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Abstract

Conventional inorganic materials for x-ray radiation sensors suffer from
several drawbacks, including their inability to cover large curved areas, me-
chanical sti ffness, lack of tissue-equivalence and toxicity. Semiconducting
organic polymers represent an alternative and have been employed as di-
rect photoconversion material in organic diodes. In contrast to inorganic
detector materials, polymers allow low-cost and large area fabrication by sol-
vent based methods. In addition their processing is compliant with fexible
low-temperature substrates. Flexible and large-area detectors are needed for
dosimetry in medical radiotherapy and security applications. The objective
of my thesis is to achieve optimized organic polymer diodes for fexible, di-
rect x-ray detectors. To this end polymer diodes based on two different semi-
conducting polymers, polyvinylcarbazole (PVK) and poly(9,9-dioctyluorene)
(PFO) have been fabricated. The diodes show state-of-the-art rectifying be-
haviour and hole transport mobilities comparable to reference materials. In
order to improve the X-ray stopping power, high-Z nanoparticle Bi2O3 or
WO3 where added to realize a polymer-nanoparticle composite with opti-
mized properities. X-ray detector characterization resulted in sensitivties of
up to 14 uC/Gy/cm2 for PVK when diodes were operated in reverse. Addi-
tion of nanoparticles could further improve the performance and a maximum
sensitivy of 19 uC/Gy/cm2 was obtained for the PFO diodes. Compared
to the pure PFO diode this corresponds to a five-fold increase and thus
highlights the potentiality of nanoparticles for polymer detector design. In-
terestingly the pure polymer diodes showed an order of magnitude increase
in sensitivity when operated in forward regime. The increase was attributed
to a different detection mechanism based on the modulation of the diodes

conductivity.
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Introduction

A new generation of radiation detectors is required to improve on existing
devices. Radiation detectors are needed for several advanced applications
such as particle physics experiments [1], dosimetry in medical radiother-
apy [2], and for security purposes [3]. Each of these applications has specific
material requirements that are driving further development. Methods for
the indirect detection of radiation rely on a secondary transduction method,
such as the modulation or quenching of optical properties [4] or scintillation
in combination with a phosphor screen [5]. Of more practical use, and the
topic of this present work, is the direct detection of radiation. In this case,
the radiation exposure induces a photo current that can be correlated with
the- radiation dose in a quantitative way. Solid-state radiation detectors for
the direct detection of radiation have conventionally been based on inorganic
materials. In detectors for synchrotron or linear accelerators used by particle
physicists, large areas in curved geometries are needed. However, large-area,
high quality inorganic crystals are expensive and difficult to manufacture.
The detector is limited to sizes up to twelve inches for silicon, as defined by
the requirements of the electronics industry, but much smaller dimensions
for other, more exotic crystalline materials. In medical radiation dosimetry
and radiation protection applications, on the other hand, there is a need for
detectors that have tissue equivalence for dose estimations (dosimetry) to the
human body, and which minimise beam perturbations [6]. This requirement
means that the dosimeters must be comprised of the elements of human tis-
sue, e.g. C, H, and O. Inorganic semiconductors being applied in dosimeters,
such as CdTe [7] and CdZnTe, are comprised of heavy elements and hence
are not tissue equivalent. Dosimeters that are in regular contact with hu-

mans must be made from materials that are not toxic. Hence, Cd-containing
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materials are excluded from such applications. Furthermore, the high cost
of single-crystal inorganic semiconductors is also driving the development of

new dosimeter materials.

There are specific property performance requirements for detectors or
dosimeters that must be met by any new material. Silicon, which can be used
a standard to judge new materials, has a radiation length of 9.4 cm [8]and
has a high mobility ( 450 cm?/Vs and 1400 cm?/Vs for holes and electrons,
respectively) [9]. The leakage current measured from a Si pin diode in the
reverse bias operation is extremely low (less than 1 nA). Ideally, the new de-
tector material should have a low dark current (< 1 nA), good rectification
behavior, high charge-carrier mobility, and outstanding operational stability.
Clearly, the demands for detector materials are great, yet conjugated poly-
mers can potentially meet them. Conjugated polymers are those polymers
with an extended m-bonding system. The research in this particular field re-
ceived little attention from the community before 1970 due to unprecedented
physical properties, such as poor electrical and optical properties. However,
some research groups reported an unusually high electrical conductivity in
some conjugated polymers. The mystery of high conductivity in these poly-
mers remained unsolved until 1977 when Shirakawa et al. first discovered
that the conductivity of poly(acetylene) increased due to a redox reaction
when exposed to bromine or iodine vapour. Since then semiconducting poly-
mers have drawn great attention from researchers around the world from
both fundamental and technological points of view. Semiconducting poly-
mers have been in the heart of interdisciplinary research and development,
ranging from physics, materials science, chemistry, engineering, and technol-
ogy. High quality organic electronic devices have been achieved through the
improvement of the quality of m-conjugated polymers. The fabrications of
organic devices, including field effect transistors [10], light emitting diodes,
photovoltaic cells [11], and sensors [12], have employed organic materials as
an active component in the device. These devices share one common feature,
their efficiency depends tremendously on the ability of the conjugated poly-
mer to transport charge carriers. The charge carriers can either be generated
within the polymer layer (solar cells or sensors) or injected into the polymer

layer from the metal contact (LED or FETS). Despite vibrant activity in
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the organic electronics field, the use of conjugated polymers for the detec-
tion of ionizing radiation has received comparatively little attention from the

community.

Semiconducting polymers have been previously used to detect a variety
of radiations. The detection of charged particles has been achieved by using
conjugated polymers, such as poly(phenylene vinylene) (PPV) and its deriva-
tives. In this case, the optical properties of the material are modulated or
quenched after exposure to protons [13] or gamma radiation. Organic photo-
diodes, used as scintillation detectors when combined with phosphor screens,
have demonstrated a good sensitivity and stability upon X-ray irradiation
[14]. However, these examples can be classified as using indirect detection
methods, which are based on a secondary transduction method, such as the
optical monitoring of turbidity or scintillation. Of more practical use are
detectors in which the radiation exposure directly triggers a change in the
electrical conduction in the detector (direct detection). Yoshino et all were
the first group to establish the possibility of using conjugated polymers for
radiation detection by studying the effects of electron irradiation on the con-
ductivity of Iodine-doped polyacetylene (PA) at room temperature [15]. Re-
cently, the group at the University of Surrey has recently shown that direct
X-ray induced photocurrent can be observed in metal /polymer/metal diode
structures [16] indicating the feasibility of using conjugated polymers in di-
rect real-time radiation detection applications. However, the performance
stability, measurement repeatability, and signal quality of such organic de-
tectors upon exposure to X-rays have not previously been reported. The
question remains whether organic material-based detectors are suitable for
employment in solid-state radiation detection applications. Current radiation
dosimetry systems, based on scintillators or semiconductors, typically use in-
organic materials as the active counterpart [17]. Such materials can be fragile
and difficult to machine, and hence are undesirable for large area, curved sur-
face, thin film detector production. The use of semiconducting polymers in
electronic devices offers many advantages over their conventional inorganic
counterparts. Polymers have a mechanical flexibility and light weight which
makes bending or coating over curved surfaces possible. The cost of polymers

is relatively low, and also materials are now commercially available as the de-
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mand is high. Polymers are very easy to fabricate since no clean room, high
temperature or low pressure conditions are required in the preparation pro-
cesses. Typical conjugated polymers have chemical side groups which enable
them to be easily dissolved in organic solvents. Therefore, the fabrication
of polymer films can be performed over large area substrates using low-cost,
wet processing techniques, such as spin-casting [18], dip-coating [19], spray-
casting [20] and inkjet printing [21] Conjugated polymers, however, have
suffered from a relatively low carrier mobility and poor stability under am-
bient conditions compared to inorganic materials. Due to their low atomic
number, conjugated polymers provide a low stopping power for ionizing par-
ticles compared to the conventional material for detectors, such as CdTe.
These are the major drawbacks for semiconducting polymers to match in-
organic semiconductor-based devices in radiation detector applications. For
charge-based ionizing radiation detectors and dosimeters, certain require-
ments need to be met in order to have a usable device, such as low leakage
current at high electric field strengths, chemical and electronic stability, high
carrier mobility and high quantum efficiency upon exposure to an ionizing
source. Low leakage current at high field strengths can be realised by the
formation of a Schottky contact at the polymer/metal interface. The sensi-
tivity upon X-ray exposure can be significantly improved by having a large
capture volume of an active material. This can be achieved by either in-
creasing the thickness of the polymer or the active area of the device. In
this work, Polyvinylcarbazole (PVK) and poly(9,9-dioctyluorene) (PFO) are
selected for active layer of the devices due to a number of reasons. Both
polymers are operationally and environmentally stable and both have been
already used as a hole transport layer [22] in organic light emitting diode
(OLED). Futhermore, these polymers are much cheaper (ref:Sigma-Aldrich)
than poly(trlarylamine) (PTAA) used by the Sellin group.

In this project, the main objective is to explore the feasibility of using
a thick layer of PVK (PFO) as a charge-sensitive, direct-detection radia-
tion dosimeter. The thesis begins with a review on x-ray detectors, focusing
on the direct X-ray detection and on the X-ray interaction with matter in
Chapter 1. At the end of the Chapter 1, the organic X-ray detectors are

described. Chapter 2 introduces to the science of organic semiconductors,
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including the conduction mechanisms, electronic structure, charge transport
properties and device applications. Chapter 3 explains the materials used
in the experiments and the device fabrication processes. The physical back-
ground, as well as the details of the scientific apparatus for every experi-
mental technique employed in the project, is also provided in this chapter.
The fabrication of prototype organic semiconductor dosimeters using thick
PVK or PFO films is presented. Here, the polymer films were blended with
different concentrations of high atomic number (Z) nanoparticles, W O3 and
Biy0O3, to enhance the X-ray stopping power of the devices. In Chapter 4,
the structural and conductive properties of PVK (PFO)-based diode are pre-
sented. The hole transport through the polymers and the diode conductivity
are examined by comparing the results obtained from PVK and PFO layer
with different thickness. The x-ray sensitivity of the devices is assessed in
different operative regime of diode (forward and reverse), as well as the type
of detection. In particular, an elementary explanation of the X-ray photode-
tection regimes is introduced. The effects of NPs on the diode performance
as detectors are evaluated by the comparison between the pristine and NP-
diode. Finally, Chapter 5 summarizes the findings in this study and potential

outlook to pursue in future investigation.
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Chapter 1

X-ray detectors: an overview

on direct detection

Since 1950, we have witnessed the development of a range of radiation
detectors exploiting the properties of semiconductor materials. The steady
growth of these devices is primarily due to the numerous application fields:
medical imaging and diagnostics, industrial and civil security, astrophysics.
The materials employed in the past 60 years fall mainly into two categories
sketched in the figure 1.1: semiconductors and scintillators. In both cases,
X-ray irradiation first produces primary excitations and ionizations (ions and
electrons) in the time range of 10'°-10'% s. The generated electrons (pri-
mary electrons) with high kinetic energy interact within the volume of the
detection material and produce a majority of secondary excitations (electron-
hole pairs), within a picosecond. Both primary and secondary excitations
are electron-hole pairs, referred to as “excitons”. These excitons are de-
tected following different pathways in semiconductor detectors and scintilla-
tors. In a semiconductor detector, an electric field is applied to disassociate
the electron-hole pairs and sweep the electrons and holes to the positive and
negative electrodes, respectively. The resulting photocurrent is recorded to
analyze the energy of the incident high-energy radiation particles. In a scin-
tillator, the excitons transfer their energy to luminescent centers (fluors) that
are intentionally introduced. The fluors release the energy radiatively, via a

fluorescence or phosphorescence decay pathway. The resulting photons, typi-
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Figure 1.1: Schematic representation of indirect detection (left) and direct
de- tection (right).

cally in the visible wavelength range, escape the scintillator and are collected
by a coupled photo-multiplier tube (PMT) or a photodetector to obtain in-
formation about the incident particles. The material requirements for the
two different detection mechanisms share some similarities: high stopping
power (absorption efficiency) of incident radiation, high purity to lessen ex-
citon trapping, uniformity for minimal scattering and good transparency, as
well as the ability to grow material into large size. For semiconductors, a
high and balanced carrier mobility and low intrinsic carrier density are es-
sential to obtain high sensitivity and low background current. On the other
hand, scintillators must have an efficient cascade energy transition series to
achieve high light yield. [23]

Among the novel materials which could push the boundaries of radia-
tion detection further, organic p-conjugated small molecules and polymers
are interesting emerging candidates, thanks to their potential to realize large
area and flexible optoelectronic devices [24] by cost effective printing meth-
ods, which is due to their processing from solution at room temperature.
Conjugated polymers, which were first suggested for radiation detection in
the early 1980s, nowadays could potentially lead to a new class of radiation

detection materials outside the scope of traditional detectors.
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1.1 Semiconductors X-ray detectors

A lot of radiation detection applications employ the advantages offered by
direct detection. The direct conversion of ionizing radiation into an electrical
signal within the same device is a more effective process than the indirect one,
since it improves the signal-to-noise ratio and it reduces the device response
time. One of the major limitations of scintillation counters is their relatively
poor energy resolution. The chain of events that must take place in convert-
ing the incident radiation energy to light and the subsequent generation of
an electrical signal involves many inefficient steps. Therefore, the energy re-
quired to produce one information carrier (a photoelectron) is of the order of
100 eV or more, and the number of carriers created in a typical radiation in-
teraction is usually no more than a few thousand. The use of semiconductor
materials as direct radiation detectors can result in a much larger number of
carriers for a given incident radiation event. Consequently, the best energy
resolution from radiation spectrometers in routine use is achieved using semi-
conductor detectors. The fundamental information carriers are electron-hole
pairs created along the path taken by the primary radiation or secondary par-
ticle through the detector. Their motion in an applied electric field generates
the basic electrical signal from the detector. Devices employing semiconduc-
tors as the basic detection medium became practically available in the early
1960s. Early versions were called crystal counters, but modern detectors are
referred to as semiconductor diode detectors. In addition to superior energy
resolution, semiconductor detectors can also have a number of other desirable
features. Among these are compact size, relatively fast timing characteris-
tics, and an effective thickness that can be varied to match the requirements
of the application. Drawbacks may include the limitation to small sizes and
the relatively high susceptibility of these devices to performance degradation
from radiation-induced damage. The ability to detect high energy radiation
such as X-rays, gamma-rays, and other uncharged and charged particles with
solid-state semiconductor detectors has improved dramatically in the last 20
years thanks to two main factors: (i) the enormous advances in semiconduc-
tor science and technology, and (ii) the strong and increasing demand for

high-performing solid-state radiation detectors. High purity silicon and ger-
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manium were the first materials to be used as solidstate detectors, and are
still widely employed thanks to their extremely good energy resolution (be-
low 0.2%) which, however, can only be achieved at cryogenic temperatures.
This prompted the development of novel compound semiconductors such as
CdTe, SiC and CdZnTe which can offer excellent performance at room tem-
perature, superior in a few aspects to Ge. Nonetheless, the difficulty to grow
large-size, high-quality crystals of these II- VI compound materials at a low
cost is limiting their application in very high-tech and specific detectors, e.g.
in satellites and as pioneering medical diagnostic tools. A non-negligible
further drawback of these materials is their limited availability, often their
toxicity. These limitations have prompted the need to find alternative novel

semiconducting materials (see section ?77).

