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INTRODUCTION
Organic field effect transistors (OFETs) are excellent candidates for many areas of
electronics such as displays, integrated circuit technologies and sensing applications
because they are processable at low temperature, on flexible substrates and relatively
cheap. It has been demonstrated that OFETs are very suitable for detection of small
molecules and humidity traces, and the use of an organic semiconductor ensures in many
cases a good bio-compatibility which is of utmost importance in the field of biomedical
applications. Moreover, chemical and physical properties of organic compounds can be
exploited to obtain a distinct sensibility and selectivity with respect to target analytes. The
evolution of OFETs towards electrolyte-gated transistors (EGOFET), allows sensing of
ions and biological substances such as DNA, henzymes and hormones in appropriate
aqueous media. This is achieved by applying low gate voltages directly between the
electrolyte layer and the semiconductor, thereby controlling relatively high source - drain
currents of the order of a few µA due to the formation of an electric double layer at the
electrolyte/organic semiconductor interface with a very high capacitance.
This thesis is focused on the study of electrical properties of EGOFET obtained by
different fabrication techniques, namely, UV lithography and electron-beam lithography
that allow a further miniaturization of the characteristic sizes, thereby increasing the final
detection current. Chapter one presents a summary of basic electrical properties of field
effect transistors and the description of thin film transistors based on organic
semiconductor channels. Their main properties and working principles will be discussed,
deriving also the fundamental equations allowing the proper description of the phenomena
of interest and the evaluation of some experimental parameter such as semiconductor
mobility in contact with electrolytes and gate threshold voltage. In this chapter are also
indtroduced the main properties of an interdigitated structure used for the experimental
testing. The second chapter is focused on the effective operating prnciples of EGOFETs,
describing in detail the role of the electric double layer and some other phenomena such as
hysteresis and deviation from the general theoretical formulas. Fabrication processes,
issues about the proper use of instruments, chemical solvents and materials putting also in
evidence the main differences between the two lithographic techniques used, i.e. electron
beam lithography (EBL) and ultraviolet lithography (UVL) are presented in chapter three.
In this chapter the layer deposition processes of the organic semiconductor P3HTis also
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described. In chapter four, the main results are presented and discussed. In conclusion, the
main advantages obtained by reducing the typical dimension of the fabricated devices
using the EBL is demonstrated.
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CHAPTER 1
FIELD EFFECT TRANSISTOR (FET)
In this chapter the main properties of field effect transistor (FET) will be reviewed[1]. The
modulation of the current is due to the presence of a third control electrode called gate.
There are two main types of FET: n-FET and p-FET. It can be shown that the current
depends only to one charge carrier. It will be considered in particular the p-METALOXIDE-FET (p-MOSFET) and its properties.

1.1 Overview
A p-MOSFET is a three terminal device: source, drain and gate (Fig. 1.1). It consists of a
doped semiconductor substrate (p-doped in this case, tipically Si) with two highly doped
areas used as source and drain terminals on which a metallic layer is deposited to create the
contacts. Over this substrate, there is a thin oxide layer, tipically SiO2 , and the third metal
contact, the gate. It can be created also a fourth metal contact under the semiconductor
bulk called body, tipically put to ground.

Fig. 1.1. Sketch of a p-MOSFET
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The semiconductor substrate creates with the source and drain regions, p-n junctions.
When there is no bias on the gate, the behavior of the entire device is similar to that of a
couple of diodes n-p and p-n in series that inhibit the flowing of current between drain and
source even if a vds bias is applied. If instead, source and drain are both connected to
ground and there is a positive voltage vgs, the holes (with positive charge) present nearby
the interface substrate – insulator, are pushed down, creating a no more neutral region
(channel) because of the presence of negative charges (electrons) of the acceptor atoms.
Furthermore, the posive gate voltage attracts in this region electrons coming from the “n”
wells. When a sufficient number of electrons are accumulated under the oxide layer, the
minority carrier density in the p-semiconductor exceeds the majority carrier density. This
phenomenon is known as inversion. Now, by applying a non zero voltage Vds , the passage
of current between drain and source is made possible. The higher is the electron density in
the channel, the higher will be the intensity of the current Ids for a fixed source bias. The
minumun value of Vgs necessary for the passage of current in the channel is called
threshold voltage Vt . It must be noticed that gate and substrate can be thought as a
capacitor, because of the presence of the dielectric layer. The electric field produced
between the “plates” of this capacitos, controls the number of electrons in the cannel.
We can explain the electrical characteristics of a MOSFET in terms of energy band
diagrams (Fig. 1.2), whose trends depend on the gate voltage vgs with respect to the Fermi
level Ef of the (grounded) semiconductor. It is here assumed that there is no charge in the
oxide layer and the work function between metal and semiconductor is extremely low. For
a p-MOSFET, if a negative gate bias is applied, the valence semiconductor band edge,
bends up toward the Fermi level, near the interface. It causes in this region, an
accumulation of the majority (positive) charges. This condition is called accumulation; if
there is no gate voltage, all bands remain flat and its charges, positives and negatives, are
in thermal equilibrium. This is the flat contition; by applying instead a positive gate bias,
the energy conduction band edge, bends down, closer to the Fermi level: if Vgs is small and
the intrinsic Energy Ei do not crosses Ef , one gets the so called depletion regime. In this
case, the majority charges, tends to be rejected into the semiconductor and starts the
accumulation of electrons. If Vgs is higher than the threshold voltage, Ei crosses Ef and we
obtain the inversion regime. In this case, the minority carriers exceed the majority carriers
nerby the interface that is now inverted.
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Fig. 1.2. Energy Band diagrams for a p-MOSFET. From the left, accumulation, flat, depletion and
inversion operating modes.

1.1.1 Working Principles
If vgs = Vt or less, the current flowing from drain to source ids, is negligible because there
are not enough electrons in the channel. Once vgs begins to be greater than Vt , there is an
increasing of the electron number in the channel that becomes thicker, hence its resistivity
decreases; therefore, ids must depend on vgs - Vt . For a small value of vds applied (0.1 – 0.2
V for a standard MOSFET), the transistor behaves as a linear resistor and we can consider
the thickness of the channel constant along its length, therefore the current coming from
the source electrode is equal to the current that enters into the drain and the gate current is
zero. On the other hand, for higher values of the drain voltage, the channel will be no more
constant in terms of thickness but higher and higher toward the source well so that the
resistance will be greater nearby the drain. It causes a non linear behavior of the device. If
vds becomes equal or higher than vgs , the thickness of the channel near the drain becomes
zero and the depletion in this area reaches its maximum value. Hence, one gets the pinch
off point. Over this regime, the effects on the channel structure are very small therefore the
current achieves ideally a constant value regardless of vds and the MOSFET will be in the
saturation regime. The value of vds from which the saturation begins is indicated as vds,sat
and depends on vgs . The ids versus vds curve for a fixed vgs is called output, while the ids
versus vgs trend for a fixed vds  vds,sat is called transfer. Output (for different positive gate
biases) and transfer are represented below, in Fig. 1.3.
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Fig. 1.3. Ideal output and transfer of a MOSFET

It will be shown in the paragraph 1.3 that the drain current in the saturation regime depends
mainly on the square of the difference vgs - Vt

, on the electron mobility in the

semiconductor and on the aspect ratio W/L, where W and L are the width and length of the
channel. For a real FET, the aspect ratio do not depend only on geometrical factors: if vds
becomes much greater than vds,sat , the profile of the channel changes becoming more and
more thick near the drain. The resistivity changes and also the parameters W and L.

