towards the NIR-region, the organic dye squaraine was valuated and a panchromatic
detector, sensitive over a broad wave length range between 300-900 nm, was fabricated.
For details about squaraine, see section 3.2.2.3 and [Bev10, Bin09, Bin11, Wei10].
To obtain the broad wave length sensitivity, squaraine (SQ) can be mixed together
with PCBM and P3HT. In Fig.4.40 the absorption spectra of different organic lay-
ers containing SQ are shown. The mix with 1:3=SQ:PCBM by weight was chosen
since it is an optimized mixing ratio for SQ:PCBM for high quantum efficiency since
it balances the electron and hole mobilities (µn = 6 · 10−6 cm2/V s, µp = 2 · 10−6

cm2/V s) [Wei10, Bin11]. The mix exhibits almost no absorption in the green wave
length region. To increase this part, P3HT was gradually added. For a mixing ratio
of 1:1.5:3=SQ:P3HT:PCBM, the absorption at 500 nm is almost as high as at the SQ
maximum at 760 nm.
To validate the broad wave length sensitivity, non-inverted OPDs with an ITO an-
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Figure 4.40: The absorbance spectra of various
mixed organic layers. The spectra are normalized
on the SQ peak at about 760 nm.
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Figure 4.41: The EQEs of non-inverted OPDs,
measured at -4 V, with various mixed blend
layers.

ode (which exhibits at 1000 nm a transmission of > 80 %) and PEDOT:PSS as hole
conductor were fabricated. In Fig.4.41, the corresponding EQEs are shown. As with
the absorption, the EQE in the green wave length region increases by increasing the
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amount of P3HT, but this occurs at the expense of an EQE decrease of squaraine.
Both materials are electron donator materials. Since the SQ exhibits a slightly lower
LUMO level (3.3 eV) compared to the P3HT (3.0 eV), a possible explaination for the
EQE trade off between P3HT and SQ is that the P3HT LUMO acts as a barrier for the
photogenerated electrons inside the SQ dye which hinders the electron transfer to the
PCBM when not directly transferred from SQ to PCBM. The optimum mixing ratio is
around 1:1.5:3 since for this ratio the spectral EQE up to 850 nm is at least 25 % for
the applied -4 V external bias voltage. Either increasing or decreasing the amount of
PCBM worsens the EQE, as indicated in Fig.4.41 since either the green or NIR EQE
suffers.
In Fig.4.42 the IV-curves of the OPD which the optimized mixing ratio is shown to-
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Figure 4.42: IV-curves of non-inverted OPDs
with and without SQ.
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gether with a reference sample with contains only the common P3HT:PCBM bulk
heterojunction. Both show very similar dark currents. The photocurrent for the
SQ-containing detector exhibits a slope also for high reverse bias compared to the
reference. This increase is also manifested in the EQE-measurements which were per-
formed for reverse bias up to -10 V, as shown in Fig.4.44 for the OPD without P3HT
(1:3=SQ:PCBM) and with P3HT (1:1.5:3=SQ:P3HT:PCBM). In difference to the stan-
dard and inverted OPD EQE which saturates at about -5 V, the EQE does not even
saturate for an applied voltage of -10 V. EQEs above 50 % are feasible for the panchro-
matic photodiode.
The dynamic performance of the optimized panchromatic detector, determined as cut-
off frequency, is showed in Fig.4.43. It was measured at two different wave lengths,
green (525 nm) and NIR (905 nm). The -3-dB-cut-off frequency is significantly lower
(15 kHz at 525 nm) than for the standard OPDs, especially for the the NIR part (800
Hz), but still sufficient for an imaging application [Bai12].
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4.5 Degradation of spin-coated OPDs

A drawback of organic electronics in general is the tendency of the organic materials to
react with ambient air, e.g. with oxygen and water. These chemical reactions lead to a
degrading performance of the organic devices within hours or days. To protect the lay-
ers, an encapsulation is indispensable. In this work, a simple encapsulation was used,
consisting of an epoxy glue and a thin glass sheet which was positioned over the active
diode area and fixed with the glue. This simple encapsulation does prevent vertical
diffusion of oxygen (trough the top electrode), but still a lateral diffusion through the
spin-coated layers and the epoxy glue towards the active diode area, which is usually
positioned at a distance of about 2 mm to the encapsulation glass edge, can occur.
Short diode lifetimes (days) with this encapsulation were experienced at the beginning
of this work. To improve diode lifetimes, the first step was to exchange the type of
epoxy glue while still maintaining the lateral encapsulation type. The new epoxy resin
Dymax OP-4-20632, an UV-hardening acrylate, was chosen due to previous positive
reports about the application in organic solar cells [Zim08]. Together with the glue
used in the beginning, the urethane Dymax 9001-E-v3.1, both glues were tested in spin-
coated OPDs with a gold anode. The fabrication process was completely performed in
nitrogen atmosphere, including the encapsulation which was performed equally for all
test OPDs except for the epoxy type. Altogether, several samples were fabricated for
each type of glue, with each 6-8 diodes to gain statistics. IV-curves and EQE measure-
ments were performed regularly over a time period of 3 respective 9 months.
In Fig.4.46 the dark current at -4 V of the OPDs with different epoxy resins are com-
pared. Each data set corresponds to one substrate, containing 8 diodes, averaged, and
the standard deviations are included as error bars. The tendency is clear, with Dy-
max 9001-E-v3.1, the dark currents are continuously increasing. After 9 months, they
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Figure 4.46: The evolution of the dark current for seven different samples with 8 diodes fabricated
with the two different epoxy glues. The applied bias voltage is -4 V.

are increased by about two orders of magnitude due to a decrease of the diode shunt
resistance related to the chemical reactions. For the Dymax OP-4-20632, over a time
period of 3 months no degradation is observed, even after 9 months there is no clear
indication. This long-term stability is a surprising result, since the encapsulation does
not block lateral diffusion through the organic and glue layer.
For the photocurrents, shown in Fig.4.47, the results are similar. For a time period of
9 months, the photocurrents at -4 V of the samples with Dymax OP-4-20632 do not
decrease at all whereas the other glue leads to about factor 10 worse photocurrents.
Along with the stable photocurrents, also the EQE does not suffer, as indicated in

Fig.4.48. With Dymax 9001-E-v3.1, the OPDs lose about one third of their EQEs after
three months.
The only changes observed by using Dymax OP-4-20632 affect the forward current of
the OPDs. The slight decrease of the forward current after nine months hints to an
increase of the serial resistance of the photodiode of a space-charge limited current
because of oxygen diffusion as reported in [Kre07].
The big difference of the performance obtained by the use of two different glues has to
be related to a different lateral diffusion rate through the glues. This can be due to
different material properties or different layer thicknesses of the glues. SEM (scanning-
electron-microscope)-measurements of the glues revealed an equal layer thickness but
a different morphology which hints to a very different structure of the two epoxy glues.
As conclusion, the life time of the inverted OPDs could be significantly improved, to
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Figure 4.47: The evolution of the photocurrent for seven different samples with 8 diodes fabricated
with the two different epoxy glues. The applied bias voltage is -4 V.
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Figure 4.49: IV-curves of a typical OPD
fabricated with Dymax OP-4-20632 directly
measured after fabrication and after 9 months.

about at least 9 months, which is important for the integration into imager prototypes
due to the high cost of prototype production. A further improvement of the encapsu-
lation should be possible by introducing a complete encapsulation, e.g. by removing
the residual polymer layers before applying the epoxy glue, thus suppressing lateral
diffusion.



Chapter 5

Spray-deposition of organic
photodiodes

In the previous chapter two major challenges for the hybrid imager development were
overcome. The inverted OPD is now fully compatible with the CMOS top-metalization
and is an efficient top-absorbing device.
Another challenge for the integration of organics arises due to the high texture of the
chip. In Fig.5.1 the three dimensional profile of a pixel with 15 µm pad size (of a
CMOS-chip used for hybrid imager fabrication in chapter 6) is illustrated as measured
with an AFM. The inside is sputtered aluminum with a RMS-roughness of about 10
nm. The bulge which surrounds the metalization is a silicon nitride (SiN) passivation
layer. It is used for electrical isolation between the silicon substrate and organic layers.
The openings in this passivation layer, created by an etching process, define precisely
the lateral aluminum pad size (15 µm) of the pixel, as shown in the height profile in
Fig.5.1. The profile reveals also the very high texture of the SiN-layer, of about 2 µm,
which is a typical value arising due to the CVD (chemical vapor deposition) process.
So far, all OPDs were fabricated with spin-coating. Since this method is driven by
the lateral centrifugal force, the deposition on rough substrates can lead to very inho-
mogeneous layers or film tear-offs. Actually, spin-coating on test CMOS-dummies (see
section 3.1.2 with a 200 nm high passivation layer led already to the formation of an
inhomogeneous layer and high diode dark currents.
Hence, a different deposition method had to be chosen for the CMOS-chips. In this
work, spray-coating was chosen since it is a vertical deposition method independent
on surface roughness. An additional advantage is also the possibility to generate lay-
ers with different thicknesses, only limited to a minimum thickness determined by the
roughness of the spraydrop-network.
Spray-deposition of organic devices, like solar-cells [Gir11, Na10, Sus11] and photodi-
odes [Ted09] was employed before, mainly to demonstrate the possibility of large-scale
fabrication.
The setup used for spray-deposition in this work, as well the various spray parameters,
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Figure 5.1: An AFM image of the surface of a pixel of the CMOS chip used for hybrid imager
fabrication. The inside is the aluminum cathode, its lateral dimensions and the SiN-passivation
height are indicated in the height profile.

are described in section 3.3.3.
Since, compared to spin-coating, the spraying of organic layers can be influenced by
various setup changes, the most important parameters will be briefly discussed in the
first section. The second section deals with the optimization of the single sprayed lay-
ers of the OPD to improve device performance, followed by the results of completely
sprayed devices.

5.1 Impact of spray-deposition parameters on or-
ganic layer quality

The most important spraying parameters (nozzle-substrate distance, spraying time,
pressure, heating and material flow) were already addressed in section 3.3.3. Here, their
impact on the organic layers regarding thickness and roughness is described. Prior to
fabrication of devices, a suitable set of spraying parameters has to be identified for
each individual layer. Following criteria are most important:
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• Uniform film thickness: prior to the formation of a film on the substrate, a part
of the solvent has to evaporate thus the impinging drops do not form a wet layer
with high thickness variations. On the other side, if too much solvent evaporates,
only polymer powder will reach the substrate. A suitable regime between wet and
dry condition has to be found, mainly by varying the nozzle-substrate distance
and substrate heating temperature.

• Low material consumption: as with spin coating, a big part of the solution does
not reach the substrate due to polymer ‘powder‘ generation in the spray beam
and due to the bigger diameter of the spray beam compared to the substrate size.

• Minimized layer roughness: Since a sprayed film consists of a network of single
drops, the layer roughness can be much higher than with spin-coating. This must
not be a severe issue for device performance [Ted09], but since the hybrid imager
consists of numerous small pixels, the layer inhomoginity can also increase the
fixed pattern noise, see section 6.2.

