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Abstract
The organic transistor is a thin film transistor based on a carbon-hydrogen compounds
(organic) semiconductor. Thanks to the simple deposition techniques of organic
semiconductors, the organic transistor is a candidate for switching elements in wearable
and other low-cost electronics. Unlike the organic LEDs, the organic transistor has not
reached, yet, the performance needed by the industry. The organic semiconductors’ low
mobilities (0.1 cm2/Vs) are hindering the device current density and frequency response.
Vertical organic field effect transistor (VOFET) is one approach to overcome the organic
semiconductors’ low mobilities. In vertical transistors, the channel length is the
semiconductor film thickness, thus it is possible to fabricate a short channel (~100nm)
high-performance device while keeping the fabrication process relatively low-cost and
large-area compatible.
In this work, a structure and fabrication methods for VOFET called patterned source
electrode (PSE) was studied by fabricating and characterizing different structures of the
VOFETs. In the PSE-VOFET, the gate electrode is located beneath the source electrode
and controls the number of carriers injected from the source electrode to the organic
semiconductor. From the semiconductor, the carriers swiftly cross the very short
channel length towards the drain electrode. Using exotic block copolymer self-assembly
technique, fast (~1 µsec) and high current density (3 A/cm2) VOFETs were fabricated. To
obtain more robust process, photolithography was used to fabricate N-type and P-type
PSE-VOFETs with a source insulator layer. The source insulator layer improves the high
on/off ratio (>105). Those PSE-VOFETs were successfully assembled to complementary
inverter circuits and light emitting transistors. Reaching drain saturation regime is not
trivial in VOFETs and most of them lacking the saturation needed to drive OLEDs in
active matrix displays. By improving the fabrication process, a saturation regime was
also achieved.
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This dissertation was written under the assumption that a reader having B.Sc. degree
can read this document continuously without resorting to additional knowledge
sources. Yet, the structure was arranged to ease on the experienced reader to quickly
find one's interest. The first chapter supplies introduction to the two general fields this
work related to thin-film transistors and organic semiconductors and two the narrower
subjects: VOFET and PSE-VOFET. For experimental work, the technical background for
fabrication and characterization is important and can be found in the second chapter.
Three different structures were studied; therefore, three separated result chapters were
written to detail the successful and the less successful (which might be even more
educating) work done in this project. The short last chapter is dedicated to summary
and outlook.
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1. Introduction:
In an engineering research project, the application perspective has an important role.
So, to understand the technological wider context of this work, the first subchapter in
the introduction is dedicated to the thin film transistor (TFT) in general. The second
subchapter provides theoretical background regarding organic electronics before
zooming into the narrower niche. The literature survey is located in the third subchapter
and it is the last background before focusing on this dissertation topic in the fourth
subchapter.

1.1. Thin Film Transistor (TFT)
Assuming the average reader has B.Sc. in electrical engineering or equivalent knowledge
from nearby fields, elaborating on the importance of transistors to our age is probably
inessential and this subchapter will begin from discussing more specific term: TFT. The
main application for TFT is displays1,2, lagging are other applications that the current
commercial TFTs performance cannot support or too expensive for wide use, like epapers and radio frequency identification (RFID) tags. TFTs may be suited for many new
applications popping up rapidly as part of the new trends like wearable electronics and
internet of things (IoT).
The TFT was developed, initially, parallel to the metal oxide silicon field effect transistor
(MOSFET) more than fifty years ago3, and patent in the twenties of the past century. The
MOSFET downscaling potential for integrated circuit (IC) application drew most of the
community attention and the TFT field was not well developed. The main and almost
the only, advantage of TFT over MOSFET is the cost per area. So only when liquid crystal
displays (LCD), a large area application, was feasible the interest in TFT revived and
amorphous silicon (a-Si) meet the LCD requirements.4 The research community did not
stagnate after the a-Si success. A higher mobility TFT were developed since it was
believed that future applications will require higher mobility. Low-Temperature
Polysilicon (LTPS) were devolved right after the a-Si TFTs5, but the a-Si was cheaper and

6

was good enough for the display industry demands. LTPS TFTs are used instead of the
silicon ICs needed to drive the display. After the organic light emitting diode (OLED) was
developed and active matrix OLED (AMOLED) display applications became feasible, LTPS
TFTs are also developed to drive the OLED pixel6. However, the new displays
applications have different requirements such as flexibility, stability, transparency and
all with minimal cost. The silicon technologies (a-Si and LTPS) are struggling to achieve
those requirements and leaving a wide room for other new technologies.
1.1.1. Principal of operation
In general, the principal of operation of TFT is similar to the MOSFET, the electrical
current through a semiconductor is modulate by a perpendicular electric field generate
from a gate electrode which insulated from the semiconductor. The electric field affects
the charge carrier in the semiconductor and hence the conductivity between the source
electrode, across the semiconductor, to the drain electrode is drasticlly changed. At a
deeper perspective, the device's principal of operation diverges and to discuss the
differences first the different structures should be learned.

Figure 1-1: N-type transistors structure, MOSFET, and TFT.

The most important difference is the substrate, that difference also leads to each device
relative advantage. In MOSFET, the substrate is also the crystalline semiconductor layer,
therefore it highly ordered with high mobility and high areal controlled doping. The TFT
substrate has no electrical role, only mechanically role to hold the layers together, so it
can be transparent glass or flexible plastic. The semiconductor layer, in TFTs, is normally
intrinsic and the type of semiconductor defined by the natural properties of the
7

semiconductor. Since the semiconductor is applied and not grown like crystals, it has
lower mobility. MOSFET has oppositely doped parts underneath the source and drain
electrode thus carries drifted from source to drain will be blocked by a reverse biased
PN junction as long the substrate behaves as a P-type semiconductor. When positive
electric field will be applied from the gate, electrons will be collected in the gate
dielectric-semiconductor interface to form a thin inversion layer, and then electron can
drift freely from source to drain and the transistor considers open. While in TFT there is
no need for doped parts, the relatively intrinsic semiconductor is not well conductive
and only when a positive electric field will generate an accumulation layer of electrons
the transistor will conduct well. Although, MOSFET works at depletion mode while TFT
works at accumulation, the devices current equations have the same form for on state
since in both the amount of charge collected by the gate capacitor and conductivity of
the semiconductor are the most critical parameters. The current equations for linear
and saturation regimes:


VDS2 
W
 Cox  VGS  Vt VDS 

L
2 


(1)

Linear : I DS

(2)

Saturation : I DS 

W
2
Cox  VGS  Vt 
L

Where IDS is the drain-source current, W and L are the channel width and length, COX is
the channel-gate capacitance, µ is the semiconductor mobility, VGS and VDS are the gate
and drain bias relatively to the source. Vt is the threshold voltage of the device, normally
it will be calculated empirically from current measurements using different methods.
However, in MOSFET it can be calculated theoretically if the dopant density in the
semiconductor and trapped charges in the oxide are given. In some works, VON is used,
this voltage indicates the gate bias that matches with the starting point of drain-source
current amplifying.
The on-state current density should be as high as possible so the TFT resistance could be
low. The off-state current density should be as low as possible so leakage and power
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waste will be minimal. An important property of a TFT, if not the most important, is the
on/off ratio. It calculated by dividing the maximum on-state current by the typical offstate current. This property indicates how well the TFT operate as a switching element.
Normally, TFTs has on/off ratio of about 106. Subthreshold swing (SS), defined in
equation (3), is the inverse of the maximal transfer curve slope. It values how much gate
voltage should apply to modulate the currents. Commonly, SS value should be less than
one and much lower for high speed and low power applications.
(3)

 d log  I DS  
SS  

 dVGS 

1

Gain, the last property which will be presented, is less used in TFTs which are FETs, but
mainly in use for bipolar junction transistors (BJTs) since the controlling electrode (base
or gate) is not always well insulated. The gain is the ratio between the on-state drainsource current to the gate current at the same work point. It should be as high as
possible. Gain may also be used for defining the amplification of another signal, like
voltage, by a transistor but in this documented it will be used solely for currents. The
different properties of the TFT are demonstrated in Figure 1-2.
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Figure 1-2: TFT transfer characteristic, drain-source current marked in red, gate in black.

1.1.2. TFT technologies
Before elaborating on the current TFT technologies, their potential and challenges, it
should note that layers structure is not fixed and there are four main structures which
presented in Figure 1-3. The structures differ in the position of the electrodes relatively
to the semiconductor layer. Or in other words, the main different between the
structures is the layers' order of deposition on the substrate. In microelectronic, the
properties of the interface are affected by the order of deposition and surface
treatment in between depositions, so the structure of choice is depended on the
materials used as semiconductors, dielectrics, and contacts and their applying
techniques. The gate parasitic capacitance is also varied among the designs and affects
the designer choice. In most applications, the TFT's are part of a system with capacitors,
OLEDs, and other electrical elements. The structure of choice should be compatible with
the other components and if one fabrication step can be reduced by switching the
structure that might be the decisive consideration.
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Figure 1-3: The four main TFT structures.

Current TFT technologies are based on four major semiconductors families: Silicon,
organics, metal oxides, and carbon. The fact there is more than one family indicates that
none of them satisfies all the TFT applications requirements. Very briefly, the materials
family will be discussed besides the organics which will be discussed in the next
subchapter a bit more deeply.
Silicon TFTs divided into two major groups: a-Si which has no atomic order at all and
therefore has a low mobility of about 1 cm2v-1s-1. In polycrystalline silicon, the silicon
atoms have crystalline structure but the crystals have small size (10nm to few µm) and
between crystal to crystal there are grain boundaries which limits the mobility (30 - 300
cm2v-1s-1). LTPS TFTs have higher performances so they are in use for driving the entire
displays and to drive a pixel in some AMOLED displays. Low-temperature, in LTPS, is
relative to the very high temperatures in the MOSFET fabrication. LTPS has deposition
temperature of about 500oC which is not suitable for plastic flexible substrates,
therefore top gate top contacts structure is in wider use so the other layers would not
be exposed to the very high temperature. LTPS TFTs have other two major drawbacks,
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their processing cost is much higher than a-Si and have large variance in mobility which
harming the uniformity when used in large-area. The a-Si TFTs are in use for about 25
years in the LCD displays2, normally in bottom gate top contacts structure to protect the
light sensitive a-Si. To improve its electrical properties, hydrogen is introduced in the
processing of a-Si to passivate the dangling bonds. Low-cost and low-temperature
processing are the reasons why a-Si is still in wide use but for AMOLED applications it is
not good enough. If turned on in continuous mode as needed to drive an OLED, unlike
LCD which the load is a capacitor, the a-Si become electrically unstable and the TFTs VT
shifts to higher voltage. Both a-Si and LTPS mobilities have relatively high strain
dependence.7 Recently, microcrystalline silicon was also introduced to TFT field after
tested for other devices. It deposited as a-Si but with slower rate and polycrystalline
structure offering higher mobility of 10-20 cm2v-1s-1.8
Metal oxides, mostly just called oxides or amorphous oxide semiconductor (AOS), are
drawning an increasing interest in the past 15 years. Although some works of TFTs with
tin and zinc oxide reported in the sixties9,10, oxides did not regard as a potential
candidate to replace a-Si until newly reported works in 200311,12. Since then, flexible
AMOLED displays using indium-gallium-zinc oxide (IGZO) TFTs were demonstrated by
the industry13. Oxides mobilities vary between one to hundred cm2v-1s-1 depending on
the material and deposition method. As the process temperature is higher,
unfortunately, the resulting mobility is higher. However, some room temperature
processes offer higher mobility than a-Si and transparency which crucial for transparent
LCD displays applications. In general, oxides processing should be less expensive than
LTPS, better uniformed and has less strain dependance7. In the last years, there
attempts to develop a solution based process using oxides, yet reaching above 10 cm2v1 -1

s using less than 500oC was not achieved yet. So far, oxides TFTs are only N-type, also

stability issues has not fully solved.
Carbon based semiconductor are normally referred to graphene and carbon nanotubes
(CNT). The interest in them grows rapidly in the past twenty years. Those carbon-based
materials has enormous high mobility even compare to single crystal semiconductors
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and some outperform the silicon fin FET14. The deposition of those materials requires
very high temperature so direct deposition is problematic but many transfer techniques
(solution process among them) are studied and TFTs based on carbon semiconductor
are reported lately. On/off ratio in most devices is still an open issue since one layer of
graphene has no band gap and CNT fabrication is hard to control and some metallic CNT
can deteriorate the TFT performance15.

1.2. Organic Semiconductors (OSCs) – Theory and Applications
The new concept for TFT discussed in this work is not solely designed for OSCs.
However, since the only semiconductors used in this work are organic, the OSCs will be
discussed in the next subchapter. The OSCs will be used to explain the general concept
of amorphous semiconductors and other applications for OSCs will be presented. The
organic TFT will be discussed separately.
Although there are reported works on the electrical conductivity of organics materials
before the Nobel prize work by Shirakawa et al. from 1977 16 about conducting organic
polymers, reading reviews in the literature generates the feeling that this work was the
opening shot of the field. The OSCs are made from carbon and hydrogen atomic with
optional additives of nitrogen, sulfur, and oxygen. The OSCs are insulator by nature
since they are intrinsic and have relatively wide band gap such that at equilibrium there
are no charge carriers to conduct current. Being semiconductors means that upon
excitation through charge injection, photo-exciton or doping they can be made
conductive. Those materials can be completely disordered on the intermolecular level,
fully crystalline, or anywhere in between. They are divided into two primary groups,
small molecules, and polymers. Small molecules were only deposited by evaporation but
recently work of solution processed small molecules were reported,17 polymers solution
processing is known for many years but they are too heavy to be evaporated.
1.2.1. Amorphous semiconductors theory
In ordered inorganic semiconductors the physical picture is more commonly known.
Every atom is donating one state but because the electrical potential is periodic, this
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state becomes delocalized. In the OSC, things are quite different, first, the unit that
holds a state is made from at least few atoms (molecule or segment of it) and not just
one atom. The carbons covalent double bonds are backbones of the molecules. The first
bond called sigma bond (σ) and together with the two other bonds, normally to
hydrogen atoms, defines the plane and most of the mechanical strength of the
molecule. The second joined bond of the two carbons named pi (π) bonds. In those pi
bonds, the orbitals are located above and below the molecular plane so if the molecular
chain contains more carbon atoms the pi orbital will be shared among them. As longer
the chain, the sharing of pi orbitals form more degenerate energy levels which are being
occupied from the low-energy state to the high-energy state by the carbons native
electrons. The highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular (LUMO) orbital are the organic analogs to valance and conduction bands.

Figure 1-4: (a) energy splitting caused by a two carbon atoms covalent bond. (b) energy levels
as a function of the number of carbon atoms in a chain18.

Besides having a different basic unit, the OSCs also have normally very low order at the
intermolecular level compared to inorganic crystalline so no periodic potential exists in
those materials and the states are localized on the molecules. Some OSCs crystals have
more intermolecular order and normally they hold the high mobility records of OSCs.
Although localized, the charge carriers can transport between molecules by hoping with
the assistance of phonons19 and applied electric field can accelerate this process. The
lack of periodicity causes variation in the electrical environment of each molecule so its
LUMO and HOME level are shifted. Due to the law of large numbers, the typical density
of states can be approximated as having a shape of two Gaussians (Figure 1-5d) without
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an absolute definition where the bands begin or end, since the tails of those Gaussians
creates some states in every energy level. Those small amounts of states in between the
two main Gaussians behave normally as traps. The band gap is usually considered
between the means minus one to two variance values of the two Gaussians. In OSCs the
band gap is usually large, about 2-3eV, therefore the number of thermal carriers is low
at room temperature and the OSCs generally behaves as insulators.

Figure 1-5: Illustration of electrical potential and density of states. (a) and (b) for order
periodic semiconductors. (c) and (d) for organic semiconductors materials.

The OSC molecules are bound with a weak van der Waals force and form a soft solid at
room temperature. The weak structural constraints causing a charge carrier to be
coupled with mechanical displacement together called polaron. The physics of the
amorphous OSCs dictated inferior electrical properties compared to the ordered
crystalline semiconductor, the OSCs top mobilities, so far, did not exceeded 10cm2v-1s-1.
Yet, it enables other optical and mechanical properties that the inorganic crystalline
semiconductors are lacking. The soft structure offers flexibility and low-temperature
processing. Also due to the weak bonding between molecules, the optical properties of
the single molecule do not change significantly in film, easing on research and
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engineering20. Organic chemistry is well developing so playing with desired OSC to tune
its band gap to selected application or adding side group to improve solubility is
relatively simple. Biology is made of organic materials, so interaction between
electronics and living tissues is better to middle with organic electronic20,21. Organic
electronic waste is biodegradable which may result in cleaner and more environmentfriendly technology than the inorganic one. Water and oxygen affect the OSCs electrical
stability, so encapsulation is crucial for almost all applications.
1.2.2. Organic electronic applications
The most known organic device is the OLED. In the last 30 years, since Kodak research
laboratories presented a practical OLED22, their technology matured to a commercial
mass production for displays. OLED have become so popular thanks to enabling high
contrast active matrix displays, unlike the passive LCD displays which implement
shuttering of an always-on light source. The OLED’s relative simple fabrication made it
possible to fabricate them in small pixel sizes. A commercial OLED lighting is also
available for the past five years yet it is still not as common as the inorganic LED lights
due to cost and power efficiency.23 Light harvesting is another application suitable for
OSCs due to their high absorption. The organic photovoltaic (OPV) cell research is
increasing in the past twenty years and recently crossed 10% power conversion
efficiency. The low dielectric constant of the organic materials and the high localizing is
causing the photon to induce an exciton with high binding energy. Improving excitons
dissociation is normally archived by using bulk heterojunction design.24 The main
advantages of the OPV are low weight panels and low-cost fabrication. Since the
absorption is high, the organic photodiode is also being developed nowadays by
academic and industry, mainly as flexible X-ray sensors for medical imaging or to
improve performances of digital cameras. To achieve full organic electronic together
with the OFET also organic memory devices are subject to academic research.
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1.2.3. Organic Field Effect Transistor (OFET)
OSC TFTs, normally known as organic field effect transistors (OFETs), first appeared in
the late 1980's25 and since then widely researched. Lately, OFETs are used commercially
in e-paper applications and even some companies made a demonstration of AMOLED
displays using OFETs.26 The mobility calculated from OFETs curve is normally in between
0.1-10 cm2v-1s-1, which can be higher than the a-Si. Many efforts were, and still made, to
improve their mobility so OFETs can be used in applications that require high current
density or high speed like standard 13.56 MHz RFID tags27,28. Initially, P-type OFETs were
more common, developing more compatible gate dielectrics for OCSs or using surface
treatments for inorganic dielectrics29 together with discovering new N-type OSCs with
better air stability30,31 bridged the initial gap so now N-type OFETs are also common.
Morphology also has large influence on the mobility, since the overlapping of pi orbitals
between molecules dictates the probability for successful hoping32. The deposition or
printing technique and surface treatments have huge impact on the morphology.
Another consideration in the intrinsic OFETs is contact resistance, as the OSCs mobilities
are increasing and channel length become smaller, the contact resistance effect become
more dominant33. The OFETs processing is done at room temperature and some OSCs
has a very low strain dependance7 so their main advantages are low-cost large-area and
compatibility to low-weigh flexible substrates. Beside using evaporation techniques,
OFETs can be fully printed using sheet-to-sheet and even roll-to-roll fast techniques like
inkjet, spray coating, gravure and many more34. They can be found in all the four
structures of TFTs (Figure 1-3). Considering all their properties, OFETs has a major
advantage in applications like artificial skin and other medical applications or sensors.
Yet, to fully commercialize the main challenge is to produce a high current density OFET
with fast response time to support high-performance AMOLED video displays while
keeping the fabrication process simple and low cost.
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1.3. Vertical Organic Field Effect Transistors (VOFET) – literature review
Examining again equations (1) and (2), one can notice that decreasing the channel
length (L) can compensate for low mobility value. Increasing the capacitance (COX) will
have the same effect in terms of current density but will decrease the device frequency
response. Shortening the channel would not hinder the frequency response but should
improve it35. Advanced lithography methods can generate TFT with submicron channel
relatively easily. However, that approach would counteract the OFET advantage of
simple processing and low cost. Low on/off ratio and high contact resistance are
problems that also popping up with the channel shortening using fine lithography. The
vertical approach made to enable fabrication of short channel devices using simple
tools. The approach unites few different design concepts which will be discussed in this
subchapter. In general, this research area is growing in the past few years as can be seen
in Figure 1-6. SE-VOFET: Step-Edge VOFET will be addressed in 1.3.1. OPBT and OSIT:
Organic Permeable Base Transistor and Organic Static Induction Transistor will be
presented together in 1.3.2. OSBT: Organic Schottky Barrier Transistor and VOFET are
referring to the same design concept as the subject of this dissertation and will be
discussed in 1.3.3.
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Figure 1-6: Number of publications in the field of vertical organic transistors from 1994–2015.
Take from literature.36