1.1.2 Organic Field Effect Transistors
The key step of operation in organic field effect transistors (OFET) is the use of an organic
material as active semiconductor layer instead of silicon or other common inorganic
semiconductors. In Fig. 1.4 the main differences in terms of features between organic and
silicon/inorganic electronic technology are represented [2] . While inorganic semiconductor
is aimed for high performance and high processing power in a wide temperature range,
inorganic semiconductor technology is aimed to the production of cheaper devices, with
high flexibility, larger active area and easier fabrication.

Fig 1.4 Performance vs costs of organic and silicon technologies
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Even though for an inorganic semiconductor FET the behavior of the devices can be
explained by means of bending of valence and conduction anergy band egde under a bias
application, for organic transistors it is necessary, al least, the introduction of the homo and
lumo configurations. Very interest in this field, are the so called conjugated materials in
which neighboring carbon atoms are sp2 hibridized, forming delocalized clouds of electrons. As organic molecules increase in size, their electron spatial density becomes
more complicated and the electronic configuration can not be thought as a series of discrete
states but as a superposition of many states. The difference between organic and inorganic
energy distribution for semiconductor is that in the latter, there could be some ambiguity in
the exact configuration of the bonding structure if there are both single and double bonds
in a molecule that create different resonant forms[3]. The electrons which are present in
these superimposed states are not locked into a particular rigid configuration; they can
have greater or lesser degree of delocalization, depending on the molecular orbital
occupied. HOMO and LUMO are respectively the highest occupied and the lowest
unoccupied molecular orbitals. In delocalized organic materials the energy gap between
homo and lumo, tipically linked to the energy gap between pi and anti-pi bonds, has a
value in the range of 1 - 4 eV hence they can be treated as semiconductor. The -electron
delocalization, forms an energy well situation in which the electrons are the particle and
the organic molecule forms a quantum box (Fig. 1.5).

Fig. 1.5. Schematic diagram of energy structire

It can be proven that the energy gap between LUMO and HOMO depends on the number
of carbon atomes present in the molecule [4].
7

As sketched in Fig. 1.6, HOMO and LUMO levels are usefull to represent the working
mechanism for an OFET for different voltages applied.

Fig. 1.6. Flat, accumulation and depletion mode for a p type OFET

1.2 Thin Film Transistors (TFT)
The idea of an extremely thin structure exploitable for the fabrication of a transistor, was
introduced for the first time by Weimer in 1962[5]. The theoretical modelization of a TFT,
which is of current interest in many areas of electronics (mainly regarding the
improvement of display and sensors) is similar to that of a common FET; nevertheless, the
structural configuration is different and this leads to different operational regimes; the
main differences are based on the fact that they can also be manufactured on a great
variety of dielectric materials[6,42] as support (e.g. flexible, thin plasic layers). Furthermore,
contacts of drain and source in a TFT are directly realized on the active semiconductor
layer. As already mentioned, the key point of a thin film transistor is that the thickness of
each part of the device is reduced in height. Nowadays, it is very easy to achieve
transversal dimensions far below 1 micrometer. As it will shown for example in Chapter 3,
the thickness of gold contacts and semiconductor used are respectively 55 nn and 3-10
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nm. Moreover, it must be emphasized that, because of its sizes, a THF usually does not
have highly doped wells under drain and source, so that it operates, in contrast with a
common MOSFET, in the accumulation mode and not in the reverse one. Low currents
without gate bias are hence guaranteed only by the low conductivity of the
semiconductor.

Fig 1.7. Upper part and from left to right: Top gate – Top contact and Top gate – bottom contact; Lower
part and from left to right: Bottom gate – bottom contact and Bottom gate – top contact.

As it is shown in Fig. 1.7, there are four possibilities of configuration for a TFT[7]:
 Top gate, top contact. In this case, drain and source contacts are realized above
the semiconductor and the gate electrode is positioned at the top. The dielectric
layer is between semiconductor and gate. This is not in general a good
configuration because it reduces the dimension of the active channel so that the
injection of charge is low and the channel and contact resistance high.
 Top gate, bottom contact. Here, source and drain are realized under the
semiconductor. It causes a larger active channel and hence a lower contact
resistance. This kind of configuration is easier to implement with lithographic
techniques but it is more subject to damages during the deposizion of the
semiconductor.
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 Bottom gate, top contact. Semiconductor is on the top of the structure and
drain and source are between semiconductor and dielectric. This configuration,
does not allow the use of lithographic techniques for the implementation of
source and drain hence they have a lower resolution. However, there is a large
active area and it reduces the resistance with respect to the top gate - top
contact configuration.
 Bottom gate, bottom contact. It can be realized by means of lithography but it
has the highest contact resistance because the injection area is small.

1.2.1 Interdigitated Transistors
One of the possible methods to optimize the performance of a TFT is the realization of an
interdigitated structure. As it will shown in paragraph 1.3, drain current depends on a series
of parameter such as the length and the width of the active channel where, if we are not in
the pinch off condition, the channel length L is defined as the distance between source and
drain. An interdigitated configuration (Fig. 1.8) is easily achievable by means of
lithographic techniques and it makes possible keeping the global sizes of the devices
relatively small, an increasing of the channel width and, at the same time, a decreasing of
the channel length so that it is possible to reach higher drain currents, regardless of whether
the semiconductor used is inorganic or not.

Fig. 1.8 SEM image of an interdigitated transistor
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One of the best results obtained in terms of fabrication, is presented by Michael Austin and
Stephen Chou in 2002[8], using a NIL lithography. They acheaved a channel length of 70
nm, with a width of 4 µm for each of 56 drain/source fingers so that the aspect ratio was
more than 3000. A fundamental hypothesis for the transistor theory is that the channel must
be essentially two-dimensional so that the trasversal dimension of the latter has to be much
smaller than the other two. If instead, it does not happen, the device is not able to reach the
saturation regime[9] because there are now other ways to transport charges from a contact
to enother. Therefore in a TFT, if the thickness of the semiconductor is comparable to the
channel length, the two dimensional hypothesis is lost. This phenomenon is called short
channel effect (See Fig. 1.9). In this cases the canonic evaluation method for mobility and
gate threshold become more and more erroneous if the gate bias applided increases and
hence it must be changed[10].

Fig. 1.9 Example of lost in saturation due to short channel effect.

Short channel effects must be taken in account during the deposition of the semiconductor
in order to avoid it. For instance, if one uses a spin coated organic semiconductor, it is
necessary a proper regulation of the rounds per minutes of the spinner: the higher is the
rpm value the thinner will be the semiconductor film.