5.1.1 Distance nozzle-substrate

The spray distance for the intermediate regime, in which the drops lose a sufficient
amount of solvent during their way to form uniform films, was determined for the
PCBM:P3HT blend for different solvents, including toluene (Tol), 1,2-dichlorobenzene
(DCB) and xylene. For the optimized solvent, a mixture of DCB:Tol (as discussed in
section 5.2.1) was chosen with a corresponding spray pattern shown in Fig.5.2 for three
different nozzle-substrate distances. Here it can be seen that a variation of only ± 10
mm vertical distance, starting at 15 cm, changes the maximum layer height by about
± 20 % of the layer thickness. This high value implicates that a careful adjustment
of the distance is critical for reproducible results. The distance of 14 cm would be the
optimum for low material consumption, but since here the intermediate regime starts
to change already to the wet regime for the substrate temperature of 100 ◦C, for all
spraying processes of the blend in section 5.3 the distance of 15 cm was chosen.
Increasing the substrate temperature could also prevent blend spraying in the wet
regime, but this is directly opposed to the intention of minimizing the material con-
sumption since a decrease of the layer thickness for the PCBM:P3HT blend was ob-
served.
The lateral profile of the spray pattern corresponds to a gaussian beam profile. The
height change related to a lateral shift of 5 mm from the middle point (maximum) is
about 15 % of the layer thickness. For a typical blend layer thickness of 500 nm this
value corrsponds to about 75 nm which is much regarding the impact on the EQE (see
section 5.3). Hence, a careful positioning is not enough but has to be supported by the
use of spraying masks. For large scale OPDs, an aluminum mask with 1 cm opening
was used. Two diodes (see Fig.3.3 in section 3.1.2) were sprayed at once, with the
maximum of the gaussian beam positioned between the two diodes to guarantee that
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Figure 5.2: The lateral height profile of sprayed layers with DCB:Tol as solvent and an applied
temperature of 100◦C. The single measurement points, which were determined with a Dektak
profilometer, were overlaid with a gaussian fit.

both diodes are covered with an equal amount of blend. Still, since the diameter of the
active OPD area is 3 mm, the spraying of these large OPDs is always prone to thick-
ness non-uniformities, especially, since also the lateral middle point determination of
the gaussian beam, supported by a pendulum and sprayed test patterns, is error-prone.
One reason why a mixture of DCB:Tol was chosen as solvent is the increased boiling
point compared to the low-boiling point solvent toluene (111◦C). Blend layers sprayed
with toluene (with an interim regime distance of 14 cm), exhibit a much lower thick-
ness than compared to layers with DCB:Tol for the same spraying time. The material
consumption of the toluene blends is about factor 3 higher, which could be due to a
loss of blend because of the generation of polymer powder in the spray beam.

5.1.2 Substrate heating

During the spraying process, the substrate can be heated via a hot plate. A main reason
for applying temperature is the enhancement of solvent evaporation for a given nozzle-
substrate distance to avoid the wet regime. Heating influences also the roughness of
the sprayed layers. For the blend, no significant changes of the roughness occurred for
changing the temperature, but a strong temperature impact on PEDOT:PSS films (for
the preparation of the solution see the experimental details in 7.2) was observable.
In Fig.5.3 four images of different PEDOT:PSS layer are shown which were fabricated
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Figure 5.3: Microscopic pictures of PEDOT:PSS layers sprayed at different temperatures. The
scale is the same for all images.

identically apart from the glass substrate heating. Increasing the temperature leads to
a strong three-dimensional shaping of the layers, the single drops appear much more
distinguishable for a spraying temperature of 140◦C although the lateral drop size does
not change. It can be seen that the edges of the drops are getting more distinct, in-
dicating a material redistribution. This phenomenon is also known as coffee drop or
coffee ring effect [Dee97]. The pattern is due to an induced material flow from the inner
part of the drop towards the edge to replace the evaporated solvent. This temperature
dependence was already observed by Soltman et al. [Sol08] for PEDOT:PSS deposition
with ink-jet printers. They investigated that increasing the temperature results also
in an increase of the PEDOT:PSS transfer rate towards the edges by measuring the
profile of drying drops.
The significance for PEDOT:PSS deposition is also shown in Fig.5.4. For increasing
the temperature from 35◦C to 140◦C, the layer thickness increases by less than factor
two whereas the RMS-roughness increases by about factor 6, from about 100 nm to
600 nm. This very strong increase cannot be due to the related increase of layer thick-
ness, as shown in Fig.5.5. Here, as also valid for the photoactive layer, the roughness
increases only slightly for increasing the layer thickness by changing the valve opening
time. While the thickness changes by about factor 4, the roughness almost doubles.
Hence, the weak dependence of the layer roughness on the layer thickness respective
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Figure 5.4: The layer thickness and roughness
of PEDOT:PSS layers, measured with a
profilometer, sprayed for 90 s at different
temperatures.
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Figure 5.5: The layer thickness and roughness
of PEDOT:PSS layers sprayed at 100◦C and
different spraying times.

spraying time can not explain the strong effect in Fig.5.4. Rather, the before men-
tioned temperature dependent increase of the PEDOT:PSS transfer rate towards the
drop edges seems responsible for the observed behavior.
As conclusion, the spraying temperature for PEDOT:PSS was set to 50◦C for all de-
vices fabricated in section 5.3 to decrease the layer non-uniformities as well the avoid
current leakage paths through the hole conductor. A lower temperature does not sig-
nificantly decrease layer roughness and can unintentionally favor spraying in the wet
regime.

5.1.3 Spraying pressure

The spraying pressure of the nitrogen gas which is used as transportation medium and
for polymer atomization (abbreviated in the following just as pressure) is a further
crucial parameter since it influences the drop size in the beam. High pressure is related
to high kinetic energy which acts against the surface tension of the polymer solution,
resulting in a finer drop size distribution.
For the photoactive blend, this spray parameter turned out to be crucial for layer
uniformity whereas PEDOT:PSS was not significantly affected. In Fig.5.6 single blend
drops are shown which were sprayed for 1 s with different pressures. For the lowest
pressure applied, 0.5 bar (above the ambient pressure) large drops are formed which
can exhibit diameters larger than 50 µm. Increasing the pressure leads to a significant
change. For 2 bar, most drops are distributed in a diameter range of about 5-20
µm. The highest pressure which could be applied to the nozzle, is 2.8 bar due to the
limitations of the magnetic valves used in the setup.
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Figure 5.6: Microscopic pictures of blend drops sprayed at different pressures for 1 s. The blend
solution and the parameter set are the optimized ones described in section 5.2.1. The scale is the
same for all images.
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Figure 5.7: The height profile of a blend layer
sprayed with 2.8 bar, including a scratch which is
used to determine the layer thickness. The
RMS-roughness σ is indicated.
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Figure 5.8: The layer roughness dependent on
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fitted linearly.

In Fig.5.7 the height profile of a layer sprayed at this maximum pressure is shown.
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The gap is due to an intentional scratch to measure the averaged layer thickness.
The layer, with a typical thickness as used for devices, does not exhibit any holes
nor a locally very thin layer thickness which is important for a maximized device shunt
resistance. Although the layer is quite rough (σ represents the RMS-value, see Eq.3.18,
respective standard deviation) compared to a spin-coated layer (RMS-roughness < 5
nm), it represents the result of an optimized spraying process used also for the hybrid
imager. This can be seen in Fig.5.8. Here the layer roughness is shown dependent on
the measured average layer thickness of blend layers sprayed on glass substrates, fitted
linearly. Starting with the lowest pressure, the RMS-roughness is almost about 200 nm
at 500 nm layer thickness. Increasing the pressure to 2.8 bar, the roughness decreases
to about 90 nm.
In the previous section the temperature turned out to be the critical parameter for
uniform PEDOT:PSS layers, here, for the blend, the spraying pressure can be identified
as tool to increase uniformity.

5.2 Optimization of the individual sprayed organic
layers

Not only the spraying parameters influence massively the layer formation, but also the
mixing (ratio) of the organic materials with different solvents. It turned out that the
optimizations explored for spin-coating deposition in chapter 4 (regarding e.g. high
EQE) were in most cases not valid for spray deposition.
Especially the conductive PEDOT:PSS solution had to be optimized for spray-coating
towards high conductivity, since the mixing ratio with the conductivity enhancer ethy-
lene glycol determined for spin-coating did not lead to satisfying results.
In the following, each organic layer will be addressed separately, including opto-electronical
characteristics of OPDs with sprayed blend layers.

5.2.1 Photoactive blend

Three solvents, namely 1,2-DCB (DCB), toluene (Tol) and xylene (Xyl), with different
characteristics concerning boiling point and surface energy were tested. A detailed
comparison can be found in section 3.2.1. Since their different boiling points have
a huge impact regarding the spraying regime (wet, intermediate or dry), the spray-
ing parameters, mainly the heating temperature and spraying distance had to be ad-
justed for each solution. Firstly, the PCBM:P3HT solutions (with a concentration
of P3HT:PCBM:solvent=1:0.75:100) were compared regarding the layer uniformity re-
spective roughness, as showed in Fig.5.9. For xylene, the highest roughness values were
measured. For thickness values suitable for device fabrication, the rms-roughness is big-
ger than 200 nm. During the spraying process, a strong flocculation of the polymer
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Figure 5.9: Comparison of the layer roughness for different solution with equal PCBM:P3HT
concentrations. Spraying temperatures: 150 ◦C (DCB), 100 ◦C (Tol, Xyl), nozzle-substrate distance:
14 cm (Tol), 15 cm (Xyl, DCB), spray pressure: 1 bar. Two data sets were fitted linearly to point
out the different slope.

was observed (unsolved grains in the spray beam) which could eventually lead also to
a blocking of the spray nozzle. Since it is known that the solubility of PCBM in xylene
is low [Cho11], this could also explain the high roughness of the sprayed layers. This
assumption is supported by the fact that xylene and toluene exhibit approximately the
same surface tension which determines the drop interconnection at comparable spray-
ing parameters and should therefore result in similar RMS-roughnesses. Due to the
high roughness and the handling problems, xylene blends were not further investigated.
Also DCB exhibits a very high roughness, but due to the high boiling point (180 ◦C)
the material consumption was significant lower, about factor 3, compared to toluene
(111 ◦C), as mentioned already in section 5.1.1. Regarding a minimized layer rough-
ness, toluene would be the optimal choice for device fabrication.

Toluene and DCB were also tested in inverted OPDs, fabricated with gold-anode,
aluminum cathode and spin-coated PEDOT:PSS layers, in order to investigate the
electro-optical differences to complete spin-coated reference samples. The blend layers
were sprayed using parameters as described in Fig.5.9 and in section 3.1.2.
In Fig.5.10 the IV-curves of OPDs prepared with DCB are shown for different blend
layer thicknesses. Compared to a spin-coated reference diode, as shown in section 4.1.4,
the dark currents are very low for high layer thickness (>500 nm) due to the decreased
probability of leakage paths and the increase of the serial resistance. Furthermore,
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the photocurrent kink is much more pronounced. Regarding the EQE, there is a huge
difference to the reference samples. As shown here in Fig.5.11 for a typical example,
the maximum EQE, reached for the thinnest layer, is at -4 V only about 20 %. The
spin coated references in section 4.1.4 exhibit maxima around 45 % with a gold anode.
Increasing the layer thickness to values around 2 µm leads to a significant change, not
only of the maximum which decreases due to increased serial resistance respective low
charge carrier mobility [Mou06], but also of the spectral shape. For increasing layer
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Figure 5.10: The IV-curves of inverted OPDs
with a spraycoated blend prepared with DCB, a
spin-coated PEDOT:PSS layer and a gold anode.
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Figure 5.11: The corresponding EQE-curves of
the diodes shown in Fig.5.10, measured at -4 V.

thickness, the maximum EQE shifts towards longer wavelengths. For a thickness of
about 2 µm the maximum is around the absorption edge of the P3HT at about 650
nm and the efficiency ‘hill‘ due to PCBM absorption is more pronounced than for thin
layers. The reason for this behavior is related to the low charge carrier mobility in
the blend combined with different absorption length for photons with different wave
lengths [Che10]. Red and infrared photons exhibit a longer penetration depth and
can be hence absorbed near the aluminum cathode after passing a thick blend layer.
Green photons are likely absorbed near the PEDOT:PSS blend interface. Thus, the
resulting electrons of the dissociated excitons likely recombine on the way through the
blend layer towards the collecting cathode. The ‘red‘ carriers, since generated in the
whole layer, have a higher probability to reach the respective electrodes. Therefore
the red region of the EQE is more pronounced compared to the green part, although
the general low carrier mobility decreases the overall efficiency remarkably. Only high
external bias (> 10 V) can reduce the recombination losses [Che10]. Also OPDs with
layers thicknesses comparable to spin-coated devices exhibit a quite low efficiency.