1.3.1. Semi-vertical design
The semi-vertical design concept has the same principle of operation as the organic TFT.
The gate inducing accumulation, it differs only by the channel creation process. If in
OFETs the drain and source electrodes are printed or fabricate on the same fabrication
step and the process resolution define the channel length, in the semi-vertical design
the two electrodes will be processed one after the other with insulator deposition step
between them that generate vertical separation. For example, in Figure 1-7 semivertical structure reported by Parashkov et al37 is presented. In those devices, the
charge carrier is drifted along the OSC layer which is not fully parallel to the substrate
but not perpendicular to the layer stacking plain like in the two others vertical design
concepts. So in the semi-vertical, the current flows along the gate dielectric-OSC
interface like regular OFET while in the other design the current flows through the bulk
like in OLEDs.
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Figure 1-7: Illustration of semi-vertical design, before OSC, gate and gate dielectric deposition,
(a) cross section and (b) 3D view. (c) Cross-section of the complete device. Take from37

Since 2003, more works with this design structure were reported by different
researchers38-41. Those works showed current density above 10 A/cm-2, much higher
than needed to drive an OLED, good on/off ratio (above 105) and operate frequency
higher than 500KHz when fabricating on a silicon substrate. When fabricated on a
flexible substrate the performances are not as high, probably achieving those 3D
structures using silicon technology is more stable than other techniques. The main
challenge in this design is to assure the spatial separation between the source and drain.
This separation is dependent on the slope of the insulator step between the electrodes
and in the direction of the second electrode deposition. Miss-alignment between the
electrodes, even in small part of the device, can significantly decrease the on/off ratio
and even to short the device completely. This structure has one major drawback, it is
not suitable for integration of the transistor and OLED to one device, unlike the other
vertical designs, which can be very useful for AMOLED displays. Furthermore, in the best
devices with very short channel a clear drain saturation regime was not well
demonstrated.38,39
1.3.2. Organic triode
The works following this concept has fully vertical structure, they also looking very
similar to the devices in this work but has very different operation mechanism. In some
works, the electrode called emitter, collector, and base (Figure 1-8a) like in BJT, while in
other works source, drain, and gate (Figure 1-8b) like in FET. Yet, both share the same
mechanism as the old static induction transistor42. Carriers injected from one electrode
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(source or emitter) drift towards the second one (drain or collector) through the third
electrode which can modulate the current by generating a potential barrier. Although
reminding the operation of BJT, only one type of carriers is in use in the organic triodes.
To achieve high transmission the base electrode should not be continuous. However, if
the openings are too large the device would not turn off efficiently. This trade-off leads
to challenging fabrication. The device is studied by several groups suggesting different
fabrication methods and showing very high performances. One method rely on
nanoscale opening created by spontaneous oxidation of an aluminum base electrode4345

. Other techniques are better controlled and based on polystyrene nanoparticles

lithogtphy46-48 or more conventional lithography some on flexible substrates49. Those
works reported high current density (10 A/cm-2) at a megahertz operation regime even
when using only few volts. One work is even reporting a saturation regime50. Upscaling
those fabrication methods is not trivial and might reveal some challenges. Another
problematic issue with the organic triode concept is the insulation of the base electrode.
Such insulation is important in order to obtain a high current gain. So far, the devices
gain do not accede 103.

Figure 1-8: Organic triodes structure, (a) known as permeable base51 (b) as static induction45.

1.3.3. True VOFET or virtual contact organic device
The virtual contact might look alike the organic triode but its operation mechanism is
different. In this design, the sandwiched electrode is the source electrode and its
injection properties can be modulated by the gate electrode the commonly located
below. This concept was demonstrated firstly, using OSC, at 2004 52 and it presented in
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Figure 1-9(a). Ma and Yang were using a high capacitance dielectric material in order to
achieve the current modulation. Initially, they thought that due to high roughness, in
certain spots the electrode is thin enough to enable the strong capacitance field to
penetrate through. However, the device worked because the aluminum source
electrode was not fully continuous and through those opening the electric field
penetrate Figure 1-9(b), it was reported only in 200753,54. By 2006, two other groups
were already working on similar devices but with discontinuous source layer. Tessler’s
group55 developed the patterned source electrode (PSE) VOFET which is discussed in the
next subchapter (1.4). Kudo, together with three research centers, reported a successful
vertical organic light emitting transistor (VOLET) with finger shaped source electrode
fabricated using shadow mask evaporation56. This device has a low on/off ratio and
lowers current densities compare to Ma’s device which outperforms the OFET in that
time36. However, Ma’s device has a high dielectric layer and had to work under a humid
atmosphere, and its high capacitance limited the device frequency response. To the
author knowledge, there no new reports of high capacitance spontaneous discontinuous
source layer since 201057.

Figure 1-9: (a) First reported virtual contact organic structure52. (b) transmission electron
microscopy (TEM) image of the source electrode54.

After only two years, the finger shape source electrode showed great improvement and
even demonstrated 16X16 VOLET display with additional conventional OFETs58. Since
then, the finger type VOFET was picked up by three more groups59-61. The figure type
(Figure 1-10a) VOFET has nice results and simple processing, the finger shape electrode
22

enabling to fabricate VOFET and OFET in the same process for research purposes. It
should be noted that the active part in those devices is not very large since only the
edge of the source electrode is contributing to the device current. A basic structure of
the finger type structure is being studied as a memory device 62. Other techniques to
process a discontinuous source layer by using metallic nano wires63 and CNTs64 were
reported as well. Although those techniques are more challenging and no later work
were reported using metallic nanowires, the CNT-VOFET devices, after several reports,
showed good results65 and spun out from the academy as a commercial company,
nVerpix. A new popular design which based on graphene electrode is being reported in
the past few years66-69 (Figure 1-10b). The carbon-based technology raises new
challenges since those materials are quite new and their fabrication and processing still
under development. Contact resistance is an issue for a long carbon based electrode.

Figure 1-10: Illustration of VOFETs, (a) finger structure59, (b) graphene based69.

1.4. Patterned Source Electrode Vertical Organic Field Effect Transistor
After zooming-in from TFT to OFET to the different vertical devices, finally, the PSEVOFET is being discussed. The PSE concept is not bounded to particular electrode
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material like the carbon based structures and different electrodes can be used according
to the desired OSC layer. The first published work of PSE-VOFET was done by BenSasson et. al. 70. The PSE was fabricated using self-assembly based lithography (detailed
in 2.2.1 and 3.1) and with C60 as the OSC layer. The device operation principle became
clearer after the theoretical and numerical work of Ben-Sasson71. Later works showed
that the structure can be used with different OSC (N2200) or be fabricated on alumina
dielectric layer using low-temperature process72,73. At that point, the work detailed in
this dissertation has begun. It should note that since then two other research groups
started to study the PSE structure as well. Kuem used conventional lithography to
demonstrate the light emitting potential of this structure 74. Yu used polystyrene
nanoparticles to pattern the source electrode75 like others did for the organic triode
(1.3.2) since practically it is the same spatial structure. Looking back, the different PSE
structures that were studied in this work can be divided to three generation each will be
introduced in separated subchapters.

Figure 1-11: Illustration of PSE-VOFET, (a) 3D view, (b) cross-section of one hole (along the red
dashed line in (a)

1.4.1. First generation – Gen I
The Gen I refer to PSE-VOFET In which the source electrode is made from one
conductive layer. In our group, gold and titanium layer for adhesion were used in all
working devices. The low work function of the gold source electrode, about 5eV, forms
an injection barrier for electrons to the higher LUMO level of most N-type OSC. Since
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typically OSCs are intrinsic and undoped and have a large band gap, without
illumination, injection is the only way to improve the OSC conductivity. The number of
carriers in the OSC interface with the electrode in equilibrium is defined by equation (4):
(4)

 q 
n  N 0 exp   b 0 
 k BT 

Where n is the electron density, N0 is the total density of states in the OSC, q is the
electron charge, φb0 is the injection barrier energy in equilibrium, kB and T are
Boltzmann constant and the temperature. The electric fields in the device affect the
energy barrier by reduce it so injection increases. The off current is dependent on the
drain voltage; an off-state current density equation is suggested by Ben-Sasson76,
equation (5):
(5)
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Where µ is the OSC mobility, ε0 and εr are absolute and relative permittivity, Loff is the
channel length in off state which defined from the top part of the source electrode to
the drain. FF is the fill factor, the ratio between holes to the entire covered area. Once
the gate is fully activated the strong electric field induced major injection that forms a
virtual contact. On on-state the contacts are no longer limiting the current and the
current is limited by the OSC transport properties so the current density should behave
as space charge limited (SCL). The current is multiplied by the FF which is the effective
area of small holes (<100nm), as presented in equation (6):
(6)

V2
9
J ON   0 r  DS3 FF
8
L

Here L represents the channel length from the virtual contact, located next to the gate
dielectric-OSC interface, to the drain electrode. To visualized the different regimes,
charge density distributions in the OSC layer under different gate bias calculated by
COMOSOL model of one Gen I unit cell (one hole) are presented in Figure 1-12. Without
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gate bias (a), the charge distribution is relatively uniform. Under gate bias (b) and (c), a
strong accumulation appears inside the source hole. From there, carriers are diffused
and drift towards the drain electrode and a channel is present. In this work, Gen I
devices were used for time-resolved measurements, in the third chapter (3) and as
control samples in the fourth chapter (4.3.2).

Figure 1-12: 2D COMSOL simulation results of normalized charge density in the OSC layer
under drain bias. (a) Without gate bias, the electrodes boundaries were added. (b) Minor gate
bias, the formation of the virtual contact. (c) Major gate based, virtual contact saturated.

1.4.2. Second generation – Gen II
The Gen I structure has an intrinsic flaw; the top source electrode which exposed to
electric field from the drain does not contribute to on current but generate undesired
current even when the gate is unbiased. The simulation reassures it and even in
Figure 1-12(a) it can be seen that next to the top part of the source electrode there is
higher charge density. In Figure 1-13(a) the different current source surfaces are marked
with arrows. To reduce this unwanted current, the top surface of the source electrode
should insulate from the OSC layer by adding another insulator layer, Figure 1-13(b).
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Figure 1-13: Cross-section illustration of PSE-VOFET. (a) Gen I, black and red dashed arrows
indicate the on and off currents. (b) Gen II structure with source insulator.

Using insulator would not fully eliminate the off current; same of the drain electric field
will affect the sidewalls of the source electrode and generate current from there. A
better solution might be using another conductive layer on top of the source electrode
but with a different work function such that will cause a high injection barrier. The high
barrier will reduce the injection form the top surface and the conductive layer will also
shield the bottom source layer, the hole’s sidewalls which are more prone to injection,
from drain electric field. Fabricating Gen II devices is a major part of this work and
detailed in the fourth chapter (4). Almost all the tests were by adding insulator layer but
attempts to use conductive layer are found in 4.2.4.
1.4.3. Third generation – Gen III
Since Gen II still has drain influence on the device current, the Gen II PSE-VOFET does
not reach drain saturation. Drain saturation is important for some application when the
transistor is used as a current source. Besides shielding the source electrode, which was
not successful, another structure can protect the source sidewalls from the drain
electric field. This structure, presented in Figure 1-14(b), is called Gen III and it has two
major adjustments. The first is extending the source insulator to the source sidewalls.
And second in adding a thin OSC below the source electrode, also called buried layer in
this work. The purpose of the buried layer is to compensate for the lack of injection
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interface due to the sidewall coverage with an insulator. The new source-OSC interface
is located under the grounded source and therefore is better shielded from drain
electric field. The fifth chapter 5) is dedicated to simulations and experiments of Gen III
structure.

Figure 1-14: Cross-section illustration of PSE-VOFET. (a) Gen II, red dashed arrows indicate the
electric field from the drain. (b) Gen III structure with side walls source insulator and buried
OSC layer.
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2. Methods and techniques:
When conducting an experiment for the first time the outcome probably will be
different than expected, commonly because most of the elements used are far from
being ideal. Therefore, every process may cause unintended effect and every
measurement containing some level of noise. For analyzing the result and
understanding them, one should know the possible consequences of each fabrication
process and the limitations of the measurement tools. This chapter is written for
readers unfamiliar with the micro/nanoelectronic fabrication or characterization. It
supplies essential technical background needed to understand those techniques and
also some important key points required to repeat the experiments. Most of the items
in this chapter could be a topic for Ph.D. themselves, for broader understanding, it is
recommended to use additional sources of knowledge.

2.1. Film deposition techniques
Since the subject device of this research is made of thin films understanding the
different techniques a film can be deposition is necessary. In this subchapter, various
deposition techniques which were used in this research will be explained briefly. A vital
property of a film is the film coverage especially in vertical devices where the layers are
stacked. A film deposition leaving uncovered area can lead to a short or open circuit. A
Few attributes of the materials and deposition technique affect the film coverage:


Adhesion – In film context, is the tendency of two surfaces to cover and stick to one
another. The adhesion is depended on the inter-molecules forces between the two
materials and between the medium to the deposited material. The deposited
material cohesion is also affecting the outcome of the deposition. Although poor
coverage due to low adhesion can be compensated by thicker layer deposition, the
resulting film may detach later on during the processing.
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Surface Roughness – The surface roughness affects the optical and mechanical
properties of a film. From film coverage point of view, high roughness may lead to
bad coverage of the next film. Depending on the deposition technique, roughness
may build up during the processing and therefore it is important to start deposition
on a smooth surface. It also advised avoiding high roughness depositions at the
beginning of the fabrication process.



The directionality of the deposition – One example is fully isotropic deposition, in
that case, on all surfaces, the deposition rate will be the same. That is the case in
most chemical depositions or physical depositions accruing at low vacuum (instead
of high vacuum). The contrary case is one single direction deposition, may also be
called anisotropic. Meaning, the deposition rate is correlated with surface’s normal
vector projection on the deposition direction which is very common at physical
depositions at high vacuum. The directionality of the deposition determines the step
coverage of the deposition.

2.1.1. Evaporation
Evaporation is one of the oldest thin films deposition methods 77. Thanks to its simplicity
the method is still widely in use. The source material is being heated in a very lowpressure environment, so the mean free path of emitting particles (atoms or molecules)
is large enough for them to reach the target surface. The evaporated particles cool
down once hitting the samples, which normally placed above the source, and then
condensed on it. Since the deposition is based on physical and not chemical interaction,
the deposition rate is barely dependent on the substrate, and the processes occurred
previously to the deposition. However, if the adhesion between the newly deposited
layer to the layer below is poor, the new layer will be easily scratched and removed. And
when evaporating a very thin layer (few nm’s), the film coverage is dependent on the
adhesion.
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It is possible to monitor and control the deposition rate during the process. A
piezoelectric sensor can monitor the evaporate film thickness very precisely after simple
a calibration (maybe to add). And the deposition rate can be controlled by adjusting the
power of the heating element. The two most common techniques to heat the source
material are thermal heating and electron beam. In thermal heating, a tungsten element
(wire or filament) is being heating by electric current. The source material can be placed
directly on the tungsten filament or in a ceramic boat warped with tungsten wire.
Electron beam normally used for higher temperature is needed. Electrons are emitted
from the cathode by high electric field and tuned by a magnetic field to hit the source
material and heat it. It is important to monitor the deposition rate; too fast rate may
damage the layer below and generate a rough layer. In Appendix A – Evaporation rate
effect, an experimental comparison between two rates are presented. It is also
important to monitor the vacuum level of the system since the heating can cause
releasing of gas which increases the pressure and cause contaminations in the deposited
layer. Modern evaporators operate at base pressures lower than 10-6 mbar.
The deposition growth is very directional dependent due to its ballistics behavior;
therefore, features of 100µm can be patterned by using a shadow mask. The samples
are often rotated above the source to achieve more uniform films. It also improves the
step coverage.
In this work, all the electrodes were deposited by evaporation, same by thermal
evaporation and some with e-beam. Some of the OSC were also evaporated. Only small
molecules can be evaporated; polymers are too big. Also, same oxides were evaporated.
Some were deposited by a similar method called sputtering. In sputtering the source is
being bombarded with ions which cause the deposition to be more isotropic. Sputtering
process can be done in higher pressures than evaporation resulting in more isotropic
deposition.
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2.1.2. Chemical Vapor Deposition (CVD)
A thin film can be grown by a chemical reaction between materials at gas (or even
liquid) phase to the substrate. There are many different deposition systems found on
that principal. In most of them, the substrate is placed in a sealed chamber with several
controlled gasses inlets. The pressure and temperature in the chamber are regulated
during the process according to the values defined for a specific deposition process.
Depending on the specific system, the chemical reaction may be activated by plasma
and occur in the chamber volume or on the substrate itself.
The chemical behavior of this method affects the deposition in two aspects: First, the
deposition is very dependent on the layer on which the deposition is occurring on it. Not
only the material which the layer in made of but also the surface process may affect the
deposition rate and in some cases, there would not be any deposition. It is common to
have a cleaning as the first step in the deposition process to improve reproducibility and
uniformity. The cleaning is usually done by ions generated by the plasma. Second, the
deposition growth direction is wider than evaporation deposition, and in some process,
epically in monolayers depositions, the growth is completely isotropic.
Two CVDs system were used in this work, both for depositing insulating and dielectric
layers. Plasma enhanced CVD (PECVD) was used to deposit SiO2 as source insulator. The
plasma is generated by a low-frequency electric field induced from two electrodes, at
the bottom and top of the chamber. The substrate is placed on the lower electrode, the
directionality of the electric field affects the deposition growth. Therefore, the process is
not completely isotropic. The second CVD system was used is molecular vapor
deposition (MVD), used mainly for alumina films for a gate dielectric. In MVD no plasma
is used for the deposition, besides cleaning at the beginning, the only chemical reaction
between the injected gas precursor and the sample. In the each step a precursor is
injected into the chamber and forms a monolayer with opened bond for the next
precursor. The chamber is vent before the injection of the second precursor. Due to the
monolayer growth, the deposition will occur on every exposed surface regardless of its
orientation, as long the surface is chemically suited for the first precursor.
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2.1.3. Spin coating
A film can also be deposited from solution. When volatile solvent, which contains the
desired material dissolved in it, evaporates the dissolved materials remains on the
substrate as a film. The substrate is attached by vacuum to a stage that can rotate at
high speeds (several kRPM) to coat the substrate uniformly. Besides spreading the
solution, the rotations affects the amount of solution left on the substrate and hence to
the resulting film thickness. Along with the rotation speed, there are many more
parameters affecting the thickness and quality of the film. The adhesion between the
substrate and the solution is important. If the adhesion is poor, the film will not be
uniform and some even completely missing in some areas. Surface treatments, such as
heating to evaporate water from the surface, are very common to be used right before
the spin coating. If the adhesion is good, the new film will easily coat even a rough
surface and even to make it smoother. However, large particles can harm the coating
and leave large areas uncoated. Depending on the adhesion, spin coating can have very
good film coverage and good step coverage. The concentration of the solution is also
influencing the film thickness. The acceleration of the spinner may also affect the
resulting film.
For many applications the morphology of the resulting film is important. The
morphology is dependent on the surface and deposited materials as well. Recent works
indicate that adding a few co-solvents can dramatically change the film morphology78.
Spin coating was used mainly for photoresist coating and also for some OSC coating. In
all the processes the solution was drizzled while the substrate was not rotating. The
rotation started right after the casting was done. Many different spinners were used, all
of them with high lid. The presence of lid next to the substrate changes the air flow, so
the drying of edges and corners are changed as well. To fully remove all the solvent,
after the spinning the samples usually left on a hot plate for a short time.
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2.2. Patterning
To fabricate a patterned source electrode, a pattern or reverse pattern should be
generated at the mask layer, on top of the sample. Then the pattern can be transferred
into the desired layer above or below the mask layer. In this subchapter, two pattern
generation methods that were used in this work are discussed. Those methods are very
different from each other. There are many more ways to generate patterned mask
layers which are not described here.
2.2.1. Self-assembling pattern
The attribute of certain molecules to form ordered structure in certain environments
without using direct force to place them is called self-assembly. In biology, complex
structures self-assembled from many types of complex molecules under controlled
environments. For PSE, simple method using one type of macromolecule is enough. The
method is called Block Copolymer Lithography79,80 and was practiced in Tessler’s group
before81,82. Block copolymer (BCP) is a polymer made of more than one type of
monomers that are arranged in blocks of the polymer, unlike a random mixture of
different monomers. In our case, two types of immiscible monomers were used,
ordered in two blocks at a total. To minimize the energetic cost of the resulting
structure, the different blocks tend to aggregate in phase separation. Since the two
different blocks are attached by a covalent bond, they cannot reach full separation, and
therefore nanometric scale structures are obtained. If the length of the blocks, for each
type, is the same among the polymer chains forming the layer then a clear pattern will
occur. The resulting structure after the phase separation is defined by several
parameters: The interaction between the two monomers types to each other and
themselves, the interaction between the two monomers types and the substrate and
the atmosphere, the film thickness.
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Figure 2-1: Illustration of one very short BCP chain

The macromolecule, containing the two blocks, can be dissolved and applied on the
desired substrate using a spin coating. After the initial deposition, to enable the blocks
to re-order in phase separation, an annealing process is required. The phase separation
itself, in our process, does not provide clear enough pattern to transfer to another layer.
First, one of the phases should be removed without damaging the other phase;
therefore, the removal process should have strong selectivity among the monomers
types. After the removal, the retaining pattern can be transferred using lift-off or
etching processes.