Photoconductor Material Properties The characteristics required in

order to achieve a photoconductor material are several:

o Quantum Efficiency Q). E. Also called Attenuated fraction is defined as:
QE =1—eLh (1.1)

where 0 is the attenuation depth and must be substantially less than
the photoconductor layer thickness L. § = §(E,, Z, p) is a function of
photon energy, atomic number and density, and can be correlated to
the mass attenuation coefficient. High-Z element are suitable photo-

conductors, especially for high energies application.

e Dark Current. The dark current of the photoconductor under a bias
voltage should be small. Two factors affect the dark current flowing
in a material: the injection of carriers from the contact and the ther-
mal generation of carriers. This implies that small dark current needs
blocking contacts and a wide semiconductor bandgap to reduce thermal

carrier generation. A generally accepted dark current should be below
1 nA/cm?.

e Charge Collection Efficiency nce. The photogenerated charges could

be lost due to recombination or trapping during the charge transport
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from the collection at the electrodes. The mean distance that a carrier
can go through without occurring in recombination or trapping is called
drift length and it is defined as pu7F, where F is the electric field, u
is the carrier mobility and 7 is the mean lifetime of carriers. In order
to reduce loss and maximize nccp, the condition prF >> L should be
satisfied for both electrons and holes (L is the layer thickness).

Radiation Hardness. A detector is exposed to high x-ray doses over
time, so the damage and structural changes due to irradiation have to
be taken into account. The primary effect is the generation of trapping
sites that modify pu7 of the carriers and polarize the sample affecting

the charge collection efficency.

X-ray Sensitivity. The detection process involves three stages: X-ray
absorption (Q.E.), charge carriers generation and collection. The x-ray
sensitivity of a photoconductor can be defined as the charge collected

per unit of incident radiation per unit area (C - cm™2 - Gy™'):

charge collected

= 1.2
incident radiation - area (1.2)

([ 5,45-10%e ) | (@en/p)air
o (o) gp (nsli)

where € is the amount of energy to create a free electron-hole pair. The
eq.1.3 summarizes well the entire detection process: the first term is
the photon frequence per unit of roentgen, the second is the absorbed
fraction in terms of quantum efficiency, the third is the number of
electron-hole pairs generated and the last is the charge collection effi-
ciency. The sensitivity has a strong dependence on the photodetector
thickness L, since the x-ray absorption enhances as L increases, but
nNoc decreases with L at the same electric field: therefore there is an
optimum thickness value beyond which the sensitivity decreases [25].
Therefore, from experimental point of view, plotting the signal current,
i.e. the charge collected, in function of the incident radiation dose rate

is possible to estimate the X-ray detector sensitivity as the slope of the
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linear fit of the plot.

1.1.1 The ionizing interaction in semiconductors

The interaction of radiation with semiconductor materials causes the cre-
ation of electron—hole pairs that can be detected as electric signals. The
photons have first to undergo an interaction with a target electron (photo
or Compton effect) or with the semiconductor nucleus (e.g. pair conversion
of photons). In any case, part of the energy absorbed in the semiconduc-
tor will be converted into ionization (the creation of electron— hole pairs),
the rest into phonons (lattice vibrations), which means finally into thermal
energy. In the photoelectric absorption process, a photon undergoes an in-
teraction with an absorber atom in which the photon completely disappears.
In its place, an energetic photoelectron is ejected by the atom from one of
its bound shells. The interaction is with the atom as a whole and cannot
take place with free electrons. For gamma rays of sufficient energy, the most
probable origin of the photoelectron is the most tightly bound or K shell of
the atom. The photoelectron appears with an energy given by K = hv — Ej,
where Ej, is the binding energy of the shell and v the frequency of the pho-
ton. The emitted electron leaves a vacancy site in the inner shells of the
atom that is quickly filled through a capture of an electron from outer shells.
This transition generates the emission of characteristics x-ray photons of K,
L or M shells. In some cases the relaxation takes place through the emis-
sion of an Auger electron that may substitutes the characteristic radiation.
Furthermore, the emitted photoelectrons, the characteristic radiation and
the Auger electrons may be reabsorbed, thus a complex cascade sequence of
electron transitions and x-ray emissions. As the photoelectric effect, also the
Compton (or Incoherent) scattering takes place between a photon and an
electron in the absorbing materials. In this process the photon is deflected
and transfers a portion of its energy. The Compton scattering probability
increase with the number of electrons of the target material, and is typically
dominant at photon energies of MeV. The pair production process arises at
higher energy, when the photon energy exceeds twice the rest-mass on an

electron (1.02 MeV). In this process, the photon interacts with coulomb field
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of a nucleus, having enough energy to create an electron-positron pair. In
the medium the pair is slowed down and the positron then annihilates with
the emission of two photons as secondary products of the interaction. Even if
the process is energetically possible at 1.02 MeV, its probability is still very
low and rises only at very high energies. The photoelectric absorption is the
dominant process at low radiation energies, and plays the main role in the
absorption mechanism that occur in x-ray detectors for medical, diagnostic
or imaging applications. In this process, the fraction of energy converted
into electron—hole pair creation is a property of the detector material. A
photoconductor with high intrinsic x-ray sensitivity must be able to generate
as many collectable (free) electron hole pairs as possible per unit of absorbed
radiation. The amount of radiation energy required, denoted as €, to create a
single free electron and hole pair is called the electron-hole pair creation en-
ergy or the ionization energy; and it should be as low as possible because the
free (or collectable) charge, AQ), generated from an incident and absorbed
radiation of energy E is simply eF /e, where e is the elementary charge. For
many material systems € is proportional to the bandgap £,

Very important aspects of the detector material in spectroscopic applica-
tions are the penetration depth of charged particles and the absorption length
of photons. A very small absorption length will result in a high probability
of generating the signal close to the surface, where signal charge may only be
partially collected because of surface treatment (e.g. doping), coverage with
insensitive material (e.g. a naturally or artificially grown insulation layer) or
deterioration in the semiconductor properties, which usually appears close to
the surface due to distortion of the lattice. A very large absorption length
leads to inefficiencies as radiation may traverse the detector without interac-

tion.

Attenuation coefficients If we again picture a transmission experiment
as in Fig. 1.2, where monoenergetic X-rays are collimated into a narrow beam
and allowed to strike a detector after passing through an absorber of variable
thickness, the result should be simple exponential attenuation of the X-rays
as also shown in Fig. 1.2. Each of the interaction processes removes the X-ray

photon from the beam either by absorption or by scattering away from the
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Figure 1.2: (Left) Schematic set up for transmission experiment. (Rigth)
Exponential transmission curve.

detector direction and can be characterized by a fixed probability of occur-
rence per unit path length in the absorber. The sum of these probabilities is
simply the probability per unit path length that the X-ray photon is removed
from the beam:

p = T(photoelectric) + er(Compton) + K (pair) (1.4)

and is called the linear attenuation coefficient. The number of transmitted

photons [ is then given in terms of the number without an absorber I, as
I = ]Oe_t (15)

The X-ray photons can also be characterized by their mean free path A.,
defined as the average distance traveled in the absorber before an interaction

takes place. Its value can be obtained from

FCreTtrdr 1
A= foo.+ =— (1.6)
Joermdr p
and is simply the reciprocal of the linear attenuation coefficient. Typical

values of A\. range from a few mm to tens of cm in solids for common X-ray
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energies. Use of the linear attenuation coefficient is limited by the fact that
it varies with the density of the absorber, even though the absorber material
is the same. Therefore, the mass attenuation coefficient is much more widely
used and is defined as %, where p represents the density of the medium. For
a given X-ray energy, the mass attenuation coefficient does not change with
the physical state of a given absorber. For example, it is the same for water

whether present in liquid or vapor form.

KERMA and Absorbed dose Photons interact with matter through
two stages: (i) energy is transferred to charged particles and (ii) charged
particles transfer energy directly through excitations and ionizations. The

first interaction can be described with Kinetic Energy Released per unit Mass
(KERMA) in a medium, and is defined as:

dE,

" dm

(1.7)

where Eyr stands for the kinetic energy transferred to the medium. The
second stage of energy transfer in a medium is described with the absorbed
dose, which is the energy absorbed from any type of radiation per unit mass
of the absorber. The unit in SI is joule per kilogram (J/kg) and it is named
as Gray(Gy). Sometimes it may be reported as the old CGS definition of
erg/gram named rad. Thus 1 Gy = 1 J/kg = 100 rad. An exposure of
1 R corresponds to an absorbed dose in air of 8,7 - 1073 Gy. The energy
transfer to the charge particles (Kerma) does not take place at the same
location of the energy absorption, because a charge particle moves into the
medium before being absorbed. However in a thick medium, if the condition
of electronic equilibrium has been reached, E;. = FE,, thus the KERMA
can be considered equal to Absorbed dose. Electronic equilibrium is reached
when, in each moment, in every volume of the medium an equal number of
particles are stopped and set in motion. The mathematical expression for
the absorbed dose i reported in the following equation:
dE

D == (1.8)
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1.2 Semiconducting conjugated polymers for

radiation detection

In the past two decades, conjugated polymers have been employed in
the fabrication of light-emitting diodes, fieldeffect transistors, photovoltaic
devices, and superconductors.The advantages of polymers over conventional
inorganic semiconductors are their relatively low cost, suitability for both
large areas and nanoscale applications, mechanical flexibility, and most im-
portantly, the potential for printable electronic circuits for integrated plastic
electronics. The use of conjugated polymers for ionizing radiation detec-
tion is likewise expected to offer several advantages in comparison to silicon,
which is the most commonly used semiconductor for high fluence x-ray de-
tection, e.g., at synchrotron sources or for medical dosimetry. Unlike silicon,
polymers can be coated over large areas and onto curved surfaces through
deposition from solutions in volatile solvents, such as in dip coating, spin
casting, and ink-jet printing. Furthermore, polymers have a low average
atomic number, which makes them equivalent to human tissue when used
in x-ray dosimetry in clinical applications. Despite these potential advan-
tages, very little attention has been paid to the application of polymers in
direct chargebased radiation detection, as opposed to passive thermolumines-
cent or optical dosimeters. Early studies in the 1950s of insulating polymers,
such as polymethyl methacrylate and polyethylene, as tissue-equivalent x-ray
dosimetry detectors concluded that the combination of very low mobilities
and short carrier lifetimes severely limited their x-ray sensitivity. More re-
cently, alpha particle sensitivity has been demonstrated from polyactylene
sheets which showed drift mobilities of 10 and 10 ¢cm? /V s for electrons
and holes, respectively. With such a relatively low mobility, when such a
material is used in a detector, it must be kept rather thin in order to extract
a useful current. However, there is a trade-off against the requirement to use
a thicker detection layer to achieve a sufficient interaction volume. For x-ray
dosimetry use a polymer-based detector should have a sensitivity comparable
to that of silicon, which is typically of the order of 300 nC/mGy/cm?.
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Figure 1.3: Schottky barrier between a p-type semiconductor and a metal
having a smaller work function: (a) band diagrams before joining; (b) band
diagrams for the junction at equilibrium. FEy 4¢ is the vacuum energy level,
qou is the metal work function, Er s is the metal Fermi energy, Er gc is the
semiconductor Fermi energy, ¢y is the semiconductor electron affinity, E¢ is
the semiconductor conduction band edge, F¢ is the semiconductor valence
band edge, q¢p is the Schottky barrier energy, W is the depletion region and
Vp is the contact potential.

1.3 Shottky and ohmic contacts

In this thesis, a diode-like structure of polymeric materials sandwiched
between two metal electrodes is fabricated. It is important to understand the
fundamental physics at the semiconductor/metal interface since most elec-
trical properties are related to the contacts, or so called junctions, between
semiconductors and metals. When a metal and a semiconductor joined, two
possible types of contact can result depending on the types of the metal and
semiconductor. The contact may be either rectifying, which only allows cur-
rent to pass in one direction, or ohmic, in which current can pass in either
direction. This section deals with both the rectifying and ohmic contacts,
and the discussion is totally around the p-type semiconductor since PFO and

PVK are p-type.
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Rectifying contact Before discussing the behaviour of a metal- semicon-
ductor contact, it is necessary to introduce the concept of the work function.
The work function (q®) of a material in the vacuum is the energy required to
remove an electron at the Fermi level (Fr), the level of the electrochemical
potential for the electrons, to the vacuum outside the material. The values of
work functions are very sensitive to surface contamination. Typical values for
very clean surfaces are 4.3 V for Al and 4.8 V for Au [26]. When a metal with
work function ¢®,, is brought in contact with a p-type semiconductor having
a work function ¢®g, the transfer of positive charge from the semiconductor
to the metal occurs until the alignment of the Fermi levels at equilibrium
happens (Figure 1.3). For &), < &g, the semiconductor Fermi level is ini-
tially lower than that of the metal before contact is made. To align the two
Fermi levels, the electron energies of the semiconductor must be raised rel-
ative to that of the metal. It results in the form of a constant equilibrium
potential difference Vjy between the semiconductor and the metal across some
region W about the junction. The region W is called the depletion region,
and the potential difference Vj is called the contact potential. Indeed, the
transfer of positive charge form the p-type semiconductor to the metal re-
sults in a depleted region W at the semiconductor near the junction. W is
called depletion region since it is almost depleted of carriers compared with
the rest of the semiconductor, and almost only space charge exists within
W because of uncompensated acceptor ions. The negative charge due to the
uncompensated acceptor ions within W matches the positive charge on the
metal. By assuming the negative charge in the metal is a thin sheet of charge
to the left of the junction, the depletion width W in the semiconductor is
given by:

2606, (Vo —V)
W = \/QT (1.9)

where € is the permittivity of vacuum, €, is the relative permittivity
of the semiconductor, V; is the contact potential, V is the external applied
voltage, ¢ is the elementary charge and N, is the density of dopants. Within
the depletion region, holes are in transit from one side of the junction to the

other. Some holes diffuse from the semiconductor to the metal, and some



1.3. SHOTTKY AND OHMIC CONTACTS 19

are swept by the electric field from the metal to the semiconductor. The
equilibrium contact potential Vj prevents further net hole diffusion from the
semiconductor conduction band into the metal and is equal to the difference
of work function potentials ®,;—®g. By definition, the potential difference V}
is an equilibrium quantity, and no net current can result from it. It is a built-
in potential barrier, which is necessary to the maintenance of equilibrium at
the junction; it does not imply any external potential. However, the V[, can
be decreased or increased by the application of either forward- or reverse-
bias voltage V' across the junction. The Schottky barrier height &5 for
electron injection from the metal into the semiconductor conduction band
is predicted by Schottky-Mott model and is equal to % — (®pr — x), where
qx is called the electron affinity and is measured from the vacuum level to
the semiconductor conduction edge. The Schottky-Mott model predicts the
existence of the band bending and the formation of the Schottky barrier
in metal-semiconductor junctions. That is why the rectifying contact is also
called the Schottky barrier contact. when a forward-bias voltage V' is applied
to the Schottky barrier of Figure 1.3, the contact potential is reduced from
Vo to Vo — V Figure 1.4(a). As a result, holes in the semiconductor valence
band can diffuse across the depletion region to the metal. This gives rise to a
forward current (semiconductor to metal) through the junction. Conversely, a
reverse bias increases the barrier to Vy+V,., and hole flow from semiconductor
to metal becomes negligible Figure 1.4(b). In either case flow of holes from
the metal to the semiconductor is retarded by the barrier ¢, which is not
affected by the bias voltage. The resulting diode current is suggested in
Figure 1.4(c). The reverse saturation current (/y) depends on the size of
barrier ¢p for hole injection from the metal into the semiconductor. Then,
the Schottky barrier diode can rectify, with easy current flow in the forward

direction and little current in the reverse direction.

The forward current is due to the injection of the majority carriers from
the semiconductor into the metal with no minority carrier injection, and the
storage delay time associated with the minority carrier injection is absent in
Schottky barrier diodes. Thus, this type of diode is essentially a majority
carrier device, and their high-frequency properties and switching speed are

generally better than typical p-n junctions.
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Figure 1.4: Effects of forward and reverse bias on the junction of Figurel.3:
(a) forward bias; (b) reverse bias (V = —V,); (c) typical current-voltage
characteristic.
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Figure 1.5: Ohmic contact between a p-type semiconductor and a metal
having a greater work function: (a) band diagrams before joining; (b) the
equilibrium band diagram for the junction.