1.2.2 Materials
The fabrication of a TFT, is mainly based on the choice of materials necessary for the
realization of:
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 substrate; it must be insulating and can be made of a Si/SiO 2 wafer or glass or
other kind of flexible materials such as plastic films;
 contacts; they must be made of metals which offer a low contact resistance, in
general originated by the formation of a potential barrier at the interface between
metal and semiconductor. Good contacts must present a work function are in terms
of energy similar to conductive or lumo band edge. Tipically they are made of Au
or Ti/Au for source and drain also in order to ensure a good adhesion with the
substrate, reducing phenomena such as staking faults especially if the substrate
consisting of a crystalline lattice; The gate contact can be also made by gold but
not always it is a “real part” of the structure. In a top gate configuration for
instance, the gate can be also an external probe connected to the structure when
necessary.
 active semiconductor film. There are many possibilities on the semiconductor
choice in a TFT device. Tipically doped amorphous silicon is used because of its
mobility whose value is in the range of 0.5 – 1 cm2/Vs[7]. In the last years, a large
interest in the use of other kinds of materials such as organic semiconductor and
nano-carbon compounds, has grown in order to reduce costs, fabrication and times
processes, dimensions.

For instance, thin film transistor with organic

semiconductor are a suitable choice for many application such as flexible devices
because of their low elastic modulus. In general their mobility is not high, though
there are some semiconductor with mobility higer than that of silicon (> 1 cm2/Vs),
increasing the speed of switching of the device. Even though nowadays there are
organics that behaves as p or n type doped semiconductor, the most used are ptype ones. For example, P3HT, that has a mobility tipically in the order of 10 -4 –
10-3 cm2/Vs

[11]

, is a p-type semiconductor. It is a very common and widely

studied organic p semiconductor because it is cheap and very easy to implement
because it is often deposited from solution on the substrate and the preparation
does not need high temperatures.

1.3 Equations For Transistors. Figures of Merit
In this paragraph, the equation that governs the physical mechanisms in a MOSFET are
derived[12]. Referring to Fig. 1.1, let us suppose that the oxide layer between gate and
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semiconductor is perfectly insulated. Furthermore, let us assume that the doping in the
semiconductor is uniform so that the density of holes per unit of volume is constant. Using
the gradual channel approximation, it is possible to consider if there is a non zero voltage
applied on the gate, that the longitudinal component (x direction, positive toward the drain)
of the electric field is much more less then the trasversal component (y direction, positive
toward the gate) and hence
∂Ey ∂Ex
≫
∂y
∂x
Using then the one dimensional Poisson equation, it is possible determine an expression for
the mobile surface density of charges along the channel:
Q(x) = Vg − (2φB + V(x)) Ci − √2ϵs qNA (2V(x) + 2φB)

(1.3.1)

where, 2φB is the difference of potential (d.d.p.) at the surface of the semiconductor
necessary to have the inversion. Knowing the charge, an expression of the current flowing
through the channel Ids can be obtainded by integration between 0 and L, where L is the
channel length and between 0 and Vds, that is the d.d.p. applied at the contacts:
Ids =

Wμ
L

Vds

∫0

Q(x)dV

(1.3.2)

where dV is dependent on either an infinitesimal channel volume or the channel width,
drain current, mobility and charge density in the following way:
I

dv

ds
dV = WμQ(x)

(1.3.3)

Inserting (1.3.1) in (1.3.2) one gets
Ids =

Wμ Vds
∫ (Vg − (2φB + V(x)) Ci − √2ϵs qNA (2V(x) + 2φB ))dV
L 0

hence, supposing that Vg is kept constant, the general expression is
Ids =

Wμ
L

Ci [(VG − 2φB )Vds −

V2ds
2

−

2√2ϵs qNA
3Cox

3

3

((Vds + 2φB )2 − (2φB)2 )]

(1.3.4)

Where Ci is the capacity of the insulator layer. Let us observe first, that Ids increases,
increasing the gate voltage Vg. Further,t he equation above, shows a quasi linear increasing
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of the drain current for low drain voltages, then a gradual stabilization and finally a
saturation for higher values of Vds.
Let us consider again the equation (1.3.1). If Q(x = L) ≈ 0 (therefore V(x = L) ≈ 0), the
pinch off condition is satisfied. It happens when Vg reaches a particular value called
threshold voltage calculable posing the above statement:
Q(L) = 0 ⇒ (VT − (2φB))Ci − √2ϵs qNA (2φB ) = 0 ⟹

⟹ VT = 2φB +

√2ϵs qNA (2φB )
Ci

(1.3.5)

Over this value the pinch off point moves more and more toward the source contact.
The separate study of the drain current in the linear regime is obtainable by expanding in
series the equation (1.3.4) for small values of Vds:

Ids =

Wμ
V 2 2√2ϵs qNA 3
3 √2 2
Ci [(VG − 2φB )Vds − ds −
( √2φBVds +
V
L
2
3Cox
2
16 √φB ds
3
+ o(Vds
))]

2
Wμ
Vds
√2ϵs qNA 2φB
√ϵs qNA 2
[(V
=
Ci
))Vds −
−
Vds
G − (2φB +
L
Cox
2
4√φBCox

−

2√2ϵs qNA
3
o(Vds
)]
3Cox
(1.3.6)

Neglecting the higher orders and using (1.3.5) one gets
𝐼𝑑𝑠

2
Wμ
Vds
√ϵs qNA
≈
Ci [(𝑉𝐺 − 𝑉𝑇 )Vds −
(1 +
)]
L
2
2√φBCi

(1.3.7)

This is the equation that expresses the linear region of the I-V characteristic. Vice versa, in
order to obtain a simplified expression of the drain current in the saturation region, it is
possible neglect the term V(x) in (1.3.1) so that
Ids

Wμ Vds
∫ (Vg − (2φB)Ci − √4ϵs qNA φB)dV
=
L 0
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2
Wμ
Vds
√4ϵs qNA φB
=
Ci [(Vg − 2φB )Vds −
−
𝑉𝑑𝑠 ]
L
2
Ci

=

Wμ
V2
Ci [(Vg − 𝑉𝑇 )Vds − ds ]
L
2

(1.3.8)

We can obtain the saturation condition from the above equation by imposing
∂Ids
= 0 ⟹ 𝐕𝐝𝐬 = 𝐕𝐠 − 𝐕𝐓
∂Vds

(1.3.9)

Inserting (1.3.9) in (1.3.8) one finally gets
sat
Ids
=

Wμ
2L

Ci (Vg − VT )

2

(1.3.10)

This equation can be used for the calculation of both mobility and threshold gate voltage in
a semiconductor if we are in the saturation region [13]. First of all, let us consider the radical
square of (1.3.10):
Wμ

sat
√Ids
=√

2L

Wμ

Ci (Vg − VT ) = [√ 2L Ci ] Vg − [√

Wμ
2L

Ci ] VT = AVg − B

(1.3.11)

The mobility can be evaluated by performing a linear fit of (1.3.11) where A represents the
slope. We therefore get
𝛍=

𝟐𝐋 𝟐
𝐀
𝐖𝐂𝐢

(𝟏. 𝟑. 𝟏𝟐)

on the other hand, putting to zero (1.3.11), it is possible estimate the threshold:
0 = AVT − B ⟹ 𝐕𝐓 = −

𝐁
𝐀

(1.3.13)

The last two equation will be used to derive experimental value of mobility and threshold
in Chapter 4.
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CHAPTER 2
ELECTROLYTE-GATED ORGANIC
FET (EGO-FET)

In this chapter the structure and properties of an EGOFET are presented, underlining the
main differences with a common thin film transistor. This kind of device is particularly
suitable for (bio) sensing measurements. The high potential of electrolyte gated OFETs
was first indicated by Kerogat et al.[14] using water as electrolyte. Recent advances in this
field include the successful detection of biomolecules such as DNA, dopamine, enzymes
and proteins[15]. There is a huge number of appropriate semiconductors and electrolytes
usable for the operation of this class of devices. We will focus the attention mostly on
P3HT as organic semiconductor and on water and PBS as electrolytes.