Figure 2-2: Different BCP structures after the phase separation annealing process. Taken from
literature 80
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2.2.2. Photolithography
Photolithograph also is known as optical lithography is one of the most common
processes of microfabrication. Because the method is used widely by the chip industry,
it has been well developed and become very accessible to academic and research
centers. In photolithography, any desired images are fabricated on a photomask by
more expensive and very precise patterning techniques (like lease writing or electron
beam). Once the mask is done, it can be used many times, faster and chipper, to copy
the image by photolithography. To copy the image, initially, the substrate is coated,
normally by spin coating, with a photoresist (PR). PR is a material made of several
chemicals, when exposed to light at a certain wavelength (UV commonly) it changes
some of the chemical properties of the exposed area. Depending on the tone of the PR
the exposed area becomes soluble compared to the unexposed areas if the tone is
positive. If the PR has a negative tone, the exposed area will become non-soluble. Thus,
after exposed using the photomask the coated substrate is rinsed in a specific developer
so only the exposed (or only the unexposed) is being removed, and the photomask
image remains on the substrate. According to the specific fabrication protocol, the PR
may be used as a protection layer for etching process or to be used as a lift-off layer to
transform the image to the target layer. Once completed it role the PR is fully removed
by stronger solvent than the developer called striper. Although the method is well used
even by the industry, the result resolution and the quality of the process are very
sensitivity to time intervals of and between the steps in the process and to the
temperatures and humidity level that coated substrate exposed to. If the resulting
image of the PR after development is not satisfying, the PR can be fully removed for
another try. This step called re-work.
In this work, many photolithography steps were tested using several PRs and using two
exposure systems: Mask aligner and stepper. Both systems using the same photomasks,
however, in the stepper the masked is not placed tight to the substrate, but lenses are
used to gain finer image.
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2.3.Pattern Transfer
Once the pattern was created, it should be copied to the source layer to achieve PSE.
There are two basic approaches for pattern transfer: Etching and Lift-off also known as a
forward lithograph and reverse lithograph, respectively. Both of them involving intense
process, chemically or physically, that may affect the resulting patterned layer. Also, in
each approach different layers will be exposed to the PR, developer, and striper. Those
materials can affect the properties of oxides and semiconductors. Hence, it is important
to know the steps in the pattern transfer process and to notice which part of the device
will be exposed to them.
The pattern transfer process should transfer 2D image, but the profile of the mask layer
is also curial for the success of that process. The profile of the target layer is also
strongly affected by the pattern transfer process.
This section contains an assumption that the pattern step was done by lithography.
However, it could be done as well by self-assembly or any other patterning method.
When different pattern technique was used, the properties of the mask layer should be
referred instead to the PR properties.
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Figure 2-3: a Schematic flow of lift off and etching process.

2.3.1. Etching
According to the etching approach, the target layer is deposited first and on top it the
PR is coated. The PR is patterned and used as a protecting layer to the target layer from
the etching process. The etching process should be defined by the target layer
properties and thickness needed to be etched. Not only the sensitivity of the target
layer is important, but the PR should also sustain the etch process. It could be
insensitive to the etch process or thick enough depending on the etch rate. Since the
deposition and etching will never be completely uniform, the etching process should be
a bit longer than the average target layer thickness. The target layer functionality
dictates how much residues of the target layer is acceptable and therefore how much
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over time etch is needed. Therefore, besides the PR, the layer below the target layer
also should be resistance to etching process otherwise it may be etched too. Another
significant attribute of the etching process is it directionally, like in Film deposition
techniques. Etching process could be anywhere between totally isotropic completely
anisotropic.

Figure 2-4: Directionality of etching process

The etching process normally divided into two categories: wet etching and dry etching.
Wet etching is an older method, and it bases on etchants in liquid phase, hence wet
etching. The etching process is only chemically, and as long there are active etchants in
the solution the process continues. Normally this process is very isotropic, because it’s
chemical nature, although crystalline silicon can be etched according to its lattice plains.
The samples should be well washed in water or any inactive liquid to stop the process.
PRs may be sensitive to water so stopping the etching is a step should not be taken
lightly. Since the process is dependent on the concentration of the etchant agent in the
solution, the concentration should remain constant to achieve fixed etching rate. To
have better-controlled process buffered solutions are used yet, it is challenging to
achieve high yield very controlled process. The isotropic behavior is also hard to deal
with when etching thick films or very small features. The developing and stripping steps
are also wet etching process. In this work, wet etching was also used to etch gold and
oxides.
Dry etching is more complex etching process based onions and radicals as etchants in
plasma and vapor phase without involving liquids. The etching mechanism in the dry
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process could be physically by bombarding the sample with plasma or chemically by
radicals reacting selectively with the etched layer. The process is done in a sealed
chamber very much like the Chemical Vapor Deposition (CVD) method but with different
gasses and stronger power to dislodge the target layer. Because the entire system can
be controlled and the process can easily be stopped, unlike wet etching, dry etching
regard as more controlled and more precise technique. However, since the process is
based on ions, it can leave charged layers. The orientation of the etching can be
isotropic and also anisotropic depends if the processing mechanism is more physical or
more chemically. Reactive-ion etching (RIE) system was in use in this work to etch
metals and oxides as well. Simple plasma system with oxygen inlet was used to remove
PR residues.
2.3.2. Lift-off
In reverse lithograph, first the PR is defined, and afterward, the target layer is deposited.
The PR is then removed, and with it, the layers deposited on it. Therefore, in lift-off
process, several layers can be removed and also the PR image is negative to layer
pattern result. Although lift-off is an etching process for the PR, the key points for a
successive lift-off process are much different than in etching process. Indeed, there
should be a matching between the PR and the striper and also the stripper should not
affect the other layers but besides that, there are two more issues that should be
addressed. Both of them regarding the fact that the PR should be exposed to the striper
for a successive lift-off. The profile of the PR needs to have a negative slope. Otherwise,
it may be covered during the deposition. Also, the thickness of deposition should be
thinner than the PR thickness. The directionality and the thickness of the deposition will
determine the PR profile slope and the PR thickness needs for lift-off. There are two
common techniques to achieve negative slopes while using positive PR. The first one
called image reversal, in that technique the PR is exposed twice. Initially, the PR exposed
through a photomask, like usual, and then a cross-linking step is used to harden the
exposed PR and intact the non-exposed PR. The second exposure is done without a
photomask because the parts that exposed in the first round are insensitive to light
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anymore. The second technique using additional resist called lift-off resist (LOR). The
LOR is cast before the PR, and it is insensitive to light so that it will be developed
according to the openings in the PR layer. Since the LOR is not hardened like the PR, it
will be etched underneath the PR leaving a negative step. Those two techniques were
used in this work for source patterning.

Figure 2-5: Deposition in Lift off approach

2.4. Structural Characterization
To assure fabrication step was successful or to analyzing failed device a structural
characterization is needed. During the fabrication, the characterization should be fast
and unharming. If it for failure analyses reasons the speed and damage are less
important. In this subchapter, the different structural characterization systems will be
described shortly. Noise and principal limitations will be addressed for judgmental
analysis of the measured results.
2.4.1. Optical techniques
The microscope is a very handy tool in photolithography, a large area could be covered
very fast, but it supplies only data for lateral dimensions, data about the height should
be measured in other systems. Optical profilometer can give 3D data only by optical
imaging only. When working with optical techniques, it is important to make sure the
light used would not affect any unexposed PR.
Although very simple to use optical imaging have many limitations. Some layers are
transparent in the visible range and hardly seen, especially oxides or very thin layers.
Diffraction of the light limits the minimal feature size and sub-micron features can
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barely be seen. In this work, microscopes were mainly in use during the mask-aligner
photolithography process.
2.4.2. Contact and non-contact
To measure layers thickness, a critical data for thin films, a height reading is required. A
profilometer is an instrument built for that purpose; it made from a very fine stylus. The
stylus is applying a controlled mechanical force on the surface, change in the surface
height will lead to change in the stylus height to keep the force constant. The height of
the stylus is monitored and presented as the surface height. The lateral resolution can
be configured, depending on the stylus size, and also the scan length. Normally the
stylus is moved in one direction, so the result is one scan profile. The measurement is
very fast, to achieve a better result it is recommended create a short trench or a hill.
Since the substrate is never completely straight, shorten results are less noisy. If
scanning a soft material the force should be adjusted and the stylus should be checked
for contaminations from the film that might disrupt the measurement. If an image is
required, a more complex technique is needed like an atomic field microscope (AFM). In
AFM the stylus can move in both lateral axes to produce any image. The resolution of
the AFM is better due to its monitoring system. The stylus is mounted on a cantilever
which is illuminated by a laser, and every movement of the cantilever is shifting the
reflected laser. The reflected laser is falling upon an array of photodiodes generating a
clear signal. The contact between the stylus and the sample may damage the sample or
wear out the stylus. Therefore a tapping mode is normally used. In tapping mode, the
cantilever is oscillating at the resonance frequency, so the contact is not continuing. The
AFM can also operate in completely non-contact mode. The common stylus in AFM is
made out conductive silicon and called tip. The system can also act as Kelvin probe to
measure the work functions of the surface. Even in non-contact modes the tip is
wearing out or broke causing a noisy image. The AFM is much slower because many
lines needed to be scan to generate an image. The AFM images can cover hundreds
squared microns with sub-nanometer height resolution. One limitation of the AFM is to
image high aspect ratio features or very steep profiles. Narrow and pointy tips can
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improve that limitation but zero or negative profiles needed for lift off cannot be
detected by AFM and profilometer. Profilometers were frequently used in this to
measure film thickness and to verify photolithography steps. AFM was used to monitor
steps in the BCP and stepper lithography and when used with Kelvin probe module to
measure work function of the source electrode.
2.4.3. Ions and electron beams
To truly observe the profile of a structure a clean cross-section is needed. Focused ions
beam (FIB) technique can generate clean cuts for profile imaging. The FIB has a strong
similarity to scanning electron microscope (SEM), but instead of a cathode, ions source
is used. In both, the focused beam achieved by an electrical lens with also diverts the
beam to scan the desired area. The FIB can also be used to deposit a thin conducting
coat needed to neutralize charging in non-conducting layers. FIB and SEM can be
installed in the same chamber to obtain high-performance imaging system. The SEM has
sub-nanometer imaging resolution because of the small wavelength of high-speed
electrons. In this work, a dual beam (FIB and SEM) was used to investigate the profile
structure of the fabricated samples. The FIB was used to cut a few microns area, and
then the sample was tilted to scan the profile with the SEM. To distinguish between
metallic to non-conducting layers, it is not a complex task but to produce an image with
a clear separation between OSC and oxides is not a simple task and skilled operator is
needed.

2.5. Electric Characterization
Since the transistor is an electronic, device there is no need to explain the importance of
electrical characterization in this context. This subchapter describes the different
electrical characterization used during the research and their limitations and noise.
Besides IV characteristics, time-resolved measurements were conducted and also
capacitance-voltage profiling was done to analysis failed devices.
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2.5.1. IV characterization
IV refers to current measurement when applying changing voltage. In transistors
normally, the drain-source current is measured, but also the gate current is measured to
verify the transistor’s current gain. In FET device during steady state and without noise,
the drain current should be equal to the absolute value of the source current. Therefore
many times just the drain current is presented. If the drain voltage is fixed, while the
gate voltage is swept it called transfer characteristic, and output characteristic when the
drain and gate switch roles. The source is almost always grounded, and the bulk is
floated and practically do not exists in VOFETs. Thin film transistors are normally
connected to the electronic test equipment by coaxial cables and a gentle probe system.
The probes can easily penetrate the thin layers. Therefore, each electrode should be
connected to pads outside the device area. Those pads can generate noise as parasitic
currents due to capacitance and leakage between the electrodes, slow the voltage
change can reduce the capacitance currents and spreading the pads can reduce the
leakage currents. Another biased noise is light; it is absorbing in OSCs and generates free
carriers which cause a current. When measuring very low currents like in off state or
near zero drain voltage those additional currents may be larger than the internal
transistor currents. Besides those biased noises, every setup has some level of noise due
to others electrical sharing the same ground. If the noise is not biased it can be reduced
by averaging over multiple measurements. Also Faraday cage can reduce external
noises. Running the measurements for two directions is producing some information. If
parasitic capacitor generates additional currents, the flipping polarity of the voltage step
will also flip the currents sign. However, leakage currents are affected by the voltage
value, and no by the voltage steps direction. Hysteresis is not a positive property of
most TFTs unless memory devices are studied, but it can help detect a problem in the
device. Normally, hysteresis is generated by a large density of traps.
Not only transistors IV characteristic were measured in this work, but diodes IV curves
were also taken to verify the injection barrier between the source electrode and OSC.
VOLET were also characterized, to quantify the amount of light emitted a photodiode is
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needed to convert the light to current signal. When inverter circuits were characterized,
the measured signal was mainly the drains voltage and not only the drain current.
2.5.2. Time-resolved measurement
Time-resolved measurement means, in this context, the turn-on time of the transistor.
In those measurements the drain voltage is kept fixed, the source is grounded and a
steep step pulse in applied to the gate electrode. The drain and source currents are
measured separately, both as a function of time. When the currents reach same value
with opposite polarity the transistor is considered in steady state and the time between
the beginning of the step and to steady state regard as turn-on time. Before the
transistor reaches its steady state first, the capacitance currents should fade away.
Those currents are caused because of there always some capacitance between the gate
electrode to the other electrodes. The capacitance load is caused by internal
capacitance due to plate capacitor from between gate and source. The drain and gate
capacitor should be masked by charge carriers in the OSC gate dielectric interface, the
buildup of this charge also generate capacitance currents. Another capacitance load is
parasitic capacitor between the overlapping electrodes pads. Reducing the pads
overlapping area or increasing the vertical separation between electrodes can reduce
the capacitance load.
The fast step pulse can cause oscillations in the currents that might also mask the turnon time. A short rise or fall time induce high-frequency waves since the setup is few
meter size because the coaxial it cannot be considered as lumped system but as a
distributed system. The gate electrode input has complex impedance. Therefore, some
part of the entering electromagnetic wave is reflected back to the pulse generator and
there some part is reflected back again. This phenomenon is known as ringing or signal
reflection. The oscillations frequencies are defined by the transmission line length so
shorter cables are better. However, most of the measurements are done in a glove box,
and the electronic equipment is kept outside so the cables cannot shorten very much.
There is another way to restrain the oscillations, impedance matching at the beginning
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and exit from the transmission line can reduce the oscillations amplitude. In this work,
the time-resolved measurement setup did not design to solve the ringing effect, and
therefore the setup was limited to around microsecond resolution.
It should be noted that the turn-on time is not the only technique to evaluate a device
speed. Two others common techniques are more application oriented and used in
OFETs44,83. A ring oscillator is based on cascading several inverter gates to a ring
formation; it is a good technique to evaluate the transistor performance for logic
applications. The output voltage of one gate is monitored and the circuit switching time
divided to by the number of gates. For amplifying applications, a subject transistor is
connected to an oscillating input. At low frequencies, the gain of the output is
measured. The frequency of the input is increasing gradually till the gain is beginning to
decline. The maximum frequency defined once the gain reduced by 3 dB compare to the
lowest frequency.
2.5.3. Capacitance-voltage profiling
Capacitance-voltage (CV) profiling is a widely-used technique in semiconductor field to
characterizing semiconductor and oxides. The technique is based on measuring the
capacitance of an MOS structure under different voltage bias and at different
frequencies. In an MOS capacitor, the operating regime dictates the capacitance. The
metal part functions as one plate out of plate capacitor and the semiconductor
functions as the other plate. The distance between the metal to charges in the
semiconductor is the actual distance between the plates.

Figure 2-6: MOS capacitor at different regime during CV profiling
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At accumulation state, the charge carriers are drifted to the semiconductor oxide, but
at depletion, the carriers drift away from the interface and the dopants function as the
second plate. If the dopants are not too dense and the measurement is too fast for
inversion layer formation the effective distance between plates will increase and the
capacitance decrease. In this work, CV profiling was used to ensure the quality of the
gate oxide layer after RIE process that may charge or damage the oxide.
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3. Basic PSE structure – Gen I
The first structure that was studied in this work is the most basic one without any
covering to the source electrode, although ideas for improvement were already
suggested by Ariel Ben-Sasson71. The first project goals, as a graduate student, were to
practice the known fabrication technique in the group70, assemble a time-resolved
measurement setup and measure the basic PSE structure VOFET turn-on time. This
chapter covers the work done in that project: fabricating Gen I devices using BCP
lithography, assembling the setup and revealing the fastest turn-on time for PSE-VOFET
in that time. Related projects like fabricating Gen I devices using conventional
lithography as a control group and attempts to fabricate Gen II devices using BCP
lithography are covered in chapter 4.