Ohmic contact It is important that the metal-semiconductor contact which
connect the diode to the electronic circuit to be an ohmic contact. This is due
to the fact that the ohmic metalsemiconductor contact, which has a linear
IV characteristic in both biasing directions, possess minimal resistance and
no tendency to rectify signals. For an ohmic metal-semiconductor contact,
the charge transfer in aligning the Fermi levels occurs from the metal to the
semiconductor. For a p-type semiconductor, this happens when ¢, < ¢g,
where the Fermi levels are aligned at equilibrium by transferring holes from
the metal to the semiconductor. This lowers the semiconductor energy levels
relative to the metal at equilibrium Figure 1.5. In this case the barrier to hole
flow between the metal and the semiconductor is small and easily overcome
by a small voltage. Unlike the rectifying contacts, no depletion region occurs
in the semiconductor since the electrostatic potential difference, required in
Fermi levels alignment at equilibrium, needs that the hole accumulates in the

semiconductor.
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The Schottky-Mott model correctly predicts the existence of band bend-
ing for different semiconductors; however, its prediction of the Schottky bar-
rier height is not compatible with the experimental measurements. In fact,
the center of the semiconductor is locked or pinned to the Fermi energy level
of the metal due to a phenomenon called Fermi level pinning. Thus, the
Schottky barrier height is almost equal to % and insensitive to the metal
and semiconductor work functions. The Fermi level pinning occurs due to
chargeable energy states inside the band gap of the semiconductor right at
the interface. These energy sates either are induced during the direct chem-
ical bonding of the metal and the semiconductor (metal-induced gap states)

or are already present on the surface of the semiconductor (surface states).

For organic semiconductors, the Schottky model can be modified by con-
sidering the HOMO and LUMO levels instead of the valence and conduction
bands, respectively. In addition, the conjugated polymers, as typically used
in organic light-emitting diodes or solar cells are undoped semiconductors
with trap states. Then, the Fermi level pinning due to interface trap states
results in a constant Schottky barrier potential in organic semiconductor-
metal interfaces. These properties of the organic semiconductors change the
alignment of the energy levels throughout the device. Applying the equa-
tion 1.9 for an organic semiconductor, N4 can be equated to the density of
free charge n [27]. The undoped polymeric organic semiconductors usually
exhibit low density of charge carrier concentrations. Thus, the depletion re-
gion can expand throughout the thickness of the semiconductor, according to
the equation 1.9. It means that the semiconductor is fully depleted, and the
depletion width do not change significantly by biasing voltage. In fact, the or-
ganic Schottky diodes should be considered as metal-insulator-metal (MIM)
diodes instead of voltage controlled metal-semiconductor diodes. Therefore,
when electrodes with different work functions are utilized, a diffusion po-
tential Vj; (the counterpart of the contact potential V4), which corresponds
to the work function difference between the anode and the cathode, forms
across the undoped semiconductor. Accordingly, the diffusion potential only
depends on the nature of the electrodes and not on that of the semiconductor
layer. The diffusion potential equals to the barrier height ¢5. The anode

acts as the ohmic injecting contact, and the cathode acts as the non-ohmic
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Figure 1.6: Energy diagram of an organic diode with a fully depleted un-
doped p-type semiconductor for (a) thermal equilibrium and upon applying
a small positive bias smaller than the built-in voltage (dashed line), (b) re-
verse biasing, (c) forward biasing voltage equals to contact potential, and
(d) forward biasing voltage greater than contact potential. E is the electric
field.

(rectfying) collection contact. In MIM structures, band bending due to the
uncompensated dopants is absent. Also, the injected holes at the ohmic
contact do not result in band bending at the semiconductor near the inter-
face. In fact, once the organic semiconductor and the metal are brought into
contact, the Fermi levels align by transfer of charge from the electrode with
higher work function (injecting contact) to the electrode with the lower work
function (collection contact). Thus, the energy levels can be illustrated with
tilted, rigid energy bands, as depicted in Figure 1.6.

Applying an external biasing voltage can either increase (reverse biasing,
Figure 1.6(b)), or decrease (forward biasing, Figurel.6(c) and 1.6(d)) the
injection barrier. When no voltage is applied, the work function difference
induces an electric field that inhibits any hole injection at the anode, and
the Fermi energy levels of the anode and the cathode align (Figure 1.6(a)).
For reverse biasing, this backward electric field increases, so that no current
is expected to flow through the diode. The electric field is cancelled by the
application of a voltage that exactly compensates the diffusion potential; this
corresponds to the situation of flat bands (Figure 1.6(c)). When V' >V, the
electric field is reversed and current starts to flow through the diode (Figure
1.6(d)). In fact, the positive charge carriers are transferring from the in-

jecting anode contact to the HOMO of the semiconductor, from where they
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move to the rectifying cathode contact. As long as the semiconductor is fully
depleted, the electric field is constant across the whole semiconductor. the
direction of the electric field determines the slope of the tilted energy levels,
and also shows the direction of the drifted charge carriers. However, the dif-
fusion current might occur due to the different concentrations of the charge
carriers. Thus, the total current is the sum of the drift and the diffusion of
the charge carriers. The performance of the injecting anode contact and the
rectifying cathode contact can be improved by manipulating the interfacial
layers at the metal-semiconductor interfaces. The manipulation of the inter-
facial layers modify the relative energy levels of the materials, which in turn
either change the Schottky barrier height for cathode interface or enhance the
ohmic contact for the anode interface. The practical method for p-type or-
ganic semiconductors is the use of a metal contact with higher work function
compared with the HOMO level of the semiconductor. The HOMO levels of
the organic semiconductors are approximately 5.V, but the available metals
with work functions greater than 5eV are limited. Therefore, the utilization
of different interfacial layers such as PEDOT:PSS [28], molybdenum oxide
[29], and vanadium pentoxide [30] has been studied as a method to increase

the effective electrode work functions.

1.4 Current-voltage characteristics

The analysis of the diode current density-voltage (JV) curves is the main
method to characterize the rectification property of the diode. In fact, the
quality of the diode contacts, rectification ratio, forward current characteris-
tics and charge transport properties can be understood from the JV curves.
As shown in Figure 1.6, the conduction of the MIM diode can be divided
into three different regimes: reverse current region (V' < 0), diffusion limited
current region (0 < V' < Vj) and space charge limited current (SCLC) region
(V > V4). In reverse biasing, the injection barrier for holes from the cathode
to the HOMO of p-type semiconductors is high (Figure 1.6(b)). Therefore,
the level of the resulting reverse leakage current is typically low. The latter

two current regions are discussed as follows.
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Injection and Diffusion limited current As mentioned before, the ohmic
contact between a metal and a fully depleted semiconductor can be described
as an injecting contact, where the metal injects charges into the insulating
material. When the voltage is below (Vj), the gradient of the hole density
arises the diffusion of the holes towards the cathode (Figure 1.6(c)), result-
ing in the injection and diffusion limited current. On the other hand, the
hole drift current due to the electric field is negative pointing toward the an-
ode. However, the net current is dominated by the diffusion current, leading
to a positive current from the anode to the cathode. The diffusion limited
current can be calculated by utilizing the familiar Shockley diode equation;
however, this equation is derived to describe a bipolar current through a p-
n junction. Thus, Applying this equation to unipolar devices with undoped
semiconductors such as organic MIM diodes is questionable. In 2013, Bruynt
et al. expressed the below equation for the hole-only diffusion in the MIM
type devices:

qV
quNy(¢p —b—V)(err —1)
Jdiff = gb . a(¢p—b) qV (1'10)
LerT e *»1— — e¥T|

where N, is the charge-carrier density at the ohmic contact interface, ¢p is
the barrier height at the rectifying contact, b is the band bending parameter,
and L is the thickness of the semiconductor [31]. The derivation was based
on the modification of the classical diffusion theory of Schottky to consider
an ideal ohmic contact, an undoped semiconductor and the absence of the
band bending at the interfaces. The equation 1.10 is almost proportional to

V, that is Jyi¢r o V' as Figure 1.7 shows.

Space-charge-limited-current region The concept of the space-charge-
limited current (SCLC) model was initially introduced by Mott and Gurney
[32]. The main idea for this model is to describe the electronic charge in a
material as a uniformly distributed charge system over a region instead of a
point charge system. The model applies when one charge carrier dominates
the conduction of current in the material, or one carrier is comparatively
more mobile than the other, for instance the conduction of holes in forward

bias in a p-type semiconductor device [33]. In this case, the number of holes
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Figure 1.7: Log-log plot of an ideal JV characteristic at forward biasing for
an organic diode.
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is higher than the number of electrons. Therefore, a space charge region is
formed in the material, resulting in the modification of the current [34]. If
the concentration of injected carriers is higher than the background carriers,
the current-voltage plot will deviate from Ohm’s law (region B). Here, the
injected carriers start to fill the traps inside the material. The nature of the
traps can be divided into two configurations, a single set of traps (shallow or
deep traps) and traps distributed in energy space. The presence of traps is
found to have an effect on the current [35]. If the material consists of a single

set of traps, the current-voltage relationship in region B can be expressed as

follows [36]
9 ) V2
=—| —— — 1.11
/ 8<1+@>“6d3 (L.11)

Where O is the ratio between free and trapped carriers and e is the
permittivity of the material. The gradient of the log (I)-log (V) plot is
then equal to two. The situation becomes more complicated when traps are
distributed in energy, where equation 2.5 fails to explain the effect of the
traps. Mark and Helfrich [37] have proposed a currentvoltage relationship
based on the idea that the traps are distributed in energy space so that

n 9 1 n+1 V 11
_ €€gn n+ "
J = N,pue' ™" 1.12
He (N(n—l—l)) <n+1> g2+ (1.12)
Where N, is the effective density of states in the valence band, n = %,

where T, is a characteristic temperature of the distribution of the traps and
T is the sample temperature (7. > T'). The slope of log(I) — log(V') plot,
in this case, is greater than two. As the voltage increases, traps are filled by
the injected carriers until at a specific voltage where all traps are filled. This
voltage is called the trap-filled limit (TFL) voltage, designated as Viypp,. After
this point, the amount of injected carriers greatly exceeds trapped carriers
(0 > 1). Equation 1.11 reduces to the so-called trap-free SCLC relationship
[38] and therefore

9 V2
J = SHeco (1.13)
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In this case, the gradient of the log(I) —log(V') plot is equal to two. The
current from equation 1.13 is higher than that from equation 1.11, which

means the SCLC diminishes upon the presence of traps in semiconductor.



Chapter 2

Semiconducting polymers

2.1 Introduction

In the last 20 years, under the thrust of the Nobel Prize in Chemistry
in the 2000, a growing interest in this research field arose allowing the tech-
nological development of organic electronics. Polymers are widely used for
inexpensive, disposable products, due to their ease of manufacture, versatility
and low cost. Their resistance to electrical conductance makes them excel-
lent materials for the insulation of electrical components. The fundamentals
of the molecular interactions in conjugated polymers are different from those
occurring in the crystalline inorganic semiconductor system. Polymeric semi-
conductors can form films with complex morphologies and varying degrees of
order and packing modes through the interplay of a variety of non-covalent
interactions. The common feature that hands these materials their unique
property is that of conjugation: the alternation of single and double bonds
between carbon atoms. Their molecular structure consistently presents a
backbone along which the carbon (or nitrogen, oxygen, sulfur) atoms are
sp-hybridized and thus possess a m-atomic orbital. The conjugation (over-
lap) of these m orbitals along the backbone results in the formation of delo-
calized 7 molecular orbitals, which define the frontier (HOMO and LUMO)
electronic levels and determine the optical and electrical properties of the
(macro)molecules. The overlap of the frontier 7 molecular orbitals between

adjacent molecules or polymer chains characterizes the strength of the inter-

29
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molecular electronic couplings, which represent the key parameter governing
charge carrier mobilities. In crystalline inorganic semiconductors, the three-
dimensional character and rigidity of the lattice ensure wide valence and
conduction bands and large charge carrier mobilities (typically on the order
of several 1072 to 1073 ecm? V! s71). In contrast, in organic semiconductors,
the weakness of the electronic couplings (due to their intermolecular charac-
ter), the large electron—vibration couplings (leading to pronounced geometry
relaxations), and the disorder effects all conspire to produce more modest car-
rier mobilities due to charge-carrier localization and formation of polarons;
transport then relies on polarons hopping from molecule to molecule (here
and in the remainder of the text, “molecule” should also be taken as mean-
ing “polymer chain segment” where appropriate). As a result, the charge
carrier mobilities strongly depend on the morphology and can vary over sev-
eral orders of magnitude when going from highly disordered amorphous films
(typically, 1076 to 1073 cm? V! s7!) to highly ordered crystalline materials
(> 1 cm? V! 1), The nature of charge transport in conjugated polymers is
much more complicated than for inorganic semiconductors. Thus, it is very
helpful in the beginning to address some of the basic principles of organic
semiconductors in order to fully understand the nature of charge transport.
However, some well-established concepts from the inorganic semiconductor
theory, which were previously described in Chapter 1, are still valid in some
main areas, such as the band structure, energy level, energy alignment, band
bending, Schottky barrier formation, and the current-voltage characteristics.
In this chapter, a description of conjugated polymers and their unique prop-

erties will be elaborated in more detail.

2.2 Structural Characteristics

Polymers are large system with many identical repeating units of small
molecules or chemical groups. A single small molecule, usually called a
monomer, is chemically reacted to create a polymer through a polymeriza-
tion process. If the system consists of more than two repeat units, it is called
an oligomer. If the number of repeated units is large, the system is described

as a polymer. In practical terms, it is very difficult to have a long chain
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Figure 2.1: Schematic view of ¢ or m bonds and delocalization of 7 orbitals
in aromatic ring.

with the same number of units. In other words, polydispersity is difficult to
control. Conjugated polymers commonly consist of about 104 repeat units
in one macromolecular chain. Fundamentally, conjugated polymers comprise
only straight chain units or benzene rings with six carbon atoms or a combi-
nation of these. In general, the electronic structure of m-conjugated polymers
originates from the sp? p. hybridized wavefunctions of the carbon atoms in
the repeat unit [?]. Semiconducting polymers are described in terms of the
energy bands that originate from the bonding and anti-bonding energy levels
associated with the o-bonds between adjacent carbon atoms (formed from
the sp? wavefunctions) and the orthogonal m-bonds that originate from the
p. wavefunctions. The o-bonds hold the structure together, but the m-bonds
are the origin of the properties that characterize conjugated polymers as
semiconductors. A schematic band diagram for 7-conjugated polymers is
shown in Figure 2.2. The wavefunctions of the m-bands are linear combina-
tions of the p, orbitals from the carbon atoms in each repeat unit. In the
one-electron approximation (i.e. neglecting the electron— electron Coulomb
interaction), the number of sub-m-bands is determined by the number of car-
bon atoms in the repeat unit of the polymer. The first and classic example
of a semiconducting polymer is polyacetylene. The molecular structure and
m-electron band structure of trans-polyacetylene are shown in Figure 2.3.
The large m-electron bandwidth, W ~ 12-13 eV, leads to delocalization of
the electronic wavefunctions along the conjugated polymer chain. There are

two forms of polyacetylene, trans-polyacetylene and cis-polyacetylene. As
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Figure 2.3: Left: trans-polyacetylene. Right: cis-polyacetylene
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shown in Fig. 2.3, for transpolyacetylene, there are two carbon atoms in the
repeat unit. As a result, the m-band in trans-polyacetylene is split into two
sub-bands ( 7- and m*-bands); the m-band is fully occupied and the w*—band
is empty. In cis-polyactylene, there are four carbon atoms in the repeat
unit, and consequently the m-band in cis-polyacetylene is split into four sub-
bands with energy gaps in between; the two lower energy p-bands are filled
and the two higher energy m*-bands are empty. The energy of the highest
occupied molecular orbital (HOMO) corresponds to the top of the highest
energy p-band, and the energy of the lowest unoccupied orbital (LUMO)
corresponds to the bottom of the lowest energy m*-band. The energy gap
between the highest occupied energy band and the lowest unoccupied energy
band dominates the properties of the semiconductor. In a molecular non-
ordered solid the interactions are dominated by weak Van der Waals forces
that only slightly perturb the energy levels of isolated molecule; their mor-
phology is usually undetermined or amorphous. Instead, in molecular crys-
tals long range order takes place, therefore a greater energetic shift arises.
From the morphological point of view the crystal structure is determined by
intramolecular forces and weak interactions, i.e. dipolar, hydrogen bonds or
- interactions; they are really hard to predict and knowing exactly the

structure adopted by a specific compound it’s almost impossible.