For comparison, equally structured OPDs were fabricated with the blend layer pre-
pared with toluene instead of DCB. The resulting IV-curves and the EQE are shown
in Fig.5.12 and 5.13. The IV-curves exhibit comparable dark and photocurrents to the
spin-coated references. The EQE is significantly higher than compared to DCB-sprayed
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Figure 5.12: The IV-curves of inverted OPDs
with a spraycoated blend prepared with Tol, a
spin-coated PEDOT:PSS layer and a gold anode.

350 400 450 500 550 600 650 700 750 800
0

5

10

15

20

25

30

35

40

blend layer 
thickness: 
550 nm

  -4 V
  -1 V
  0 V

 

E
Q

E
(%

)

wave length (nm)

Figure 5.13: The EQE-curve of the device with
550 nm blend layer thickness, at different
external applied bias.

OPDs. The maximum EQE which could be reached at -4 V, depending on the layer
thickness, is about 35 %. This value is still smaller than for spin-coated samples, but
this is partly attributed to the PEDOT:PSS layer which is spin-coated (flat thickness:
170 nm) on top of the blend layer, comprising a roughness between 100-200 nm, which
leads also to the formation of a non-uniform, locally thin, PEDOT:PSS layer which
can worsen the efficiency, as will be adressed in Fig.5.17 at the end of this section. For
replacing the spin-coated PEDOT:PSS layer with a sprayed one, much higher EQEs
can be obtained as will be shown in section 5.3.2.

Compared to devices with toluene blends, also the DCB based devices with a sprayed
instead of spin-coated PEDOT:PSS do not exhibit higher EQE although the very rough
DCB layers should have a bigger impact on the PEDOT:PSS layer non-uniformities
than the less rough toluene blends. The reason for the general low efficiency of DCB-
devices could be related to a lowered carrier mobility due to a bad interdrop connection.
This assumption is supported by the fact the DCB exhibits a significant higher sur-
face tension (35.4 mN/m at 20 ◦C) compared to toluene (27.9 mN/m at 20 ◦C) which
hinders the spreading of the liquid onto the substrate. This characteristic may also
explain the higher layer roughness of DCB-blends compared to blends fabricated with
toluene (see Fig.5.9).
Also toluene is not an ideal solvent due to the already mentioned very high material
consumption and also due to the fact that the device characteristics are very depen-
dent on the layer thickness. This is observable in Fig.5.12 at the strong decrease of
photo-and forward current by increasing the layer thickness from about 550 nm to 700
nm which was not observed for the DCB-devices.
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If the assumption is right that a small surface tension is favorable for good interdrop-
connection, a two-solvent system should lead to improved results compared to toluene
in case it exhibits the so called Marangoni-flow [Fan98] which appears in case two
requirements are fulfilled by the two solvents [Gir11]:

• A high and a low boiling point solvent is needed

• The less volatile liquid must exhibit a significantly higher surface tension

In case suitable solvents are mixed, the liquid with high surface tension will cause
a higher co-adhesive force on the surrounding liquid than the other component. In
case the mixed liquid exhibits phases of the two solvents, the resulting surface tension
gradient will cause the liquid to flow away from regions of low surface tension.
The gradient of surface tension can be realized with the difference of the boiling points.
On the drop surface, especially on the thin edge near the substrate interface, the
concentration of the high boiling point solvent is high due to the evaporation of the
volatile component. The resulting surface tension gradient leads to a force which is
outwardly directed, resulting in a spread of the liquid with a velocity v(r) parallel to
to the substrate according to the formula [Fan98]:

v(r) = d(r)
2η ·

dσ

dr
(5.1)

with d the local drop thickness, η the dynamic viscosity depending on the fractions of
volatile and non-volatile components and the surface tension gradient dσ

dr
in parallel to

the substrate. An enhanced spreading capability was already reported in [Gir11, Hot09]
for a two solvent system consisting of DCB and mesitylene, for organic solar cell fab-
rication.
Due to the high difference of boiling points and surface tensions, also DCB and toluene
are very suitable candidates for a Marangoni liquid. In Fig.5.9 the roughness of a blend
sprayed with a mixture of DCB:Tol=1:1 is shown. Compared to the pure DCB film,
the roughness of the mixture is significant lower and even slightly better as for a pure
toluene film.
In Fig.5.14 and Fig.5.15 the corresponding electro-optical characteristics for typical
devices are shown. For the DCB:Tol=1:1 mix the advantages of both solvents are com-
bined. The course of the photocurrent is more stable for increasing the layer thickness
as with DCB, and the EQE, with maximum values around 35 %, is as high as with
toluene. The material consumption during spraying turned out to be about the same
as with pure DCB. These three benefits as well as the low layer roughness make this
solvent mixture the most suitable candidate for inverted OPD fabrication.

To finally prove that devices with a spray-deposited blend layer can exhibit the same
performance as spin-coated devices, non-inverted OPDs with an ITO-anode were fab-
ricated. The advantage of the non-inverted layer structure is that the spin-coated PE-
DOT:PSS layer is deposited on the ITO which does not lead to layer non-uniformities
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Figure 5.14: The IV-curves of inverted OPDs
with a spraycoated blend prepared with
DCB:Tol=1:1, a spin-coated PEDOT:PSS layer
and a gold anode.
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Figure 5.15: The corresponding EQE-curves of
the diodes shown in Fig.5.14, measured at -4 V.

as with the spin-deposition on top of the rough sprayed blend in inverted devices.
The performance of theses devices is shown in Fig.5.16 and Fig.5.17. The dark cur-
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Figure 5.16: The IV-curves of non-inverted
OPDs with ITO-anode and a spraycoated blend
prepared with DCB:Tol=1:1 and a spraying
pressure of 2 bar.
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Figure 5.17: The corresponding EQE-curves,
measured at -4 V, and as comparison the EQE of
a spin-coated reference diode.

rent saturation, as shown in Fig.5.16, appears at about 500 nm layer thickness. The
corresponding EQE-curve in Fig.5.17 exhibits a maximum of about 60 %. The com-
pletely spin-coated reference OPD with about 300 nm blend layer thickness, exibits
a comparable efficiency, which finally underpins the suitability of the spray-coating
method.
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5.2.2 PEDOT:PSS hole conductor

The commercial aqueous PEDOT:PSS formulations are optimized for spin-coating de-
position. For spraying, a further diluting is necessary to avoid a blocking of the spraying
head due to high viscosity as well to increase spraying reproducibility (highly concen-
trated mixtures lead to a strong slope of layer thickness with increasing spraying time).
As Girotto et al. showed in [Gir11], a diluting with isopropanol results in a Marangoni
flow, but with the spraying setup used in this thesis, the use of the low-boiling point
solvent isopropanol (82.5 ◦C) leads to an enhanced evaporation in the spraying beam
giving rise to very low film thicknesses for reasonable spraying times (< 5 min). Hence,
PEDOT:PSS dilution with water proved to be more practicable. The spraying param-
eters for a mixture of 2:1=H20:PEDOT:PSS can be found in the experimental details
7.2.
Regarding fabrication of inverted OPDs, the spraying temperature is critical since it
reverses the plasma treatment effect as shown in section 4.1.1. In section 5.1.2 it was
described that room-temperature spraying leads probable to the formation of wet lay-
ers, but also to the smoothest films. Hence, for devices, an underlayer (consisting of a
monolayer of drops) is sprayed at 35 ◦C and then the temperature is increased to 50
◦C. The information about PEDOT-thicknesses in the following sections include this
underlayer, also for non-inverted devices. The process proved to be the most reliable
one regarding reproducibility and device performance.

5.2.3 Polymer electrode

The spraying of the conductive PEDOT:PSS layer required more optimization than for
the hole conductor since a minimum sheet resistance Rsheet is necessary for good device
performance. For four-point-probe characterization, 1 cm x 1 cm big square-shaped
spraying fields, defined with an aluminum mask, were deposited. Larger fields suffer
from layer thickness non-uniformity due to the gaussian beam profile as reported in
section 5.1.1. Since four-point-probe measurements are only valid for infinitely spread
layers, a correction factor of 0.8 (needle spacing s=1.67 mm), as calculated with a table
in [Smi58] was multiplied with all measurements.
The handling of the PEDOT:PSS formulation PH1000 turned out to be critical since it
tends to massive flocculation inside the spraying head which increases the probability
for nozzle blocking. Extensive diluting with water decreases this problem slightly, but
increases also the probability of spraying in the wet regime. Increasing heating during
the spraying process to overcome the wet regime is critical since the heat budget on the
blend inside an inverted device can worsen the performance. This accounts also for the
post-annealing to remove water and EG for decreasing Rsheet. Finally, a compromise
of dilution to 1:1=H2O:PEDOT:PSS and spraying at 100◦C led to good morphological
results (for spraying parameters see the experimental details).
A major issue with adding water occurred regarding reproducibility. For spraying
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subsequent layers with the same spraying parameters, the layer thickness increased
compared with the previous sprayed layer. This phenomenon is shown in Fig.5.18 with
the change of transmission of the subsequently sprayed layers. Since the origin of this
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Figure 5.18: The spectral transmission of
equally, subsequent sprayed layers prepared with
a solution of H2O:PEDOT:PSS:EG=1:1:0.2.
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Figure 5.19: In difference to Fig.5.18, 0.3 %
Dynol was added to the solution.

effect can be related to a demixing of the solution, resulting in an increased spraying
flow rate of the materials with lower viscosity (ethylene glycol: 16.1 mPas, water: 0.894
mPas, PH1000: 50 mPaS), the concentration of the viscous PEDOT:PSS PH1000 in-
creases in the reservoir. To overcome this issue, Dynol 604 was added to the solution
to change the wetting ability of the solution which is related to a change of surface
tension and dynamic viscosity as well. Dynol was already added to the spin-coating
solution to improve the substrate wetting in section 4.3 where it was shown that Dynol
does not have an impact on the conductivity.
With 0.3 % Dynol added to the solution, as shown in Fig.5.19, the spraying proved to
be stable. The spectral transmission exhibits the same shape as for spin-coated layers,
with a spectral maximum around 450 nm.