3.1. Devices Fabrication
During the time-resolved project, the fabrication process was identical for all the
samples. This sub-chapter discusses, in detail, the fabrication process of this project
subject devices. Some of the steps are common to the following chapters as well, these
steps will not be discussed thoroughly again.
The 12mm by 12mm samples were cut from a 4'' inch silicon wafer by mechanical wafer
scribers. The wafer (Nova, Item #HS39626-OX) is P-type, highly doped to function as a
gate electrode with 100nm SiO2 thermally grown. The wafers delivered very clean
however the cutting procedure creates many particles, so the samples were cleaned
inside a fume hood according to the lab's protocol: Rinsing and immersion in Acetone,
Methanol, and Isopropanol for 5 min each in an ultra-sonic bath. The samples were
dried using a nitrogen gun. After the cleaning and throughout the rest of the experiment
the samples were kept inside an opaque closed box.
Polystyrene (PS) and poly(methyl methacrylate) (PMMA) BCP (PS-PMMA 307k-b-634k,
electronic grade, Polymer Source Inc.) were dissolved in toluene (7 mg/ml). After fully
dissolved, the solution was filtered using 0.2µm Polytetrafluoroethylene (PTFE) filter. It
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should be noted that later experience in the group showed that those filter could add
contaminations to the solution.
The samples were spin coated with the PS-PMMA solution at 4 kRPM and placed in
solvent annealing based chloroform atmosphere82 for 72 hours. The samples were taken
at that point to AFM to verify the phase separation. To remove the PMMA matrix, the
samples were placed on a hot plate at 180oC for 5 minutes then exposed to UV using a
UV lamp for 5 minutes. The samples were then soaked in acetic acid for two hours.
Caution: Working with acids requires additional safety measures. The samples were
rinsed carefully with deionized (DI) water for few minutes to counter the acid. The
nanostructures are very fragile so do not place under strong flows. A vacuum oven was
used for 2-3 hours without heating for drying the samples. After drying, the samples
were taken again to the AFM to verify the PMMA matrix removal.
On top the remaining PS cones a thin source electrode was evaporated using e-beam
VST evaporator. The source electrode made of 2nm Ti as an adhesion layer and 5nm Au
as an electron injection layer. The evaporation was done using a shadow mask to define
the source electrode area. The samples were loaded on tilted stage to change the
evaporation direction to obtain an easier lift-off. The lift-off was done using an adhesion
type a not by a stripper or other solvents. Attempts to achieve lift-off using solvent
resulted in very low yield, probably because the PS phase did not have a negative slope
(2.3.2, lift-off). The samples were taken for the third and last time for AFM imaging to
assure successful lift-off.
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Figure 3-1: (a) AFM images taken from70 and (b) cross-section illustrations of the BCP
lithography steps during fabrication of the PSE

The OSC layer made of P(NDI2OD-T2) (Polyera, ActiveInkTM N2200, Figure 3-2(c))84,85, the
N2200 was dissolved in chloroform (20mg/ml). After fully dissolved, the solution was
spun coated on the samples at 1.5 kRPM resulting in average thickness 150nm.
Chloroform has a very low boiling point (61oC), so it evaporates very fast causing
nonuniform films, therefore later on, in other projects p-xylene was used instead of
chloroform. The devices were sealed with the evaporation of the 100nm aluminum as a
drain electrode. The OSC and drain deposition took place inside a glove box. The
samples were taken out of the glove box to make a clear connection to the gate
electrode by removing parts of the SiO2 and then placed inside again. The resulting
structure is presented in Figure 3-2(a). At the end, three samples each contains eight
transistors were completed.
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Figure 3-2: (a) Illustrated cross section of the basic PSE-VOFET. (b) Energy diagram of the basic
PSE-VOFET. (c) N2200 molecular structure.

The energy diagram shows that although the chosen OSC, N2200, has some ambipolar
behavior72, there is high energy barrier only for injection of electrons from source to the
OSC. The high barrier is important for a good transistor behavior. The low injection
barrier for holes will reduce dramatically the on/off ratio71 of the device if used as Ptype.

3.2. Devices Characterization
The devices were contacted using a probe station inside the glove box, and all the
electronic equipment was located outside and connected to the probe station using
coaxial cables. This process yield was not high, not all the devices worked the same, and
some did not work at all, some destroyed during the measurements. To assure that the
devices are still working a transfer characteristic measured by Semiconductor Parameter
Analyzer (Agilent 4155B) before and after each time-resolved measuring session. An
example of a working device is presented in Figure 3-3. The typical on/off ratio was
about 1000 and even more at higher voltages. The on-state current was also increased
when drain voltage was increased. During the switching measurements, the voltages
increased up to 20V for a stronger signal.
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Figure 3-3: Transfer characteristic of typical basic PSE-VOFET (Gen I)

3.2.1. Turn-on time setup using one resistor
The basic setup included two channels oscilloscope (Tektronix, TDS3012) and a pulse
generator (Agilent, 8114A) connected to the probe station using coaxial cable. First, a
resistor-capacitor circuit was tested to check that the setup was properly assembled.
The second step was to connect the transistor to the setup. To measure the current in
the circuit, a load resistor (RLoad) was added, and the voltage drop on the resistor was
measured by the oscilloscope. A power source was also added to apply a constant
voltage to the circuit. The transistor gate was connected to the pulse generator. The
parasitic capacitance between the source and gate electrode is larger than the
capacitance between drain and gate electrode due to the OSC layer above the source.
The resistance of the thin 7nm source electrode was also larger than the thick 100nm
drain electrode. Since the expected time constant of the parasitic resistor-capacitor of
the source electrode should be much longer than the drain, R Load was connected above
the drain electrode. An illustration of the setup is shown in Figure 3-4.
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Figure 3-4: Turn-on time setup using one resistor

Initially, a 150KΩ resistor was used, it generates a clear signal easy to monitor, however,
the high resistance resulted in a very long transient, about 260µsec. When a 10KΩ
resistor was used the noise increased, and the signal became less clear but the transient
time decreased to below 20µsec. In Figure 3-5, two different measurements are plotted
in the same figure. At t=0, a positive step voltage, from -10V to +10V, was applied to the
gate with a rise time of ~10ns. The step induced a voltage jump that caused a negative
current through the resistor to discharge the parasitic capacitor between the gate and
drain electrodes.

Figure 3-5: Measured transient current responses using one resistor setup with different R Load
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3.2.2. Turn-on time setup using amplifier
To verify that the measured transient was the device turn on time, the setup was
upgraded for monitoring also the source current. Between the source electrode and the
ground, a low noise amplifier (Femto, DHPVA-200) was connected. RLoad was also
decreased to 1.2 KΩ. The new setup is shown in Figure 3-6(b).

Figure 3-6: (a) Measured transient currents responses using (b) Turn-on time setup using
amplifier

The first attempt to observe the two currents simultaneously exhibited long transients,
despite the use of the lower load resistance. However, it was still instructive in helping
us to understand the charging effects. As Figure 3-6(a) shows, close to t=0 the current
entering the source and the current exiting the drain are not only unequal but of
opposite signs. At t>0 the source current decays and the drain current rises till they
reach the steady state value with IS=ID~50mA/cm2. This long time of ~100s, where the
currents flowing in and out of the device are very different, is a clear indication of
charging or discharging currents due to capacitance. In Figure 3-7(a) the intrinsic
capacitance associated with the structure depicted in Figure 3-2(a) is shown. The gate is
separated from the source by the gate dielectric, and the drain is separated from the
source by the intrinsic active layer. The two resistors indicate the contact serial

54

resistance where the drain resistor is an external resistor inserted to assist with the
transient measurement (i.e. we measure the time-dependent voltage across it). The
source serial resistor is due to the actual structure that is shown in Figure 3-1(a). The
fabrication process that was used resulted in the contact line to the source being made
of the same thin perforated layer. Due to the high sheet resistance of such layer86, the
resulting serial resistance could be as high as 25k. Figure 3-7(b) shows the potential at
the various nodes immediately after the switching of the gate bias by 20V, from -10V to
+10V. The resulting instantaneous potentials are 20V and 30V at the source and drain
within the device leading to currents of opposite signs that discharge the relative
capacitances. The time response suggests that the drain RC constant is relatively fast
and that the long-term response is due to the slower RC associated with the source.
Namely, the gate and drain electrode stabilize rather quickly at VG=VD=10V, and the
source electrode discharges on a longer time scale towards VS=0 thus building the
required potential differences for extracting charges from the source (V GS) and for
transporting them to the drain (VDS).

Figure 3
 -7: (a) Equivalent circuit of the VOFET showing only capacitance and resistance
elements. The potentials are as found before the gate is switched. (b) Same as in (a) but the
potentials are drawn fight after the gate was switched (t=0+).

By painting a line from pad to the VOFET using silver paint, the line’s serial resistance
was eliminated. The resulting equivalent setup is shown in Figure 3-8(b) showing that
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the charging and discharging of the gate-source capacitance is limited only by the 50
internal impedance of the pulse generator and amplifier.
The measurement was repeated but this time with VD=20V and the obtained data is
represented in Figure 3-8(a) by the dashed thin lines. Due to the impedance mismatch
of the current device, there are significant ringing both at the on and off transition. The
data was passed through low pass filter in the form of a moving average having a width
of 1.5s to smooth the signal. The results are the full lines showing the source and drain
currents. These results show that the PSE-VOFET is switched on within about 1-2s with
the extracted value being limited by the low-pass filtering that had to be used.

Figure 3-8: (a) Measured transient currents responses using after reducing source electrode
resistance. (b) Turn-on time setup using one amplifier

3.2.3. Bias stress effect
The time-resolved measured requires continues work of the transistor, meaning
applying voltages for several minutes till the oscilloscope parameters are set, and the
data is saved. During the measurements, some of the transistors burn out. To minimize
the damage, the pulses set to low duty cycle, yet after the time-resolved measurement,
the device performance degraded. However, when the device was measured again after
few days it performances improved again. The phenome is presented in Figure 3-9, the
solid lines for the first measurement before stressing. The curse dash represents curve
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taken a right after turn-on measurement that resulted in stressing the device for 20
minutes. The fine dash present measurement is taken 180 minutes after the stress
ended.
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Figure 3-9: Transfer curves of PSE-VOFET at different stress conditions

The observed effect is known in amorphous silicon transistors and OFETs2,87,88. The
silicon oxide induces many traps for the charge carrier that causes a VT shift. Although
the current in VOFET does not flow along the SiO2 – OSC interface there is still high
carriers density next to SiO2 that may trap. The effect here is less clear than in OFET
since not only the VT shifts also the sub-threshold slope is changing. Another disturbing
observation is that the off-state currents are increasing.

3.3. Discussion
To support the measurements, Tessler used numerical simulation to estimate the
internal turn on time of the device89. The constructed numerical simulation is similar to
a one already been used by the group90. It is a two-dimensional simulation solving the
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drift-diffusion equations coupled with the Poisson equation where the barrier lowering
at the electrode is implemented using the standard image-force91 potential expression.
At this simulation, the gate bias is swept from VG=0 to VG=10V while the drain is biased
in two cases: at VD=20V and VD=10V. The simulation results are presented in Figure 3-10.
The currents are normalized to the obtained steady-state value. The time is expressed in
time of flight units of TOF=L2-1V-1 which corresponds to 16ns and 32ns for VD=20V and
VD=10V, respectively (assuming =10-3cm2V-1s-1)85. The z-axis, in Figure 3-10(a-c),
describes the charge density within the device. The y-axis is the film depth with y=0
being the SiO2 to the surface. The solid red rectangles represent the source metal where
the perforations reside between x=0 and x=85nm. The barrier to charge injection is
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Figure 3-10: a) Simulated normalized current response to switching the gate. The dark circles
on the VD=20V curve indicate the points in time that snapshots of the charge distribution were
taken and are presented in (b) to (d).
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Even for low drain bias, the calculated transient should be over by ~220nsec. Besides
the ringing in the setup, this is another support that the actual speed of the PSE-VOFET
was not revealed and will require a dedicated device design. Since in the current design
the gate electrode is the substrate itself the overlap between the gate to the others
electrode is very large. The solution for that is to fabricate a gate electrode and gate
dielectric on defined area with a minimum overlap outside the device active area.
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4. Source insulator structure – Gen II
Gen II structure is harder to fabricate especially when different deposition technique is
used for the source electrode than for the source insulator. The source coverage can
improve the device on/off ratio and help understanding its physics. Many fabrication
methods were tested to achieve the desired structure. Initially, BCP lithography was
used. Afterwards, photolithography which is more conventional technique was
embraced. This chapter discusses the attempts and success of fabricating Gen II PSEVOFET. Another important result in this chapter is the fabrication of PSE-VOLET which is
based on the PSE-VOFET.

4.1. BCP attempts
Two different methods were used to add the source insulator. The first one continued
with the same fabrication process and just add thin source insulator. The second
method was to develop a new process with an inverted image and use photo
lithography. Only one type of insulator was tested using block copolymers lithography.
The full potential of the block copolymers was probably not fulfilled yet, however, the
decision to switch to photolithography was based on engineering considerations,
explained at the end of this sub-chapter.
4.1.1. Lift-off with PE-CVD deposition
To the fabrication process, detailed in 3.1, one step was added after source evaporation
and before the lift-off. A thin SiO2 layer was deposited using PE-CVD system (PlasmaTherm 790) at low-temperature process 115OC. Different samples were loaded for 5
seconds and 10 seconds processes

resulting in 4nm and 8nm layer thickness,

respectively. The lift-off process was not successful for the 8nm SiO2 samples. Since SiO2
deposition by PE-CVD is an anisotropic process, possibly, a continuous layer was formed
over the PS phase making it too hard for the adhesion tape to remove. The OSC layer
was thinner than previous project, only 55nm thickness because a more dilute solution
was used (N2200 in chloroform 10mg/ml).
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Figure 4-1: Transfer and output characteristics of PSE-VOFET with a 4nm SiO2 source insulator,
fabricated using BCP lift-off

The device transfer and output characteristics are presented in Figure 4-1. The transistor
has on/off ratio of more than 1000. The drain currents at off-state have no dependence
on the drain voltage, an indication of successful realization of Gen II structure. The drain
currents are almost reaching a full drain saturation which is only expected from Gen III
structure (1.4.3, 5). The anisotropic deposition might have left only few exposed edges
of gold very close to the gate dielectric; those areas are highly affected by the gate
voltage which may also explain the relatively high sub-threshold slope. However, the
measurements revealed some concerning results. First, the gate currents (marked with
black lines) are very high, even higher than the drain currents causing a very low current
gain of the device. It seems that the gate currents are gate-source leakage and not
because of gate-drain leakage or capacitance currents. Second, the device currents
densities are more than two orders of magnitude lower than typical result despite
having a thinner OSC.
4.1.2. RIE etching
Using forward photo-lithography requires an inverse mask compare to the one used in
lift-off. The meaning, while using PS-PMMA BCP, is switching the matrix from soft
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PMMA to hard PS. A new BCP (PS-PMMA 1100k-b-650k, electronic grade, Polymer
Source Inc.) was purchased and tested till phase separation had achieved. The BCP
solution (toluene, 17 mg/ml) was spin-coated at 3 kRPM on a silicon substrate covered
with thin electrode source (Ti/Au 2/5nm). After solvent annealing, the film thickness
was about 85nm and the height between the phases can be seen in Figure 4-2(a). The
etching that was used is very physical (40 sccm N2, 200W RF, 40 mTorr, Plasma-Therm
790) to etch the gold and titanium layers which are very hard and inert compared to
SiO2 and the BCP. The test results indicate that after one minute in the RIE all the PMMA
matrix is etched completely and the etch rate of the PS and Au are about 30 and 2.5
nm/min, respectively. After 3 minutes of etching, the entire BCP layer was gone, and the
pattern was transferred to the source electrode Figure 4-2(b).

Figure 4-2: AFM images and cross sections of BCP mask before (a) and after (b) RIE etching.
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To check that the electrode was fully removed some areas were cleaned from the BCP
before etching, and after the etching, their resistance was measured. Samples were
coated with OSC (N2200, 90nm) and sealed with drain electrode (Al, 100nm). The device
performed badly as a transistor, most of them did not have gate effect, and some have
very low on/off ratio of less than 10. In retrospect, the physical RIE is known to be a
problematic process for etching source electrode since it can charge the gate dielectric
(4.2.3). Another problem that was noticed during the test is particles formation during
the RIE etching. It can be seen in the AFM image as white dots and also in the cross
section at 2µm. It should be noted that the fabricated device structure is Gen I and not
Gen II since there is no cover for the source electrode. The experiment was planned to
be the first step before adding a SiO2 on top of the source which can be removed by dry
etching as well. However, the BCP thickness was too thin to last longer for additional
etching process.
4.1.3. Concluding the BCP lithography
During the last two projects (4.1.1 and 4.1.2) a strategic decision was made to stop the
working with BCP lithography and to test photolithography methods. The decision was
based on several reasons: First, the BCP lithography process requires over a week to
fabricate one batch mainly because of the three days solvent annealing step and the
AFM measured needed to verify the process. Second, the phase separation process had
low yield, and the successful samples had a large variance in performances. That is
probably because of the strong dependence of the self-assembly process in film
thickness a quality of the polymer. Third, every change in the desire masks, regarding
shapes and heights, requires a new BCP which needed a long tooling process and the
current BCPs thickness was not thick enough to support thicker source insulator. Even
changing substrate or the changing process step prior to the BCP coating requires
tooling the process. Fourth, due to the high sensitivity of the process, it was not
compatible to larger scales like wafer handling.
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4.2. Forward photolithography using Stepper
This subchapter covers about two years of experiments meant to develop a controlled
and reproducible fabrication process for Gen II PSE-VOFETs. Three different source
covering layers were tested using combinations of dry and wet etching processes.
Results of one experiment help to understand the previous one and conclusions were
implemented in the next experiments. That method led to continuous juggling among
process, to make this subchapter reading easier, the experiments are sorted by the
etching technique. Most of the successful results can be found in the wet etching
section. The two other following sections contain important ‘real-life’ fabrication
problems and conclusions.
4.2.1. Fabrication
The stepper program was designed to create eight arrays of holes on 12mm by 12mm
sample. All arrays have the same area of one mm2, ten times larger than the previous
process, but the holes sizes and pitch between them are varied among the arrays. The
fill factor, the ratio between holes to the covered area, was constant in all arrays. Each
sample had two arrays from each size (0.5, 0.7, 0.9, 1.1µm). Under the assumption that
on each sample every array undergoes the same process with almost the same
condition since the just millimeters away, the only different should be the holes size.
The samples were cut and cleaned the same way as the BCP samples (3.1) except to one
change. The devices became more prone to have defects because of the increase in
active area. Therefore additional cleaning step was added. Before the drying with
nitrogen gun, the samples were rinsed with soap and rubbed using polyester wipers for
clean rooms. The samples were rinsed thoroughly with DI water to wash the soap. Later
on, it was noted that the soap is affecting the quality of the SiO 2 surface (4.2.3). At this
stage, the tested source electrode and source insulator were deposited. Using a hot
plate, the samples were heated at 240OC for 5 minutes to improve adhesion before the
casting of the PR. After a cooldown of one minute, the PR was spin coated at 5 kRPM.
Two PRs were used during the stepper project. Initially Microposit S1805 (MicroChem)
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was used and then AZ1505 (Microchemicals). Both are positive tone and the only
difference noted during the experiments was that AZ1505 has shortened exposure time,
about 0.1 sec compare to 0.4 sec for S1805. The precise time should be adjusted to each
array according to the hole size. To dry the PR, the samples were placed again on the
hot plate for one minute, a soft bake, before the exposure at the stepper (GCA Autostep
200). Post bake was at 120OC for one minute, and then the samples were developed for
20 seconds in a bath of TMAH (Tetramethylammonium hydroxide) and DI water (ratio of
1:10). The samples were well washed with DI water and dried using a spinner. Short and
low power O2 plasma was used to remove PR residues from the developed area before
etching (200W RF, 200 mTorr, 1 min, Axis Asher). To assure all arrays were successfully
developed, an AFM image was needed like presented in Figure 4-3, the biggest hole size
array could be seen in the microscope.

Figure 4-3: AFM images of developed PR for different masks of holes size arrays, (a) 0.5µm,
(b) 0.7µm, (c) 0.9µm, (d) 1.1µm.
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4.2.2. Wet etching
The wet etching was done by dipping the samples in the etching solution for a manually
controlled set time. The samples were loaded on perforated PTFE sample holder and
gently stirred inside the etching container. Once the dipping time was over, the samples
were dipped in a beaker with running DI water for a minute to stop the etching process.
Since the PR is sensitive to humidity, during the tests a drying by heating step was
added. After the basic drying of the samples with nitrogen gun, the samples were placed
on a hot plate at 110oC for 5 minutes. The source insulators (silica or alumina) and
adhesion layers (titanium, aluminum) were etched using buffered hydrofluoric acid
(BHF) solution (6:1, NH4F:HF). Caution: Working with BHF acid is very dangerous and
requires special safety measures. The buffer solutions should have a constant and
slower etch rate compare to simple hydrofluoric acid. Still, the etch rate is too fast for
thin layers such as 10nm alumina92. BHF cannot be diluted in DI water because of the
buffering agent. The minimum etching time was decided to be 5 seconds. Since the
process is manual, a shorter time is not reproducible.