2.2.1 Conduction mechanisms

The length of the polymer chain, where the alternation between the 7 and
o bonds is not interrupted, is called the conjugation length [40]. Generally
speaking, the conjugation length is the most important structural parameter
controlling the charge carrier mobility in a disordered semiconducting poly-
mer system. Charge transport mechanisms in conjugated polymer mainly
consist of two processes: intrachain and interchain transport [41]. Intrachain
transport (Figure 2.4) is the delocalization of electrons within the polymer
backbone and only a small amount of activation energy is required due to a
strong interaction between the 7 -orbitals between neighbouring molecules.
In this case, electrons can move freely inside the conjugation length, or in

other words electrons can move as long as the conjugation length is not inter-
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Figure 2.4: Schematic diagram of (right) intra and (left) inter chain transport
in conjugated polymers. [39]

rupted. Interchain transport (Figure 2.4(left)), on the other hand, involves
the moving of charge carriers between the neighbouring polymer chains and
needs more energy to accomplish due to a weak Van der Waals interaction
between polymer chains. Interchain transport takes place when the alter-
nation between the o and 7 bonds stops. The charge transport mechanism
can be explained using a hopping model [42] where electrons or holes "hop”
from one chain to another. The efficiency of charge carrier hopping strongly
depends on the energy disorder, temperature and the external field. Over-
all, the inter-molecular transport is the factor that limits the mobility of the

whole system.

Polarons The band model is not valid for charge transport in organic semi-
conductor because it fails to consider a crucial phenomenon in these material
which is polarization. In organic solids, the molecular properties dominates
that of the crystalline properties due to the weak van der Waals intermolecu-
lar interactions. This leads to a tendency of localization of charges on individ-
ual molecules. The localized charge , due to a typical residence time, manages
to polarize the surrounding electronic and nuclear subsystems. Therefore

charge carriers move in the solid not as free particles but they are ”dressed”
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Figure 2.5: The figure is a schematic representation of the formation of
a polaron when a positive charge is placed on a molecule in a conjugated
organic solid. The hexagons symbolize the core of the nuclei, while the
circles represent the delocalized - electrons.

with a polarization cloud . Such entities are called "polarons”. In other
words, polarons are quasi-particles deriving from the electron-phonon cou-
pling (or local coupling), i.e. interaction between electrons and quantized
modes of vibrational energy arising from atoms’ oscillations in the crystal
(phonons). The charge carrier mobility of an organic material strongly de-
pends on the electron-phonon coupling, other than on the electronic and

phononic bandwidth and phonon energy.

Hopping Transport Charge transport in disordered organic semiconduc-
tors such as polymers is dominated by localized states. Charge carriers typ-
ically hop between these localized state leading to a diffusive, non-coherent
transport with low mobility. Conwell and Mott suggested that in order
to overcome the energy between two states the carrier absorbs or emits a
phonon. In the case of a constant Density Of State (DOS) at low tempera-
ture, hopping over long distances becomes more energetically favorable than

hopping to high energies. Hence the conductivity o varies with temperature



36 CHAPTER 2. SEMICONDUCTING POLYMERS

()

This is the well-known variable-range hopping model. This model is based

as

o X exp (2.1)

on the assumption that charges can hop a short distance with a high activa-
tion energy or a long distance with a low activation energy. The temperature
dependence of charge transport in such systems is strongly dependent on the
density of localized states. Based on this theory Vissenberg and Matters [43]
developed a model based on percolation mechanisms. It assumes that trans-
port is governed by the tail states of the Gaussian density of states (DOS)

which is approximated by an exponential distribution:

Ny E
N(E) = k—%exp( - k‘_Tg> (2.2)

where V; is the total density of localized states, k the Boltzmann constant
and Tp is the width of the exponential distribution. The resulting mobility

gives the following expression

p=2 m(F)? " GV — Vir)?
g \ (20)*B.I(‘ZH)C(HF)

2]{7T0€ S
Vissenberg and Matters in Ref [43].

T-1

(2.3)

Multiple trapping and release The multiple trapping and release (MTR)
model is an alternative model which describes transport of charges along the
localized levels in the vicinity a delocalized band edge. The basic assumption
of this model is that the carriers arrive at a trap with a probability close to
one and their release is controlled by thermally activated process. During
their transit in the delocalized band, the charge carriers interact with the

localized levels through trapping and thermal release 2.6.
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Figure 2.6: Principle of the multiple trapping and release limited charge
transport.

2.3 Blend of Nanoparticles in Polymers

Highly ordered polymer nanocomposites are complex materials that dis-
play a rich morphological behavior because of variations in composition,
structure, and properties on a nanometer length scale. Novel physical proper-
ties of soft and bulk polymer nanocomposite materials are also dependent on
the supramolecular organization of the nanostructures. The presence of the
nanoparticle and the interaction of the polymer with the particle, as well as
the particle orientation in a dispersed fluid composition may lead to a variety
of ordered composite materials in the bulk or film. Incorporation of metals
into polymer matrixes has been shown to produce unique optical, magnetic
and dielectric properties at the nano- and macro-scale in nanocomposites, ap-
parently due to the surface and confinement effects of the nanoparticles [44].
The preparation of nanocomposites that comprise polymer shells and mag-
netic nanoparticles constitutes a very attractive approach since the modular
nature of polymeric materials facilitates the design of a wide range of hybrid
nanocomposites of various compositions. . On the other hand, among the
most frequently utilized techniques to prepare polymer/CNT and/or poly-
mer /clay nanocomposites are approaches like melt mixing, solution casting,
electrospinning and solid-state shear pulverization. An important aspect in
the synthesis and use of these polymer nanocomposites with nanoparticles is

prevention from agglomeration of the NPs.

Spray Pyrolysis method The term “spray pyrolysis” is used in the lit-

erature to describe all synthesis processes in which a solution is atomized
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and thermolyzed to attain the requisite phase. The spray pyrolysis (SP)
method is a very important method for the preparation of metal, metal ox-
ide, non-oxide and composite powders because this method could produce
submicron nanoparticles with controlled composition and morphology, good
crystallinity, and uniform size distribution, all of which can be readily ob-
tained in only one step. In a typical SP process, a solution is atomized into
an aerosol reactor where the droplets undergo solvent evaporation and solute
precipitation within the droplet, and then undergo drying, followed by ther-
molysis of precipitate at a higher temperature, and finally sintering to form
final particles. In principle, solution-based aerosol processes, unlike most so-
lution processes, integrate the precipitation, thermolysis (i.e., calcination),
and sintering stages of powder synthesis into a single continuous process. In
this manner, the advantages of starting with a solution are complemented
by providing unique control over the thermolysis and sintering stages of in-
organic particle formation. The use of pyrolysis is sometimes too limiting
and, in some cases, incorrectly describes the critical thermal process during
SP. For example, pyrolysis (i.e., thermal decomposition) does not adequately
capture the various oxidation, nitridation, or reduction-based thermal pro-
cesses that will be increasingly important applications of SP-type processes.

Spray Pyrolysis Process Steps are:

1. PRECURSORS Aqueous solutions are commonly used due to ease of
handling, safety, low cost, and availability of a wide range of water-
soluble metal salts. The corrosive nature of the product gases and
the adverse effect of residual chlorine on ceramic sintering decreases
the general attractiveness of these salts for advanced ceramic powder
synthesis, but the technology for handling such systems is available.
The physical and chemical characteristics of soluble chemical precursors

strongly influence the characteristics of particles formed by SP.

2. ATOMIZATION A variety of atomization techniques have been used
for solution aerosol formation, including pneumatic (pressure, two-fluid,
nebulizers), ultrasonic, and electrostatic. These atomizers differ in
droplet size, rate of atomization, and droplet velocity. The velocity

of the droplet when it leaves the atomizer is important because it can
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determine the heating rate and the residence time of the droplet dur-
ing SP. The size of the droplets produced with pneumatic or pressure
nozzles decreases when the pressure difference across the nozzle is in-
creased. The concept of SP processes is to produce one particle per
droplet. Because small particles are required for most advanced ce-
ramic applications, there is a serious need to develop techniques that
can atomize large quantities of small droplets at low exit velocities.
Indeed, it is for production reasons that companies have used pressure
atomizers instead of ultrasonic atomizers. For a specific atomizer, the
droplet characteristics depend on the solution density, viscosity, and
surface tension. These factors directly affect the droplet size during
atomization, and, thus, it is important that the initial dropletsize dis-
tribution be determined to correlate the particle evolution processes

with the initial aeroso

3. EVAPORATION PERIOD During the first stage of SP, the following
physical phenomena can occur simultaneously: evaporation of the sol-
vent from the surface of the droplet, diffusion of the solvent vapors away
from the droplet in the gas phase, shrinkage of the droplet, change in
the droplet temperature, and diffusion of solute toward the center of
the droplet. Solute diffusion at high humidities is concluded to be the
slowest process, but, at low humidities, the rate of droplet shrinkage

may be comparable to the rate of solute diffusion.

4. DRYING The drying of droplets containing precipitated salts signif-
icantly. When the solute starts to precipitate, the evaporation rate
is significantly reduced and the droplet temperature increases steeply

until it reaches the ambient temperature.
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Chapter 3

Materials and Method

3.1 Introduction

The principles of a variety of experimental techniques employed in the
research are thoroughly described in this chapter, ranging from device pro-
duction to diode characterization. The section begins with a description of
the materials used followed by substrate preparation and Schottky diode fab-
rication. Finally material and device characterisation is then described for

the examination of structural, electrical, and radiological properties.

3.2 Materials

PVK is a hole transport material (hole mobility py, is much greater than

electron mobility p;) exhibiting an emission spectrum that, owing to the

Polyvinylcarbazole Polyfluorene O'O

PVK N PFO

4 oo
n R = CHy(CHy)gCH3

Figure 3.1: Molecular structure of PVK(left) and PFO (right).
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properties of carbazole groups, covers the entire blue region [45]. For this
reason, recently, PVK is being widely utilized in the fabrication of blue light
emitting diodes [46] in the place of conjugated polymers, which present poor
emission in blue region, because of their long m-conjugation and relatively low
fluorescence quantum yields. Furthermore, more recently, bistable resistance
behaviour has been observed in multi-layer structures based on PVK films,
renewing the interest on this material also for non volatile organic memory
applications [47]. Morphologically, PVK is an amorphous hole conduction
polymer, constituted by linear chains of repeated molecular groups (HyC-
HC),,, with pendant carbazole side groups [(C¢Hy)2NH], arranged randomly
around the same chain (Fig. 3.1). Such groups act both as chromophores
(EL) and hole conducting centres, so that they are mainly responsible for
the electrical and electroluminescent properties of PVK. Similarly to what
occurs for other polymers, the electrical conduction in PVK is ruled by both
field assisted and temperature activated hopping processes, whereas lumines-
cence occurs via radiative decay of a Frenkel exciton. The charge transport
in PVK, just as in many other disordered high molecular weight materi-
als, is affected by the presence of impurities that can drastically limit both
bulk electrical conduction and charge carrier injection. In particular, the
presence of impurities at electrode/ polymer interface strongly affects charge
injection mechanisms, inducing localized energy states with charge trapping-
detrapping phenomena.

Polyfluorenes are an other promising class of polymers. They are com-
monly used as blue emissive material in PLEDs or as host component for
white emitting copolymers. The wide band gap, however, also complicates
the charge injection; it is difficult to achieve efficient injection for both elec-
trons and holes. Especially hole injection can be problematic in polyfluorenes
due to the typical deep HOMO level. As an example, poly(9,9-dioctyluorene)
(PFO) is an attractive material to function as the blue host material in white
light-emitting PLEDs due to its efficient blue emission and high mobility. The
HOMO level of PFO, as well as PVK, is located at 5.8 eV below vacuum,
leading to a significant hole injection barrier of 0.6 eV when combined with

Au which has a work function of approximately 5.2 eV [48].
In this thesis, the charge carrier mobility of PVK and PFO spin coated
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Figure 3.2: Layout of fabricated diodes: (a) schematic cross section showing
the different layers; (b) photograph of a cross bar pattern containing an array
of 5 x 5 diodes. The inset show a micrograph detailing the area of a single
diode.

films have been estimated. By comparing the measured values with the data
reported in literature, it has been possible to assess the quality of the obtained
films, in order to manufacture prototype X-ray detector and characterize
their performances. Such a characterization is necessary in order to optimise
device operation, since optimal efficiency and device lifetime can be obtained

only by a deep understanding of charge transport and injection restrictions.

3.3 Diode fabrication process

The device fabrication has been performed in the Max Planck Institute
for Polymer Research (MPIP) at Mainz. A schematical layout of the fabri-
cated diodes is shown in figure 3.2. Slides of glass were initially cut to a size

of 3x3 cm?

. The substrates were cleaned thoroughly with ultrasonic bath
in ultrapure water, acetone and isopropanol to ensure that contaminations
was minimized. They were then dried under nitrogen flow. 100 nm of gold
ontop of 5 nm of chromium were evaporated to create the bottom electrode.
The evaporation was performed in a thermal evaporation system COAT 340

Vactec(figure 3.3). Depending on the experiments, a different wt% solid con-
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Figure 3.3: Thermal evaporator COAT340, Vactec.

tent polymeric solution was prepared by dissolving PVK or PFO in toluene.
Both polymers are easy to dissolve in toluene to prepare a solution, and
toluene does not react chemically with them. The solution was homogenized
by stirring until no solid polymer residue was left. The resulting polymer
solution was spin coated with a LabSpin6, SUSS Microtech (figure 3.4) onto
the glass substrates at a speed of 1000-4000 rpm for 30 seconds, providing
different film thicknesses in relation to the solution concentration and spin
speed (rpm) selected. The polymer film was left in vacuum (1073 mbar) at
room temperature in a vacuum oven for 12 hours. This process is to ensure
that any toluene trapped inside the polymer film is removed. The process-
ing conditions for each PFO thickness are summarized in Table 3.1. Same
thicknesses were obtained with higher ratio of PVK in toluene solution. The
thickness profile of the active layer was measured using a surface profilometer
(Dektak XT, Veeco Instruments) to determine the thickness uniformity of the
polymer layer. The surfaces of spin-cast PFO layers were always smooth and
uniform, on the contrary the spin-coating of PVK solutions provides wavy
surface at concentrations lower than 10wt% with respect to toluene. In that
case the measurement uncertainty on the PVK layer thickness is about 10%.
In the following chapter the results are calculated taking into account the

mean value of the meausred thicknesses for the each PVK layer.
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Polymer Solution Thickness Spin Acceleration Spin
Concentration Speed time

wt% wm rpm rpm/s sec

PFO 2 0.2 2000 200 30

3 0.4 2000 200 30

4.5 0.7 2000 200 30

5.5 1.1 2000 200 30

6.5 1.4 2000 200 30

8.5 2.4 2000 200 30

Table 3.1: Deposition conditions for PFO films

Finally, 10 nm-thick MoOj3 layer and 100um-thick Al layer have been
thermal evaporated as hole injection layer HIL (see par. 4.1.1) and top elec-
trode, respectively. Metal contacts were fabricated by mounting the polymer
sample in an evaporator (COAT340). A shadow mask comprising of five
linear hole with a lenght of 2 cm and a width of 0.4 mm was employed to
make a cross-bar. Therefore, the defined active area of the device is 0.16
mm? (figure 3.2b). Either aluminum wire, gold nuggets or MoOs powder
was placed in a molybdenum boat connected between the electrodes of the
evaporator. The system was initially pumped down to 1072 mbar by a rotary
pump and 10~7 mbar by a turbomolecular pump. A high current was passed
through the molybdenum boat in order to thermally activate the evapora-
tion of the matels. When a selected flow rate was reached the evaporator
automatically starts the deposition opening the shutter. The metals were
thermally-evaporated through the shadow mask until the selected thickness,
measured by the thickness monitoring, was reached. Whenever possible au-
tomatic process ha been used in order to obtain similar electrode thicknesses
for each device. Since the MoOj could easily react with oxygen, affecting the
electronic properties of the device, the entire process has been carried out
inside a glove-box. Upon completion of the diode, the samples were stored in
vacuum desiccators or oven in the dark and under a dry nitrogen atmosphere

to reduce any oxidation effects and to limit dust contamination.
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3.4 Diode Fabrication Techniques