2.1 Structure
Working mechanisms, fabrication and deposition processes for semiconductor and source
and drain contacts of a top gate – bottom contact EGOFET (Fig. 2.1) are quite similar to
that of a general OTFT. Neverthless, there is an important difference in the region between
semiconductor and gate contact. As showed in equation (1.3.4), drain current is directly
proportional to the capacity of the insulating layer. A possible way to increase the
performance of the device keeping at the same time low gate voltages might be hence, the
use of a particular insulating layer that, for both physical and chemical reasons, has an
higher capacity. The key point of an EGOFET is the use of electrolytes as gating materials
because it has been proven[16] that their the use, increases the capacity up to orders of tens
of μF/cm2.
An electrolyte, consists of a liquid solvent in which a certain concentration of salt can be
dissolved. The dissociation of the salt, produces anions and cations in the solution that,
without a bias application are free to move inside the liquid. There is a wide possibility of
solvents choise, depending on the electrochemical proprieties such as PH or conductivity
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for a given temperature necessary to the type of experiment. Pure water at room
temperature for example, can be considered as a weak electrolyte[17] because it presents
hydroxide ions (OH-) and hydrogen ions (protons, H+) freely dissociated with a
concentration of 0,1 μM, giving a very low conductivity of 5.5·10 -8 S cm-1.

Fig. 2.1. Structure of an EGOFET. Configuration top gate – bottom contats.

It must be noticed that not all the TFT configuration described in paragraph 1.2, are
suitable for the realization of an EGOFET because structures such as bottom gate – top
contacts or bottom gate – top contacts do not allow the use of liquid materials as gating
media. Top gate – top contacts and in particular top gate – bottom contacts are instead
good configuration. Once all the preliminary fabrication and semiconductor deposition
processes are carried out, the best way to obtain an EGOFET, is to put an electrolyte
droplet on the substrate by means of micro pipet.

2.2 Principles
In Fig. 2.2 the working principle of an EGOFET is schematically shown. As already
mentioned, an EGOFET behaves essentially as a TFT hence it works in the accumulation
mode. Regardless of the type of semiconductor, when a positive gate voltage is applied,
anions (-) migrate through the gate and cations (+) moves through the semiconductor.
Because of induction phenomena, the positive iones in the solution tend to attract negative
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charges contained in the semiconductor. Such a mechanism, produces the so called electric
double layer (EDL) between gate and semiconductor. The distribution of the charges
forming the layers can be in general described by means of the so called Goüy-ChapmanStern model[18].

Fig. 2.2. Double layer formation.

This is a particular feature of the EGOFETs and does not appear in a normal TFT. As
showed in the figure above, since it is necessary to operate in the accumulation mode, one
should take in account that if the semiconductor is p-type the voltage applied on the gate
must be negative and vice versa.
There is another typical characteristic of this kind of device called degree of hysteresis,
always visible either in the output, as showed in fig. 2.3, or in the transfer curve. This is
due to the presence of charge traps at the interface with the semiconductor that causes the
use of more energy to fully extract the trapped charges [11,19]. An hysteresis is, in this case,
the difference in terms of drain current intensity between the curve obtained applying an
increasing gate (or drain) voltage and the curve obtained applying decreasing gate (or
drain) voltage. If the first (also known forward current) is more intense than the second
(backward current), the hysteresis is defined positive; otherwise, it is defined negative.
Charge traps formation in general depends on two factors:
 extra p or n doping into the bulk of the semiconductor due to the interaction with
substrate or environment;
 the rate of formation of the electric double layer: it can be proven that the faster is
the formation of the EDL, the lower will be the hysteresis[20].
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Referring to Fig. 2.2, a negative hysteresis occurs if, at the beginning of the backward
phase, an “high” concentration of cation is still close to the semiconductor interface,
causing hence an extra gate voltage that produces an higher drain current. Instead, a
positive hysteresis in general occurs when there is an high concentration of carrier traps
nearby the channel. The reduction of free charged carriers causes a decreasing of the
current in the backward phase.
The presence of charge traps is not included in the general FET theory. Since they create a
modification of the number of free charged carrier, they create hysteresis but also,
depending on the electrolyte used (see fig 2.3), a distorsion of the characteristic I – V
diagram with respect to the prediction provided by equation (1.3.4).

Fig. 2.3. Outputs in two different cases. Black line: EGOFET with DIH2O; blue line: EGOFET with
10-2 M NaCl. The second case, shows an higher hysteresis due to an higher concentration of ions.
Furthermore, it is observable a distorision of the curves due to trapping phenomena, especially for
lower value of Vg (semiconductor: P3HT; substrate: SiO2 W = 3 mm, L = 4 μm).

Let us consider now the equation (1.3.7), describing the linear regime. If V ds = 0, one may
expect a zero drain current for every non zero value of V g. For real EGOFETs it is not true
because of leakage currents that produce non zero drain offset current as showed in figure
2.4. They in general might be due to degradation of the gate dielectric caused by
contamination from either the organic semiconductor or the solvent. Further, it has been
proven that drain offset current increases with Vg and when the semiconductor film
becomes thicker but, it does not change significantly below few nano meters (4 nm in the
case of P3HT), when it is approximately composed by two monolayers[21].
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Fig. 2.4 Distorsion of I-V curves due to leakage

2.2.1 Capacity
The electric double layer can be thought as a couple of parallel plate capacitors (Fig. 2.5),
formed between gate and semiconductor upon application of a non zero V g

[22]

. According

to the Goüy-Chapman-Stern model that predicts an exponential diffusion of the opposite
charges with respect to the gate bias toward the substrate, the electric layer closest to the
gate electrode and forming the first capacitor C1, is usually called Helmotz layer and the
distance between positive and negative charges is few Angstroms. On the countrary, the
other one, called diffuse layer and forming a second capacitor C2, is formed by a lower
concentration of opposite charges diffused by a longer distance.

Fig. 2.5 EDL and parallel plate capacitors.

The distribution of the electric field and voltage, is schematically showed in Fig. 2.6. When
there is no voltage applied there is a random ionic distribution in the electrolyte that
behaves like a common dielectric with a given permittivity; the electric field can be
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considered null. Upon application of a constant gate voltage, the electric double layer
mechanism takes place, giving at the steady state, a potential drop at the first interfaces that
produces an intense electric field inside the plates. In the electrolyte bulk, the potential is
hence reduced but it can be considered constant because the distribution of the charges is
still random and the liquid is neutral. An additional smaller potential drop occurs at the
second interface giving again an intense electric field.