The main part of the source

electrode, the gold layer, was etched using self-made and commercial solutions. The
self-made solution was made inside a fume hood at room temperature
(I2:NH4I:H2O:C2H5O, 0.5gr:2gr:10ml:15ml) and diluted again before use with DI water
(1:10), the resulting etch rate was about 1nm/sec. The diluted solution was good only
for one use, any re-use gave poor results due to change in etch rate. A commercial
version of iodine solution (Transene, Gold Etchant TFA) was also tested and found to
have faster etching rate than the manufacturer reports (2.6nm/sec). The commercial
solution was also diluted with DI water (1:4) and still, 4 seconds was long enough to
over etch 30nm gold layer.
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The successful first test used a thin alumina layer (10nm, MVD) as source insulator and
three

etching

steps

that

presented

in

Figure 4-4. At that point a thin aluminum layer (nm) was add as adhesion layer between
the gold and the oxide, previous tests showed that silica and alumina are not attached
well to gold. The gold layer thickness was also increased (from 5nm to 20nm) to make
the wet etch longer and easier to control and also to reduce the effect of aluminum as
explain in 4.2.4.

Figure 4-4: Wet etching steps for Gen II structure using alumina and stepper lithography

The alumina and aluminum were etched in BHF for 7 seconds, and the gold layer was
etched using the self-made solution for 22 seconds. The second BHF etch, for the thin
titanium layer, was just five seconds to cause minimal over etching in the alumina layer.
Although evaporated titanium does not have to be etched by BHF according to
literature92, without the second BHF etch, the devices did not have any gate effect. The
OSC was N2200 like before, but it was dissolved in P-xylene (20mg/ml) at 2 kRPM. The P67

xylene solution gave more uniform films compared to the clorofrom solution. The
resulting device structure and transfer characteristic are presented in Figure 4-5(a).

Figure 4-5: (a) resulting structure of Gen II VOFET using alumina and stepper lithography, (b)
transfer characteristics of the fabricated device.

The on/off of the device is higher than previous results, and it is about 3.5x104, and the
off-state currents are lower and barely dependent on the drain voltage, as was achieved
after adding the source insulator in section 4.3.2. The hysteresis is much wider
compared to previous results and the SS is not as low as before. The main problem with
the process is very low yield. The precise etch time for the gold layer varied from test to
test and in AFM scan there was no clear evidence for alumina after the second BHF
etching.
Another successful test using wet etching was achieved after adding some changes.
First, the titanium was removed to avoid the need in the second BHF etching which
harms the source insulator. Second, the source gold layer thickness was increased a bit
more to 25nm to have better control on the gold etch. The thickness was not increased
much more because a thick source may reduce the on/off ratio71. Another effort to
obtain better control of the gold etching step was to use commercial iodine solution and
not self-made. The third and last change was the source insulator, to grow thicker layer
the slow alumina process of the MVD was replaced with silica deposited by PECVD, the
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thickness increased to 80nm. Control samples with titanium did not show transistor
behavior. Besides N2200, some transistors had PTCDI-C8 (Sigma-Aldrich, 98%, N,N
′Dioctyl-3,4,9,10-perylenedicarboximide) as OSC layer.

Figure 4-6: (a) resulting structure of Gen II VOFET using silica and stepper lithography, (b)
transfer characteristics of the fabricated device.

The final structure and transfer characteristic are presented in Figure 4-6. The on/off
ratio improved to 2.8x105 also the SS is much lower. A clear hysteresis is still present,
and it seems depended on the drain voltage. To figure out the source of hysteresis
another test with a different surface layer on top the gate dielectric was done. It is
known that silica as a gate dielectric can generate traps and hysteresis29,93 and surface
treatment can reduce that effect. On samples with a thin layer of PMMA,
hexamethyldisilazane (HMDS) monolayer or control samples with no treatment
transistors were fabricated. In this test, the on/off ratio of all devices was only a few
thousand. No correlation between surface treatment and hysteresis was found. The
process has low yield also in the second test. Controlling the exact etch time of the gold
layer was very challenging. Too short time will end with a continuous source electrode,
and there will be no gate effect. If too long, the holes in the source electrode will
connect each other, and the source electrode would not be conductive. This was one of
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the reasons to develop the mask aligner process with larger features. Waiving the
titanium as adhesion layer made the gold layer less even and uniform, hence, making
the wet etching more problematic. According to the literature, ammonia and hydrogen
peroxide solution can also etch evaporated titanium92 which hardly etched in general.
However, it should also etch oxides as well.
Figure 4-7 shows the source electrode (Ti/Au/Al/SiO2 2/25/3/80nm) during the
fabrication process. The patterned PR is shown in (a), the holes size in the mask is
1.1µm. After each etching step the PR was removed in order to measure the change in
the depth of the holes. Therefore each image took from a different sample of the batch.
After the first BHF etching (b) the average depth is 86nm, slightly larger than the silica
and aluminum layers. The commercial iodine solution etching (c) increases the average
depth to 103nm, a bit less than the thickness of the gold layer. The second BHF etching
(d) reveals an over etch of the electrode. The over etch probably happen during the
iodine etch but could be measured by the AFM tip only after the silica layer was also
over-etched during the second BHF etching. If the gold layer is over-etched, in the
second BHF etching, the silica can also be over-etched due to the missing gold layer
below. The average depth in that image is just 38 nm, meaning that silica layer was
damaged in that etching and the thickness of that layer was reduced. Another possible
explanation is that the thin aluminum layer is also over-etched during the iodine
etching.
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Figure 4-7: AFM images of source electrode during the wet etching process. (a) after PR
development, (b) after first BHF, (c) after iodine etching, (d) after second BHF.

To gain another perspective samples with different performances were taken to the
dual beam FIB of MNF&PU unit to obtain a SEM cross section image of the devices. The
images contributed little help to understand the process. In the images (Figure 4-8), the
gold layer is clearly shown as a bright line, it is also seemingly that at the low
performance device (b), there are traces of gold in the middle of the hole. Over the thin
gold layer, there is a PECVD SiO2 layer seen as a gray line. This layer is blend into the
thermal grown SiO2 and it is hard to tell apart between the different SiO2 layers. The fact
that the SiO2 cover also the edges of the gold electrode and for a long distance (over
100nm) is very puzzling since such device, without source-OSC direct interface, should
not have any gate effect at all. The explanation might be that the cross section is just for
on direction and for few holes out of more than the thousands holes in the device.
Maybe the long source cover is not present in all the holes.
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Figure 4-8: SEM image of cross-section titanium free VOFET using stepper and wet etching
process. (a) High on/off ratio device (~105). (b) Medium on/off ratio device (~103).

4.2.3. Dry etching
Parallel to the wet etching process, the dry etching process using the RIE was also
tested. The main problem with BCP lithography at the RIE process was that the BCP
layer was not thick or strong enough to withstand the etching process. Using the 1805
or 1505 PR, the problem should be solved since the thickness of the PR is about 500nm
after development. Nevertheless, the process did not produce any working transistors.
After more than 2.5 minutes in the RIE process (same as 4.1.2), the PR becomes very
hard and cannot be fully removed using acetone, N-Methyl-2-pyrrolidone (NMP),
commercial stripers (Dynasolve 711 and Dynastrip 6000) and oxygen plasma without
badly damaging the source or source insulator. Example for those unremovable residues
is shown in Figure 4-9.
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Figure 4-9: Example of PR residues, (a) and (b) are microscope images and (c) is AFM image of
patterned area after using commercial PR strips

A method to avoid using the PR mask at the RIE etching is to transfer the PR pattern to
another layer which will function as a mask for the REI etching, that method is called
hard mask. Using a silica layer (80nm, PECVD) patterned with BHF as a hard mask, made
the use of the PR for the rest of the process unnecessary, so it was removed before the
dry etching. The new process steps are presented in Figure 4-10.

Figure 4-10: Silica hard-mask process photolithography and etching steps

Samples were made using the hard mask process with different RIE etching time (8, 10,
12 min). After the dry etching, the samples were coated with thick layer of N2200
(550nm) and a regular drain electrode (Al, 100nm). Working transistor, meaning on/off
higher than 100, archived only from samples of the 8 minutes etching, for the rest
on/off value was below 10. It was unexpected result since over etching through the
silica thought to not harming the transistor behavior unlike under etching which leads to
conductive titanium layer masking the gate electric field. Apparently, silica charging at
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plasma processing and annealing passivation treatment are known94. CV profiling test
(2.5.3) was conducted to reassure that charging is happening during the RIE. A medium
level doping N-type wafer, about 1015 per cm3 compare to about 1018 per cm3 at the
regular substrates, with 100nm SiO2 layer was cut to samples. Some samples were
placed in the RIE for one or five-minute process. Samples, with and without the RIE
process, were placed in a sealed ceramic oven at 300oC with forming gas atmosphere
(30 sccm) for 30 minutes annealing. Afterward, aluminum electrode was evaporated on
the silica to obtain an MOS capacitor. The different capacitors were characterized using
a CV plotter (MDC), and the following conclusions were made (the supporting figures
are in
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Appendix B – CV plots):
1) The capacitor behaves as N-type MOS capacitor, and the annealing does not harm
the oxide.
2) Even 1 minute under the RIE physical process is enough to charge the oxide.
3) 30 minutes annealing is long enough to recover even 5 minutes RIE process.
4) Soap charges the oxide while annealing process is not helpful.
5) RIE also cannot undo the soap effect.
Two sets of transistors were made using the hard mask, one cleaned with soap and the
other set was covered with PS layer before cutting to samples. The rest of the cleaning
and fabrication was identical between those two sets. Annealing after the RIE etching
was done for same samples from the two sets. And besides thinner OSC (N2200,
120nm), the fabrication process was the same as the previous batch. The test had no
clear results, same samples, without correlation to annealing procedure, produced weak
transistors with on/off of less than 100. Analyzing the diode and transistor behavior, it
seems that the PS cover reduced the injection barrier between source and the OSC.
During the rest of this work, soap was not used during the cleaning.
4.2.4. Source shielding
To block the undesired injection from the top part of the source electrode, not
exclusively insulator need to be used as source cover. An upper metallic layer that has
even larger injection barrier to the OSC can work as well and even better 82,95. Since
conductive layer blocks electric field, the top metallic layer can also reduce the electric
field generate by the drain and affects the side walls of the holes in the patterned
source. In the case of gold as a source electrode for electron injection, there are barely
available metals with even lower work function. Platinum has about 0.5eV lower work
function than gold96, and it is available for evaporation. Platinum is also resistant to
most wet etching and very slowly etched using the RIE physical process. The etching rate
is about 0.8 nm/min according to etching tests with AFM measurements compare to
about 3 nm/min for gold. Therefore, to the pattern, the platinum hard-mask process
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was developed using a 20nm gold layer as the hard mask. The process steps are
illustrated in Figure 4-11.

Figure 4-11: Gold hard-mask process photolithography and etching steps

The devices were completed after OSC coating (N2200, 180nm) and the regular drain
electrode (Al, 100nm). The transistors show insignificant gate effect and high
dependence on drain voltage, meaning there is none or weak barrier of injection. To
prove that assumption a diode test was conducted to figure if the RIE etching process is
affecting the injection barrier. Diodes were made using the regular substrates, and
source electrodes were evaporated without any patterning. Different source electrodes
were tested but OSC (N2200, 180nm) and drain electrode kept the same (Al, 100nm) for
all diodes. IV characteristic of a diode with source electrode made of only gold (red),
platinum over gold (blue) and platinum over gold after RIE process (green) are
presented in Figure 4-12(a).
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Figure 4-12: IV characteristic of a diode with different source electrode. (a) Gold with Platinum
cover. (b) 20 nm gold layer on top variable thickness aluminum layer.

The major increase in current on a positive bias with platinum compare to only gold is
clear indication that the injection barrier for electrons not only did not increase after the
platinum adding but was significantly reduced. The RIE process is also not helpful in that
case. Before returning to the insulator approach, another test was done to verify that
the thin aluminum adhesion layer on top the gold would harm the injection barrier as
well. To mimic that structure without patterning, the aluminum layer was deposited
underneath the gold layer, so the surface facing the OSC will be the gold layer. The
results are presented in Figure 4-12(b). Surprisingly, the aluminum layer is generating
dramatic change through the 20nm gold layer, and even reverses the diode direction.
During evaporation, the gold and aluminum layer can reach locally and temporally to
high temperature and form intermetallic that has different work function97. The
platinum and gold electrode samples were taken to Tel-Aviv University to measure the
relative work function using AFM with Kelvin probe module (Appendix C – Work
function measurements). The measurements revealed that gold surface on top 5nm and
10nm aluminum layers was very rough and contains picks that had a work function of
1eV higher than the rest of the electrode. Those picks can cause major injection and
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explain the IV results. For the gold surface on top 2nm aluminum layer and platinum on
gold, the surfaces were much smoother, yet the platinum has 0.1eV higher work
function higher than the gold on top 2nm aluminum. A plain gold surface was not
measured.

4.3. Lift-off process using mask aligner
During the trials using the stepper, another approach was tested. The mask aligner is a
simpler tool than the stepper, and the features size are larger. Using lift-off process,
altering the patterned layers materials or thickness should not require process tuning.
As long the layers are not too thick or deposition directionally is changed dramatically.
The mask aligner process produced better yield and reproducible results. High on/off Ntype and P-type VOFETs were made using this process. Those transistors were
connected to form a successful inverter circuits98.
4.3.1. Fabrication
The mask aligner (SUSS, MA-6) process required a new photo mask since unlike the
stepper, the same area on the photomask cannot be used multiple times. The new
photomask designed to define also the general shape of the electrode pads so the
shadow mask for source became irrelevant. The process steps order is changed. First,
even before cutting and cleaning, the photolithography is done. The photomasks fit 2’’
or 4’’ wafers. The dies size is kept the same, and the number of arrays and the array’s
size is not changed. The size of the holes in the array is changed. In the current mask, all
arrays on the die have same holes size. Those holes size is defined by the location of the
die on the wafer, it can be 2, 5, 10 or 20 µm. A new PR was used, AZ 5214E, this PR is
designed for image reversal process with two exposures. After the patterning of the PR,
the source layers are deposited (Ti/Au/Al/SiO2 2/30/3/80nm) using E-beam evaporator
and PECVD. In that stage, the lift-off is happening. Normally, immersing in acetone and
short sonication is enough to remove all PR area. However, since the PECVD can be very
isotropic, in same tests it was not enough, then also acetone gun was used. It is highly
important to keep the wafer sunk under liquid during the lift off, even when checking
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under the microscope. Because once dried, all partly connected metals and PR particles
will strongly attach to the wafer and cannot be removed again using solutions. The
wafer is cut to samples after the lift off is done, and the samples are cleaned like
described previously. At that point, the fabrication process is split according to the
particular test. An example for resulting devices is presented in Figure 4-13. Between
the different fabrications steps, the samples are kept in ambient conditions.

Figure 4-13: Optical photos of the samples, in the top row, 2 dies each contain 8 VOFETs. The
left is P-type VOFET with NPD and the right is N-type with PTCDI-C8, in the bottom row, at the
left an enlarged photo of one transistor, on the right an enlarged photo of the patterned area.

4.3.2. N-type results
The process worked with two N-type OSCs, N2200 and PTCDI-C8. PTCDI-C8 was ordered
from two different manufacturers Sigma-Aldrich (98%) and Lumtec (99.5%), no major
difference on performances was noticed between OSCs and between the
manufacturers. N2200 device show poor stability when taken out from the gloves box
for several minutes, while PTCDI-C8 worked even after weeks outside the gloves box.
The typical thickness of the PTCDI-C8 OSC was about 300nm. The best VOFETs had the
regular aluminum drain electrode. N-type VOFETs with gold electrode were also tested
but had higher leakage currents. The N-type VOFET was used to examine the
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importance of adding an insulating layer on top of the source electrode. A transistor
having this layer (Figure 4-14b) was compared to one that does not (Figure 4-14a). The
transfer characteristics of the two VOFET's, shown in Figure 4-14(a) and Figure 4-14(b),
exhibit a clear N-type transistor like behavior. Note that the presence of the insulator at
the top of the source electrode suppresses the injection from the top part of the
electrode and thus significantly reduces the off current. Hence, the on/off ratio in
Figure 4-14(b) is much higher compared to that in Figure 4-14(a), which was measured
for the VOFET without the insulating layer. The on/off ratio exceeds 105 at a gate and
drain bias of 30V for the VOFET with an insulating layer and is 100 times higher than
without the insulating layer.

Figure 4-14: Transfer characteristics of (a) N-type VOFET without source insulator. (b) N-type
VOFET with silicon oxide insulating layer. The inset shows the structure of the device.

The major difference between the devices is the off current. The PECVD deposited
silicon oxide layer reduces the off currents by 3 orders of magnitude, supporting the
assumption that the off currents were mainly generated at the top part of the electrode.
The second source of leakage, which is not directly related to the transistor structure,
has to do with the large overlap between the substrate which functions as a gate
electrode and the other electrodes. The thermal silicon oxide is not ideal insulator and
despite it being specified as better on 4’’ wafers it is still prone to leakage. To make the
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leakage lower and allow for even lower source-to-drain off currents one needs to
introduce a fabrication process using patterned gate electrode. The third source for
apparent leakage is the capacitive charging of the organic semiconductor in regions
outside the transistor area. As the sign of this leakage current depends on the sweep
direction the voltage at which the total gate current crosses zero is different between
the forward and reverse sweep direction. This capacitive charging would also be
rectified once a patterned gate process is implemented. The current density of VOFET
with the insulating layer is 10 times lower than without it, still, the VOFET reaches
current density over 10mA/cm2, a high enough to drive an OLED at brightness level
needed for displays32.
The fabrication process is fairly stable, transistors from different dies with different
holes size diameter show similar performance, inset to Figure 4-15(b). The fill factor was
kept constant, about 20%. The drain-source bias for that measurement was VDS = 30[V].

Figure 4-15: N-type VOFET with source insulator layer: (a) Output characteristic of (b) Transfer
characteristics for VOFETs with different holes size diameter but constant fill factor.

The output characteristics of a VOFET having a source insulator layer are shown in
Figure 4-15(a). For zero or negative gate bias, the characteristics are of a rectifying diode
with a rectification ratio of up to 103. Also, the off current measured for positive drainsource voltage is almost bias-independent. Both features are an indication of the
82

injection blocking performed by the insulating layer covering the source electrode. In
the reverse bias, the currents are essentially high due to the good injection properties of
the top aluminum electrode. The strong modulation by the gate bias at the positive
drain-source voltage supports the notion of the lowering of the injection barrier and the
fact that the current-voltage become symmetric at high gate bias suggests that the
source electrode switched to being ohmic. The weak modulation at negative drainsource voltages can be explained by the large diameter of the holes (10 µm) compared
to the small thickness of the OSC layer (300nm). The large opening at the source
electrode enables the electric field from the gate to reach the top aluminum electrode
and OSC interface and enhance the field driving the electrons towards the source
electrode.
Jonathan Zucker researched, as an undergraduate project under my instruction, the
effect of the thickness of the OSC layer on the performance of the VOFET 99. Three
different PTCDI-C8 thicknesses were fabricated (200,300,450nm) and over 30 transistors
were tested. A clear trend was noticed. Shortening the OSC layer increased the device
currents. Since the increase of off currents was more significant that on currents, the
devices on/off ratio was reduced with the OSC thickness shortening.
4.3.3. P-type results
Having established the properties of the N-type VOFET, the search of suitable P-type
OSC for P-type VOFET was started. Several OSCs were tested (F8, F8BT, poly-TPD) but
only NPD (Sigma-Aldrich, 99%, N,N′-Di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′diamine) exceed 1000 on/off ratio. Transfer characteristics of 5µm holes size 360nm
NPD based VOFET Figure 4-16(a) shows a transistor behavior for the P-type device with
on/off ratio above 3x104. The maximum current density is also lower compared to the
N-type device (1.7mA/cm2). However, when matching the absolute drain-source
voltages between the devices the difference becomes more obscure. Drain-source
current density of 0.95mA/cm2 for the N-type compared to 0.56mA/cm2 for the P-type
at 15V drain-source voltage. The off currents in the P-type device are much greater than
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in the N-type device leading to lower on/off ratio and lower drain-source operation
voltage71. The origin of the high off currents is attributed to the lower injection barrier
for holes in the P-type device compared to the injection barrier for electrons in the Ntype device. The energy level diagram, based on literature values30,100-102, for the N-type
device (Figure 4-16b) there is 0.8eV injection barrier, 0.4eV higher than the barrier for
holes in the P-type device (Figure 4-16c).