3.4.1 Thermal evaporation

Deposition of purified materials is possible with different thermal evap-
oration techniques in vacuum. The target material is placed into a vacuum
chamber and heated utilizing different heating systems. Once the vapor pres-
sure of the heated material exceeds the pressure of the background gases in
the vacuum chamber, the material evaporates and condenses on the cooler
target surfaces. In this work, thermal evaporation has merely used for coat-
ing metal contacts. Thermal evaporation of metals is typically performed
under high or ultra high vacuum conditions. This is done for several reasons.
First, the evacuation of the chamber reduces the partial pressure of oxygen or
other background gases. These gases might contaminate the sample or even
react with the heating apparatus. Second, metals usually possess low vapor
pressure. Vacuum conditions permits these low vapor pressure materials to
evaporate. Finally, the mean free path of the evaporant particles is extended
to larger than the source-to-substrate spacing. This allows the source ma-
terial to travel to the substrate without deflection caused by intermolecular
collisions. The mean free path (A) of a gas (as a collection of particles that

collide elastically with each other) is given by:

)= kT
CAmV2r2p
where k[J/ K] is the Boltzmann constant, T'|K] is the temperature, p[Pa]

is the pressure, and r|[m] is the effective molecular radius of the gas. A

(3.1)

typical mean free path for air at room temperature is 65nm[]. Therefore, the
evaporated materials at atmospheric pressure scatter many times with no
appreciable traveled distance. This results in the lost of their directionality.
Typical pressure for vacuum thermal evaporation falls in the range of 1076 —
10~8[Torr] []. For these pressures, the typical mean free path is on the order
of meters or longer. For instance, the mean free path is approximately 5km at
10~ 8[Torr]. With this mean free path, the particles of the evaporant material
travel in a line-of-sight pattern from the source to the substrate. In addition

to the mean free path, the composition of the background gases during the
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(a)

Figure 3.4: (a) LabSpin6, SUSS. (b) Schematic representation of the spin
coating process.

deposition exerts a strong influence on the results of the thermal evaporation
process. In fact, Some evaporants (especially reactive metals) react with
gases which are present in the vacuum chamber. As the evaporant is being
heated, its reactions with water, oxygen, hydrogen, and other background
gases are accelerated. A clear indication is the reduction in the pressure of
the chamber while the material is being evaporated. These reactions could
change the properties of the deposited films. For instance, It has been shown
that organic semiconductors can be doped by these background gases. It
should be noted that additional sources of background gases appear through
desorption of gases from the source material, crucible, filaments, and other

surfaces in the vacuum chamber, once heating of the source material begins.

3.4.2 Spin-coating

Spin-Coating Overview Spin coating has been used for several decades
as a method for applying thin films. A typical process involves depositing
a small puddle of a fluid material onto the center of a substrate and then
spinning the substrate at high speed (figure 3.4). Centripetal acceleration

will cause most of the resin to spread to, and eventually off, the edge of the
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substrate, leaving a thin film of material on the surface. Final film thickness
and other properties will depend on the nature of the fluid material (viscosity,
drying rate, percent solids, surface tension, etc.) and the parameters chosen
for the spin process. Factors such as final rotation speed, acceleration, and
fume exhaust affect the properties of the coated films. Omne of the most
important factors in spin coating is repeatability, as subtle variations in the
parameters that define a spin-coating process can result in drastic variations

in the coated film.

Spin-Coating Process Description A typical spin process consists of a
dispense step in which the thin films are deposited onto the substrate surface,
a high speed spin step to thin the fluid, and a drying step to eliminate excess
solvents from the resulting film. Two common methods of dispense are Static
dispense, and Dynamic dispense.

Static dispense is simply depositing a small puddle of fluid on or near
the center of the substrate. This can range from 1 to 10 cc depending on
the viscosity of the fluid and the size of the substrate to be coated. Higher
viscosity and or larger substrates typically require a larger puddle to ensure
full coverage of the substrate during the high speed spin step. Dynamic
dispense is the process of dispensing while the substrate is turning at low
speed. A speed of about 500 rpm is commonly used during this step of the
process. This serves to spread the fluid over the substrate and can result in
less waste of material since it is usually not necessary to deposit as much to
wet the entire surface of the substrate. This is a particularly advantageous
method when the fluid or substrate itself has poor wetting abilities and can

eliminate voids that may otherwise form.

Spin Speed Spin speed is one of the most important factors in spin coat-
ing. The speed of the substrate (rpm) affects the degree of radial (centrifugal)
force applied to the solution as well as the velocity and characteristic tur-
bulence of the air immediately above it. In particular, the high speed spin
step generally defines the final film thickness. Film thickness is largely a
balance between the force applied to shear the solution towards the edge of

the substrate and the drying rate which affects the viscosity of the solution.
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As the solution dries, the viscosity increases until the radial force of the spin
process can no longer appreciably move the material over the surface. At
this point, the film thickness will not decrease significantly with increased
spin time. The SUSS LabSpin6 is specified to be repeatable to within +1
rpm at all speeds (max 8000rpm).

Acceleration The acceleration of the substrate towards the final spin speed
can also affect the coated film properties. Since the solution begins to dry
during the first part of the spin cycle, it is important to accurately control

acceleration.

Drying condition The drying rate of the solution fluid during the spin
process is defined by the nature of the fluid itself (volatility of the solvent
systems used) as well as by the air surrounding the substrate during the spin
process. It is well known that such factors as air temperature and humidity
play a large role in determining coated film properties. It is also very im-
portant that the airflow and associated turbulence above the substrate itself
be minimized, or at least held constant, during the spin process. Therefore,
the spin-coaters usually employ a cover. There are two distinct advantages
to this system: slowed drying of the solution and minimized susceptibility to
ambient humidity variations. The slower rate of drying offers the advantage

of increased film thickness uniformity across the substrates.

3.5 Electrical Characterization

Electrical characterization has been employed in an attempt to examine
the DC electrical characteristics of the diode and identify the conduction
mechanism occurred in the device. Electrical characterizations were per-
formed in vacuum (~ 3-107% mbar) and at room temperature in a customized
probe station equipped with micro-probe tips and with a thick metal box to
shield the low current (< 1 pA) output signal from environmental electrical
noise. Under this condition, the measuring system introduces only a little
perturbation on to the diode current. This uncertainty could be neglected

with repect to the variability among the device performance Therefore, it is
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not taken into account for the evaluation of the measurement uncertainty.
The primary reason of such variability in the measurements is the irregularity
of the layer thicknesses. The spin-coating offers the advantage to be a fast
and low-cost deposition tecnique that allows to cover rather large surfaces
in air conditions, but at the same time its main drawback is the difficulty
to obtain smooth and uniform layers and reduce the bad effects due to the
evaporation of the solvent. The I-V measurements were carried out through
an HP-4155A, Keysight, by applying a bias voltage from negative to positive
connecting the Au contact to the voltage source and the top contacts to the
ground. The measurement was completed using a Lab View program. The
software allows to control several parameters in order to noise of the IV scan.
The aperture time is the period during which the ADC is reading the input
signal. In this time a number of current measurements were recorded to give
an average value Resolution, measurement speed, and frequency rejection are
functions of the aperture time. The larger the aperture time, the better the
resolution. Usually the aperture time is an integral multiple of the period
of the mains frequency, in particular the DC sweeps repoted in the following
chapter (4) have been performed with 20 ms of apeture time. Futhermore,
other selectable parameters were the maximun and minimun voltage of the
DC sweep. These values have been selected in order to obtain the same elec-
tric field for all the devices with different thicknesses. The number of steps
per sweep was fixed, in this way also the variation rate of the electric field

was kept constant.

3.6 X-ray characterization of fabricated diodes

The diodes were tested under the illumination of X-rays at the Depart-
ment of Physics and Astronomy of Bologna.

The principle of the technique is based on X-ray induce photoresponse, an
phenomenon which is the increase of electrical conductivity when a material is
exposed to electromagnetic radiation.(see Chapter 1.) The photoconductiv-
ity in organic semiconductors is not so easy as for inorganic materials, owing
to the different nature of excitons. An exciton is a bound state of an electron

and a hole, which in inorganic semiconductors has a weak binding force (1
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meV to 20 meV), and so it can easily dissociate forming an electron-hole pair,
while in organic semiconductors the excitonic bond is stronger (between 100
meV and 300 meV). Once generated, the electron-hole pair has an average
life time 7 , at the end of which the charge carriers are not more available
for conduction, due to recombination processes or trapping. Traps states,
usually associated with crystal imperfections, dislocations, grain boundaries,
and the surface of the material, can hold charge carriers for a certain time,
thus possibly causing the enhancement of the recombination probability and
a decrease of photocurrent. The conductivity of a semiconductor in darkness
condition can be expressed as function of electron end holes concentration,

indicated with n and p respectively, as follows:

o = e(njin + ppyp) (3:2)

where e is the electronic charge and f,, is the electrons/holes mobility.
As explained above, when the material is exposed to an electromagnetic
radiation with an appropriate energy, the absorption of a photon results
in the generation of an electron-hole pair and thus in an increase of the
conductivity:

o+ Ao =el(n+ An)u, + (p + Ap) ) (3.3)

Therefore, current density J = o F, where E is the electrical field applied,

increases to the value:
J = (O’ + AO’)E = Jyur + Jph (34)

Through the measurement of the variation of J in the sample is therefore

possible to detect the radiation absorption by the material.

The amount of induced photo current depends on the X-ray dose rate,
which is commonly referred to as an energy deposited per unit time, or the
applied voltage. The dynamic induced photo current from the diodes was
measured at several applied voltages and dose rates. The data for a cer-
tain dose rate was corrected with respect to the dark current by subtraction
of the dark current to obtain the X-ray induced photocurrent. Dosimetry

experiments were completed using 17.5 keV Ka X-rays from a commercial
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Figure 3.5: Schematic representation of an x-ray tube.

PANalytical PW2285/20 X-ray tube with a Molybdenum target at 35 keV
of accelerating voltage and a variable anode cunrrent. A shutter is placed in
front of the tube to allow an instantaneous (at least for our purpose) open-
ing/closing the beam. The sample was held in a small home build vacuum
chamber. The Au contact and metal top contact were connected to a cir-
cuit board through a BNC connector for input and output signals by small
filament wires. Silver paste (Agar Scientific, UK) was applied to hold the
filament wire to the metal contacts. BNC cables connect probes to a Keith-
ley 2600B source-meter. GPIB-USB connection with the computer, and a
custom Labview software drives the instruments, composed the acquisition
system. Before each measurement, the vacuum chamber was evacuated by

means of a rotative pump and filled with nitrogen.

3.7 Fabrication of Nanoparticle Polymer Diodes

The X-ray stopping power of PVK and PFO is relatively low due to their
low atomic numbers. In order to improve the X-ray stopping power increasing
the performance of the detector, the idea of adding a high atomic number
(Z) material in the polymer layer has been pursued. Intaniwet et all. have
already reported the enhanced X-ray response of PTAA diode adding BiyO3
NPs. [49]

Tungsten trioxide (WOj3) and Bismuth(III)oxide (BizO3) nanoparticles

were obtained from Nanograde, Switzerland. Briefly the particles were pre-
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pared by spray pyrolysis (sec. 2.3) and subsequently dispersed in Toluene
using ultrasound and surfactants to create a 20 wt% stock solution. This so-
lution was further diluted and then mixed in several ratio with 7 wt% and 11
wt% polymer contained solution. The solution was homogenized with 30 min
of ultrasonic bath and 1-3 min sonic horn treatment. The aim of ultrasonica-
tion is to break the aggregation of NPs wich can be formed after the mixing.
During the sonic horn process the solution eas maintained at low tempera-
ture thanks an ice bath. The solution needs the low temperature in order to
prevent the polymer over heating that could damage the polymer properties.
The solution was immediately spin coated on the gold bottom electrode after
the sonic horn treatment to prevent a new formation of NP agglomerates.
It is worth noting that adding NPs changes the solution viscosity, tipically
resulting in thicker layers and eventually in a reduced homogeneity and uni-
formity of the surfaces. The layers were dried in a vacuum oven at room
temperature for 12 hours. The Al/MoOj; top electrode was finally thermally
evaporated with a COAT340 in a glove-box. The NP-diodes were stored in

a nitrogen enviroment to avoid changing in work fuction of the MoOs.

3.8 Structural Characterization

The active layer of the fabricated diodes is composed with two different
material: an organic polymer semiconductor and metal-oxide nanoparticles.
The presence of the nanoparticle at the top or bottom surface of the polymer
layer, as well as a bad nanoparticle dispersion within the polymer may lead
to deteriorate the conduction properties of the diodes and the efficiency of
the detector. The nanoparticles added to the polymer tend to create ag-
gregations resulting in a large alteration of the blend viscosity, that could
drammatically deteriorate the quality of the spin-casted film. Therefore a
detailed structural characterization is required in order to better evaluate
the electrical measurements and the X-ray photoresponse.

AFM and SEM images enabled to charaterized the surface morphology
at different scale and evaluate the phase separation of the solution. In order
to clearly observe the nps within the polymer we also performed TEM, that
enables to see the distibution of NPs in the blend. Finally, XRD measurement
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Figure 3.6: (a) General schematics of an AFM. (b) AFM block diagram.[50]

was carried out to evaluate the capability of NP-blend to respond to X-ray
radiation and also to evaluate the nanoparticle size distribution.

The sample preparation was changed slightly in relation to the used struc-
tural characterization technique. In general, several solutions were prepared
varying the NP concentrations with respect to PVK or PFO . After ultra-
sonication, the solutions were deposited by spin-casting (AFM, SEM, TEM)
or drop-casting (XRD). For AFM samples have been employed regular glass
substrates, for SEM samples Si die (piece of a Si wafer) in order to increase
the image contrast. TEM imaging technique requires thin layer (~50-200
nm) on a copper grid. In this case, the layers of NP blend were spin-cast on
top of a PEDOT film in order to easly separate in water the blend layer from
the substrate. At the last stage, the obtained film was put on the copper
grid. Eventually, XRD films were cast by drop-casting on a Si, O, substrate,
because of the amorphous structure of this material the XRD measurements

does not introduce any characteristic peak due to the substrate.

3.8.1 Atomic Force Microscopy

The Atomic Force Microscopy (AFM) has been used to characterize the
morphology and to gain insight on the film surface. This technique allows
to measure features in the range from 100nm to 10 gm with high resolution
and accuracy. An AFM is quite different from other microscopes, because it
does not create an image by focusing light or electrons onto a surface, like
an optical or electron microscope. An AFM “feels” the surface atoms with

a sharp probe, building up a map of the height of the sample’s surface. A
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general picture of an AFM is shown in Fig. 3.6a. AFM has been performed
to obtain information on the dimension of the nanoparticles and to evaluate
the size of the nanoparticle cluster. To this aim, four devices with several

np-concentration were fabricated for both nanoparticle type.

AFM instrumentation The main components of an AFM microscope are
shown in Fig. 3.6b: they can be gathered into the AFM stage, the control

electronics and a computer to visualize the final surface image.

AFM stage The microscope stage mainly contains the coarse approach
mechanism, the x-y-z scanners (or piezos) and the force transducer. An
important challenge in AFM design is making a motion control system that
allows the probe to approach the surface before scanning. This should happen
without crashing the probe on the sample.