To obtain a minimum Rsheet, the optimal amount of EG in the PEDOT:PSS-water-
mix has to be determined. For the spin-coated layers, about 10 % EG is optimal.
Mixing a comparable amount EG to the spray solution does not lead to satisfy-
ing results as shown in Fig.5.20 on sprayed layers fabricated with a mixing ratio of
H2O:PEDOT:PSS:EG=1:1:0.2. Comparing the results of spin-coated layers in section
4.3 respective Fig.5.20, at 90 % transmission at 450 nm Rsheet has doubled. Only a
doubling of the EG amount in the solution leads to results comparable to spin-coated
layers, as shown in Fig.5.20. Since with spin-coating the maximum layer thickness
and hence the minimum sheet resistance is limited, the spraying offers the possibil-
ity of deposition of low-resistiv films. The minium value achieved was 35 Ω/sq. at a
transmission of about 75 % at 450 nm. A further increase of the amount of EG does
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Figure 5.20: The sheet resistance versus the transmission at 450 nm for different contents of EG.
The dip in EG, for 5 min, was performed before the post-annealing. The previous spin-coating
results are including for comparison.

not improve the film conductivity. The saturation is also valid for films which were
additionally dipped in EG, as shown in Fig.5.20.
Varying the post-annealing time, in order to remove water and EG from the film, at
120◦C, between 0 and 30 min, does not significantly alter Rsheet.
For the device fabrication in the following section, the conductive anode was sprayed
using a H2O:PEDOT:PSS:EG=1:1:0.4 solution with 0.3 % Dynol. The spraying time
is adjusted to deposit an about 200 nm thick film with a low roughness of about 40 nm
which is related to the use of the wetting agent Dynol. The film exhibits a transmission
of about 85 % at 450 nm (comparable to ITO) and Rsheet = 50 − 60 Ω/sq. (about
factor 2-3 higher than with ITO).

5.3 Complete sprayed OPDs

In the previous section optimal material mixing ratios were determined as well the
influence of spraying parameters on the layer roughness is investigated. This knowledge
will be exploited in this section to fabricated OPDs with optimized electro-optical
performance. To ease this optimization, firstly non-inverted OPDs were fabricated
since their processing is easier as the inverted ones. As w the sprayed inverted OPDs,
the sprayed conductive PEDOT:PSS solution will serve as anode instead of ITO.
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5.3.1 Non-inverted OPDs

As starting point for optimization of a completely sprayed non-inverted OPD (except
the aluminum top electrode) the knowledge of the previous sections is exploited:

• The bottom electrode consists of conductive PEDOT:PSS, prepared as described
in section 5.2.3, and resulting in an about 200 nm thick film with 40 nm roughness,
85 % maximum transmission and Rsheet = 50− 60 Ω/sq.

• The PEDOT:PSS hole conductor follows, deposited at 50◦C to ensure minimum
roughness.

• Minimum roughness also accounts for the blend layer sprayed at 2.8 bar pressure.
The optimal blend thickness is, as e.g. visible in Fig.5.16, reached for dark current
saturation and occurs for about 450-500 nm.

• The aluminum cathode is thermally evaporated as for spin-coated devices and
exhibits a thickness of 150 nm.

Firstly, the optimal PEDOT:PSS layer thickness has to be determined. Spin-coated
devices exhibit a PEDOT:PSS layer with 170 nm thickness to ensure low dark current
and high EQE, but due to the roughness related with the spraying process, a difference
is expected.
OPDs with different thick PEDOT:PSS layers were fabricated as well as reference lay-
ers on glass to determine the thicknesses via profilometer measurements. In Fig.5.21
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Figure 5.21: The averaged IV-curves of sprayed
non-inverted OPDs with differently thick
PEDOT:PSS layers.
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Figure 5.22: The EQE, measured at 500 nm
and -4 V external bias, dependent on the
PEDOT:PSS layer thickness and the
corresponding layer roughness.

it can be seen that an increasing PEDOT:PSS layer thickness is related to an in-
crease of the device serial resistance since the forward current is decreasing. Another
consequence, much more critical to the OPD performance, is an increase of the dark
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current with increasing PEDOT:PSS thickness. This phenomenon was already ob-
served with spin-coated films [Fri09]. In [Fri09] the increase of the dark current was
simultaneously observed with an increase of roughness and explained with a different
film drying dynamic due to the low spin-speed and hence PEDOT:PSS morphology.
Internal morphology changes are not expected for spray-coating, films deposited at
different temperatures exhibit the same effect. A more fundamental explanation is
that since the thermal generation and recombination rates in the organic materials are
dependent on the number of states available in the respective material, an increase of
the bulk material (or layer thickness) and of the interface area (because of the higher
roughness) is probable related also to an increased dark current.
In Fig.5.22 the respective maximum EQE-values (averaged for at least 3-4 diodes) are
shown as well the roughness of the PEDOT:PSS layers. For decreasing the layer thick-
ness, the EQE increases due to the lowered serial devices resistance. After reaching a
maximum value, the EQE drops abruptly. This effect was observed for many devices
exhibiting thin PEDOT:PSS layers. The sharp decrease can be attributed to the layer
roughness. As shown in Fig.5.22, with decreasing the thickness from 500 nm to about
150 nm, the roughness increases from 1/5 to 1/3 of the thickness. For thin layers, the
probability for leakage paths increases which worsens the efficiency.
As conclusion, regarding dark current and EQE, thin PEDOT:PSS layers are preferable.
To avoid leakage paths, an optimal PEDOT:PSS layer thickness of around 250-350 nm
was chosen for OPD fabrication. A more precise value could not be determined since
the spray setup was not reproducible enough. The thickness can be adjusted in a spray
process by simply comparing the color of a sprayed test layer with a sprayed color
scale with known thicknesses. For more precise determination before device spraying,
a profilometer measurement is necessary.

Next, it was investigated if it is possible to optimize the blend layer for obtaining
maximum EQE. The spraying pressure has the biggest impact on layer uniformity
and was also tested in device fabrication. Since a change of spraying pressure also
changes the spraying time needed to reach a certain layer thickness, the impact on
layer roughness on device performance can only be rated taking the blend layer thick-
ness into account. The devices were fabricated as described previously. In Fig.5.23
the maximum EQE-values for different spraying pressures and blend layer thicknesses
are shown. The corresponding dark currents, not shown here, saturate for pressures
from 1 - 2.8 bar at about 450 nm, the 0.5 bar samples exhibit increased dark currents
also for higher values due to the high layer roughness, which is shown in Fig.5.8 for all
pressures used for Fig.5.23. Interestingly, the spraying pressure respective layer rough-
ness does not have an impact on the EQE. Dependent on the blend layer thickness,
the EQE changes approximately linear with the same slope for all pressures. Thus, a
further increase of spraying pressure (which is limited by the spray setup) might not
be advantageous regarding efficiency.
As shown also in Fig.5.22, the generally observed maximum EQE (for dark current
saturation) is around 50-55 %. This is still considerably lower than for spin-coated
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Figure 5.23: The EQEs of OPDs with blend layers sprayed at different spraying pressures,
measured at 480 nm and -4 V external bias. The curve is a linear fit of all devices shown in the
graph.

devices with conductive PEDOT:SS electrode as reported in section 4.3 and [Bai11a].
There, maximum values around 70 % EQE could be reached.
To identify the sprayed layer which has the biggest impact on the lowered EQE com-
pared to spin-coated OPDs, different devices were fabricated, as shown in Fig.5.24.
The conductive polymer electrode was either sprayed or spin-coated and combined
with an either sprayed or spin-coated hole conductor. The blend layer was sprayed
for all OPDs. The resulting EQEs, averaged over at least three to four OPDs, are
particularly interesting around the optimal blend layer thickness of 500 nm. For the
completely sprayed device, maximum values of about 55 % can be reached. For re-
placing the sprayed anode with a spin-coated one (with Rsheet ≈ 100 Ω/sq.), the EQE
is slightly better. Replacing also the sprayed hole conductor with a spin-coated one,
the EQE is about 10 % higher than with the completely sprayed OPD. The maximum
value of about 65 % indicates that in spite of the blend sprayed with a high roughness
compared with a spin-coated one and the fact that the deposition was performed in air
and not inside a glove box, the device is almost as good as a completely spin-coated
one (maximum values are around 70 % [Bai11a]).
A factor which can worsen the device performance is the device fabrication in air. To
investigate this impact, spin-coated devices were fabricated in a nitrogen glove-box, but
stored for half an hour in air after each spin-coating step. No performance differences
were observed compared to spin-coated devices which were not exposed to air during
their processing.
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Figure 5.24: The EQEs of different OPDs with spin-or spray-coated layers, measured at 480 nm
and -4 V external bias.

Hence, the differences of the performances might be mainly related to the layer non-
uniformities which prevent attaining an optimal electro-optical device performance.

5.3.1.1 Dynamic behaviour

The increased layer roughness due to the spray-coating turned out to be crucial for
the speed of the photodetector. In Fig.5.25 and Fig.5.26 the impact of the spraying
pressure of the blend layer in a completely sprayed non-inverted OPD on the cut-off
frequency is displayed. Doubling the pressure, starting at 0.5 bar, results almost also in
a doubling of the cut-off frequency, depending on the layer thickness. The layer thick-
ness has a major impact on the cut-off frequency since the dominating carrier transit
time ttr = d2/µV [Bai11a] through the layer is increased (with the layer thicknesses
d, the carrier mobility µ and the voltage drop V ). Since also devices with constant
layer thickness, but different spraying pressures, exhibit different cut-off frequencies,
the layer roughnesses have also a major impact on the detector speed. In Fig.5.26 the
cut-off frequencies are shown dependent on the layer roughnesses which are different for
each spraying pressure since the layer thickness is varied. High roughness at constant
pressure indicates also a high layer thickness. For the different spraying pressures, the
slope is different. For 2.8 bar, the steep slope hypothesizes that a further combined
reduction of roughness and layer thickness could enhance the cut-off frequency towards
values comparable to spin-coated devices (300-400 kHz, see section 4.1.4 and 4.3.2).
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Figure 5.25: The cut-off frequencies of
non-inverted, completely sprayed OPDs
dependent on the average layer thickness. The
data represents dynamic measurements
performed on single diodes, fabricated on the
same day to avoid fabrication fluctuations.
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Figure 5.26: The same measurements, but
plotted with the layer roughness as x-axis.

The origin of this significant impact of the roughness on the dynamic behavior is not
yet understood. Also taking into account that the transit time does not dependent on

the averaged layer thickness but has to be considered as ttr =
( n∑

d2
i

n

)
· 1
µV

, with di as

local layer thickness as measured with a profilometer, the observed behavior can not
be explained.
The effect must not be directly related to the physical change of the blend, but can
also result from a different electrical interdrop mobility due to the different velocities
of drops impinging on each other.
The impact of the roughnesses of the other layers integrated in the device on the detec-
tor speed was also investigated. Replacing the sprayed anode with a spin-coated one
with similar sheet resistance, the OPD speed is only slightly better. This small effect
is attributed to the already smaller sprayed layer roughness of the anode of about 40
nm.
Replacing additionally the hole conductor with a spin-coated one gives a much better
cut-off frequency which might be related to the fact that the thickness of the spray-
coated layer is about twice as high as for the spin-coated layer (170 nm) and that the
sprayed roughness of 100 nm is quite high.
With only the blend layer sprayed, the maximum cut-off frequencies are in the order
of spin-coated devices [Bai11a].
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Figure 5.27: The cut-off frequencies of OPDs with spin- and spraycoated PEDOT:PSS layers. The
blend layer was sprayed with different thicknesses. The data represent dynamic measurements
performed on single diodes, fabricated on the same day to avoid fabrication fluctuations.