Fig. 2.6. On the left: random distribution of ions without gate voltage application. On the right: drop
potential and electric field distribution inside the plates upon application of a non zero, constant gate
voltage.

The capacitors C1 and C2 are in series and produce a total capacity given by
1
CTOT

=

1
1
+
C1 C2

Where the order of magnitude of C1 and C2 is tens of μF/cm2 .

2.2.2 Transport
After the description of the EDL formation, it is clear that the ionic charge transport is
determined by three phenomena:
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 diffusion: it mainly depends on chemical charactesistics ot the electrolyte used
such as viscosity, typology of ions and their gradient of ionic concentration.
 migration: it depends on the intensity of the electric field generated by V g.
 impurities inside the liquid: their presence, non included in the general theory,
modify the chemical and physical proprieties of the electrolyte and hence the
distribution of cations and anions.
Several theories describe transport mechanisms in organic semiconductors. The most
widely used model called multiple trapping and release (MTR) is presented here. This
model[23] can be used for either inorganic or organic semiconductors and consider the
presence of thin delocalized bands composed of an high concentration of localized states
that can be thought as electron traps if they are immediately under the conduction band
edge or hole traps if they are above the valence band egde. For organic semiconductors,
these delocalized bands are in the energy gap formed by HOMO and LUMO levels.
The MTR model first assumes that the free charged carries can be trapped in the
delocalized bands and released by means of thermal effect so that the mobility µ is
described through the following relation

𝜇=

𝐸𝑡
−𝐾𝑇
𝜇0 𝛼𝑒

where Et can be considered as the average energy value of the delocalized band with
respect to the homo or lumo edges and α is the ratio between the density of states in the
delocalized band and the traps concentration.
Furthermore, there is a dependence of the mobility on the gate voltage since, increasing V g,
the Fermi level shifts toward the upper edge of the delocalized band then α become higher
producing an increasing of the mobility.
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CHAPTER 3
FABRICATION AND METHODS
Once introduced the theoretical chractreistics of organic transistors, in this chapter all the
instruments used for fabrication, experimental procedures and recipes necessary to the
micro-fabrication such as cleaning, mask design, development, lift off etc, are presented in
detail. In general, every fabrication and measurement step must be carried in proper
condition of light, temperature, pressure and humidity. Our fabrication is aimed to the
realization of golden interdigitated contacts EGOFETs with different channel lengths,
using two different lithographic techniques called ultra violet lithography (UVL) and
electron beam lithograpy (EBL), depending on the size of the device. As substrate we used
Si/SiO2 wafers.

3.1 The clean room
Microfabrication is a very sensitive process because every traces of dust and other
impurities can be very harmful to the final product. Furthermore, solvents and other
chemical meterials used, can work properly only in limited ranges of physical parameters.
Hence, it is very important to work in a suitable environment in which temperature, light
and degree of contamination of the air can be monitored and eventually controlled. This
kind of environment, called Clean Room, is in general characterized by the following
conditions:
 inner temperature  21 ± 1 °C;
 relative humidity  40 ± 5 %;
 yellow light that in general does not damage cleaning solvents and resist materials
used for lithography;
 filtered air in order to reduce the concentration of pollutants such as dust, microbes
and chemical vapors;
 laminar air streams;
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 overpressure to reduce external contamination.
Clean rooms are in general classified on the base on the amount of dust particles with a
diameter less than 0,5 microns contained in one cubic foot (28.31 liters) of air. The
maximum number of these particles is used to identify the class. The clean room used for
our fabrication is divided in two rooms. The largest room is in class 1000, where
metallization processes occur and the second is nominally in class 100 where resist
deposition, baking, UV lithography, development and lift off are realized. In order to
reduce as much as possible either risks correlated to the use of chemical materials or
particles inside the clean room, the operator must wear proper clothing such as gloves, anti
acid coveralls, overshoes and headgear.

3.1.1 Spin Coater
The spin coating process is one of the most mature processes in modern semiconductor
manufacturing used both in industrial and scientific research field for deposition on
substrates of materials such as resists and orgnic semiconductors. The apparatus used for
spinning is known as spin coater and consists of a rotating plate, contained in a protective
bowl. Its angular speed, acceleration ramp and spinning time can be regulated. The general
spinning process can be divided into four steps[24,25] showed in Fig. 3.1. The first is the
deposition and involves the dropping of a certain amount of liquid or solvent on the
substrate held in general stationary inside the spinner by depression caused by a vacuum
pump; the second phase is the spin up in which the substrate is accelerated until the final
spin speed; rotational forces are transferred to the fluid, creating wave fronts from the
center to the substrate egde that leaves behind a fairly uniform layer of liquid. The third is
the spin off where the excess of liquid is flung off the surface and it takes place more or
less 10 seconds after the spin up. The last step is the evaporation of the excess solvent.
The thickness of the fluid after the spinning phase depends on angular velocity, fluid mass,
viscosity and spinning time. The fluid flow during the spinning is governed by the
conservation of the mass and the continuity equation. If the fluid is Newtonian with an
initially constant thickness h0, it can be shown[24] that the thickness time – velocity
function h(ω,t) immediately after the spin off stage, can be expressed as
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ℎ = ℎ0 (1 +

4𝜌𝜔2 𝑡 −1
) 2
3𝜇

where ω is the angular velocity, ρ is the fluid density and µ is the fluid viscosity. However,
it can be always found that an increasing of spinning time or spinning angular velocity
produces a non linear decreasing of the film thickness as sketched in Fig. 3.2.

Fig. 3.1. Spin coating step

Fig. 3.2. Film Thickness vs Speed (left) and Time (right)

Spin coating processes are favorable because it is easy to make, presenting a low working
machine time. Neverthless, the biggest disadvantage is the lack of material efficiency
because the 95 – 98 % in general fling off into the coating bowl.
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3.1.2 Mask Aligner and Photoresists
In this paragraph, the ultra violet lithography is described with respect to the contact mode,
[26]

. The apparatus used for this kind of technique is called optical mask aligner (Fig. 3.3)

that is widely employed for the production of low resolution ( 4 µm) devices. A mask
aligner is cheap and offers optimal pattern reproduction. It usually consists of a mercury –
xenon discharge lamp providing outputs at around 400 nm, 310 nm and 250 nm used for
the irradiation of an optical mask, consisting of a glass or quartz plate on which an array of
thin chrome patterns is printed.

Fig. 3.3. Mask Aliner

In order to obtain an optical pattern, it is necessary the use of particular light sensitive
organic polymers applied from a solution as known as photoresists coated onto substrates
made in general of glass, plastic or silicon. When a photoresist is exposed to light, its
solubility changes and this propriery enables a selective removal of resist on the substrate
in a consecutive step called development, explained better in the following paragraphs.
There are two broad classis of resist:
 positive where the exposed areas become more soluble in the developer. A positive
mask should be printed then, in such a way that the transparent part will represent
the developed pattern;
 negative where the exposed parts become insoluble. In this case, the developed
pattern will be referred to the shaded parts of the mask.
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In the contact imprinting method, optical mask and resist – covered wafer are brought into
contact and exposed. One may expect that the obtained image after exposure reproduces
exactly the mask patterns, with perfect resolution. In reality, resolution is mainly
determined by diffraction (that depends on the wavelengths of the used light) at the mask
edge and pattern chrome dimensions so that the final image is closely related to the non
uniform intensity distribution of the light passing through the mask “reticle” [27]. For
instance, if the light profile is similar to that of a gaussian curve as represented in Fig. 3.4,
the edges of the printed patterns will not be steep. In addition, the contact mode is often
affected by contamination phenomena due to the contact between mask and resist.