Coarse approach mechanism: In the AFM stage there are two separate
motion generation mechanism in the z axis: the first is a stepper-motor-drive
mechanism with a dynamic range of a centimeter and a resolution of a few
microns. The second is the z scanner, which, together with the x and y
scanner allows all the three motion of the tip with respect to the surface.

x-y-z scanners: these scanners are piezoelectric materials which convert
electrical potentials in mechanical motion. Typically, the expansion coeffi-
cient is of the order of 0.1 nm/V. One possible configuration is a disk which
gets longer and narrower when a voltage is applied. Another one is a tube,
with electrodes inside and outside. Currently, the tube scanner is the most
widely used as it is very compact and allows very precise movements.

Force sensor: the force between the AFM tip and the sample is measured
by a force sensor. This tool is typically able to detect forces in the range of
pN. The optical lever is the most widely used force sensor in AFMs. The
principle of it is shown in Fig. 3.7.

This system consists of a laser focused to a spot on the back of a reflec-
tive cantilever, the beam is then reflected onto a split photodetector which
measures the position of the laser spot. The optical lever magnifies a tiny
movement of the cantilever to create a large movement at the photodiode.

If a probe, mounted on the front side of the cantilever interacts with the
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Photodetector No bending Vertical bending Lateral bending
(twisting)

Figure 3.7: (a)Series configuration of the z motor, the z piezo and the probe.
(b)The optical lever sensor and an illustration of how the photodetector
detects vertical and horizontal bending of the cantilever.[50]

surface, the reflected light path will change. The force is then measured by
monitoring the change in light detected by the four quadrants of the photode-
tector. Specifically, the difference in signal (A+B)-(C+D) gives the vertical
deflection of the cantilever, while, (B4+D)-(A+C) gives the lateral deflection.

AFM electronics x-y raster pattern: the AFM electronics drive the x-y
scanners in a type of raster pattern, as shown in Fig. 3.8a. The x scanner
moves across the first line of the scan and back. It then steps in the y
direction to the second scan line, moves across it and back, then the third
line, and so forth. AFM data are typically collected in only one direction,
called the fast scan direction: the x axis in our case. The y direction is called,
on the other hand, the slow scan direction. While the x scanner is moving
across a scan line, the image data are sampled digitally at equally spaced
intervals. The spacing between the data points is called the step size which
results in the full scan size divided by the number of pixels. The number
of lines in a data set usually equals the number of points per line, thus, the
typical data set is made up of a square grid.

Feedback control: the feedback control is used to maintain a set force
between the probe and the sample. The control electronics takes the signal
from the force sensor and uses it to drive the z piezo so as to maintain the

probe-sample distance, and thus the interaction force at a set level.
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Figure 3.8: (a)x-y scanner motion during data acquisition. (b)Distance de-
pendence of the Lennard-Jones potential.

Interactions in AFM The most common potential used to describe the

interaction between the tip and the substrate is the Lennard-Jones potential:

o ={(2) + (2)" o9

r r

where € is basically the depth of the potential well and o is the finite
distance at which the potential is zero. This potential is the sum of two
physical interactions between the tip and the substrate’s atoms. One is
an attractive contribution, commonly called van der Waals potential; this
contribution is mainly relevant at big distances. The second part, instead,
is a repulsive potential directly connected with the Pauli exclusion principle:

this contribution has main effects at short distances.

AFM modes A very large number of possible modes of operation are
nowadays used in AFM. Among them, contact mode and tapping mode are

one of the most relevant.

Contact mode Contact mode was the first mode developed for AFM. It is
the simplest mode and the basis for the development of the later modes. To
understand this AFM mode, it is necessary to use the so called force-distance

curve, like the one in Fig. 3.9.
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Figure 3.9: (a)Simplified force-distance curve showing contact scanning
regime (repulsive region). Right: illustration of probe bending in each regime:
repulsive force regime, zero deflection regime and attractive force regime.[50]
(b)Different operating regimes for oscillating AFM modes. A: with a small
amplitude of oscillation the probe can be kept in the attractive regime. B:
with a larger oscillation the probe moves both in attractive and repulsive
regime

Considering the approach curve in Fig.3.9, when the tip is far from the
sample, the cantilever is considered to have zero deflection. As the tip ap-
proaches the sample, it normally feels first an attractive force; as the instru-
ment continues to push the cantilever towards the surface, the interaction
moves into the repulsive regime. It is within the repulsive regime that con-
tact mode imaging usually occurs. The basis of contact mode AFM is that
the microscope feedback acts to keep the cantilever deflection at a certain
value determined by the instrument operator. This point is known as set
point and the correspondent imaging mode is called constant force contact
mode AFM.

Probably the best reason to use this mode of operation is its high resolu-

tion and fast speed.

Tapping mode If in contact mode the tip sample interaction is measured
following the cantilever’s deflection, in tapping mode, one of the possible

dynamic mode of operation, the oscillation amplitude of the cantilever, the
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frequency and the phase shift may be recorded. This opens several chan-
nels for simultaneous data acquisition, each of them describing a different
property of the sample. Moreover, since in tapping mode the cantilever is
oscillating, the sample damage is substantially reduced. Basically, in this
AFM mode, the cantilever is oscillated, usually with an additional piezoelec-
tric element, and typically at its resonance frequency. When the oscillating
probe approaches the sample surface, the oscillation changes due to the in-
teraction between the tip and the surface itself. The effect is a damping of
the cantilever oscillation, which leads to a reduction in the frequency and
amplitude of oscillation. The oscillation is monitored by the force sensor
and the z scanner adjusts the z height via the feedback loop to maintain the
probe at a fixed distance from the sample. The only real difference between
the various oscillating modes are in the amplitude of oscillation applied to
the probe. Using a small oscillation amplitude it is possible to maintain the
cantilever only in the attractive regime, dominated by the van der Waals po-
tential. This technique is known as non contact mode. On the other hand,
it can be seen that if a large oscillation amplitude is applied, then the probe
will move, during an oscillation, both in the attractive and repulsive regime.

This technique is known as tapping mode AFM.

mension 3100 AFM

Signal Cable

Dimension Scanner

Dovetail Release
Invar Frame

Objective Lens Vacuum Chuck

Figure 3.10: AFM Nanoscope 3100
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Figure 3.11: Schematic diagram showing the main components of a scanning
electron microscope.

AFM Experimental setup Throughout this thesis, the morphological
investigations are based on AFM operating in tapping mode. We used a
Digital Instruments Nanoscope 3100 AFM (3.10).

3.8.2 SEM

The scanning electron microscope (SEM) uses a focused beam (figure 4.14)
of high-energy electrons to generate a variety of signals at the surface of solid
specimens. The signals that derive from electron-sample interactions re-
veal information about the sample including external morphology (texture),
chemical composition, and crystalline structure and orientation of materi-
als making up the sample. In most applications, data are collected over
a selected area of the surface of the sample, and a 2-dimensional image is
generated that displays spatial variations in these properties. Areas ranging
from approximately 1 cm to 5 microns in width can be imaged in a scanning
mode using conventional SEM techniques (magnification ranging from 20X

to approximately 30,000X, spatial resolution of 50 to 100 nm).
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Accelerated electrons in an SEM carry significant amounts of kinetic
energy, and this energy is dissipated as a variety of signals produced by
electron-sample interactions when the incident electrons are decelerated in
the solid sample. These signals include secondary electrons (that produce
SEM images), backscattered electrons (BSE), diffracted backscattered elec-
trons (EBSD that are used to determine crystal structures and orientations
of minerals), photons (characteristic X-rays that are used for elemental anal-
ysis and continuum X-rays), visible light (cathodoluminescence-CL), and
heat. Secondary electrons and backscattered electrons are commonly used
for imaging samples: secondary electrons are most valuable for showing mor-
phology and topography on samples and backscattered electrons are most
valuable for illustrating contrasts in composition in multiphase samples (i.e.
for rapid phase discrimination). X-ray generation is produced by inelastic
collisions of the incident electrons with electrons in discrete ortitals (shells)
of atoms in the sample. [51]. As the excited electrons return to lower energy
states, they yield X-rays that are of a fixed wavelength (that is related to the
difference in energy levels of electrons in different shells for a given element).
Thus, characteristic X-rays are produced for each element in a mineral that
is "excited” by the electron beam. SEM analysis is considered to be "non-
destructive”; that is, x-rays generated by electron interactions do not lead
to volume loss of the sample, so it is possible to analyze the same materials

repeatedly.

3.8.3 TEM

Transmission Electron Microscope A Transmission Electron Micro-
scope produces a high-resolution, black and white image from the interac-
tion that takes place between prepared samples and energetic electrons in
the vacuum chamber. Air needs to be pumped out of the vacuum chamber,
creating a space where electrons are able to move. The electrons then pass
through multiple electromagnetic lenses. These solenoids are tubes with coil
wrapped around them. The beam passes through the solenoids, down the
column, makes contact with the screen where the electrons are converted to

light and form an image. The image can be manipulated by adjusting the



62 CHAPTER 3. MATERIALS AND METHOD

voltage of the gun to accelerate or decrease the speed of electrons as well as
changing the electromagnetic wavelength via the solenoids. The coils focus
images onto a screen or photographic plate. During transmission, the speed
of electrons directly correlates to electron wavelength; the faster electrons
move, the shorter wavelength and the greater the quality and detail of the
image. The lighter areas of the image represent the places where a greater
number of electrons were able to pass through the sample and the darker
areas reflect the dense areas of the object. These differences provide infor-
mation on the structure, texture, shape and size of the sample. To obtain
a TEM analysis, samples need to have certain properties. They need to be
sliced thin enough for electrons to pass through, a property known as electron
transparency. Samples need to be able to withstand the vacuum chamber
and often require special preparation before viewing. Types of preparation
include dehydration, sputter coating of non-conductive materials, cryofixa-
tion, sectioning and staining.
Differences between SEM over TEM include:

e In terms of magnification and resolution, TEM has an advantage com-
pared to SEM. TEM has up to a 50 million magnification level while
SEM only offers 2 million as a maximum level of magnification. The

resolution of TEM is 0.5 angstroms while SEM has 0.4 nanometers

However:

e Large specimens (200 mm diameter wafers, or even larger in specially
adapted SEMs), compared to just 2.3 mm or 3 mm in diameter for
TEM.

e SEM permits non-destructive evaluation of the specimen (TEM is ef-
fectively a destructive technique because of the specimen preparation

required).

e Very short specimen preparation time (maybe only a few seconds) while
the specimen is attached to a “stub” (specimen holder). TEM specimen

preparation is more complex and timeconsuming.



Chapter 4

Results

Introduzione This chapter presents the research results of this thesis. The
first subchapter describes the findings about diodes containing only semicon-
ducting polymer as active layer. The second chapter then reports about the
diodes containing a composite of semiconducting polymer and nanoparticles.
Both sub-chapters are similar in structure to facilitate comparison between
the two of them. When necessary findings of the first subchapter are used as
reference in the second chapter to understand better how nanoparticles alter
the diode properities. The second chapter contains a detailed morphological

investigation of the NP polymer composite.

4.1 Pristine PVK and PFO diodes

Introduction In this chapter results on the pure polymer diodes are re-
ported. The first sub-chapter describes the electrical characteristics of the
devices and develops a model about the rectivied charge transport in them.
Subsequently we investigate the x-ray detection properties. Diode param-
eters which have been varied are: (i) semiconducting polymer (PVK and
PFO) and (ii) layer thickness. The findings are summarized and discussed

in the end of the chapter.
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Figure 4.1: Schematic energy band diagram of the fabricated diodes.

4.1.1 Electrical characterization

Current-voltage characteristics of PFO and PVK diodes have been ex-
amined to investigate the effect of the differences between the two polymers
and to relate the findings to later x-ray detector properties. The I-V charac-
teristics of a polymeric diode are expected to show rectification: low leakage
current in reverse bias and a high current in forward bias. For detector ap-
plications, a low leakage current at high electric field strength is desirable in
order to maximize the current from the drifting charge carriers and to maxi-
mize the signal to noise ratio. Therefore it is necessary that our diodes exhibit

a relatively good rectifying behaviour for radiation detection applications.

Energy band diagram In order to better understand the highlighted pro-

cesses of conduction and rectification, we can evaluate the band diagram of

the diode. Figure 4.1 depicts energy band diagrams of the Al/MoO3/PVK(PFO)/Au

diodes explaining rectifying behaviour in which the favoured direction in-
volves transport of holes from the Al/MoO3 electrode to the gold electrode.
The HOMO and LUMO values for the polymers are estimated to be situ-
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ated at approximately 5.8 eV, 2.3eV for PVK and 5.8 ¢V, 2.12eV for PFO.
Since PVK and PFO behave as a p-type semiconducting polymer, the Fermi
level is located close to the HOMO level. In the Al/MoO3/PVK(PFO)/Au
diode, the work function of the Au is lower than the HOMO of the poly-
mer. Therefore it is favourable for a Shottky contact to form at the poly-
mer/Au interface, rendering the injection of holes difficult. Regarding the
Al/MoO3/polymer interface, the role of MoO3 is to increase the injection of
holes (HIL) from the Al contact. Its working mechanism is generally ascribed
to the formation of an interfacial dipole and consequently a reduction of the
injection barrier. In particular, the Fermi level results pinned against the
conduction band minimum, indicating a strongly n-type material. The hole
injection of MoQO3 into the semiconductor was described to proceed by elec-
tron extraction from the HOMO of the semiconductor trough the conduction
band of MoO3. [48]

I-V characteristics The IV curves of the diodes can depict how the quality
of the contacts at the anode and the cathode interfaces affect the performance
of the diodes. Since the work function of hole injecting electrode is close to
the HOMO level of PVK(PFO), it acts as an Ohmic contact. Therefore, the
conduction of holes is only limited by the bulk properties of polymers, not by
barriers at the metal-polymer interface. In the low voltage regime, the current
depends linearly on the applied voltage (x=1) and the current-voltage rela-
tionship therefore obeys Ohm’s law. The current at low voltage is controlled
by the Al/MoO3 polymer interface since this interface forms an Ohmic con-
tact. A transition region arises due to the superposition of the Ohmic current
and the space-charge-limited-current. At relatively high forward voltages,
when the concentration of the injected charge carriers exceeds the thermally
generated free charge carriers, the current becomes proportional to V 4.0 for
PVK and to V 2.8 for PFO. The values of exponents are calculated from the
fitting of the current in forward region at high voltages, the linear fit for dif-
ferent thick devices are shown in figure 4.3. Figures 4.2a, b respectively show
the measured Al/MoO3/ PVK(PFO)/Au diode I-V characteristics for diodes
with five different thicknesses (from 200nm to 1500nm) of PVK and PFO.

The diodes show decreasing current increasing the thickness of polymer layer.
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Figure 4.2: Al/MoO3/PVK(PFO)/Au diode I-V characteristics.

For thick layer , the leakage current in reverse becomes small enough for de-
tection application (increasing SNR). The fabricated diodes with 1.5um-thick
polymer layer show for both polymers a low current density of 100.8 nA/cm?2
at +100 V (7-107® V/m) in reverse bias. The rectification factor results to
be 310" for A1/MoO3/ PFO/Au, which is significantly higher than that
of the A1/MoO3/PVK/Au diode structure (10%3). The increased rectifica-
tion in PFO based diodes is associated to the higher mobility increasing the

current density in forward direction.

Transport mechanisms Space-Charge Limited Current (SCLC) is a trans-
port regime typical of high resistivity materials, like insulators or organic
crystals, which is activated at high electric fields and high charge carriers
injection. Thanks to its simplicity it is used to analyse organic semiconduct-
ing polymer properties. Several charge-transport parameters like mobility,
density of free charge carriers, density of states and energy distribution of
traps, can be extracted starting from I-V characteristics.