Figure 4-16: (a) Transfer characteristics of P-type VOFET (b) Energy level diagram for N-type
VOFET. (c) Energy level diagram for P-type VOFET.

In both types, a minor hysteresis phenomenon can be noticed, compared to previous
results, as the difference between the solid and the dashed lines in the transfer
characteristics. The mechanism underlying this hysteresis is not fully resolved but
judging by the OFET literature these are likely to be due to surface states at the insulator
interface93. The devices, both P-type and N-type, were also used to magnetoconductance (MC) measurements, done by Bagrat Khachatryan. Those measurements
reveal that the N-type devices has larger MC effect than P-type, and also that the MC
effect is larger with the presence of the deposited silicon oxide (Gen I compared to Gen
II). It suggested that the electron drifted along the deposited silicon oxide towards the
drain, form weakly bound pairs with positive charge defects in the deposited silicon

84

oxide insulating layer. The magnetic field affects the lifetime of those pairs and this way
the conductance is changing103.
4.3.4. Complementary inverter circuit
An inverter circuit was assembled, using P-type (NPD) and N-type (PTCDI-C8) Gen II
VOFETs, as shown in Figure 4-17(b). The P-type VOFET connected through its source
electrode to the positive supply voltage (VDD) and by drain electrode to the output
terminal. The N-type VOFET was also connected by drain electrode to the output
terminal and by the source to the ground. Both gates were connected to the input
signal. The output voltage curves of the inverter for different supply voltages (V DD) are
presented in Figure 4-17(a), the curves reveal a truly inverter behavior with gains over 2.

Vout
Vin

(7)

Gain 

(8)

VOH  VOUT  VIN  VOL  ; VOL  VOUT  VIN  VOH  ; VM  VOUT  VIN  VM 

Further analysis of the curves suggests that although the gain is relatively low the
inverter can still be cascaded. Using the conventional definition presented in (8); the
result voltages for VDD=25V are VOH=21.4V, VOL=6.6V, VM= 15.2V (green dots) thus noise
robustness (Min(VOH-VM, VM-VOL)) of 6.2V. The high output voltage is kept about three
volts below VDD for all the curves meaning the off current in the N-type VOFET are not
increasing with increase in VDD. The low output voltage and the closing of the inverter
are somewhat poorer and are due to the P-type VOFET not being fully closed at high
drain-source voltage.
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Figure 4-17: (a) Output characteristics of the inverter circuit for different supply voltages. (b)
Electric scheme of the inverter circuit.

During the fabrication, one batched was mishandled and for P-type devices and
aluminum drain was fabricated instead of gold. The N-type had gold drain instead
aluminum. The result matched the expectations, the devices were still working but the
off current increased between ten folds for N-type to thousand folds for P-type due to
opposite charge carriers injection from the drain. The switching of drain metal lower the
injection barrier for those carriers.

4.4. Vertical organic light emitting transistor (VOLET)
If light emitting ambipolar OSC is used in OFET an organic light emitting transistor (OLET)
can achieved104-107. This device is very interesting from the perspective of active matrix
OLED (AMOLED) displays since it combining the transistor and OLED to one device.
However, since the light emitting area is relatively small (tens nm) most of the device
area is not well used. One of the advantages of most vertical approach is the possibility
of fabricating an OLED directly on top the OSC layer to form VOLET so ambipolar OSC
which limits performances is not necessary. In the VOLET, the gate modulates the
injection of one type carriers while the other type carriers are injected freely from the
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OLED top electrode. The VOLET offers more efficient usage of the area and possible
simpler processing54,60,65,74,75. Since high current density accelerate the OLED
degradation, clear off more area for the OLED can improve its life time without
compromising on the brightness quality. During this work, VOLET were fabricating using
the mask aligner process for PSE and the OLED layer was fabricated in Kent state
university as part of collaboration with Björn Lüssem.
4.4.1. Fabrication
The PSE was fabricated as described in a previous report98. On top of the PSE, a 200nm
of PTCDI-C8 was evaporated. The remaining VOLET fabrication process was completed
in Kent (Ohio) by depositing a p-i-n OLED on top. Note that the samples were stored in a
closed gel box to prevent air exposure while being transported to Kent. From the
bottom to top, the following layers were deposited: 70nm of NBphen (2,9bis(naphthalen-2-yl)-4,7-diphenyl-1,10-phenanthroline, purity >99%) doped with cesium
carbonate (Sigma-Aldrich, Cs2CO3, 99%) at 5 wt% as electron transport layer (ETL). Hole
blocking layer (HBL) made of 10nm of BAlq (bis(2-methyl-8-quinolinolate)-4(phenylphenolato)aluminium, >99%). 20nm of NPB (N,N’-Bis(naphthalen-1-yl)-N,N’bis(phenyl)-benzidine, >99.5) doped with the phosphorescent emitter Ir(MDQ)2(acac)
(bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(III),

>99%)

used

as

emission layer (EML). Another 10nm of NPB used as an electron blocking layer (EBL).
Spiro-TTB (2,2’,7,7’-tetrakis-(N,N-di-methylphenylamino)-9,9-spiro-bifluorene, >99%)
doped with F6-TCNNQ (2,2’-(perfluoronaphthalene-2,6-diylidene)dimalononitrile) 4
wt%, used as 60nm of holes transport layer (HTL). And finally 20nm of Ag was used as
semitransparent top electrode. The organic materials except for Cs2CO3 were purchased
from Lumtec Corp., and all materials were used without further purification. The OLED
layers were deposited by thermal evaporation in a vacuum chamber (Angstrom
Engineering Inc.) at a base pressure of 1 × 10-7 Torr and structured by shadow masks
defining an effective emission area of 1 × 1 mm2. The doped layers were prepared by coevaporation; the precise doping concentration is controlled by the evaporation rates.
Each deposition rate was individually monitored with two quartz crystal microbalances.
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The electrical and optical characteristics of our top-emission VOLET were simultaneously
measured using a semiconductor parameter analyzer (Keithley, 4200-SCS) and a
photodiode (Thorlab, FDS1010) in a nitrogen-filled glovebox under dark ambient
condition. The electroluminescence spectrum of the Ir(MDQ)2(acac) emission was
obtained using a spectrometer (OceanOptics, USB4000) and an integrating sphere
(OceanOptics, FOIS-1) coupled to an optical fiber (OceanOptics).
4.4.2. Results
To demonstrate the potential of the PSE-VOFET, VOLET's were fabricated based on the
PSE-VOFET with a light emitting structure on top. N-type devices were fabricated with a
structure similar to previous report98 but without the drain and a thinner OSC layer
(200nm instead of 300nm). The fabrication was completed by adding the light emitting
structure. The resulting device structure is shown in Figure 4-18(b). Images of the
fabricated devices are shown in Figure 4-18(c) and (d), in both the device is under drain
bias with negative (c) or positive (d) gate bias.

Figure 4-18: (a) Transfer and luminance characteristics of the VOLET with PSE. The solid lines
refer the drain-source current and the dashed lines refer to the luminance. (b) Simplified layer
structure of PS based VOLET. (c) and (d) camera pictures of the VOLET under constant drain
bias, VD=19V, at VG=-20V and VG=30V, respectively.

In this structure, the PSE is the electron injecting contact of the OLED and the gate
modulates this electron injection. Holes injection is ohmic and, if there is no electrons
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injection, they would accumulate at the interface between the emission layer and the
hole blocking layer. Since the silicon substrate is not transparent a thin silver anode (20
nm) was used as a semi-transparent contact. Measured luminance and current are
presented in Figure 4-18(a). For constant and positive anode-cathode (drain-source)
voltage, the gate modulates both the current and the light output. The data in
Figure 4-18(a) highlights two issues associated with such device structures. First, the off
current is dependent on the drain-source voltage and is relatively high, leading to power
loss when the device should be off. Second, across the entire bias range, the drainsource current and the luminance are strongly affected by the drain-source voltage and
not only by the gate. The device current is increasing by 200% when the drain voltage is
increased by 30%. It was suggested that the same mechanism causes these two
phenomena.108 The source electrode side walls are exposed to electric field from the
drain thus allowing the drain to partially act in a similar manner to the gate electrode.

4.5. Discussion
The second generation VOFET results reassure our understanding of the device, also
achieving working devices using completely different three fabrication processes
increases our confidence. The mask-aligner lift-off process was the most stable and the
only one that we published although some samples from the etching process had even
better on/off or had higher currents. Because the mask aligner process has a good yield,
it was possible to broaden the research to different applications like inverters and
VOLET. However, some devices still had high off currents. During his project, Jonathan
Zucker took some of the samples to Intel Failure Analysis (FA) laboratory for SEM and
FIB cross-section imaging. The image quality was better than obtained in the Technion
and revealed the origin of high off currents. In many samples, defects were noticed at
the edge of the source electrode which is the heart of the device. In Figure 4-19, two
examples of those defects are marked in yellow circles, a mixture of gold and SiO2 is
projected towards the drain electrode.
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Figure 4-19: Two SEM image of cross-section lift-off process using mask-aligner.

Since those defects repeat in many samples of different batches it must be a systematic
problem and not a random defect. The PE-CVD is an isotropic process and attached also
to gold layer and the PR so it is possible that during the hard lift-off, which involved
action gun, some pieces are partly detached from the substrate and rise up. A support
to that assumption is the coverage of the OSC (dark layer) which fits the defect shape.
To improve the process yield and to avoid those defects, different less isotropic oxide
deposition techniques such as sputtering or E-beam evaporation were tested as source
insulator but did not result in better performance. Another approach to ease the lift-off
process is to create clear undercut by over development of the PR and indeed the lift-off
became simpler and the aggressive steps of sonication and action gun were not needed.
The difference between the regular process and the process with over development are
presented in Figure 4-20(a) and (b), the yellow circles highlights the change in the base
of the PR pole.
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Figure 4-20: SEM image of the cross-section (a) and (b) before lift-off process regular and over
developed PR, respectively. (c) and (d) Two examples of source fully covered with oxide.

Although the lift-off became easier the resulting devices had no gate effect at all. The
SEM cross section provided, again, a clear view of the problem and presented in
Figure 4-20(c) and (d). The PECVD process can penetrate deeper into the PR undercut
and fully cover the gold layer so no injection from the source is possible. This ‘bug’ can
be turned into a new feature. All Gen II devices have no drain saturation regime because
the source-OSC interface, on the holes side walls, is exposed to electric field from the
drain. But if the source-OSC interface is located underneath the source electrode it will
be affected only by an electric field from the gate. To have the interface below the

91

source means that all the source processing should happen on top the OSC layer as
explained in the next chapter.
The thickness of source electrode is expected to have an effect on the VOFET
performances by changing the electrical field distribution in the device, yet BCP process
was too challenging to prove it. The mask-aligner process seemed to enable a test that
will verify the source thickness dependence. Few test with a major increase in source
metals, from 30nm to more than 50nm failed in the LO step, probably due to converge
of the PR side walls.

Figure 4-21: (a) Transfer and (b) output characteristics of Gen II VOFET with buried OSC layer.

During the attempts to stabilize a new fabrication process for Gen III devices, Gen II
devices with additional OSC layer buried below the PSE were fabricated. The structure
of those devices is presented in Figure 5-2(b). The transfer and output characteristics
are presented in Figure 4-21. The devices show a clear transistor behavior without
saturation like all other Gen II devices. The off currents are a bit higher than previous
results. That batch had very high yield and variations among devices was surprisingly
low. In later tests, it was noticed that TMAH (the 5214 PR developer) is etching the OSC
layer as well however many working devices were achieved using that process. The
results are also very similar to the simulation results done later on (Figure 5-2e).
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5. Saturated structure – Gen III
Saturation regime in transistors is a crucial feature for many applications in which the
transistor should behave as a current source. In vertical architecture, it is more
challenging to reach a full drain (or collector) saturation because of the shorter channel,
some designs already reach full saturation and some are still in progress 39,50,109. In the
PSE design, a full saturation was claimed to be achieved but the output characteristic
does not show flat current curves75. This chapter discusses the absence of saturation
regime in Gen II PSE-VOFET and describes the new fabrication process developed for a
full saturated structure and its experimental results. Thanks to Gil Sheleg, COMSOL
simulations results are also presented supporting the experimental findings.

5.1. Absence of saturation in Gen II
More than 150 working transistors were measured using three different fabrication
processes, however, none of them showed drain saturation regime, hence there must
be an inherent problem in the Gen II structure. When examining the output
characteristics in log-log scale (Figure 5-1a) in on-state, the device current exhibits a
power law of ~2, matching to SCL regime, meaning the device reaching a full virtual
contact and the channel transport is the limiting factor.

Figure 5-1: Output characteristic in log-log scale of Gen II mask-aligner process.
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Those results are also backed by simulation results seen in Figure 5-1(b), the simulation
details are discussed in the next sub-chapter. Finding that even in the 'clean' simulation
conditions the device is not reaching saturation was the last reassurances that for drain
saturation a structural change is needed to contour the drain effect at on state. As
explained at the end of the last chapter (4.5), the PSE-OSC interface should be moved
underneath the source electrode.

5.2. Simulations results
To better understand the structure that was suggested to provide saturation in the
output characteristics two device structures are compared. The first is with top-insulator
only, Gen II (Figure 5-2a), where the gate draws charges from the source similarly to the
lateral structure of bottom gate bottom electrode. The second incorporates a thin
semiconducting layer such that the gate draws the current from the source as in the
lateral structure of bottom gate top electrode (Figure 5-2b). The advantage of this
injection scheme is that it allows covering also the side walls of the source (Figure 5-2c).
60,108,110

Although in ref 108 it was suggested that covering the side walls of the source electrode
should provide for saturation in the output characteristics, such saturation was not
reported experimentally. To reassure those results, and to verify that covering of the
source side walls is the necessary adjustment for saturation, the device structures were
modeled in COMSOL. A 2D semiconductor module was used and to account for field
induced barrier lowering the effect of the image force was included. Three different
structures were modeled. The three PSE-VOFET structures simulated are shown
Figure 5-2(a) to Figure 5-2(c) and simulated output characteristics are shown below each
structure in Figure 5-2(d) to Figure 5-2(f). We simulated one unit cell with a total width
of 4 m and a hole size of 2 m. The device height (gate insulator to drain) was 210 nm
without buried OSC layer and 260 nm with buried OSC layer. The electron mobility was
taken as 0.1cm2v-1s-1 and the source electrode injection barrier was 0.7 eV.
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Figure 5-2: structure illustrations of (a) Gen II - no source side walls coverage and no buried
OSC layer. (b) No source side walls coverage and with buried OSC layer. (c) Gen III - source side
walls coverage and buried OSC layer. (d) to (f) are the matching simulated output
characteristics.

The simulations results, in Figure 5-2(d) and (e), show that in both cases, where the
patterned source is designed either as bottom-gate bottom electrodes or bottom gate
top electrode, the absolute currents are similar and the current does not saturate at any
drain bias. In fact, the original design of the PSE-VOFET71 was such that the gate bias
would create a virtual ohmic-electrode thus turning the source-drain diode to an SCL
one. Moving to the structure in Figure 5-2(c), and its simulated performance in
Figure 5-2(f), we note that covering the side of the electrode, such that no facet of it is
exposed to the drain, the effect of the drain bias is limited to the low voltage range
followed by a clear saturation. Naturally, as the effect of the drain bias is lost, the
maximum achievable current density drops. Although the main part of Figure 5-2(f)
shows a very nice saturation the data in Figure 4-18(a) indicate that one should examine
the curves on a linear-linear scale. Figure 4-18(a) shows that changing VDS by 3V (15V to
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18V) changes the current by at least 300%. Figure 5-3 shows the output characteristics
with the current on a linear scale. The saturation achieved by this structure is not as flat
as may be required by display application but a change of V DS from 15V to 18V is less
than 5% for VG=3V.
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Figure 5-3: Simulated output characteristics in linear scale for Gen III PSE-VOFET.

5.3. Experimental Results
The experimental verification, or comparison, was done for the three device structures
shown in Figure 5-2. In Gen II structure, Figure 5-2(a), the source electrode is mostly
made of gold with two thin adhesion layers, titanium, and aluminum, to ensure good
adhesion with the bottom and top oxides, respectively. The PSE-OSC interface, gold and
PTCDI-C8 in this case, is the heart of this PSE-VOFET structure. These, gold and PTCDIC8, layers are chosen intentionally with high injection barrier to ensure that the gateinduced electric field would be required to lower the barrier and open the transistor. 71
But, as was found in the simulations, since the PSE-OSC interface is also exposed to
electric field associated with the drain (red arrows in Figure 5-4a), at strong drain
voltage the injection of carriers is affected by the drain-source bias as well. The newer
design (Figure 5-4c) has two major adjustments: First, the side walls of the PSE were also
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covered with SiO2. Second, the PSE was fabricated with an underlying thin PTCDI-C8
layer to facilitate injection. The patterning, in this case, was achieved using lift-off resist
suited for OSC's (see fabrication section 5.4).110,111

Figure 5-4: A cross-section: (a) Illustration and (b) SEM image of Gen II structure. Note that the
a-SiO2 covers only the top of the source layer. (c) Illustration and (d) SEM image of Gen III
structure. The a-SiO2 layer fully covers both top surface and sidewall of the source layer and
the OSC layer beneath the gold.

The SEM images of the structures are shown in Figure 5-4(b) and Figure 5-4(d).
Specifically, in these devices, the lift-off is clean with no residual protruding metal that
would act as leakage-enhancing spikes like seen before (Figure 4-19). Also, Figure 5-4(d)
shows that the amorphous SiO2, that was e-beam evaporated, fully covers the source
top and side facets.
In Figure 5-5, the measured output characteristics of the two structures shown in
Figure 5-4 are compared. Figure 5-5(a) shows the typical characteristics98 of the Gen II
PSE-VOFET structure and simulated in Figure 5-2(d). As Figure 5-1 shows, the current
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dependence on the drain-source bias is a power law of ~2 indicating that the virtual
ohmic contact was formed to support SCL current. The measured output characteristics
of the structure that should enhance the saturation behavior are shown in improvement
in Figure 5-5(b). In accordance with the simulations (Figure 5-2f), a saturation, in the
current as a function of the drain-source bias, is clearly visible. Drain dependence
becomes much clearer. For gate voltage of 20V and drain voltage between 6-14 volts,
the total change in drain-source current is less than 5%. The data also plotted in linear
scale in Figure 5-6. The shape of the measured output curve for V G=20 is remarkably
similar to the simulation shown in Figure 5-3. This suggests that the transistors are well
behaved and that the structure was realized relatively well (as indicated by the SEM
images in Figure 5-4).

Figure 5-5: Measured output characteristics of (a) Gen II structure (b) Gen III, the saturation
enhancing structure.