5.3.2 Inverted OPDs

For the fabrication of CMOS-compatible OPDs, the inverted process, investigated in
chapter 4, and the spray deposition explored in this chapter are combined.
In difference to the non-inverted sprayed devices, for the inversion of the layer sequence,
the plasma treatment has to be included which affects the PEDOT:PSS deposition as
described in section 5.2.2.
In Fig.5.28 and Fig.5.29 the typical device characteristics of a sprayed inverted OPD
with gold anode are shown. Compared to the inverted diode with spin-coated PE-
DOT:PSS layer as shown in Fig.5.14, the dark currents are even better. The most
interesting difference concerns the EQE. Firstly, the voltage dependence of the EQE in
forward direction is unexpected since the EQE increases again after reaching a mini-
mum at about -1 V, with a different spectral dependence. This effect can be explained
by photo-enhanced injection currents [Szm07], as also visible as offset of the light and
dark forward current in Fig.5.28.
Secondly, compared to the maximum EQE of about 35 % in Fig.5.14, for the completely
sprayed device values up to 55 % and even 60 % can be reached until the EQE saturates
or the device starts to degrade. The EQE is as high as with the non-inverted devices
with conductive polymer anode and is not easy understandable since the transmission
of a 20 nm thick gold layer, either as flat layer or measured on a rough sprayed PE-
DOT:PSS layer, does not exceed about 55 %. Since the PEDOT:PSS hole conductor
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and the encapsulation absorb and reflect the incoming photons, an EQE of more than
50 % seems unlikely. Also for devices fabricated on the same day, the resulting EQE is
about equally high for both depositing gold or the high transparent conductive polymer
electrode, although the transmission difference is significant. The low gold transmis-
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Figure 5.28: The IV-curves of an inverted
sprayed OPD with gold anode.
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Figure 5.29: The corresponding EQE for
different voltages. The inset shows the voltage
dependence of the EQE.

sion contradicts the observed high EQE, but since transmission measurements can not
be performed on a whole device including the opaque aluminum electrode, additional
(electro-)optical effects might explain the high EQE. Since the very thin evaporated
gold layer (20 nm) on top of a PEDOT:PSS with a roughness of about 100 nm can not
exhibit a uniform film thickness due to shadowing effects during the thermal evapora-
tion, the gold can be considered as a metallic, random periodical structured film. This
unintended structuring might exhibit collective electron oscillations known as surface
plasmons which can enhance the absorption of light. This effect is already exploited
in numerous intents, different general geometries are shown in [Atw10], including e.g.
the deposition of silver nanoparticles [Kim08b] [Duc09] and metallic gratings [Min10]
for organic solar cells.
To confirm the assumption of plasmonic excitations, full field electromagnetic simu-
lations are required, but they are very difficult to perform due to the random and
unknown gold geometry. Although the effect is very interesting for further investiga-
tion, the fabricated devices turned out to be particular prone to degradation, either
during performing electric measurements or just after a short time scale. This degrada-
tion effect is likely due to the non-uniform, partly very thin gold thickness. That a thin
gold anode can lead to enhanced device degradation was already reported in section
4.3. The increased degradation of an inverted OPD with gold is shown in Fig.5.30.
After two months, the EQE is decreased from about 50 % to about 15 %, indepen-
dently of the carefulness of encapsulation. In comparison, the EQE of the inverted
OPD with a top anode consisting of the conductive PEDOT:PSS decreases typically
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to about 30 % on the same time scale. Although also this value is significant worse
than for spin-coated devices reported in section 5, it has to mentioned that the whole
device (except for the cathode) was fabricated in air which enhances the incorporation
of airand especially water to the hygroscopic PEDOT:PSS.
The significant difference between these two kinds of devices prove that the strong
degradation in Fig.5.30 must be indeed related to the gold anode. As conclusion, for
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Figure 5.30: Lifetime measurements on an
inverted device with gold anode, showing the
decrease of the EQE at -4 V (device stored in
air).
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Figure 5.31: Lifetime measurements on an
inverted device with polymer anode, showing the
decrease of the EQE at -4 V (device stored in
air).

the inverted build-up the polymer electrode is the better choice than a gold anode.
The low dark currents and similar high EQE as for non-inverted sprayed devices make
the inverted OPD suitable for CMOS-integration.

5.3.3 CMOS-dummmy structures

Prior to the fabrication of hybrid CMOS-detectors and along with the fabrication of
large scale detectors, the inverted process was transferred to dummy substrates which
exhibit a similar surface topography and which were fabricated with materials (silicon
substrate with sputtered aluminum pads and SiN-passivation) also used for the CMOS-
process. The intended use was to identify problems which could arise during hybrid
imager fabrication. The layout of these substrates was already described in section
3.1.2. During the testing, the following issues turned out to be either negligible or gave
motivation to certain process changes which were reported in this thesis so far:

• The spin-coating process turned out to be not suitable for the CMOS-dummy
substrates. Diodes were fabricated, but exhibit some orders of magnitude in-
creased dark currents which hints to the inhomogeneous deposition on top of the
pixels.
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• The roughness of the aluminum pads is critical. Whereas the RMS-roughness
of thermally evaporated aluminum is less than 10 nm, sputtered aluminum can
exhibit a much larger roughness, as measured for the dummies (roughness about
20 nm). In addition, the sputtered layer can exhibit high spikes which can be
higher than 100 nm, as observed with the dummy substrates. The consequence
is also an increase of the dark current of several orders of magnitude, as shown
in Fig.5.33. Hence, for the CMOS-substrates, a sputtering process was deployed
which allowed the fabrication of very smooth aluminum layers with roughness
below 10 nm.

• The deposition of the organic layers on silicon and SiN-layers was unproblematic
since no adhesion problems occurred. Hence, no additional wetting treatments
were necessary. The height of the passivation layer, which was increased to a
typical value of 2 µm as used for CMOS-chips, turned out not to hinder the
polymer deposition with the spray setup.

• The roughness of sprayed organic layers is critical since the small lateral diode
sizes, varying from 40 to 70 µm, have a similar dimension than the sprayed
drop sizes. In Fig.5.32, the distribution of the dark currents of about 30 diodes
of a dummy substrates, fabricated with a non-optimized spraying process, are
shown. The variation is more than one order of magnitude. For an average
current of 8 pA at -1.5 V, the standard deviation is 3 pA. Hence the fixed-pattern
noise (see section 6.2.1) is about 7 pA which corresponds to about 88 % of the
signal compared to the optimized spraying process resulting in 50 % shown in
section 6.2.1. To improve this aspect, the single organic layers were optimized as
described in section 5.1.2 and 5.1.3 to reach the small dark current distribution
for the CMOS-detectors as later shown in section 6.2.1.



118 Spray-deposition of organic photodiodes

1E-13

1E-12

1E-11

1E-10

1E-9

1E-8

1E-7

1E-6

 diodes of one array
 average

 

c
u

rr
e

n
t/

p
ix

e
l
(A

)

voltage (V)
2 1 0 -1 -2 -3 -4

Figure 5.32: The dark IV-curves of about 30
diodes of an array as showed in Fig.3.5. The
spray parameters of the blend (1 bar spraying
pressure) and PEDOT:PSS (deposited at 100◦C)
are not optimized.
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Figure 5.33: Two IV-curves of diodes
fabricated on a CMOS-dummy substrate. Once,
the aluminum was sputtered with a roughness of
about 20 nm and peaks exceeding a height of 100
nm, the other was thermally evaporated with a
roughness < 10 nm.



Chapter 6

Realization of a first
solution-processable hybrid
CMOS-imager

In this chapter, the preliminary work on the inverted OPD as well the spray-deposition
will be used to finally fabricate a hybrid detector. Firstly, the inorganic part of the
detector, the CMOS-chip will be described as well the particularities arising due to in-
tegration of the organic layers. In the following section, the results of the optoelectronic
characterization of the hybrid imager will be presented.

6.1 Chip technology

The CMOS-chips used for the hybrid imager were designed at the Bruno-Kessler-
foundation in Trento and fabricated in commercial facilities. Since prototype chip
fabrication costs are high, the foundry ‘austriamicrosystems‘, offering multi-project
wafer fabrication, was chosen as manufacturer. Here, the area of a silicon wafer, pro-
cessed in standard CMOS 0.35 µm technology, is shared with other projects to keep
the costs low but which also results in a small number of available chips (with a small
area of 4 mm2) for the hybrid imager fabrication. The cost for the about 20 chips was
about 4000 Euro which is mainly attributed to the manufacture of masks for the dif-
ferent photolithographic steps. Although the costs are high in the prototyping phase,
concerning a mass production (> 10000 chips), the cost for a single chip would drop
to a few Euros per chip.
As comparison, the prototyping costs for the organic layer spray deposition for 20 chips
are about 50 Euro, attributed mainly to the polymeric materials, with almost negligible
costs for the production since no vacuum nor high temperatures are involved during
the spray deposition.
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6.1.1 Layout and architecture

The CMOS-chip was mainly intended to be a test bench for the hybrid technology, to
gather information about the most important imager characteristics, but also to allow
the acquisition of low-resolution images, as reported in [Bai11b].
The architecture of the chip is shown in Fig.6.1. A charge-integrating amplifier read-

Figure 6.1: The architecture of the CMOS-chip integrated in the hybrid concept.

out channel was chosen to maintain the OPD at a fixed voltage during operation. In
order to measure the intrinsic noise of the OPDs and to be able to distinguish photon
shot noise from other possible noise contributions, a low-noise charge amplifier was
implemented.
Considering the area needed for this amplifier with 100 fF feedback capacitance and
to avoid read-out channel non-uniformities, a passive pixel sensor (PPS) configuration
was chosen [Den91], meaning that only one amplifier is implemented for the read-out of
all pixels, as already addressed in section 2.2. To allow cross talk measurements, which
requires to address two pixels simultaneously, a second, identical charge amplifier was
also integrated. To connect, respective select the pixels to those amplifiers, two sets of
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each a row decoder and a column multiplexer were added to the layout. The wiring
between pixels and amplifiers is short due to the small pixel array size, thus keeping
the parasitic line capacitances smaller or comparable to the OPD capacitance, thus
having a negligible effect on the measured noise characteristics.
The pixels, with different pad sizes (50 µm, 35 µmn and 15 µm) are arranged in different
arrays, the largest one with 30x30 pixels is also suitable for acquiring low resolution im-
ages. In the hybrid approach, in contrast to a standard CMOS-imager, the whole pixel
is covered with a metalization layer so that the full pixel area can be employed for the
organic photodetector. The fully CMOS-compatible aluminum layer, used here, has to
connect the read-out electronics to the organic photoactive layer, therefore acting also
as the bottom electrode of the OPD. Furthermore, each pixel contains two transistor
switches which connect the OPD to the two different readout channels. Additionally,
also an anti-blooming transistor is integrated to clamp the cathode voltage when the
diode is not selected. The purpose for this transistor, which acts like an emergency
valve, is to prevent the OPD cathode to go below ground potential due to the presence
of high illumination. Without the anti-blooming transistor, the switch transistor would
inject electrons into the substrate which could be collected by nearby pixels.
A few pixels based on standard silicon np photodiodes were also included to the chip
as references.

 

 

Figure 6.2: The chip inside the chip carrier, the enlargement shows a microscope picture of the
different chip parts, including the post-processing steps (silicon chip for protection of the top
electrode contacts, PDMS for bonding wire protection).