Figures 4.3 and 4.4 respectively show the plot of log(I) vs log(V) and the
plot log(I) vs log(L), obtained selecting the current of figure 4.2 in the neg-
ative bias region (on Au electrode), which means forward operating diodes.
In figure 4.3, the linear fits has been calculated fixing a range at high values
of electric field, the resulting slopes for each layer thickness are displayed in

the legend. The mean value of these slopes is taken into account for further
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Figure 4.3: Investigation of transport mechanism in polymer diodes: The
log(I) vs log(V) plot of PVK (left) and PFO (right) allows to extract the
exponent of the power-law by performing a linear fit in the forward region
at high voltages. .

observations. In figure 4.3, the value of the measured current at a fixed po-
tential is shown in a double logarithmic plot as function of the diode layer
thickness. FEach point correspond to a different device, it is worth noting
the variability of these values at potential and thickness value. This uncer-
tainity is related to the non-uniformity of the film obtained via spin-coating.
A linear fit has been calculated taking into account the mean current val-
ues of each thickness, the fit curve slope is highlighted in the legend. In
figure 4.3(b) are displayed the fitting curves for several voltages, the slope
remains approximately constant. Taking into account the equations in para-
graph 1.4, the SCLC model can be tested for both device structures. This
model can be used to describe the shape of I-V characteristics in forward

bias as a power law of I ~ V*/L¥ and to better understand the trap state
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Figure 4.4: Dependence of transport on polymer layer thickness L. The
graphs show the log(I) versus log(L) plots for PVK (left).

distribution in conjugated polymers. An x exponent of 4.0 £ 0.2 is obtained
for PVK and 2.7 £ 0.1 for PFO. From the log(I) versus log(L) plots for PVK
(left), y results in an y exponent of -7.8 and for PFO (right) which results in
an exponent of -4.6. Both exponents deviate from the SCLC model (eq. ?7?),
which predicts for a trap free material a log(J)-log(V) dependece equal to
2 and a log(J)-log(L) dependence equal to 3. The trap-filled limit and the
trap-free SCLC region cannot be seen in these devices. Instead we suggest to
attribute the behaviour to a distribution of traps probably caused by impu-
rities or defects in the chemical structure of PVK (PFO). Another possible
explanation for the observation of an exponent > 2 could be offered by a field
dependent carrier mobility in the semiconductor.

In order to better explain the extrapolated exponents the model has to be
extended as done in the following. First one has to introduce a mobility model

that accounts for the most important physical quantities that influence the
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Figure 4.5: Figure 5: Modelling of Diode transport: Measured IV charac-
teristics are compared to modelled data at high forward voltages for both
polymers. The transport model [52] takes into account the effects of traps
and the dependence of the mobility on the electric field.
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VLY Extrapolated | Predicted by
from log-log | the model
plots

X 4,0 (PVK) 4,2 (PVK)
2,8 (PFO) 2,8 (PFO)
y 7,8 (PVK) 7,4 (PVK)
4,6 (PFO) 4,6 (PFO)

Figure 4.6: Table of fitting parameters

current transport in organic disordered semiconductors: temperature, carrier
concentration, and electric field. The model naturally extends the work of
Mark and Helfrich to high electric fields and /or low temperatures regime and

leads to a simple analytical expression:[52]
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where Tp = {T” + [queff/(ozkb)]fB}%, B v are fitting parameters, F, sy is an

effective electric field, a~! is the effective overlap parameter, T} is a parameter
that depends on the material disorder and B¢ is the critical number for onset
of percolation. A good fit is obtained with power-law exponents matching
between experimental and modelled data (see figure 4.6). From the model
the hole mobilities of the polymers are found to be 1.3e-5 ¢cm2/Vs for the
PFO, in excellent agreement with literature value, and 5e-7 cm2/Vs for PVK.

4.1.2 X-ray detector properties

In order to assess the x-ray photoresponse of the fabricated polymer
diodes, a constant bias was applied to the gold electrode while the aluminium
electrode was grounded. In forward operation a voltage of +100V was used

while in reverse operation a voltage of -100 V was applied. The resulting cur-
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Figure 4.7: Characteristic X-ray photocurrent as a function of time in PVK
(blue) and PFO (red) polymer diodes: (a) 3 pm film thickness, reverse bias;
(b) 3 pm film thickness, forward bias; (¢) 1 pm film thickness, forward bias.
Yellow colour marks the time intervals in which the x-ray shutter was open.

rent was continuously monitored. At specific time intervals the shutter of a
Mo X-ray tube was opened for 10 sec. The experiment was repeated at least
3 times to probe the stability of the measured response. Characteristic X-ray
responses for different devices are depicted in Fig. 4.7. for diodes containing
either PVK or PFO. The figures illustrates in particular the impact of diode
thickness and mode of operation on the shape of the X-ray response: In
Fig. 4.7a a fast, box-shaped response to X-ray exposure is observed for both
devices containing thick (3 um) polymer films when operated in reverse. In
this regime the response is larger for the PVK based diode. Fig. 4.7b shows
the same devices, but now operated in forward bias. Here the background
current has been subtracted for clarity. Again an almost rectangular shape
is observed and the magnitude of the signal remains unchanged for both
polymers. However for PFO a slow but steady increase of photocurrent is
observed during exposure and a slow decrease after exposure. For diodes with
thinner polymer films (1um), the photocurrent signal changes completely as
shown in Fig. 4.7a when operated in forward. Now a “saw-tooth” like shape
emerges when the x-ray shutter opens featuring a fast initial increase in pho-
tocurrent which slows down and starts to saturate. The magnitude of the
photoresponse increases by more than an order of magnitude in comparison
to the aforementioned experiment. After shutter closure, the current shows

initially a fast decrease, but slows down to return slowly to the background
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Figure 4.8: Dose-rate dependence x-ray photocurrent response for lum thick
diodes: (a) comparison PFO and PVK both operated in reverse; (b) com-
parison PFO operated in forward and reverse. 4.9.

level. This behaviour is observed in both materials. In PVK it is initially
very strong but unstable and finally decreases to a response which is smaller
than the very stable PFO response. In conclusion two different regimes of
photocurrent and a transition between the two of them is observed. In the
first regime the response is fast but photocurrent values are low. In the sec-
ond the photocurrent is slow and follows a saw tooth shape. In this regime

photocurrent values are an order of magnitude larger.

The photoresponse of the diodes was further characterized at different
x-ray dose rates (60 mGy/s, 40 mGy/s and 20 mGy/s) which was achieved
by adjusting the filament current (30 mA, 20 mA and 10 mA, respectively).
The variation in current before closure of the x-ray shutter was taken as
the responde DI. In Figure 4.8 these values are plotted as a function of the
filament current for diodes of 1 um thickness and for operation in forward
and reverse regime. All plotted regimes show a linear response and from
the slope of the linear fit, the x-ray sensitivity S was extracted. The largest
slope is observed for the PFO diode operated in forward regime as shown in
Fig 4.8b. The numerical values for the sensitivities of these set of devices are
listed in Fig. 4.9. The best sensitivity in reverse operation amounts to 224 /-
5 nC/Gy for the PVK diode of 1 um thickness. The performance of PFO

diodes is slightly lower. No increase in sensitivity is found upon increasing
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the thickness of the diodes instead sensitivities even slightly reduce. To
compare these values to literature, they have to be scaled by the area of the
diode. For the best performing PVK diode in reverse operation on obtains
a value of S = 137.5 nC/Gy/mm2 (area 0.16 mm?). This compares to 1.28
nC/Gy/mm2 as found for PTAA diodes (area 25 mm?) as reported by Sellin.
Importantly for the diodes reported in literature no intermediate layer was
applied to facilitate charge extraction at the low work-function electrode. In
forward operation the measured sensitivities increase by more than an order
of magnitude and for the more stable PFO device we obtain a value of 441
+/- 120 nC/Gy. Scaled to the area this amounts to 2.8 uC/Gy/mm? and is

unmatched by literature results.
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Figure 4.9: X-ray sensitivies of Figure 4.8: x-ray sensitivties of polymer
diodes at forward and reverse operation for two different thicknesses.

4.1.3 Discussion and conclusion

As detailed in the previous section the electrical characteristics of the
fabricated diodes are in qualitative agreement with earlier reported find-
ings on rectifying polymer diodes. Charge carrier mobility in these devices
matches to state-of-the-art values reported for PVK and PFO polymers in

literature. The rectifying behaviour exceeds several orders of magnitude and



74 CHAPTER 4. RESULTS

is well explained by the Schottky model. In general, transport characteris-
tics of the diodes can be quantitatively modelled by taking a distribution of
traps into account and a field dependence of the mobility. These are two
typical assumptions for semiconducting polymers, which are justified by the
amorphous structure leading to energetically broadened band-tails. As a
consequence the field dependence of variable range hopping emerges and a
distribution of trap states can be found close to the band edges. Regarding
the x-ray sensitivity of these diodes, the reported findings are more complex
and an in the following an explanation of the observed phenomena is sought.
In particular two different regimes of x-ray photocurrent generation have to
be distinguished: One regime in which the response is fast and shows a box-
like shape, following directily aperture and closure of the x-ray shutter. In
the second regime the response is slower and follows a saw-tooth shape but
offers an order of magnitude increase in sensitivity. The first regime is as-
sociated with reverse bias and follows in its behaviour the standard model
for semiconductor based detectors. The second regime instead is observed
in thin polymer diodes which are operated in forward regime. As such it is
accompanied by a large background current. Here a simple model is propose
to account for the observed findings. The basic mechanism of diode opera-
tion and photocurrent generation for both regimes is depicted schematically
in Fig. 4.10. When the diode is operated in dark in forward regime, holes
can be injected at the MoO3 layer by the transfer of an electron from the
HOMO level into the conduction band MoO3. Literature describes this pro-
cess as very favourable due to the low energy of the MoO3 conduction band
and the stron interfacial dipole between Al and MoO3. Extraction of carriers
happens at the Au electrode without additional barriers. As a consequence
in this regime current is only limited by traps in the semiconductor and the
carrier concentration which builds up according to the SCLC model. When
operated in reverse the current is limited by the hole injection from the Au
electrode. This is only achieved by an electron transfer from the HOMO level
into the Au-Fermi level. Due to Schottky contact formation, this transfer
has to happen over a barrier, which suppresses current in reverse operation.
When exposed to X-ray, excitons are formed which separate into holes and

excess electrons in the semiconductor. When operated in reverse, the electric
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field separates the two charges and they are collected at the respective elec-
trodes. The employed organic semiconductors are p-type conductors. Excess
electrons become trapped and move at much slower speeds. Therefore ef-
fective charge collections happens only from excitons which are generated in
vicinity of the gold electrode. In the remaining volume of the semiconduc-
tor excitons just recombine. This explains the almost independent (or even
decreasing) sensitivity with respect to diode thickness. In conclusion we call
this limited charge collection mechanism. In forward operation, a constant
SCLC background current and carrier concentration is present in the device.
Again excitons dissociate due to the electric field. Now we propose that elec-
trons become trapped in the semiconductor while holes participate as carriers
in the diode current. Due to charge neutrality holes enter continuously from
the MoO3 layer to counterbalance the charge of the trapped electrons. Thus
as a consequence of x-ray exposure the carrier concentration of the semi-
conductor is modulated and consequently much larger sensitivity values can
be obtained. We term it the conductivity modulation mechanism. For this
mechanism the kinetics are limited by the slow annihilation of trapped elec-
trons, which happens at the timescale of seconds. A steady state is reached
in this mechanism when the annihilation of trapped excess electrons is as
fast as their generation by x-ray. The former process gains in velocity with
x-ray exposure due to an increase in hole carrier concentration and in the
related probability of hole- trapped electron recombination. After closure of
the x-ray shutter, trapped electrons still prevail in the semiconductor un-
til recombination or migration to an electrode happens. This leads to the
observed slow return to the background SCLC current level. In conclusion
the conductivity modulation mechanism explains the saw-teeth shape of the
photocurrent signal and its increase in magnitude. We note however, that
this regime is accompanied by a large dark current. For detector operation
this could be limiting as in addition to pure sensitivity also the signal to
noise ratio is an important figure of merit and it is expected to be reduced

in the presence of a large dark-current.
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Figure 4.10: Schematic diagram showing the working principles of semicon-
ductor polymer-based x-ray detectors: (a) In forward bias, charge injection
happens at MoO3/Al interface, the diode is conducting. (b) Under x-ray
illumination, exciton states are created. Negative charges get trapped at the
polymer. For charge neutrality the amount of charge carrier increases, the
diode becomes more conductive. (¢) In reverse, no charges are injected into
the polymer. No current is measured. (d) Under x-ray illumination, exictons
dissociate and generated charges are collected at the electrodes.

4.2 NP-polymer blend diodes

Introduction In this chapter diodes are investigated which contain a com-
posite of semiconducting polymer and nanoparticles. Fabrication of these de-
vices follows the procedure used to obtain the pure polymer diodes, instead
that the active layer was spin-cast from a solution containing nanoparticles
and polymer. Preparation of this solution has turned out to be very criti-
cal as agglomerates of nanoparticles are easily formed during mixing. This

process was avoided by sonication. In the following we detail first on the
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Figure 4.11: The X-ray diffraction (XRD) measurements were performed on
drop-cast WO3 and Bi203 nanoparticle) films (from toluene). The results
are depicted as black lines in Fig. 9(a) and (b). The WO3 does not exhibit
any peak of diffraction, while Bi20O3 sample has a intense response at by
27°. When NPs are added to PVK in different concentrations the response
of XRD is completely different for WO3, but remains similar for Bi203.
Interpretation of these findings is unclear at the moment.

morphology of the prepared films using a variety of techniques. In the sec-
ond subchapter we investigate the electronic properties of the diodes. In
the third sub-chapter we finally the report the x-ray detection properties of
NP-polymer devices.

4.2.1 Morphological characterization

X-ray diffraction (XRD) measurements were performed on drop-cast WO3
and Bi203 nanoparticle films (from toluene). The X-ray diffractograms of
samples of differing NP content are presented in Fig. 4.11. The pure NP-
toluene solution diffractogram is compared to the XRD response of NP-PVK
blends. It is worth noting that a change of the Bi;O3 concentration with
respect to the polymer does not affect the XRD pattern, which remains al-
ways unvaried in its shape for 1 wt%, 5wt% and 100 wt% ratios. In this
case the scattering angle can be observed at 26 ~ 27. On the contrary, the
XRD patterns show that crystallinity of the WO3 nanoparticles changed with
varying the NPs amount with respect to polymer. The XRD peak of pure
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NP-toluene solution has extremely large full width at half maxima (FWHM)
resulting overlap of peaks and hence nanoparticles exhibited XRD amorphous
nature. On the other hand as the ratio of NPs changed to 1wt% and 5wt %,
the peaks are clearly separated due to increased crystalline nature of WO3
nanoparticles.

The spectra were compared to those obtained from the nanoparticle pow-
der immediately after its fabrication. They were provided by Nanograde. The
scattering pattern for WO3 nanoparticles shows a more complexbehaviour.
Interestingly the spectra of the nanoparticle dispersed in the polymer is very
similar to the one obtained in pure powder as provided by Nanograde. In-
stead when the solution is dropcast to leave a pure film of nanoparticles the
diffraction peak disapears and a broad amorphous structure results. From
these patterns the Scherrer formula was applied to estimate the particle size.
For WO3 a value of 16 nm was obtained whereas Bi203 resulted in 14 nm.

The X-ray diffraction patterns were also compared with reported standard
diffraction patterns of different crystalline types (Verma et al. Journal of
Colloid and Interface Science 453 (2015) 60-68).

Transmission electron microscopy (TEM) was used to investigate the par-
ticle size and their dispersion, the result is shown in Fig. 4.12. WO3 particles
seem to be better dispersed in the polymer than Bi203 particles. Thanks to
the high contrast provided to the conductive copper grid, it possible to as-
sess the size of nanoparticles and the result matches within the measurement
uncertainty with the sizes provided by Nanograde: 16 nm for WO3 and 14
nm for Bi203. However, especially the Bi20O3 particles can be seen in the
form of black spots, whose size ranging from 30 to 200 nm. It can be ascribe
to formation of NPs agglomerations during the drying procedure to prepared
TEM samples.