Fig. 3.4. Pattern formation on the photoresist. Effects of diffraction.

A mask aligner is equipped by an optical microscope used for proper alignment of the
wafer under the mask before the exposure. The alignment is controlled by means of a
joypad that controls longitudinal and trasversal position of the substrate support. Further, it
is possible to choice the time exposure, depending on the type of the photoresist.

3.1.3 Electron Beam Evaporator
After the development phase, the substrate is ready for the deposition of metals. The
electron beam evaporation is the physical technique whereby an intense electron beam is
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generated form a filament by applying an high voltage, and addressed by means of electric
and magnetic fields onto a crucible in which are deposited metal pellets. The interation
between electron beam and source material causes the vaporization of the metal inside the
vacuum chamber of the evaporator (Fig. 3.5). As the source material is heated above the
sublimation temperature, its surface atoms will have sufficient kinetic energy to leave the
surface.

Fig. 3.5. Electron Beam Evaporator

A fundamental parameter to set before using the evaporator is the deposition rate, usually
expressed in Angtroms over seconds. It depends on the pressure in the chamber, the
typology of the metal to evaporate on the substrate and the amount of material inside the
crucibles. The thickness deposited on the substrate is measured by an auto tared a micro
balance inside the apparatus. This particular apparatus allows very uniform and thin metal
deposition[28]. Indeed, the deposition can be controlled at the level of the nanometer.
We will discuss in detail all the parameter used for metallization for fabrication of
interdigitaded golden contacts in the paragraph 3.3.3.
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3.1.4 Non - Contact optical profiler
This system, showed in Fig. 3.6, can be employed to measure the characteristic size of a
sample, in particular its degree of surface roughness, by means of white or green light
interference phenomena. It uses the wave properties of light to compare the optical path
difference between a test surface and a flat reference surface[29]. Indeed inside the
apparatus, a light beam passes through a beam splitter and is then reflected and
transmitted; one half is reflected from the reference mirror. The rest, passing through the
focal plane of a microscope objective, interacts with the sample and it is then reflected. If
there is a non zero optical beam path difference between the recombined reflected and
transmitted waves, light and dark interference fringes can be observed by means of a
camera in which the output beam is focused, as we can see in Fig. 3.7.

Fig. 3.6. Optical Profilometer

In general the distance between beam splitter and reference flat mirror is fixed hence, the
optical beam path difference will depend only on the height and the surface roughness of
the sample. Via interferogram (the interference image) it is possible an electronic 2D and
3D reproduction of the surface roughness based on the fact that each transition from light
to dark represents 1/2 wavelength (λ/2). Therefore, knowing the wavelength, it is possible
to calculate the height difference across the surface, achieving a resolution of the order of a
few nanometers.
The non – contact profiler scans the material vertically. It does not touch the sample hence
it does not induces contaminations. Neverthless, on order to have reliable measures of the
surface, it is very important to find a focal plane correlated with a certain portion of the
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surface because the vertical image acquisition and the fringes count will be based on this
plane. Other parameters to regulate before running the scan are saturation, contrast and
reflectivity threshold of material.

Fig. 3.7. Fringes due to interference. It must be noticed that the fringes in the center of the image are
well focused whereas the other are clearly out of focus. It happens because the surface is organized in
different planes, hence only the central part is in the focus plane.

There is anyway a potential limitation basically based on the fact that if for instance there
is a photosensitive material coated onto the substrate, the light will modify its
morphological composition and the sample might be no more used for lithographic
processes after scanning.

3.2 Scanning Electron Microscopy
In an optical system, the generation of images is provided by a collection of lenses that
behave as circular holes producing then, diffraction patterns. The diffraction is a crucial
phenomenon in the microscopy field because it limits the resolution between two near
points. With respect to the Rayleigh criterion indeed, two source points are said to be in the
limit of resolution if the first diffraction minumun of the image of one source point
coincides with the maximum of the other one. In the case of a circular lens , it is possible
to distinguish two source points if their angular separation is equal or greather than the
value
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𝜃𝑅 = 1,22

𝜆
𝑑

where d is the lens diameter and λ is the wavelength of the source. A conventional optical
microscopy technique does not allow lateral and trasversal resolution under 200
nanometers because the minimal value of λ in the visible is around 400 nm (violet). For
resolutions of the order of few nanometers or less, visible light is then impossible to use.
The key point of a Scanning electron microscopy (SEM) is the use of an alectron beam as
optical source instead of light. Reminding that for a particle the relation between λ and its
momentum p, is given by the De Broglie equation
λ=

h
p

it can be shown[30] that the wavelength associated to electrons accelerated by a d.d.p. is
expressible as

λe− =

1,226
√Ve−

(nm)

So from the above equations, we see that the higher is the particle energy, the smaller will
be the associated wavelength therefore, by applying a potential difference of several kVs,
in a SEM it is possible to reach very short wavelengths, then the resolution can be
increased up to the nanometer, with scanned specimen surface magnifications of 100000x.
The principle of the apparatus is shown in Fig. 3.8. It essentially consists of the following
parts[31]:
 electron column;
 vacuum system;
 detectors;
 electronic controls and display.
The electron column consists of several parts including an electron gun that generates and
accelerates free electrons, and at least two electromagnetic lenses. In general the energies
required for a proper electron beam acceleration are in the range of 1 – 40 KeV. Electrons
can be generated by either a cathodic filament, by thermoionic effect or through field effect
emission from a narrow cathodic tip. Regardless of the source, the generated electrons are
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accelerated through an anodic grid, then addressed toward a system of collimators. When
the column is active, it must be held under vacuum by the vacuum system and cooled by
circulating water because of the intense heat produced due to the lenses current.