The layout of the chip with the different arrays and post-processed parts is shown in
Fig.6.2. The bonding to a so-called chip carrier, as shown in Fig.6.2, was performed
prior to the organic deposition to avoid a damage of the organics later on due to the
heat budget of bonding. The purpose of the chip carrier is to ease the handling during
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the characterization since it exhibits electronic contacts which can be simply clamped
into a read-out-device. Additionally, the carrier is also easier to handle during spray
deposition. This is due to the large dimension compared to the chip itself, which is
only 2x2 mm2.
All the bonding pads have been grouped on a single side of the chip to facilitate the
protection of them and the bonding wires during spraying. Since they are not electri-
cally isolated, short-circuits between anode and cathode are possible. To shield them
electronically as well as to integrate them in a stabilizing matrix, drops of PDMS (poly-
dimethylsiloxane) were applied on top of the wires, as indicated in Fig.6.2.
Another post-processing step concerns the protection of the contacting pads before the
PEDOT:PSS top electrode deposition. A small silicon chip was glued to these pads to
keep the pads free from photoactive blend and the hole conductor, afterwards it was
removed with a tweezer to start the electrode deposition.

6.1.2 Integration of the organic layers

For the spray deposition of the organic layers the optimized process of chapter 5, in
which small blend drop sizes were realized (5-10 µm) as well as small layer roughness
(≈ 100 nm RMS-roughness), is used. Regarding that the substrate has changed from a
large scale glass substrate to a the small CMOS-chip glued into the chip carrier, several
process modifications were needed.
Firstly, the whole chip carrier was dipped into ammonium hydroxide, as described

Figure 6.3: Microscopic picture of the chip
before organic deposition.

Figure 6.4: Chip after blend spray
deposition.

in section 4.2, to remove the native aluminum oxide on top of the metalized pixels.
After ultrasonic cleaning in isopropanol, the photoactive layer was sprayed, see Fig.6.4,
through a spraying mask on the chip, followed by the plasma treatment (see section
4.1).
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It turned out that the microwaves generated to produce the plasma damage the chip
due to an antenna coupling. This coupling appears since the microwave length is about
6 cm, whereas the electric contact lines inside the chip carrier are about 3 cm long.
Hence, the chip carrier acts like a λ/2 antenna which produces voltages peaks inside
the carrier lines, hence destroying the chip electronics. The only way to prevent this
coupling was to introduce a faraday cage of massive copper with only one hole with chip
dimensions to allow the plasma to diffuse towards the chip. Additionally, a grounding
of all pins of the chip carrier to the faraday cage as well the frame ground of the plasma
asher was necessary to totally exclude chip damages.
After plasma treatment, the two PEDOT:PSS layers were sprayed and annealed as
described in section 5.3.2. The fabrication process was completed by an encapsulation
step (see section 4.5) which enclosed all organic parts to ensure a long-life stability of
the hybrid detector.

6.1.3 Signal acquisition

In section 2.2 the basics of the signal read-out of a CMOS-imager are described. As for
an APS, also in the hybrid PPS imager charge carriers which are produced in the pho-
todiode are integrated over a certain integration time after pixel reset. The read-out
circuitry is schematically shown in Fig.6.5. The voltage Vref resets the photodiode to a
certain reverse bias. Cint represents normally the internal photodiode capacitance. In
a common PPS imager, the charge is integrated during illumination on this photodi-
ode capacitance and shifted afterwards from the diode to the charge amplifier. In this
operation concept the bias voltage Vref of the diode is not constant during integration
since the photodiode discharge is related to a voltage drop. Instead, since the hybrid
pixel characteristics should be investigated dependent on the applied bias, a slightly
different concept was chosen: the charge amplifier is directly connected to the photo-
diode thus the charge integration is performed on the feedback capacitance (CF=100
fF) of the amplifier while keeping the biasing at a constant value.
In Fig.6.6 the voltage output over time is shown, starting with the pixel reset phase
during the closing of the reset switch. During integration, the switch stays opened and
the voltage signal is produced in the charge amplifier.
For further signal read-out, the chip is connected over the pins of the chip carrier to
a testboard which acts as adapter between the chip and a microcontroller. The used
mbed-controller has several functions:

• Providing a power supply to the chip (3.3 V).

• Generating digital control signals for the chip. Among the most important ones:
the reset signal for the charge amplifier, a reset for the column and row decoder
and a clock for scanning the pixels.

• The analog-to-digital conversion.
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Figure 6.5: The hybrid PPS read-out
architecture with a separate charge amplifier for
all pixels. (adapted from: [YP04])

time

noise: read out 1 noise: read out 2 

Figure 6.6: Read-out schematic of the hybrid
imager (from: [Mag03]). The arrows labeled with
‘noise:read out‘ indicate the moments of noise
voltage acquisition as desbribed in section 6.2.2

• Communication with an interface, all data acquisition programs were programmed
with LabView.

6.2 Performance of the first solution-processable hy-
brid CMOS-imager

In order to validate the suitability of the hybrid CMOS-imager, optoelectronic mea-
surements on the essential photodiode characteristics were performed and also low-
resolution images were taken. Although focusing on the PCBM:P3HT bulk hetereo-
junction as organic photoactive layer in this section, also the panchromatic detector
containing squaraine, see section 4.4, was implemented on the CMOS chips.
The most important photodiode characteristics, which were investigated, are:

• Dark current: Actually, the amount of dark current is not important, but since
a high dark signal is also related to an increased amount of temporal noise (shot
noise, see section 3.4.4) which can not be electronically compensated, a low dark
current is important for a high detectivity.

• EQE: Since the hybrid concept is motivated with an increase of the pixel fill
factor up to 100 %, the prototype should exhibit an EQE higher than that of a
standard CMOS-imager which is < 30 % [Fos97].

• Detector speed: For conventional imaging application typical frame rates are
around 100 frames/s since typical charge integration times and data transfer
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times, which are both in the order of milliseconds, limit the speed of the detector.
Cut-off frequencies in the order of 1 kHz are hence sufficient.

• Temporal noise: The dark noise voltage determines the ability of the imager to
detect small light signals and the light noise voltage sets a fundamental limit to
the signal-to-noise ratio and hence to the sensitivity. Both have to kept as low
as possible.

• Pixel cross-talk: In the following section, two different fill factors are distin-
guished: the pixel fill factor which is the photosensitive part of the pixel itself
and the overall chip fill factor which accounts for the ‘dead‘ area between two
pixels which are separated by pitch width minus the pad length. The pixel fill
factor is already increased to 100 % due to the vertical polymer integration, but
also the overall fill factor has to be increased as much as possible to increase the
number of pixels on the same area. The signal exchange between two adjacent
pixels, measured as cross talk, is a quantity to estimate the minimum spacing
required between two pixels.

In the following sections, the results of the hybrid imager characterization are summa-
rized as published also in [Bai12].

6.2.1 Performance under dark and illuminated conditions

By integrating the photodiode output charge ∆Q over an integration time ∆tint, the
dark and photocurrents of the PCBM:P3HT hybrid imager using I = ∆Q/∆tint are
obtained. Unlike the large scale photodetectors, the hybrid imager is illuminated with
a green LED @ 535 nm which was also used for other measurements requiring illumi-
nation. The applied light intensity for all IV-curve measurements was 70 µW/cm2.
Fig.6.7 shows the IV-curve for a typical pixel with 15 µm pad size for both the absolute
current values as well the current density. The rectification ratio for the dark current is
as high as for a large scale reference detectors, from -2 V to +2 V the current increases
4 orders of magnitude. Hence, the serial resistance is also comparable to large scale
devices with a freshly evaporated aluminum cathode which hints to a good interface
quality of the etched chip to the organic layers.
The superior low dark current, which is one order of magnitude lower than for the

large scale detector, ranges from about 15 fA/pixel (7 · 10−6 mA/cm2) at -1.5 V to
about 50 fA/pixel (2 · 10−5 mA/cm2) at -4 V. The origin of this very low dark current
can be related to the down-scaling of the photoactive diode area from 7 mm2 to areas
with about 2.5 · 10−3 mm2 size (50 µm pad width) and smaller, which can be related
to a considerable reduction of ohmic pathways of the donator/acceptor phase between
the electrodes.
The dark current values shown in Fig.6.7 are within the FWHM of the Gaussian distri-
bution of all dark pixel values with 15 µm pad size contained in the 30x30 array. The
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Figure 6.7: Absolute current and current
density versus voltage characteristics of a single
pixel with 15 µm pad size.
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Figure 6.8: The distribution of the dark
currents of all pixels (pad size 15 µm) in a 30x30
pixel array fitted assuming a Gaussian
distribution.

histogram of the dark current distribution is shown in Fig.6.8 for an applied voltage of
-1.5 V. The average dark current of all these pixels is about 20 fA, with a FWHM of
6 fA. This dark current distribution appears as so-called fixed pattern noise (FPN) in
the output signal of the hybrid imager. Since a PPS architecture with shared read-out
electronics for all pixels was chosen for the hybrid imager, the origin of the FPN is
not related to read-out non-uniformities but to the organic layer themselves. Since
the spraying introduces a surface roughness of the blend of about 100 nm, the thick-
ness variations are the mean reason for dark current non-uniformities, see section the
supplementary information in [Bai12]. Since FPN is not a temporal noise source, it
can be almost eliminated by on-chip processing. The FPN is not usually expressed as
current, but as voltage variation for a typical integration time at video rate, resulting
in FPN=1.2 mV for FWHM(I)=6 fA and tint =20 ms. The amount of FPN in the
hybrid imager is similarly low as compared to silicon CMOS-imagers [Dec98].

Fundamentally, the performance under illuminated conditions of the hybrid imager is
not affected by any electronics contained on the chip. In the PPS layout, the pixels do
not contain the read-out amplifier, but also in case of an APS, the output would be
the same since the photoactive material is placed on top of the electronics.
The spectral dependent EQE of a typical pixel (15 µm pad size) of the hybrid imager
for different applied voltages is shown in Fig.6.9. The spectral maximum of more than
40 %, for bias voltages larger than -1.5 V, can be found around 420 nm, although the
EQE stays quite constant in the visible range of the spectrum up to the absorption
edge of PCBM:P3HT at around 650 nm and would allow therefore the separation of
the three primary colors with additional filters. The average EQE (Fig.6.10) of all
pixels in the 30x30 array stays at about 40 % , although single pixels exhibit EQEs
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Figure 6.10: The asymmetric distribution of
the EQE of all pixels (pad size 15 µm) in a 30x30
pixel array overlaid by a Gaussian fit.

up to 50 % . These values are lower than demonstrated in section 5.3.1 because the
average photoactive layer thickness (about 650 nm) in the hybrid imager was chosen
to be slightly higher than the optimum of about 500 nm for maximum EQE as investi-
gated in section 5.3.1 to prevent single leaky pixels and to ensure the low uniform dark
current in Fig.6.8 in spite of layer thickness fluctuations. Still, the achieved average
EQE of the hybrid imager is better than that of most standard front-side illuminated
APS imagers, which is usually below 30 % [Fos97, Big06].
Since the roughness of the sprayed PCBM:P3HT layer is about 100 nm, large EQE
variations are expected due to the about 5 % decrease of EQE for increasing the pho-
toactive layer thickness by 100 nm, as shown in Fig.5.23. The FWHM of the assumed
Gaussian distribution in Fig.6.10, a measure of the photo response non-uniformities
(PRNU), is about 9 % EQE. This value is higher compared to conventional silicon
imagers but can be still mostly compensated with electronic post-processing [Hos07].