The distribution of WO3 nanopaticles in the PVK layer has been exam-
ined using the Atomic Force Microscopy (AFM) technique. AFM images for
the PVK film blended with 1.25%, 2.5%, 5% and 10% wt of W03 nanopar-
ticles are shown in Figure 4.13, respectively. The experiment has been per-
formed in order to evaluate the nanoaprticles size, their dispersion and the
size of aggregations at the surface of the blend film. It was observed that

the increase of the nanoparticle concentration changes the amount of NPs on
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Figure 4.12: The Figure shows TEM images of drop-cast layers containing
10 wt% WO3 and Bi203 nanoparticles with respect to PVK. The majority
of the nanoparticles have diameters well-within the range of 10-30 nm for
which larger particles are attributed to the combination between two or more
nanoparticles.

the surface of the blend layer. The comparison between figures 4.13(1) and
(2) clearly highlights that the NPs tend to create aggregations and to go up
to the surface during the spin-coating process. Despite the spin-coating of
the solution was performed immediatly after the sonic horn ultrasonication,
the formation of cluster is evident. A little variation on the NPs concetra-
tion causes a great change in the nanoparticle agglomerations at the surface.
That means that during the evaporation of the solvent, the polymer tend
to create Wan der waal bonds between its chains, as result, the nanopar-
ticles comes across each othe and form agglomerations. The segregation
process on the surface is eased due to little size (10-30 nm). On the contrary,
bigger Bi203 NPs (100-300nm) show the inverse behaviour so they deposit
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Figure 4.13: AFM topographies and phase maps of PVK polymer films con-
taining increasing amount of WO3 nanoparticles. The images show increas-
ing roughness and inhomogeneties in films with larger nanoparticle content.
The finding is attributed to excessive nanoparticle aggregation and changes
in viscosity.
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on the bottom, as reported by other articles.[?]. The tendency of NPs to
agglomerate has been also demonstrated by another structural characteriza-
tion techniques, SEM. Figure 4.14 show SEM images of PVK containing 8
wt% of WO3 nanoparticles, obtained after sonication by sonic horn for 30
minutes. Also in this case, inhomogenities and aggregates at the interface
are observed. When the concentration of nanoparticle increase over 2.5%wt
the quality of the surfaces drastically gets worse, as it is demonstrated by
Figures 4.13(h3),(h4) and Figure 4.14. The top surface Al/MoO3/polymer
plays the main role of injection layer, so the observed nanoparticles surface
distribution for high concentration may reduce the injected charges and their
mobility into the blend layer. Eventually, it could results in a decrese of for-

ward current in diodes.

Figure 4.14: SEM images of PVK containing 8 wt% of WO3 nanoparticles,
obtained after sonication by sonic horn for 30 minutes. The figure shows
inhomogenities and aggregates at the interface, causing a reduction of mo-
bility and current measured in diodes. The rigth picture shows strong phase
separation due to the tendency of the NPs to aggregate.
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4.2.2 FElectrical characterization
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Figure 4.15: Dark current-voltage characteristics nanoparticle polymer com-
posite diodes with varying composition as given in weight% of nanoparticles.
The composite layer thickness was keept constant at 1 um. (a)PVK-based
and (b)PFO-based diodes.

IV measurements on diodes in the standard architecture containing polymer-
nanoparticle composites were performed as describe in the method section.
Fig. 4.15 shows some characteristic measurement for diodes based on PVK
and PFO. The nanoparticle content was varied by using differently concen-
trated polymer nanoparticle solutions for spin coating. Homogeneous films
were obtained only for a maximum nanoparticle loading of 5% for WO3 in
PVK and 10% for WO3 in PFO. As films started to become inhomogeneous
at higher nanoparticle loadings for PVK, maximum applied voltages were
reduced to prevent diode breakdown. For comparison Fig. 4.15 contains also
the reference device containing pure polymer. In general for PVK and PFO
a strong reduction in diode current density is noted in combination with the
occurrence of hysteresis in the IV scan. Here hysteresis means that in for-
ward direction, the current is larger when the absolute value of the voltage
is increasing during the scan. Instead when doing the backward scan with
decreasing voltage, a lower current is measured. Both deteriorations of diode
properties increase monotonically with NP content. In addition the rectifi-
cation behaviour deteriorates. At 50V it reduces from 1,5e3 in the pristine
PVK device to 4,6e2 in the 1 wt% blend devices and to 18 in 3wt% blend

devices. A similar reduction in rectifying factor happens for PFO based de-
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vices, which decreases from 2e+5 for pristine PFO to roughly 1 for 10wt%
blend devices. Changes in the rectification ratio are mainly caused by the
reduction in forward current. Under reverse current the properties are less
affected. This hints to the fact that NP addition impacts on transport in
diodes by reducing the mobility of the material. Instead the appearance of
hysteresis is explained by the creation of deep trap states due to the presence
of NPs. The deep trap states are not filled when the voltage sweep starts
and carriers enter the semiconductor. With the proceeding of the scan the
states become filled and the current reduces in time. Decreasing the poten-
tial again to zero leads to a slow removal of trapped carriers from the diode.
We hypothesize that these trap states are directly related to the polar sur-
face of the oxidic nanoparticles which interacts directly with charge carriers.
For example a negative surface potential, as typical for oxides, would attract

positive hole carriers and trap them.
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Figure 4.16: Dark current-voltage characteristics nanoparticle PVK compos-
ite diodes comparing the impact of WO3 and Bi203 nanoparticles. The
composite layer thickness was kept constant at 1 um.

Next we investigated the impact of the Nanoparticle type on diode per-
formance. Fig. 4.16 shows diode IV curves for PVK based diodes containing
1% of WO3 or Bi203 NPs. In addition for WO3 nanoparticles also the spin-
casting solvent has been varied to replace toluene by chloroform. In this plot

we also show the reference device containing pure polymer. The plot show
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that both types of nanoparticles lead to the discussed degradation. However
effects caused by Bi203 nanoparticles are stronger. Instead the solvent has
only a small impact in this case and diodes of the same composition show
only small variation when the spin coating solvent was changed. This find-
ing seems to be directly related to the morphological characterization. Bi203
nanoparticles were shown to form larger aggregates in TEM thus they are
expected to disturb ordered polymer domains with good charge transporting

properties in a stronger way.

4.2.3 X-ray detector properties
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Figure 4.17: Impact of nanoparticles on diode detector properties in forward
bias: (a) X-ray photocurrent as a function of time in PFO diodes containing
various amounts of WO3 nanoparticles. The X-ray shutter was opened for 10
s at t=10 s, 30s and 50s. (b) X-ray sensitivity and dark current as a function
of NP content.

In analogy to the previous chapter we compare the photoresponse of the
polymer NP composite diodes. Again a voltage of +/- 100 V was applied to
the gold electrode while the aluminium electrode was grounded. The result-
ing current was continuously monitored. At specific time intervals the shutter
of a Mo X-ray tube was opened for 10 sec. The experiment was repeated at
least 3 times to probe the stability of the measured response. Characteristic

X-ray responses for PFO based diodes operated in forward regime are shown

I(nA)
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in Fig. 4.17a. In this experiment the content of WO3 nanoparticles was con-
tinuously increased to reach an upper value of 10% as given by the stability
of the film (see morphological analysis). The increase in nanoparticle content
leads to a significant variation of the shape of the photoresponse. Initially the
saw-tooth shape was observed as discussed in the previous chapter. Adding
2% of NP reduces the magnitude of the response. In addition a transistion
into the regime with the box-like response can be observed. At nanoparticle
contents exceeding 2% only a smaller but immediate response to x-ray, identi-
cal to the behaviour under reverse bias is observed. By varying the dose-rate
of the radiation we determine the sensitivity of the polymer-nanoparticle
diodes. All devices obey a linear relation-ship between photoresponse and
doserate. The resulting values for S are plotted in Fig. 4.17b as a function
of NP concentration. A monotonic reduction in sensitivity with increasing
nanoparticle concentration is observed. At 10% nanoparticles, the sensitivity
is reduced by a factor of 30 with respect to the pure polymer diode. Thus
although X-ray absorption increases due to the addition of the high-Z com-
pound, no increase in the amount of charge collected at the electrodes can
be observed in this regime. However, the addition of nanoparticles improve
the dark-current properties of the diode detectors. Without nanoparticles
the dark current exceeds 1 uA. Addition of nanoparticles reduces this value
by orders of magnitude to reach a value of 100 pA at 10% loading. This

improvement will impact on the signal to noise properities of the detector.

In reverse operation of diodes a different impact of nanoparticles is ob-
served. In Fig. 4.18a shows the photocurrent as a function of time as recorded
while the X-ray shutter was opened and closed for three intervals of exposure
of 10 s duration. As tested diodes we use as reference the pure PFO polymer
diode while the other diodes contain WO3 nanoparticles up to a maximum
concentration of 10%. For all cases a fast, box-like resonse as discussed in
the previous chapter is observed. Thus we conclude that all diodes follow
the charge collection mechanism. Varying the dose rate allows to plot the
photoresponse as a function of dose rate as shown in Fig. 4.18b. For all NP
concentrations a linear response is obtained allowing to quantify their X-ray
sensitivity. The resulting values are plotted in Fig. 4.18b as a function of

NP concentration in combination with the dark-current of the devices. An
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Figure 4.18: Impact of NPs on diode detector properties in reverse bias: (a)
X-ray photocurrent as a function of time in PFO-diode containing various
amount of WO3 nanoparticles. (b) Plot of the photoresponse as a function of
x-ray dose rate to extract x-ray sensitivities. (c¢) sensitivity and dark current
as a function of NP content. The lines are guide to the eyes.

increase in sensitivity is observed by the addition of nanoparticles up to 2%.
At higher concentrations, no further improvement is observed. Instead the
response seem to be even reduced although a statistically significant analysis
would require more data points. The dark-current is also improved due to

the nanoparticle addition reaching a value of less than 100 pA.

4.2.4 Discussion and conclusion

The performed experiments allow to draw several conclusions about the
improvement of polymer diode X-ray detectors due to the addition of nanopar-
ticles: First the technical difficulty of preparing homogene nanoparticle poly-
mer composite films has to be stressed. As the morphological investigation
has demonstrated aggregation of nanoparticles sets in already at low nanopar-
ticle concentration. In addition viscosity and surface tension of the composite
film vary with nanoparticle content making spin coating difficult. In partic-
ular larger defects and phase separation start to appear at the surface of the
polymer composite at concentrations exceeding 8% for WO3 nanoparticles.
For Bi203 nanoparticles even stronger artifacts were observed. Second, the
addition of nanoparticles has also a strong impact on the electrical properties
of the polymer diodes. Deterioration of diode current in forward direction,

appearance of hysteresis were observed. As a consequence the rectification
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behaviour of the diodes reduced and instabilities in current occur. For Bi203
nanoparticles the effects were pronounced hinting to a connection to their
stronger impact on composite morphology. In general a minimization of
nanoparticle size and dispersion must be the main goal to reduce the deteri-
oration of electrical properties. In addition also the surface functionalization
of nanoparticles has to be investigated in more detail. We hypothesize that
polar or even charge surface groups of the oxide surface are responsible for the
formation of trap states in the semiconductor and related hysteresis. Third,
the impact on x-ray detection properties depends on the regime of diode op-
eration. Here a detailed picture emerges from the study: In forward regime
x-ray detection with high sensitivity occurs via the modulation of the diode
conductivity by x-ray generated charge carriers. Detection in this regime re-
lies on fast moving carriers as the generated photocurrent density results as
the product of generated carriers x mobility x electric field. Reducing the
mobility due to the incorporation of Nanoparticles has a strongly deteriorat-
ing effect on the conductivity modulation which cannot be compensated by
the increase in x-ray absorption. Once the carrier mobility is below a certain
limit, only excitons which dissociate in direct vicinity of the gold electrode
can be dissociated and their charge gets collected. In the reverse regime,
high Z-nanoparticles allow to improve polymer diode detectors, although the
mobility gets reduced. The reason is that the limit for charge collection in
pure polymer diodes is given by the electron mobility, which is already in the
pure material low and results in charge collection only from excitons gener-
ated close to the gold electrode (see 4.1). Addition of nanoparticles reduces
hole mobility but seems to have a low impact on electron mobility. Instead
it increases x-ray absorption and hence an increase in sensitivity is observed.
For PFO the increase amounts to a factor of five. In addition a reduction of
dark current is noted. This could be attributed to a general reduction in dark
current or to an interfacial process probably related to the agglomeration of

nanoparticles at one of the interfaces.
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Chapter 5
Conclusions

Conjugated polymers are promising candidate for radiation detection ex-
ploiting their unique electrical conductivity and photonic properties. They
can be tailored with sensitivity to various particles, such as low energy elec-
trons, protons, a-particles, b-rays, X-rays and g-rays. Conjugated polymers
have a low atomic number, similar to human tissue, as they have similar
elemental compositions. As a result, they have comparable stopping power
and absorption coefficient for radiation particles. This similarity can be ex-
ploited for medical applications, as radiation dosimetry detectors. To result
in optimized X-ray detection properties, polymer diodes must be designed to
achieve (i) high hole as well as electron mobility to maximize charge collec-
tion, (ii) high rectifying behaviour to achieve a low dark current and a strong
signal to noise ratio and (iii) a controlled stopping power which results in low
x-ray absorption when detectors should be applied to medical dosimetry or
maximized X-ray detection for application in X-ray imaging and spectrome-
try. Polymer diodes which combine these properties are still elusive and the
scope of this thesis is to improve on the materials and operation mechanism

of polymer diodes for X-ray detection.

To this aim polymer diodes based on two different semiconducting poly-
mers, polyvinylcarbazole (PVK) and poly(9,9-dioctyluorene) (PFO) have
been fabricated during a 4 month stay at the Max-Planck Institute for Poly-
mer Research, Mainz, Germany. Optimized rectifying behaviour was ob-

tained by using a gold electrode for hole extraction combined with a MoO3
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modified Aluminum electrode for hole injection in forward operation and
electrode extraction. In order to control the X-ray stopping power, high-7
nanoparticle Bi203 or WO3 where added to realize a polymer-nanoparticle
composite with optimized properities. Careful characterization of morpho-
logic properties by AFM, SEM, TEM and XRD gave crucial information
about nanoparticle distribution and agglomeration in the composite. It was
found that only low nanoparticle contents below 8resulted in sufficiently ho-
mogeneous films for reliable diode operation. Further the transport mech-
anism of the diodes was studied by modelling of the IV- characteristics for
diodes of varying thickness. The ideal theory for a space-charge limited cur-
rent (SCLC) was not applicable and had to be extended to account for a
distribution of trap states and a field dependent mobility. As high field mo-
bilities values of 1.3e-5 cm2/Vs and 5e-7 cm2/Vs were obtained for PFO and

PVK respectively which compare to literature findings.

X-ray detection properties of the diodes was performed at the Physics
Department of the University of Bologna. The set of tested diodes contained
device which varying thickness, polymer composition and nanoparticle con-
tent. X-ray induced photocurrents were characterized in forward as well as
reverse operation of diodes. In addition the x-ray sensitivity of the device
was determined by varying the x-ray dose rates. From these experiments the

following conclusions can be drawn:

a) The fabricated polymer diodes worked as direct X-ray detectors with
state of the art sensitivity reaching 14 uC/Gy/cm2 when operated in re-
verse. b) Moreover, the devices offer photo-detection in two different oper-
ation regimes. One providing a fast, box-shaped response with state of the
art sensitivty. The other following a slower kinetics but providing a sensi-
tivity which is two orders of magnitude higher. ¢) A model was proposed
to interpret the two regimes: The first regime based on the extraction of
photogenerated carriers, the second based on the modulation of conductivity
by photogenerated carriers. d) Nanoparticles can improve X-ray sensitivity
by almost an order of magnitude when devices are operated in reverse (box-
shaped photocurrent). In contrast they disturb the photocurrent generated
in forward operation. e) Incorporation of higher content of nanoparticles

(exceeding 8%) is hard to achieve without a significant disturbance of the



homogeneity of the film.
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