Fig. 3.8. Schematic section of a SEM

The density of current J, emitted by thermoionic effect is given by the Richardson law
𝑊

𝐽 = 𝐴𝑇 2 𝑒 −𝐾𝑇
where A is a constant, T is the temperature, K is the Boltzmann constant and W is the work
function of the metal that is the energy needed to extract one electron. The field effect
emission instead, induced by an electrostatic field E generated between the plates of a
capacitor, is directly proportional to E and inversely proportional to the diameter of the tip.
Once generated, the electron bem is addressed toward the sample and controlled by
electromagnetic lenses, consisting in general on a series of coils inside metal cylinders,
with cylindrical holes. Over each lens, there is always a “cleaning” pinhole that improves
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the beam collimation. The current flowing through the metal, produces an inner
electromagnetic field that is able to focus or defocus the electron beam passing through the
hole. There are two sets of lenses in the column; From the top, the first set is composed by
condenser lenses used to reduce the electron beam crossover diameter. The second set is
composed by a particular electromagnetic lense called objective, that focuses the beam
onto the sample, equipped of scanning coils, stigmators and adjustable beam limiting
aperture. In order to produce images, the electron beam must be focused into a fine probe
with characteristic parameters such as probe diameter, usually in the range of 1 nm to 1
µm, probe current in the order of few or hundreds of pA and probe convergence in the
range of 10-4 to 10-2 radiants[32].
As sketched in Fig. 3.9, the interaction between electrons and sample occurs in a drop
shape specimen volume, whose depth is usually 1 µm or less. The electrons can interact
both elastically and inelastically with the matter and the emerging interaction products, is
composed by various types of radiation such as secondary electrons (SE), backscattered
electrons (BSE), X rays and in some case cathodoluminescence (CL)[33]. The interaction
volume is strongly dependent on the electron beam energy and on the nature of the sample
and it plays an important role in terms of resolution. In fact, the interaction volume
increases in size and depth if the voltage applied to produce the electron beam increases;
on the other hand, it decrease if increase the atomic number and the density of the material.
The SE sampling depth is from 10 to 100 nm while BSE are emitted from much larger
depths.
The image formation occur by means of one or more detectos. The most used detectors are
in general based on the revelations of SE and the BSE events. The imaging process is
given by the measurement of discrete events collected at the detector. As the mean
electrons detected number increases the signal quality improves because the fluctuations
and hence, the noise, become less significant. However, the SEM imaging can be mainly
affected by a a series of defects caused by
 contaminations of the column environment due to a non proper vacuum; the
presence of hydrocarbon molecules in the chamber for example, can obscure some
details of the final image.
 charging effects. Even though electrons are emitted out from the surface during the
interaction, a large fraction remains in the specimen producing a charge flow to
ground. If the ground path is interrupted or if simply the material detected is an
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insulator, these charges will not flow rapidly to ground, then an accumulation will
occur, modifying the surface potential and hence the interaction with electrons so, it
will produce unexpected lines or dots on the final image.
 If the scanned surface is composed on electron sensitive materials, the interaction
will modify the chemical structure and the corresponding image will result
modified with respect to the original profile of the sample.

Fig. 3.9. Electron beam – matter interaction

In Appendix 1, the lector can find a dissertation about the SEM system used, a proper
regulation of the parameters necessary to acquire good images and examples of
measurements.

3.2.1 Electron beam lithography
This is a technique appeared in the late 60s, based on the fact that a well focused electron
beam can be used to modify the chemical properties of a material deposited on a substrate
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in such a way that the solubility of the exposed parts changes, allowing development
processes just like it happens in the UVL. The crucial difference is that the wavelength
associated to electrons can be much more smaller than that of light hence it makes possible
the fabrication of devices whose typical dimensions can achieve few nanometer instead of
few microns. Electron sensitive materials are said to be resists, and they can be either
positive or negative. The electron beam lithography (EBL) can be realized by use of a
SEM, properly equipped with an electronic interface that controls motion and interruption
of the beam. Furthermore in contrast with the UVL, the electron beam follows a project
designed on a CAD software, hence the EBL technique does not require physical masks; In
general, the entire project is fragmented into squares known as working areas in which, the
scanning process can occur by two different methods[34] as represented in Fig. 3.10, called
vector mode and raster mode. In the former the electron beam impresses the substrate
continuously giving rise to a curve trajectory. In this case the beam is switched by a
working area to another so, this method is time efficient. For instance the Raith systems,
used in our SEM, adopts a vector scan mode with a fixed stage and Gaussian electron
beam profile; in the second, the electron beam follows straight parallels lines. Here, the
beam is turned off at the and of each line. This method is slower than the previous but it is
better in terms of resolution.
For the electron beam lithography, the resolution is strongly correlated to the resolution
offered by the SEM but it is also defined as the minimal space between two lines
impressed on the substrate[35,36]. It is determined by factors such as delocalization between
electrons and resist molecules due to Coulomb interaction, dispersion in the resist of
secondary electrons, backward scattered radiation caused by collisions with the substrate
and molecular structure of the resists[37]. Furthermore it must be noticed that the final
resolution depends also on the development process.

Fig. 3.10. Comparison between vector scanning mode and raster scannind mode
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There are different sizes for the working areas. In general, the choice of a smaller area
should imply better resolutions though as mentioned, it depends on many other factors.
The Raith system used, allows the choice of three lateral sizes: 1000 nm, 400 nm and 100
nm.
There are parameters given directly by the machine such as the probe current; on the other
hand, a good lithography requires the regulation of other parameters, important either for a
proper communication between EBL interface and SEM, or for good final results. First of
all, it is important the assignment of local coordinates, necessary to guide the electron
beam exactly where we want (on a preferred part of the substrate, for example in the
middle), avoiding that it goes out of the sample or in excluded parts. Further, there are
parameters strictly connected to the quality of the writing such as the area step size that
can be thought as the minimal subelement of a working area, the dwell time that is the
writing time for each area step size and the dose factor, defined by the equation
Dose Factor =

Dwell Time x Probe Current
Area step size

It is the surface density of electron charge expressed in general in µC/cm2 and it is
responsible for the changing of the chemical structure of the resist. The dose factor is
strongly related to resolution and development. If it is not enough, the energy will be not
sufficient to impress the resist for all its thickness then after development it will not be
completely removed from the substrate. On the contrary, if the dose is larger than
necessary, the impressed pattern after development will result bigger and warped with
respect to the original project. It is therefore clear that this particular parameter must be
chosen in function of the thickness and the nature of the resist coated on a substrate. In
order to understand the proper dose factor for a certain resist whith given thickness, it
might be usefull a test dose in which, as showed in Fig. 3.11, different dose factor on a
fixed substrate are compared after development.
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Fig. 3.11. Comparison between three different test dose after development. On the top, from left:
dose = 60 µC/cm2 and 70 µC/cm2. On the bottom: dose = 80 µC/cm2 . Thickness resist (PMMA) = 230
nm. Traces of resist are visible in yellow – pink. In this case it is possible to notice that 60 and 70
µC/cm2 were not enough as dose because the resist was not completely removed from the surface in the
patterned areas (fingers).