Another important photoresponse measurement, the dynamic behavior, is illustrated
in Fig.6.11. The acquisition of response times was performed in a different way than for
large scale detectors since for the hybrid imager, the voltage signal itself is a time de-
pendent measurement due to the charge integration. The pixels were illuminated with
square-waved light pulses (about 4 mW/cm2, duty cycle 1 %) and the corresponding
photoresponse in Fig.6.11 was extracted from the time-domain charge integration sig-
nal with the oscilloscope by calculating the derivative. To reduce the noise due to
the differentiation, the integrated output signal was averaged over a large number of
acquisitions (> 100) and a low-pass filter with a time constant of 100 ns was applied.
Since the OPD rise and fall time had a much larger time constant, this operation
caused a negligible distortion in the measured pulse response. For a typical pixel, in
Fig.6.11 with a pad size of 50 µm and a reverse bias of -3.5 V (-2 external plus -1.5 V
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Figure 6.11: The dynamic photoresponse, derived from the charge integration signal. Illumination:
square wave pulses, 4 mW/cm2, duty cycle 1 %.

internal), typical response times are in the order of 10-15 µs. These values correspond
to a bandwidth 1/2πt) of about 10-15 kHz which is more than enough for imaging as
explained at the beginning of section 6.2.

6.2.2 Temporal noise

The types and origins of temporal noise were already discussed in section 3.4.4. For
an imager, a low noise level is of fundamental importance since it determines the
operational range. This range can be described by the dynamic range (DR) which
quantifies the ability of the sensor to adequately image both high light intensities
and dark shadows in a scene. DR is defined as the ratio between the maximum and
minimum detectable voltage signal, DR= 20 · log(Vmax/Vmin). With the hybrid imager,
the maximum voltage signal due to light illumination which can be read-out is about 2
V which is limited by the amplifier operational range. The minimum signal is related
to the residual noise under dark conditions.
For a CMOS-imager, shot noise (see section 3.4.4) is the dominant noise component,
although also the chip electronics (amplifier noise, pixel reset noise) contribute to the
overall noise level. The shot noise is the root-mean-square (RMS) value of the dark
signal following a Poisson distribution,

√
N , with the number of leakage carriers N ,

due to the discrete and independent motion of carriers over a potential step and is
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given by:

Vnoise =
√
N
e

C
=
√
Signal(V ) · e

C
(6.1)

with e the elementary charge and C the charge amplifier feedback capacitance. The
root-dependence on the signal implicates that high dark currents should be avoided in
order to keep the noise low.
With C=100 fF and depending on the integration time, shot noise voltages below 2 mV
(for signal voltages V < 2 V) are expected which are also usual for common CMOS-
imagers.
The noise measurements of the hybrid CMOS-imagers were not performed in the fre-
quency domain as commonly employed (with a spectrum analyzer or via fast Fourier
transform) due to the charge integration over a specific time, producing a time depen-
dent voltage signal of the chip output. Instead, the measurements were performed in
the time domain by acquiring the voltage signal with an oscilloscope (LeCroy wave-
pro 7200), performing signal filtering and Correlated Double Sampling operations on
the digitized output. The term ‘Correlated Double Sampling‘ is a technical expression
used to indicate that two samples are acquired after the same reset event. For the noise
measurements, many samples were acquired (> 100 acquisitions) and averaged at two
different times, after the pixel reset and at the end of the integration time, as indi-
cated in Fig.6.6. The resulting averaged values were then treated as two single samples
and their difference was calculated. The output noise was extracted as the standard
deviation (RMS value) of the sampled output voltage. Additionally, for every set of
parameters, the measurement was repeated for 5-10 times to increase accuracy. The
standard deviation of this operation is showed in the following noise graphs (Fig.6.12
and 6.13). In Fig.6.12 noise measurements under dark conditions are shown. They
indicate the RMS-noise voltage deviation of a hybrid pixel with 35 µm pad size for
different output dark currents (obtained by applying different external bias voltages)
and integration times. While for tint=10 ms the noise level stays well below 1 mV,
increasing the dark current leads to a noise level increase of about one order of mag-
nitude for tint=1 s. The strong impact of integration time hints to a dominant flicker
noise contribution which is proportional to the current I and frequency f : [Mar00]

flickernoise ∝ Iα

fβ
(6.2)

Flicker noise is known to be present in many electronic devices, since the origin is re-
lated to a slow fluctuation of properties of the materials used in the device. For organic
photodiodes, little is known about flicker noise, differently from inorganic MOSFETs
[Hun90] and organic thin-film-transistors (OTFTs) [Mar00, Zha10, Kan, Lin10], where
flicker noise is observed for the drain current. Here, the two dominant flicker noise
sources described are trapping-detrapping of carriers in the channel at the gate oxide
(causing a carrier number fluctuation) and bulk scattering (causing a mobility fluc-
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Figure 6.12: Noise under dark condition. The current standard deviation, expressed as noise
voltage, versus the dark current which was varied by applying different external voltages. The error
bars represent the standard deviation of a set of noise voltage measurements. The fitting was done
assuming a quadratic dependence on the dark current. The inset shows the linear increase of the
noise voltage with different integration times and constant dark current.

tuation). Recent publications hint to various types of traps within the disordered,
amorphous organic semiconductor, like at grain-boundaries of pentacene [Kan, Lin10]
not only at the gate oxide. Similar mechanisms could apply for the solution-processable
disordered organic photodiodes. The experiment shows a linear dependence of the noise
voltage on the integration time in the inset of Fig.6.12, proving that β = 1, which in-
dicates a uniform distribution of trap energies [Chr68]. The dependence on the dark
current, fitted quadratically in Fig.6.12, indicates that α → 2, hinting to dominant
volume trapping instead of a surface nature [Zie88].
Regarding the impact on imaging, the high flicker noise for integration times in the
range of 1 s is not detrimental since for most imaging applications integrations times
are in the ms range. The dynamic range of the hybrid detectors can be henceforth
estimated to about 60 dB, assuming 2 mV as minimum detectable dark signal (for
integration times smaller than 100 ms). This value is quite comparable to silicon
CMOS-imagers, although it has to be mentioned that the upper range is usually not
limited by the photodiode itself but the read-out-electronics.
Since detection of N photons is a random process obeying Poisson statistics, Eq.6.1

accounts for the photon shot noise as well. It presents the fundamental limit in the
signal-to-noise ratio as described in section 3.4.4. In Fig.6.13, noise voltage measure-
ments of the hybrid imager performed under varying illumination and with typical
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Figure 6.13: Photon noise. The change of the photocurrent and the corresponding voltage signal
was achieved by varying the light power of a green LED (535 nm). The external applied bias was
kept constant at -1.5 V. The corresponding dark signal was subtracted from the data. The
theoretical shot noise is plotted for comparison.

integration times for imaging (1 ms - 50 ms) are shown. In contrast to the dark signal,
the results are much closer to the theoretical shot noise, also included in the graph. The
reason for that might be related to the presence of the high (photo) currents which sat-
urate all available trap states [Arc13]. Interestingly, for integration times ≥ 10 ms the
noise voltage matches the photon shot noise. Decreasing the integration time increases
slightly the noise level. This can be due to an additional noise component associated
with the high current flowing in the device due to illumination. Possibly, the origin
of this behavior is related to the space charge accumulation at the blend-PEDOT:PSS
interface and a related change of the electric field which was reported in section 4.1 and
in [Bai10, Bai11a]. The related electric field dependence of the mobility [Zau07, Mov86]
could account for the flicker noise component as well.
Since the photon noise does not significantly deviate from shot noise, a negative im-
pact on the signal-to-noise ratio is not expected. For a detailed understanding of the
noise-behavior an in-depth-understanding of all contributing trap states is necessary.

6.2.3 Pixel cross talk

The maximum overall fill factor of the photoactive chip area, the ratio between pixel
and interpixel area, is limited by the minimum space between adjacent pixels at which
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negligible cross talk is generated. Cross talk quantifies the amount of signal from
one pixel collected by a neighboring pixel. To determine this amount, the light of
an green LED was focused with an objective on a single pixel (pad size 15 µm pitch
30 µm) and the generated photocurrent as well the signal of a neighboring pixels
were read-out simultaneously by the two charge amplifiers. In Fig.6.14 the crosstalk
between the pixels, at an applied external bias of -3.5 V, is illustrated, distinguishing
between close (vertical plus horizontal) and diagonal neighbors. The signal of the
outside pixels is on the dark current level of all other pixels in the array. Including
all neighboring pixels, the cross talk is 0.165 % of the illuminated pixel signal (close
neighbors: 0.258 %, diagonal neighbors: 0.072 % ). By reducing the applied voltage to
-1.5 V, the cross talk is slightly increased to 0.182 % (close neighbors: 0.368 % , diagonal
neighbors: 0.114 % ). These very low values imply that both photocarrier diffusion
across the organic layers and the optical cross-talk (in spite of the reflective aluminum
cathode) are well suppressed which could be related to the general low mobility of
organic bulk-heterojunctions (1 · 10−4 cmV−1s−1). For a standard silicon imager, the
‘dead‘ space/length between two pixels is usually in the order of only few µm (< 5µm)
compared to the pixel distance in the hybrid imager of 15 µm. Hence values cannot
be directly compared, especially, since color filters and micro lenses (which can be
omitted in the hybrid design) increase the optical cross talk in a CMOS-sensor. Since,
as described in section 2.2.1, the absorption length of photons with higher wave lengths
(IR) as well the carrier diffusion length in silicon are high, it can be concluded that
silicon sensors suffer in general more of cross talk as the low-mobility organic sensors.

6.2.4 Imaging

With the biggest array, containing 30x30 pixels, on the chip, low resolution monochrome
images can be acquired. As test objects, simple sketches of different items were used
which were illuminated by ambient air. The light was collected by an objective (focal
length: 6 mm, focal ratio: 1.2) and focused on the pixel array. The integration time
was set to 5 ms. The resulting image, showing a football, can be seen on the upper
left side of Fig.6.15. It is quite noisy, mainly due to the large light fixed pattern noise.
To compensate the sensitivity inhomogeneities among the pixels, a dark and a gain
correction were performed as also used for standard silicon sensors. The final images
were corrected by subtracting the dark level of each pixel which was determined by
acquisition of an image under dark condition. This operation was followed by multipli-
cation with the gain factor which is defined by the ratio of each pixel raw data signal
divided by the corresponding signal obtained by sensing a white sheet of paper under
ambient light. These corrected images are also shown in Fig.6.15, the huge difference
between raw and corrected image is demonstrated on the image of a football.
After the corrections, only about 5 pixels of the imager remain darker than the sur-
rounding bright background because of high leakage current, meaning that more than
99 % of the pixels are working.
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Figure 6.14: Pixel-to-pixel crosstalk. The percentage of photocurrent, created in the central
illuminated pixel on a semi-logarithmic scale, which reaches adjacent pixels. The pixel pad size is 15
µm, the pitch 30 µm. The applied external bias is -3.5 V and the light power is about 450 µW/cm2

(535 nm)

6.2.5 Hybrid imaging with squaraine

One of the major strengths of solution-processable organic electronics, the ease of
switching between different organic materials without increasing process complexity,
was demonstrated here by adding the dye squaraine (SQ) to the hybrid imager. As
already described and investigated in detail in section 4.4, the addition of SQ to the
PCBM:P3HT bulk heterojunction leads to the formation of a panchromatic detector
sensitive up to about 900 nm. For the hybrid imager, the in section 4.4 optimized
PCBM:P3HT:SQ solution, was sprayed on the chip without any change of process pa-
rameters or of the imager build-up.
The measured dark currents of the chip proved to be similar to the pure PCBM:P3HT
hybrid imager, 26 fA/pixel (1.2 · 10−6 mA/cm) at -1.5 V. The EQE, in comparison,
showed a different behavior. The SQ part of the EQE-spectrum exhibits values up to
about 20 % (similar to the results in section 4.4). In the green region, in which the
PCBM:P3HT blend predominantly absorbs, the EQE was increased up to 100 %. This
could hint to an increased pixel-to-pixel crosstalk, but the measured values for 15 µm
pixels (30 µm pitch), 1.04 % average cross talk between neighbors (close neighbors: 1.70
%, diagonal neighbors: 0.38 %), at an applied voltage of -3.5 V, seem to be too small
to explain the results. Especially, since larger pixels (50 µm pad and 100 µm pitch size)
exhibit comparably high EQE although the pixel-to-pixel distance is increased by fac-
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Figure 6.15: Four monochrome images, showing a football, a cat and a palm, are acquired by the
30x30 pixel array under ambient light. The left image of the football is without dark and gain
corrections.

tor 3, a more probable reason could be a material-dependent lateral photoresponse due
to drifting of photogenerated carriers near the pixel edge to the pixel. Since a common
top PEDOT:PSS anode for all pixels is implemented, an extension of the photodiode
built-in electric field from the pixel area, defined by the aluminum cathode area, is
possible and can contribute to collecting photogenerated carriers. As long as the cross
talk remains small, this effect is advantageous for imaging due to the increased light
sensitivity.