To complete the picture, the transfer characteristics are plotted in semi-log scale
(Figure 5-6a) for the saturation enhancing PSE-VOFET structure. The transfer
characteristics are shown as measured in the forward (sold line) and backward (dashed
line) directions. There is some hysteresis but it is rather low. The overlap of the curves
for small values of gate bias is another manifestation of the existence of saturation in
the output characteristics. The saturation observed as a function of gate bias is typical of
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this type of VOFETs.71 Once the gate has fully enabled the injection from the patterned
source the current of the PSE-VOFET would not change even if the gate bias is
enhanced. The problems that still need to be rectified are associated with the leakage
currents. The lower (black) curves in Figure 5-6(a) are the currents flowing through the
gate for the various voltages. While these are typically at least an order of magnitude
lower than the drain-source current they are limiting the on/off ratio to about 10 3.
Figure 5-6(b) shows the output characteristics presented in Figure 5-5(b) but on a linear
scale. In clearly shows that on this, more relevant scale, the performance is better but
not good enough. In Figure 5-6(c), the output characteristic of a different PSE-VOFET
from produced using the same process is shown. The saturation for this saturationenhancing PSE-VOFET is almost ideal and for the gate bias of 30V, there is a current
change of less than 1% over 10 volts change in VDS (7-17V).
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Figure 5-6: Measured characteristic of PSE-VOFETs having saturation enhancing structure (a)
Transfer characteristics, the solid lines are for increasing gate voltage and the dashed are for
retrace. Gate currents are in black. (b) and (c) output characteristics, the 20V gate series was
multiplied by ten.

5.4. Gen III fabrication
The devices were fabricated using a similar process to the Gen II mask aligner devices
but under some critical changes. First, the fabrication process has started with the
evaporation of the first OSC layer, 50 nm of PTCDI-C8. On top of the first OSC spun-coat,
a special LOR designed to be compatible with organic materials (Orthogonal, OSCoR
SL1). Not just the LOR should be compatible with the OSC, also the developer
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(Orthogonal Developer 100) and stripper (Orthogonal Stripper 700) should not harm the
OSC. After a short drying (1min, 100oC) a conventional photoresist (AZ 5214) was
applied, using reversal image process (SUSS, MA-6 contact mask aligner) the pattern
was transferred to the 5214 PR. When developing the LOR, a clear undercut was
achieved. 25nm gold layer and 3nm of aluminum were evaporated and used as a source
electrode. A layer of 65nm silicon oxide, as a source insulator, was evaporated using Ebeam and not PE-CVD as used in Gen II. Another deviation from the Gen II process is the
timing of dicing the wafer to samples, in the Gen III process the first OSC layer is already
deposited in the beginning so cleaning is problematic. To avoid the cleaning, the
samples were cut before the LO, so the LOR removal will clean also the particles of the
dicing. The second layer of OSC was also thermally evaporated (300 nm, PTCDI-C8). The
devices were completed using aluminum drain electrode like before.
Before developing the SL1 process, devices were fabricated using Orthogonal positive
tone PR (4001). The 4001 was compatible with 5214 image reversal process but the liftoff process was hard and had a low yield. The LO process was done using the
Orthogonal stripper to avoid damage to the OSC layer. The positive slope of the 4001
probably was the major cause of the LO failure.

5.5. Discussion
The SL1 LOR process is more challenging than the previous mask-aligner process (4.4.1)
and its yield is lower but still better than the BCP process or the etching process. In the
same batch, the devices performances have large variation. It seems that the LOR is not
completely removed from all the devices after the development step, which may
increase disparity among devices. The source side wall insulator coverage is also tricky,
too isotropic deposition harm the lift-off but very anisotropic would not fully cover and
no clear saturation would be achieved.
To compensate for the lower currents and high gate voltage in Gen III devices, higher
work functions metals were tested as a source electrode for N-type VOFET. Chrome and
aluminum were removed completely during the LO process. Titanium and silver hold the
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processing but the device's current were extremely low and no clear transistors
behavior were achieved. Some wafers had self-assembly monolayer surface treatment
like HMDS or OTS (octadecyl trichlorosilane) before the first OSC deposition, however,
no clear effect was observed.
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6. Conclusions
The main goal of this short chapter is to summarize the experimental results and the
knowledge that was gained about the PSE-VOFET between and during the experiments.
The straight-forward well-proven results are summarized in the direct results
subchapter. The trends noticed during this entire work which cannot be fully proved
because many different parameters were changed between process or batches or even
due to large variance among device in the same batch are detailed in the indirect
results. That subchapter also discussed unsuccessful experiments, many things can be
learned from failures and new experiments are suggested. In the short outlook
subchapter, a new structure is suggested. Knowledge of fabrication processes was also
gained during that work. It is not summarized in this chapter, some of it can be found in
Methods and techniques: chapter and in the appendixes.

6.1. Direct results
The first significant result was revealing a turn on time shorter than 2µm, during that
measurement a current density record of 3 A/cm2 was achieved (3.2.2). During the
experiments for Gen II stable process a VOFET with on/off ratio of 2.8x10 5 (4.2.2) yet
that result was not published. The stable mask-aligner process had many important
results like reduction of about two orders of magnitude in off currents adding source
insulator 4.3.2). Using Gen II P-type and N-type VOFETs to form the first VOFET based
inverter 4.3.4). The process is also compatible to fabricate VOLET (4.4.2). The Gen III
VOFET using the LOR fabrication process showing fully drain saturation regime with
current change of about one percent for ten volts change in drain bias (5.3). The
different generations performances are summarize in Table 6-1.
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Gen I

Gen II

Gen III

5x103

2.8x105

3x103

Max current density [mA/cm2]

500

10

0.2

Hysteresis [V]

2-5

1-3

<1

Very low

High

Medium

Turn on time [µsec]

<2

Not measured

Not measured

Saturation Regime

No

No

Max on/off ratio [A.I]

Yield

1% change in IDS
over 10 volts bias

Table 6-1: Summarizing table of the performances of the three VOFET generations

6.2. Indirect results
VOFET active area – As the unit cell size of the VOFET was increased from process to
process, the current densities decreased. In the BCP the unit cell was hardly controlled
and that assumption could not be tested. In the stepper process the unit cell size was
changed to verify the assumption, however, the yield was too low to have a comparison.
The mask aligner process indeed was stable enough to see that trend (Figure 4-15b), but
not enough to quantify it. In simulations, the high vertical current density is only a few
tens of nm from the edge of the source, so it may be that most of the device area is
ineffective. The wide center of the hole in the source or the large area between hole to
hole may not contribute to the device current density.
Source thickness – Attempt to investigate the effect of the source thickness on the
device current failed due to technical problems (4.5). Yet in Gen III VOFETs that effect
should be weaker since the source is protected from drain electric field. A new structure
parameter that may affect the performance is the buried OSC layer. In Gen II
experiments there is no clear trend regarding adding buried layer (4.5) besides stronger
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gate saturation. But in Gen III experiments (5.3) and in the simulations 5.2), it seems
that the buried layer increases the gate voltage needed to open the device also the gate
saturation effect is stronger in those devices.
Electrode metals – Injection of carriers from the electrodes to OSC is mainly depended,
normally, on the injection barrier resulting from the metal work function and OSC
energy levels. Experiments with other metals as source electrodes, besides gold, were
failed. Maybe, first, the focus should be remained of changing the OSC like done with
the P-type devices (4.3.3). Switching the drain electrode to reduce opposite type carriers
injection barrier, indeed show a clear effect on the devices performances by increasing
the off currents, probably due to minority carriers transport.

6.3. Outlook
The possibility to fabricate the PSE on top organic layer enables to develop more
complex structures, for example in Figure 6-1 a complementary inverter using the same
area for both transistors is presented. The two patterns do not have to be fully aligned
because of the conductive drain electrode between them. However, covering the PSE
side walls for the upper VOFET is more challenging and may require etching process or
another lithography step. The different structures in this work were tested solely with
OSC, yet any low doping thin film semiconductor can be used as long injection barrier
can be formed between the OSC and the PSE. Although not backed quantitatively,
visiting conferences and monitoring new publication raising a feeling that the vertical
approach and the VOFET, in particular, becomes the research subject of much more.
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Figure 6-1: Illustration of (a) layer structure for Gen III N-type and P-type VOFETs vertically
connected to form a complementary inverter. (b) Electrical scheme equivalent to (a).

105

7. References
1

2
3
4

5
6

7

8

9
10
11
12

13

14
15

16

Fortunato, E., Barquinha, P. & Martins, R. Oxide semiconductor thin-film
transistors: a review of recent advances. Adv Mater 24, 2945-2986,
doi:10.1002/adma.201103228 (2012).
Street, R. A. Thin-Film Transistors. Advanced Materials 21, 2007-2022,
doi:10.1002/adma.200803211 (2009).
Weimer, P. The TFT A New Thin-Film Transistor. Proceedings of the IRE 50, 14621469, doi:10.1109/jrproc.1962.288190 (1962).
Snell, A. J., Mackenzie, K. D., Spear, W. E., Lecomber, P. G. & Hughes, A. J.
Application of Amorphous-Silicon Field-Effect Transistors in Addressable LiquidCrystal Display Panels. Appl Phys 24, 357-362, doi:Doi 10.1007/Bf00899734
(1981).
Takashi, N., Hisao, H. & Takefumi, O. Low Temperature Polysilicon Super-ThinFilm Transistor (LSFT). Japanese Journal of Applied Physics 25, L121 (1986).
Kimura, M. et al. Low-temperature polysilicon thin-film transistor driving with
integrated driver for high-resolution light emitting polymer display. Ieee T
Electron Dev 46, 2282-2288, doi:10.1109/16.808054 (1999).
Heremans, P. et al. Mechanical and Electronic Properties of Thin-Film Transistors
on Plastic, and Their Integration in Flexible Electronic Applications. Adv Mater 28,
4266-4282, doi:10.1002/adma.201504360 (2016).
Risteska, A., Chan, K.-Y., Gordijn, A., Stiebig, H. & Knipp, D. Electrical Stability of
High-Mobility Microcrystalline Silicon Thin-Film Transistors. Journal of Display
Technology 8, 27-34, doi:10.1109/jdt.2011.2166055 (2012).
Klasens, H. A. & Koelmans, H. A tin oxide field-effect transistor. Solid-State
Electronics 7, 701-702, doi:10.1016/0038-1101(64)90057-7 (1964).
Boesen, G. F. & Jacobs, J. E. ZnO field-effect transistor. Proceedings of the IEEE
56, 2094-2095, doi:10.1109/proc.1968.6813 (1968).
Hoffman, R. L., Norris, B. J. & Wager, J. F. ZnO-based transparent thin-film
transistors. Applied Physics Letters 82, 733-735, doi:10.1063/1.1542677 (2003).
Nomura, K. et al. Thin-film transistor fabricated in single-crystalline transparent
oxide semiconductor. Science 300, 1269-1272, doi:10.1126/science.1083212
(2003).
Jeong, J. K. et al. 3.1: Distinguished Paper: 12.1-Inch WXGA AMOLED Display
Driven by Indium-Gallium-Zinc Oxide TFTs Array. SID Symposium Digest of
Technical Papers 39, 1, doi:10.1889/1.3069591 (2008).
Franklin, A. D. et al. Sub-10 nm carbon nanotube transistor. Nano Lett 12, 758762, doi:10.1021/nl203701g (2012).
Sun, D. M., Liu, C., Ren, W. C. & Cheng, H. M. A review of carbon nanotube- and
graphene-based flexible thin-film transistors. Small 9, 1188-1205,
doi:10.1002/smll.201203154 (2013).
Shirakawa, H., Louis, E. J., Macdiarmid, A. G., Chiang, C. K. & Heeger, A. J.
Synthesis of Electrically Conducting Organic Polymers - Halogen Derivatives of
106

17

18
19
20
21
22
23
24
25

26
27

28

29

30

31
32

Polyacetylene, (Ch)X. J Chem Soc Chem Comm, 578-580, doi:DOI
10.1039/c39770000578 (1977).
Becerril, H. A., Roberts, M. E., Liu, Z., Locklin, J. & Bao, Z. High‐Performance
Organic Thin‐Film Transistors through Solution‐Sheared Deposition of Small‐
Molecule Organic Semiconductors. Advanced Materials 20, 2588-2594,
doi:10.1002/adma.200703120 (2008).
Stallinga, P. in Electrical Characterization of Organic Electronic Materials and
Devices i-xi (John Wiley & Sons, Ltd, 2009).
Horowitz, G. Organic Field-Effect Transistors. Advanced Materials 10, 365-377,
doi:10.1002/(sici)1521-4095(199803)10:5<365::aid-adma365>3.0.co;2-u (1998).
Berggren, M. & Richter-Dahlfors, A. Organic Bioelectronics. Advanced Materials
19, 3201-3213, doi:10.1002/adma.200700419 (2007).
Someya, T., Bao, Z. & Malliaras, G. G. The rise of plastic bioelectronics. Nature
540, 379-385, doi:10.1038/nature21004 (2016).
Tang, C. W. & VanSlyke, S. A. Organic electroluminescent diodes. Applied Physics
Letters 51, 913-915, doi:10.1063/1.98799 (1987).
Ghaffarzadeh, K. & Bardsley, N. OLED Lighting Opportunities 2017-2027:
Forecasts, Technologies, Players. (2017).
Kippelen, B. & Brédas, J.-L. Organic photovoltaics. Energy & Environmental
Science 2, 251, doi:10.1039/b812502n (2009).
Koezuka, H., Tsumura, A. & Ando, T. Field-Effect Transistor with Polythiophene
Thin-Film. Synthetic Met 18, 699-704, doi:Doi 10.1016/0379-6779(87)90964-7
(1987).
Yagi, I. et al. A flexible full-color AMOLED display driven by OTFTs. Journal of the
Society for Information Display 16, 15, doi:10.1889/1.2835023 (2008).
Fiore, V. et al. An Integrated 13.56-MHz RFID Tag in a Printed Organic
Complementary TFT Technology on Flexible Substrate. IEEE Transactions on
Circuits
and
Systems
I:
Regular
Papers
62,
1668-1677,
doi:10.1109/tcsi.2015.2415175 (2015).
Cantatore, E. et al. A 13.56-MHz RFID System Based on Organic Transponders.
IEEE Journal of Solid-State Circuits 42, 84-92, doi:10.1109/jssc.2006.886556
(2007).
Veres, J., Ogier, S., Lloyd, G. & de Leeuw, D. Gate Insulators in Organic FieldEffect
Transistors.
Chemistry
of
Materials
16,
4543-4555,
doi:10.1021/cm049598q (2004).
Malenfant, P. R. L. et al. N-type organic thin-film transistor with high field-effect
mobility based on a N,N[sup ′]-dialkyl-3,4,9,10-perylene tetracarboxylic diimide
derivative. Applied Physics Letters 80, 2517, doi:10.1063/1.1467706 (2002).
Yan, H. et al. A high-mobility electron-transporting polymer for printed
transistors. Nature 457, 679-686, doi:10.1038/nature07727 (2009).
Sirringhaus, H. 25th anniversary article: organic field-effect transistors: the path
beyond
amorphous
silicon.
Adv
Mater
26,
1319-1335,
doi:10.1002/adma.201304346 (2014).
107

33

34

35

36

37
38

39

40

41

42

43
44

45

46

47

Matsumoto, T., Ou-Yang, W., Miyake, K., Uemura, T. & Takeya, J. Study of
contact resistance of high-mobility organic transistors through comparisons.
Organic Electronics 14, 2590-2595, doi:10.1016/j.orgel.2013.06.032 (2013).
Mandal, S. & Noh, Y.-Y. Printed organic thin-film transistor-based integrated
circuits. Semiconductor Science and Technology 30, 064003, doi:10.1088/02681242/30/6/064003 (2015).
Baeg, K. J., Caironi, M. & Noh, Y. Y. Toward printed integrated circuits based on
unipolar or ambipolar polymer semiconductors. Adv Mater 25, 4210-4244,
doi:10.1002/adma.201205361 (2013).
Lussem, B., Gunther, A., Fischer, A., Kasemann, D. & Leo, K. Vertical organic
transistors. J Phys Condens Matter 27, 443003, doi:10.1088/09538984/27/44/443003 (2015).
Parashkov, R. et al. Vertical channel all-organic thin-film transistors. Applied
Physics Letters 82, 4579-4580, doi:10.1063/1.1584786 (2003).
Nakayama, K. et al. Flexible air-stable three-dimensional polymer field-effect
transistors with high output current density. Organic Electronics 14, 2908-2915,
doi:10.1016/j.orgel.2013.08.002 (2013).
Johnston, D. E., Yager, K. G., Nam, C. Y., Ocko, B. M. & Black, C. T. One-volt
operation of high-current vertical channel polymer semiconductor field-effect
transistors. Nano Lett 12, 4181-4186, doi:10.1021/nl301759j (2012).
Pu, F., Yamauchi, H., Iechi, H., Nakamura, M. & Kudo, K. Organic Complementary
Inverters Based on Step-Edge Vertical Channel Organic Field-Effect Transistors.
Applied Physics Express 4, 054203, doi:10.1143/apex.4.054203 (2011).
Uno, M. et al. High-power and high-speed organic three-dimensional transistors
with submicrometer channels. Applied Physics Letters 97, 013301,
doi:10.1063/1.3458867 (2010).
Nishizawa, J. I., Terasaki, T. & Shibata, J. Field-Effect Transistor Versus Analog
Transistor (Static Induction Transistor). Ieee T Electron Dev Ed22, 185-197,
doi:Doi 10.1109/T-Ed.1975.18103 (1975).
Klinger, M. P. et al. Advanced Organic Permeable-Base Transistor with Superior
Performance. Adv Mater 27, 7734-7739, doi:10.1002/adma.201502788 (2015).
Fischer, A., Scholz, R., Leo, K. & Lüssem, B. r. An all C[sub 60] vertical transistor
for high frequency and high current density applications. Applied Physics Letters
101, 213303, doi:10.1063/1.4767391 (2012).
Kudo, K., Wang, D. X., Iizuka, M., Kuniyoshi, S. & Tanaka, K. Organic static
induction transistor for display devices. Synthetic Met 111, 11-14, doi:Doi
10.1016/S0379-6779(99)00404-X (2000).
Chao, Y.-C., Niu, M.-C., Zan, H.-W., Meng, H.-F. & Ku, M.-C. High-mobility
polymer space–charge-limited transistor with grid-induced crystallinity. Organic
Electronics 12, 78-82, doi:10.1016/j.orgel.2010.09.023 (2011).
Fujimoto, K., Hiroi, T., Kudo, K. & Nakamura, M. High-Performance, Vertical-Type
Organic Transistors with Built-In Nanotriode Arrays. Advanced Materials 19, 525530, doi:10.1002/adma.200601736 (2007).
108