To validate the hybrid panchromatic sensor, simple images were acquired at two differ-
ent wave lengths (by illumination with different LEDs) as shown in Fig.6.16. At 535
nm, only the PCBM:P3HT is sensitive to the light, not only for the pure PCBM:P3HT
sensor but also for the one containing SQ. At 850 nm, in addition to the squaraine,
there can be also a small contribution of the collection of diffusing photocarriers gen-
erated in the silicon substrate. Since the pure PCBM:P3HT hybrid imager is almost
blind at this wavelength, as shown in Fig.6.16 d), the influence of the silicon can be
neglected. Since the images were acquired more than three months after the sensor
fabrication, also the good stability against degradation of the device is demonstrated.
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Figure 6.16: Images of at two different wavelengths acquired with two different sensors, one with
and one without squaraine.



136 Realization of a first solution-processable hybrid CMOS-imager



Chapter 7

Conclusion

7.1 Summary

The aim of this thesis was to develop a hybrid CMOS-imager with solution-processable
organic layers. To reach this goal, several issues had to be dealt with. For light detec-
tion on top of an opaque substrate, like the CMOS-chip, the state-of-the-art bottom-
absorbing organic photodiode was transformed to a top-absorbing device. This was
achieved by inverting the layer sequence of the photodiode, starting the fabrication
with the deposition of the cathode. To deposit the water-based PEDOT:PSS solution
on top of the hydrophobic PCBM:P3HT blend layer, a sensitive oxygen plasma treat-
ment is performed which creates a hydrophilic blend surface without causing damages
to the polymer. This surface layer was characterized by surface sensitive character-
ization methods like AFM, XPS and contact angle measurement to learn about the
composition and understand the physical impact on the device performance. Electro-
optical device measurements revealed the presence of space-charge limited current with
deep traps and proved that the inverted photodiodes do not suffer from reduced per-
formance compared to the non-inverted reference diodes.
In addition to the electro-optical characterization, also the lifetime of the inverted,
spin-coated devices was investigated and improved. Stabilities of at least 9 month are
observed.
In order to improve the low EQE (45 %) of the inverted diodes due to the use of a semi-
transparent gold anode, a novel kind of conductive PEDOT:PSS was investigated re-
garding the suitability as anode material. The composition of the solution-processable
anode was optimized and the trade-off between sheet resistance and transmission was
investigated. For an anode exhibiting a sheet resistance of 100 Ω/sq., maximum EQEs
over 70 % and dynamic cut-off frequencies above 400 kHz are observed.
The second main challenge which had to be overcome, after attaining the top-absorption,
concerned the deposition on highly textured substrates like CMOS-chips. Spray-coating
turned out to be a suitable deposition method due to the vertical application. For each
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organic layer, an optimal set of spraying parameters was defined to obtain homogeneous
layers with low roughness. The roughness turned out to be critical for the performance
of small area detectors like the single pixels on a CMOS-chip since the layer thickness
non-uniformity on a lateral scale which is comparable to the pixel size leads also to
non-uniform EQE and dark current. For the blend layer, the choice of the solvent
turned out to be critical for good device performance and layer roughness. As optimal
solvent a 1:1 mix of 1,2-dichlorobenzene and toluene was determined, most probable
due to the good spreading capability related to Marangoni flow.
For completely sprayed devices (with an evaporated bottom aluminum cathode), main-
taining a low dark current of about 1 · 10−4 mA/cm2, EQE values of about 55 % could
be reached.
Combining finally the inverted fabrication process and the spray deposition on a sili-
con chip, processed in standard (commercial) CMOS 0.35 µm technology, gave rise to
the first solution-processable hybrid CMOS-imager. These passive pixel sensors were
fully electro-optically characterized using charge integration on a feedback capacitance
for signal read out and a testboard with integrated microcontroller for generating the
timing signals and further data processing (digitalization) and transfer (to a LabView-
interface).
Among the novelties of the hybrid imager are the so far smallest organic photodiodes
(containing a sandwich structure), with a pad width of 15 µm, and the most precise
cross talk measurements (15 µm distance between illuminated and measured pixel)
performed on this kind of diodes. Additionally, due to the chip design containing a
low-noise charge amplifier, the first organic photodiode noise measurements were per-
formed which reveal the noise types (flicker and shot noise) as well the amount present
in the organic layers.
The performance of the hybrid imager is not only sufficient for imaging application,
but turned out to be superior regarding two aspects. Firstly, the measured EQE of
up to 50 % is remarkably higher than for typical silicon CMOS-imagers. Secondly,
the integration of squaraine as additional donor material in the hybrid imager, proved
the ease of switching the material system to reach different spectral sensitivities. This
portability of the hybrid concept is indeed the major strength since it offers a cost-
effective imaging concept also for wavelength regions beyond the absorption edge of
silicon.

7.2 Future work

Although the imager prototype fabricated during this thesis proves the strength of the
hybrid concept, for a commercial application two further issues arise. The long term
stability of the device performance is crucial for organic photodiodes. Although it
was shown in this work that also with a very simple encapsulation a minimum device
life time of about one year is feasible, this was not true for the spray-coated devices,
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probably because they were fabricated in air. Also for switching the material system
from PCBM:P3HT to other polymers, degradation can be a more severe problem.
These issues have to be investigated and solved before transferring the hybrid concept
to even more expensive prototype imagers with state-of-the-art pixel numbers (several
Megapixels).
The other issue concerns the switching of the material system to more interesting wave
length regions. Beyond the absorption edge of silicon at about 1.1 µm, no low-cost
imagers are available and hence the hybrid imager can unfold its full potential. As
mentioned in the introduction, the wave length window spanning from about 1200 nm
to 1800 nm is especially interesting for night vision cameras due to the night glow
phenomenon. The only limitation is the poor availability of efficient organic polymers
in this region. Only [Gon09] reports about a photodetector with high detectivity at NIR
wave lengths, but only up to about 1400 nm. The main drawback for the performance
related with narrow-band gap semiconductors is the increase of the thermally generated
dark current. Another approach for NIR detection with hybrid CMOS-imagers is the
mixing of inorganic nanoparticles in an organic matrix. With colloidal quantum dots
that exhibit an absorption wave length defined by the quantization energy and hence
the dot size, absorption up to wave lengths of about 2 µm is feasible [Rau09, Im11].





Experimental details

Spin-coated photodetectors

Inverted OPDs with 1,2-DCB as solvent

Preparation of the PCBM:P3HT solution

• Mixing PCBM and P3HT with a ratio (per weight) of PCBM:P3HT=0.75:1

• Addition of 1,2-DCB, PCBM:P3HT:DCB=0.75:1:50

• Stirring of the solution overnight at 80◦C

Ultrasonic cleaning of the glass substrates

• 10 min with acetone

• 5 min with isopropanol

Thermal evaporation of the aluminum cathode

• Evaporation rate: 10 Å/s

• Layer thickness: 100 nm

Spin-coating of the photoactive PCBM:P3HT

• The blend solution is cooled down to room-temperature

• Filtering of the solution with a teflon membrane with pore size 0.2 µm (PTFE
0.2)

• Spincoating parameters: first step: 600 rpm, ramp 5 s, 90 s; second step: 300
rpm, ramp 5, 60 s

• Annealing of the blend for 5 min at 140◦C

Plasma treatment

• parameters: 100 W, 1 min, 0.35 Torr oxygen pressure
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Spin-coating of the hole-conductor PEDOT:PSS (Clevios P VP CH 8000 by H.C.
Starck)

• Filtering of the PEDOT:PSS solution with a RC (Regenerated Cellulose) mem-
brane with 0.45 µm pore size

• Spin-coating parameters: first step: 2000 rpm, ramp 5 s, 30 s; second step: 300
rpm, ramp 5 s, 20 s

• Annealing of the blend for 10 min at 140◦C

Deposition of the top-electrode (gold or conductive PEDOT:PSS)

Thermal evaporation of the gold anode

• Evaporation rate: 0.2 Å/s

• Layer thickness: 20 nm

Spin-coating of the conductive PEDOT:PSS (Clevios PH 1000 by H.C. Starck)

• Preparation of the PEDOT:PSS (PEDOT) solution: Addition of ethylene glycol
(EG) and Dynol 604 (by Air products), PEDOT:EG:Dynol=100:10:0.3

• Stirring of the solution at room temperature for 2 h

• Spincoating of the solution: 700 rpm, ramp 5 s, 40 s; second step: 300 rpm, ramp
5 s, 30 s

• Annealing: 10 min for 140◦C. The previous annealing step of the underlying
hole-conductor is decreased to 5 min.

Encapsulation

• Deposition of the epoxy glue Dymax OP-4-20632 and a glass sheet (0.2 mm
thickness) on top

• UV-hardening for 10 min

Inverted OPDs with toluene as solvent

Differences to the 1,2-DCB devices

• Blend preparation: PCBM:P3HT:toluene=1:1:100, annealing at 60◦C

• Blend spin-coating: first step: 1000 rpm, ramp 3 s, 20 s; second step: 300 rpm,
ramp 5, 30 s
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Spray-coated photodetectors

Preparation of the solutions for spraying

• Hole conductor PEDOT:PSS, diluted with water: PEDOT:H2O=1:2, stirring for
2 h at room temperature

• Blend solution: DCB:Tol:PCBM:P3HT=50:50:0.75:1, stirring overnight at 80◦C

• Conductive PEDOT:PSS: PEDOT:H2O:EG:Dynol=1:1:0.4:0.003, stirring for 2 h
at room temperature

Spray-coating parameters

• Blend solution: distance nozzle-substrate: 15 cm, annealing during spraying:
100◦C, spraying pressure: 2.8 bar

• Hole-conductor: distance nozzle-substrate: 25 cm, annealing during spraying:
35◦C for the first monolayer of drops, then 50◦C, spraying pressure: 1 bar

• Conductive PEDOT:PSS: distance nozzle-substrate: 25 cm, annealing during
spraying: 120◦C, spraying pressure: 1 bar

Differences to spin-coated devices

• No annealing after blend deposition

• Annealing of the hole conductor PEDOT:PSS was performed in air

• Annealing of the conductive PEDOT:PSS: performed partly in air (5 min, 120◦C),
partly in nitrogen atmosphere (5 min, 140◦C)
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