48

49

50

51

52

53

54
55
56

57

58

59
60

61

62

Zan, H.-W. et al. High output current in vertical polymer space-charge-limited
transistor induced by self-assembled monolayer. Applied Physics Letters 101,
093307, doi:10.1063/1.4748284 (2012).
Fang, X. et al. A solvent-free lift-off method for realizing vertical organic
transistors with low leakage current and high ON/OFF ratio. Organic Electronics
31, 227-233, doi:10.1016/j.orgel.2016.01.027 (2016).
Li, C.-H. et al. Achieving saturation in vertical organic transistors for organic lightemitting diode driving by nanorod channel geometric control. Applied Physics
Letters 102, 163305, doi:10.1063/1.4802999 (2013).
Kaschura, F. et al. Operation mechanism of high performance organic permeable
base transistors with an insulated and perforated base electrode. Journal of
Applied Physics 120, 094501, doi:10.1063/1.4962009 (2016).
Ma, L. & Yang, Y. Unique architecture and concept for high-performance organic
transistors. Applied Physics Letters 85, 5084-5086, doi:10.1063/1.1821629
(2004).
Li, S.-H., Xu, Z., Ma, L., Chu, C.-W. & Yang, Y. Achieving ambipolar vertical organic
transistors via nanoscale interface modification. Applied Physics Letters 91,
083507, doi:10.1063/1.2773749 (2007).
Xu, Z., Li, S.-H., Ma, L., Li, G. & Yang, Y. Vertical organic light emitting transistor.
Applied Physics Letters 91, 092911, doi:10.1063/1.2778751 (2007).
Globerman, O. Lateral And Vertical Organic Thin Film Transistors M.Sc thesis,
Technion-Israel Institute of technology, (2006).
Nakamura, K. et al. Metal-insulator-semiconductor-type organic light-emitting
transistor on plastic substrate. Applied Physics Letters 89, 103525,
doi:10.1063/1.2347152 (2006).
Jiang, J., Sun, J., Zhou, B., Lu, A. & Wan, Q. Vertical low-voltage oxide transistors
gated by microporous SiO2/LiCl composite solid electrolyte with enhanced
electric-double-layer capacitance. Applied Physics Letters 97, 052104,
doi:10.1063/1.3477949 (2010).
Nakamura, K. et al. Improvement of Metal–Insulator–Semiconductor-Type
Organic Light-Emitting Transistors. Japanese Journal of Applied Physics 47, 18891893, doi:10.1143/jjap.47.1889 (2008).
Kleemann, H., Gunther, A. A., Leo, K. & Lussem, B. High-performance vertical
organic transistors. Small 9, 3670-3677, doi:10.1002/smll.201202321 (2013).
Lee, G. et al. Vertical organic light-emitting transistor showing a high current
on/off ratio through dielectric encapsulation for the effective charge pathway.
Journal of Applied Physics 121, 024502, doi:10.1063/1.4974008 (2017).
Kwon, H. et al. Toward High-Output Organic Vertical Field Effect Transistors: Key
Design Parameters. Advanced Functional Materials 26, 6888-6895,
doi:10.1002/adfm.201601956 (2016).
She, X. J., Gustafsson, D. & Sirringhaus, H. A Vertical Organic Transistor
Architecture
for
Fast
Nonvolatile
Memory.
Adv
Mater,
doi:10.1002/adma.201604769 (2016).
109

63

64

65

66

67

68

69

70

71

72

73

74

75

76

Ben-Sasson, A. J. et al. Self-assembled metallic nanowire-based vertical organic
field-effect transistor. ACS Appl Mater Interfaces 7, 2149-2152,
doi:10.1021/am505174p (2015).
Liu, B. et al. Carbon-Nanotube-Enabled Vertical Field Effect and Light-Emitting
Transistors. Advanced Materials 20, 3605-3609, doi:10.1002/adma.200800601
(2008).
McCarthy, M. A. et al. Low-voltage, low-power, organic light-emitting transistors
for active matrix displays. Science 332, 570-573, doi:10.1126/science.1203052
(2011).
Lemaitre, M. G. et al. Improved transfer of graphene for gated Schottky-junction,
vertical, organic, field-effect transistors. ACS Nano 6, 9095-9102,
doi:10.1021/nn303848k (2012).
Hlaing, H. et al. Low-voltage organic electronics based on a gate-tunable
injection barrier in vertical graphene-organic semiconductor heterostructures.
Nano Lett 15, 69-74, doi:10.1021/nl5029599 (2015).
Shih, C. J. et al. Partially-Screened Field Effect and Selective Carrier Injection at
Organic Semiconductor/Graphene Heterointerface. Nano Lett 15, 7587-7595,
doi:10.1021/acs.nanolett.5b03378 (2015).
Kim, J. S. et al. An Organic Vertical Field-Effect Transistor with Underside-Doped
Graphene Electrodes. Adv Mater 28, 4803-4810, doi:10.1002/adma.201505378
(2016).
Ben-Sasson, A. J. et al. Patterned electrode vertical field effect transistor
fabricated using block copolymer nanotemplates. Applied Physics Letters 95,
213301, doi:10.1063/1.3266855 (2009).
Ben-Sasson, A. J. & Tessler, N. Patterned electrode vertical field effect transistor:
Theory and experiment. Journal of Applied Physics 110, 044501,
doi:10.1063/1.3622291 (2011).
Ben-Sasson, A. J., Chen, Z., Facchetti, A. & Tessler, N. Solution-processed
ambipolar vertical organic field effect transistor. Applied Physics Letters 100,
263306, doi:10.1063/1.4731774 (2012).
Ben-Sasson, A. J., Ankonina, G., Greenman, M., Grimes, M. T. & Tessler, N. Lowtemperature molecular vapor deposition of ultrathin metal oxide dielectric for
low-voltage vertical organic field effect transistors. ACS Appl Mater Interfaces 5,
2462-2468, doi:10.1021/am3026773 (2013).
Keum, C. M. et al. Quasi-surface emission in vertical organic light-emitting
transistors with network electrode. Opt Express 22, 14750-14756,
doi:10.1364/OE.22.014750 (2014).
Yu, H., Dong, Z., Guo, J., Kim, D. & So, F. Vertical Organic Field-Effect Transistors
for Integrated Optoelectronic Applications. ACS Appl Mater Interfaces 8, 1043010435, doi:10.1021/acsami.6b00182 (2016).
Ben-Sasson, A. J., Greenman, M., Roichman, Y. & Tessler, N. The Mechanism of
Operation of Lateral and Vertical Organic Field Effect Transistors. Israel Journal of
Chemistry 54, 568-585, doi:10.1002/ijch.201400040 (2014).
110

77
78

Kern, W. & Schuegraf, K. K. in Handbook of Thin Film Deposition Processes and
Techniques (Second Edition) 11-43 (William Andrew Publishing, 2001).
van Franeker, J. J., Turbiez, M., Li, W., Wienk, M. M. & Janssen, R. A. J. A realtime study of the benefits of co-solvents in polymer solar cell processing. Nature
Communications 6, 6229, doi:10.1038/ncomms7229

http://www.nature.com/articles/ncomms7229#supplementary-information (2015).
79
Bates, F. S. & Fredrickson, G. H. Block Copolymers—Designer Soft Materials.
Physics Today 52, 32-38, doi:10.1063/1.882522 (1999).
80
Segalman, R. A. Patterning with block copolymer thin films. Materials Science
and Engineering: R: Reports 48, 191-226, doi:10.1016/j.mser.2004.12.003 (2005).
81
Avnon, E. Electronic organic devices made by self-assembly based methods PhD
Thesis thesis, Technion - Israel Institute of Technology, (2011).
82
Ben-Sasson, A. J. Vertical Organic Field Effect Transistors Realized by BlockCopolymers Self Assembly PhD Thesis thesis, Technion - Israel Institute of
Technology, (2013).
83
Zschieschang, U. et al. Megahertz operation of flexible low-voltage organic thinfilm
transistors.
Organic
Electronics
14,
1516-1520,
doi:10.1016/j.orgel.2013.03.021 (2013).
84
Yan, H. et al. A high-mobility electron-transporting polymer for printed
transistors. Nature 457, 679-686 (2009).
85
Steyrleuthner, R. et al. Bulk Electron Transport and Charge Injection in a High
Mobility n-Type Semiconducting Polymer. Advanced Materials 22, 2799-2803,
doi:10.1002/adma.201000232 (2010).
86
Ben-Sasson, A. J. & Tessler, N. Unraveling the Physics of Vertical Organic Field
Effect Transistors through Nanoscale Engineering of a Self-Assembled
Transparent Electrode. Nano Lett. 12, 4729-4733, doi:10.1021/nl302163q (2012).
87
Liu, Y. R., Liao, R., Lai, P. T. & Yao, R. H. Bias-Stress-Induced Instability of Polymer
Thin-Film Transistor Based on Poly(3-Hexylthiophene). IEEE Transactions on
Device and Materials Reliability 12, 58-62, doi:10.1109/tdmr.2011.2163408
(2012).
88
Sinno, H., Fabiano, S., Crispin, X., Berggren, M. & Engquist, I. Bias stress effect in
polyelectrolyte-gated organic field-effect transistors. Applied Physics Letters 102,
113306, doi:10.1063/1.4798512 (2013).
89
Greenman, M., Ben-Sasson, A. J., Chen, Z., Facchetti, A. & Tessler, N. Fast
switching characteristics in vertical organic field effect transistors. Applied
Physics Letters 103, 073502, doi:10.1063/1.4818585 (2013).
90
Tessler, N. & Roichman, Y. Two-dimensional simulation of polymer field-effect
transistor. Applied Physics Letters 79, 2987, doi:10.1063/1.1415374 (2001).
91
Sze, S. M. Physics of Semiconductor Devices. (Wiley, 1981).
92
Williams, K. R., Gupta, K. & Wasilik, M. Etch rates for micromachining processingpart II. Journal of Microelectromechanical Systems 12, 761-778,
doi:10.1109/jmems.2003.820936 (2003).

111

93

94

95
96
97

98

99
100

101

102

103

104

105
106
107

108

Mathijssen, S. G. J. et al. Charge Trapping at the Dielectric of Organic Transistors
Visualized in Real Time and Space. Advanced Materials 20, 975-979,
doi:10.1002/adma.200702688 (2008).
Shin, H. C. & Hu, C. M. Thin gate oxide damage due to plasma processing.
Semiconductor Science and Technology 11, 463-473, doi:Doi 10.1088/02681242/11/4/002 (1996).
Tessler, N., Ben-Sasson, A. J. & Greenman, M. ELECTRONIC DEVICE. United States
patent US20160300916 A1 (2016).
Eastman, D. E. Photoelectric Work Functions of Transition, Rare-Earth, and Noble
Metals. Physical Review B 2, 1-2, doi:10.1103/PhysRevB.2.1 (1970).
Breacha, C. D. & Leeb, T. K. Conjecture on the chemical stability and corrosion
resistance of Cu-Al and Au-Al intermetallics in ball bonds. 1-9,
doi:10.1109/icept.2011.6066835 (2011).
Greenman, M., Yoffis, S. & Tessler, N. Complementary inverter from patterned
source electrode vertical organic field effect transistors. Applied Physics Letters
108, 043301, doi:10.1063/1.4940999 (2016).
Zucker, J. Finding an Optimal Active Layer Width for Best VOFET Performance,
<http://omd.one/Published.html> (2016).
Hiroshiba, N. et al. Energy-level alignments and photo-induced carrier processes
at the heteromolecular interface of quaterrylene and N,N'-dioctyl-3,4,9,10perylenedicarboximide.
Phys
Chem
Chem
Phys
13,
6280-6285,
doi:10.1039/c0cp02663h (2011).
Li, W. X., Hagen, J., Jones, R., Heikenfeld, J. & Steckl, A. J. Color tunable organic
light emitting diodes using Eu complex doping. Solid-State Electronics 51, 500504, doi:10.1016/j.sse.2007.01.033 (2007).
Chu, T.-Y. & Song, O.-K. Hole mobility of N,N[sup ′]-bis(naphthalen-1-yl)-N,N[sup
′]-bis(phenyl) benzidine investigated by using space-charge-limited currents.
Applied Physics Letters 90, 203512, doi:10.1063/1.2741055 (2007).
Khachatryan, B., Greenman, M., Devir-Wolfman, A. H., Tessler, N. &
Ehrenfreund, E. Organic-inorganic proximity effect in the magneto-conductance
of vertical organic field effect transistors. Applied Physics Letters 109, 033506,
doi:10.1063/1.4959271 (2016).
Zaumseil, J., Friend, R. H. & Sirringhaus, H. Spatial control of the recombination
zone in an ambipolar light-emitting organic transistor. Nature Materials 5, 69-74,
doi:10.1038/nmat1537 (2005).
Schon, J. H. A Light-Emitting Field-Effect Transistor. Science 290, 963-965,
doi:10.1126/science.290.5493.963 (2000).
Hepp, A. et al. Light-emitting field-effect transistor based on a tetracene thin
film. Phys Rev Lett 91, 157406, doi:10.1103/PhysRevLett.91.157406 (2003).
Capelli, R. et al. Organic light-emitting transistors with an efficiency that
outperforms the equivalent light-emitting diodes. Nat Mater 9, 496-503,
doi:10.1038/nmat2751 (2010).
Greenman, M., Ben-Sasson, A. J. & Tessler, N. Electronic Device. PCT
/IL2014/051066 (2014).
112

109

110

111

Kaschura, F., Fischer, A., Kasemann, D., Leo, K. & Lüssem, B. Controlling
morphology: A vertical organic transistor with a self-structured permeable base
using the bottom electrode as seed layer. Applied Physics Letters 107, 033301,
doi:10.1063/1.4927478 (2015).
Günther, A. A., Sawatzki, M., Formánek, P., Kasemann, D. & Leo, K. Contact
Doping for Vertical Organic Field-Effect Transistors. Adv. Funct. Mater. 26, 768775, doi:10.1002/adfm.201504377 (2016).
Kleemann, H., Günther, A. A., Leo, K. & Lüssem, B. High-Performance Vertical
Organic Transistors. Small 9, 3670–3677, doi:10.1002/smll.201202321 (2013).

113

Appendix A – Evaporation rate effect
To demonstrate the better performance of the PSE-VOFET, in terms of a lower gate
voltage and lower parasitic gate capacitance, a define gate electrode area is needed
compare to using the entire substrate as a gate electrode. Many attempts to try
different oxides than the MVD alumina which had proven results73 already has failed.
Also, in my tests, the MVD alumina process has low yield and many devices broke down
at too low gate voltages or had high gate leakage currents. After AFM imaging of
electrode (Ti/Al 5/45nm) evaporated in different rates the reason becomes clear. The
average roughness of the faster (0.5nm/s) rate is the same as or even lower that the
slower (0.1nm/s) rate. However, the faster rate samples contain some peaks 10nm and
more above the surface. Those peaks are harder to cover with oxides and generate
strong electric fields around them that can cause electrical breakdown of the oxides.
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Appendix B – CV plots
During the dry etching tests, CV profiling measurements were made to assure that the
RIE process charges the oxide and that the annealing process passivates the oxide. The
data could not have been digitally extracted from the instrument. Therefore,
screenshots of several measurements are presented here to support the conclusions
(4.2.3).
1) The capacitor behaves as N-type MOS capacitor, and the annealing does not harm
the oxide:
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2) Even 1 minute under the RIE physical process is enough to charge the oxide:
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3) 30 minutes annealing is long enough to recover even 5 minutes RIE process:
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4) Soap charges the oxide while annealing process is not helpful:
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5) RIE also cannot undo the soap effect:
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Appendix C – Work function measurements
To verify the change in injection barrier (4.2.4) for when using different metals, the work
function of the source electrode was measured using AFM with Kelvin probe module.
The following series of images present the forward and reverse the direction of Kelvin
probe (top two images) and height (lower two images). The parameter of the scan is
detailed left to the images.
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תקציר
הטרנזיסטור האורגני הוא טרנזיסטור שכבות דקות המבוסס על מוליך למחצה פחמימני ,אורגני .תודות
לטכניקות השיקוע הפשוטות של המוליך למחצה האורגני ,הטרנזיסטור האורגני עשוי לשמש כרכיב מיתוג
במוצרי אלקטרוניקה לבישה ומוצרי אלקטרונים נמוכי עלות אחרים .בניגוד לדיודת פולטות אור אורגניות,
הטרנזיסטור האורגני טרם פותח לרמת הדרישות של התעשייה .הניידות הנמוכה של המולכים למחצה
האורגניים פוגמות בצפיפות הזרם ובתגובת התדר של הטרנזיסטור האורגני .תכנון טרנזיסטור תוצא
שדה אנכי אורגני היא דרך אחת להתגבר על ניידות הנמוכה במולכים למחצה האורגניים .בטרנזיסטורים
אנכיים ,אורך התעלה הוא עובי שכבת המוליך למחצה ,כך שניתן לייצר התקנים בעלי ביצועים משופרים
עם אורך תעלה קצר מאד (כ  100ננומטר) תוך שימוש בתהליכי ייצור זולים המתאימים לשטחים גדולים.
בעבודה זו ,שיטה לייצור תכנון טרנזיסטור תוצא שדה אנכי אורגני הנקראת אלקטרודת מקור מנוקבת
נחקרה ע"י ייצור ואפיון של מבנים שונים של טרנזיסטור תוצא שדה אנכי אורגני .בהתקן זה ,אלקטרודת
השער ממוקמת מתחת לאלקטרודת המקור ומאפשרת שליטה על דמות נושאי המטען המוזרקים
מאלקטרודת המקור אל המוליך למחצה האורגני .מהמוליך למחצה ,נושאי המטען נסחפים במהירות,
לאורך התעלה הקצרה ,לעבר אלקטרודת השפך .שלושה מבנים שונים נחקרו אחד אחר השני .תוצאות
של מבנה אחד שיפרו את הבנת ההתקן והניחו את היסודות לתכנון מבנה חדש ומשופר .כל מבנה נקרא
דור ( .)genהדור בראשון יוצר בעיקר בעזרת טכניקת התארגנות עצמית ייחודית של פולימרים מורכבים.
באמצעותה הוכנו טרנזיסטורים תוצא שדה אנכיים אורגניים בעלי זרם גבוה (  3אמפר לס"מ מרובע)
ותגובה מהירה ( כ  1מיקרו שנייה) .על מנת לשפר את יציבות וגמישות תהליך הייצור תוכנן הדור השני

בו אלקטרודת מקור עם שכבה מבודדת יוצרה בעזרת ליתוגרפיה אופטית .התקנים מסוג  Nומסוג P
הוכנו בשיטה זו .שכבת הבידוד על גבי אלקטרודת המקור משפרת את יחס הזרם בין מצב פתוח למצב
סגור של הטרנזיסטור לכעשר בחמישית .מההתקנים הורכבו מעגלים מסוג מהפך משלים וטרנזיסטור
פולט-אור .קיום משטר רווית שפך בהתקנים אלו אינה טריוויאלית והתקנים רבים מסוג זה לא מגיעים
אליו .משטר הרוויה נחוץ על מנת להשתמש בהתקנים כמתגים בתצוגות אקטיביות מבוססות דיודת
פולטת אור אורגנית .בדור השלישי שונה תהליך הייצור כך שצדדי אלקטרודת המקור כוסו גם הם
בתחמוצת וכך נמנעה השפעתה של אלקטרודת השפך .בכדי לא לבטל כלל את זרקת המטענים בציפוי
כל הצומת בין המוליך למחצה לאלקטרודת המקור ,הוספה שכבת מוליך למחצה אורגני מתחת
לאלקטרודת המקור אשר יצרה צומת נוספת במקום זו שכוסתה .צומת זו חשופה רק לשדה מאלקטרודת
השער ולכן התקבלו התקנים אשר מראים משטר רוויה מובהק.
מסמך זה נכתב מתוך הנחה שהקורא בעל השכלה של תואר ראשון במדע מדויק ,כך שהוא יוכל לקרוא
את המסמך ברציפות ללא צורך במקורות ידע נוספים .מבנה המסמך מאפשר לקרוא המנוסה יותר לדלג
על קטעי האזורים ולהגיע בזריזות לחלקים המעניינים אותו .הפרק הראשון מספק הקדמה לשני נושאים

II

כללים אשר עבודה זו עוסקת בהם ,טרנזיסטורים מבוססים שכבה דקה ומוליכים למחצה אורגניים .יתרת
הפרק עוסקת בשני נושאים צרים יותר וממוקדים לנושא העבודה ,טרנזיסטור תוצא שדה אנכי אורגני ו
טרנזיסטור תוצא שדה אנכי אורגני מבוסס אלקטרודת מקור מנוקבת .לתורך הבנת החלקים הניסיוניים,
רקע טכני בתהליכי הייצור והאפיון הוא חשוב וניתן למצוא אותו בפרק השני .שלושה מבנים שונים נחקרו
בעבודה זו ,הייצור והתוצאות המוצלחות והפחות מוצלחות (מהן ניתן ללמוד אף יותר) רוכזו בשלושה
פרקים נפרדים לכל מבנה .הפרק האחרון הינו קצר ומכיל מסקנות והצעות להמשך.
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המחקר נעשה בהנחיית פרופסור ניר טסלר בפקולטה להנדסת חשמל

אני מודה לאירווין וג'ואן ג'ייקובס ולטכניון על התמיכה הכספית הנדיבה בהשתלמותי.
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