3.2.2 Simulations
The interaction between electron beam and substrate for fixed values of current, dose and
dwell time can be prevented through a simulation software. Simulation are sometimes
usefull because they allow to evaluate the correct parameter without making real
experiments (test dose for example) reducing then the total fabrication process time [38]. The
software used is called CASINO v2.48 and is based on a single scattering Monte Carlo
code[39]. It is able to calculate the trajectories of the interacting and scattered electrons
inside the material for a fixed simulation time. While for EBL the fundamental parmeter to
set is the test dose, simulations are based on the number of electrons in a given (dwell)
time. The relation that converts the number of electrons #e- in dose is
𝑑𝑜𝑠𝑒 =

𝑡𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑐ℎ𝑎𝑟𝑔𝑒 #𝑒− × 1,6 × 10−19
=
𝑠𝑡𝑒𝑝 𝑠𝑖𝑧𝑒 𝑎𝑟𝑒𝑎
𝑆𝑆𝐴

(

𝐶
)
𝜇𝑚2
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where a corrective factor must be added in order to have the common unity µC/cm 2 . The
number of electrons simulated is in the order of 105, then the corrective factor must be 102.
Casino allows the setting of the electron energy, beam radius, nature and thickness of the
wafer sample that obviously must be equal to that used in the real SEM apparatus.
In the following images two “extreme” examples of simulations are presented just to study
by comparison the effect of the interaction beam - substrate. In each example the wafer is
made of (from the bottom) 500 nm Si, 300 nm SiO2, 410 nm PMMA, the resist used for
our fabrication that will be discussed in detail in Paragraph 3.3.1. The beam radius is 10
nm and the EHT energy is fixed to 10 KeV. In Fig. 3.12 is reported the energy drop like
distribution and the electron trajectories in the case of 125000 electrons simulated
corresponded to a dose of 50 µC/cm2. We see that, even though electrons are able to
overcome the resist and SiO2 layers, this value of dose is not enough for a proper
lithography process because the majority part of the energy offered by the electron beam
(violet, blue, yellow and green lines  90%, 76%, 60% and 26% of energy) can not reach
the SiO2 layer and the resist is not completely “excavated”. Indeed, only the 10% of the
energy (red line) involves the interface resist – substrate. In Fig. 3.13 instead, we can
notice an opposite situation. Here, a dose of 95 µC/cm 2, correspondent to 237500 electrons
simulated, offers an energy distribution in which an amount of energy in the range 60 % –
75% is deposited between resist and substrate so, it can be concluded that this value of
dose is perfectely able to excavate the resist for all its thickness. Neverthless, we can also
notice that for energy included in the range 60% - 26% the droplet distribution is spreaded
near the interface resist – SiO2 with respect to the incident beam radius. It means that a real
EBL process with the same simulated conditions, would produce after development a
complete lithography, but bigger and deformed if compared to the original CAD project.
Anyway, is also interesting to notice that the global electrons trajectories for both examples
are pretty similar. It is correlated to the fact that the EHT energy is the same.
Some reports[40,41] have put in evidence that the interaction between accelerated electrons
and SiO2 layer, can introduces additional uncharged electron traps into the oxide layer,
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Fig 3.12. Simulations for a dose factor of 50 µC/cm2 . On the top: electron trajectories and X rays
generation (red lines). On the bottom: electron energy distribution inside the sample
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Fig 3.13. Simulations for a dose factor of 95 µC/cm2 . On the top: electron trajectories and X rays
generation (red lines). On the bottom: electron energy distribution inside the sample

near the interface for EHT energies under 100 KeV. A simulation might be usefull also in
this case because it makes possible a preliminary evaluation of the density of electron
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scattered nearby the interface. However, this issue can be correlated to the final
performance of a device fabricated with EBL and it can induces to think that if the
characteristic sizes of a trantistor are greather than few microns, other fabrication methods
such as UVL are preferable. Anyway we will show in the section dedicated to the
measurements, that for energy (EHT = 10 KeV) and dose (no more than 85 µC/cm 2) used,
there is no significant difference in terms of performances between EBL and UVL
techniques for a given channel length.

3.3 Fabrication Processes
In this section, all the procedures regarding fabrication of interdigitated EGOFET top gate
– bottom contact and deposition of the organic semiconductor are presented, taking into
account some issues observed during the experimental phases, underlining time by time
causes and possibly, resolution methods. First of all, it is essential a cleaning process of
the bare substrates that, as already mentioned, consist of 500 nm Si / 300 nm SiO2
industrial wafer. “Cleaning” is the name given to preliminary industrial or experimental
procedures needed to reduce as much as possible organic and inorganic traces on the
surface of the wafer and it can be performed in many manners in controlled environment.
Our cleaning were realized in clean room, by means of a sonicator shown in Fig. 3.14,
following in general these standard set of operations[43]:
 10 minutes in 2-PROPANOL (IPA);
 drying with NITROGEN;
 10 minutes in ACETONE;
 drying with NITROGEN.
Sometimes, this procedure can be repeated once again, wholly or using only 2PROPANOL if the substrate still appears covered by some spots. Before this, it is always
better to make sure that the substrate does not present intrinsic defects. In order to ensure a
complete evaporation of the cleaning solvents it is also possible to lay the sample on the
hot plate for one minute, at 50 – 100 degrees temperature. After cleaning, the sample is
finally ready to be prepared for the lithographic processes.
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Fig. 3.14. Sonicator CP104 LEVANCHIMICA

3.3.1 Lithography
As mentioned in Paragraphs 3.1.2 and 3.2.1, a lithographic process is based on the use of a
photoresist for the UVL technique and a resist for the EBL. Both photoresist and resist
were deposited on a cleaned Si/SiO2 wafer by means of a spin coater whose setting
parameters are closely dependent on the resist parameters provided by the manufacturer.
Before the real resist spinning, in order to ensure an optimal and relatively uniform resist
coverage of the SiO2 substrate, an adhesion primer called HMDS (Hexamethyldisilazane)
was used. This reagent, whose chemical structure is represented in Fig. 3.15, adjust the
surface energy of the substrate to that of the resist layer by transferring free hydroxy
groups present on the substrate surface into silyl ethers in a base catalyzed reaction [44].

Fig. 3.15. Hexamethyldisilazane (HMDS) Structure
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The HMDS spin coating was realized on the base of the following procedure:
 puddle deposition on the substrate by means of a plastic pipet;
 3000 rpm;
 acceleration ramp = 0;
 30 seconds.
The HMDS deposition is followed by the deposition of the resist. For the UV lithography
the AZ 5214 resist was used. Even though this kind of photoresist can be used either
positive or negative, it was used as positive since the optical mask provided (Fig. 3.16),
was designed for positive tone photoresists. It must be emphasized that it is always better a
cleaning of the optical mask with acetone and IPA before any use in order to remove as
much as possible traces of old photoresist due to the contact mode provided by the Mask
Aliner.

Fig. 3.16. The optical positive Mask.

The AZ 5214 was deposited as follow:
 IPA cleaning, 3000 rpm, 30 seconds;
 puddle deposition on the substrate with HMDS;
 4000 rpm, 30 seconds;
 acceleration ramp = 0;
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After that, the sample was baked using the hot plate at the temperature of 90 °C for 50
seconds. This procedure, known as soft bake, is quite important because it provides the
drying of residual solvents still present on the substrate which would otherwise stick to the
mask. Furthermore, a soft bake is able to make the photoresist more resistant and because
of evaporation, it reduces the quantity of air bubbles trapped into the photoresist that create
defects on the developed pattern. Finally, the sample was exposed to UV light (flood
exposure) for 30 seconds.
The optical positive mask in Fig. 3.16, has allowed the fabrication of interdigitated
EGOFETs whose structure consisted of
 squared left and right pads used as Source and Drain contacts. L = 1µm;
 left and right arms used to connect pads and interdigitated area. L = 1µm;
 interdigitated TFT. L = 10 µm or 5 µm; W = 10000 µm; Number of channels = 10.
Regarding the EBL, the resist used was the Polymethilmethacrylate, or simply PMMA.
This is an organic positive resist (though under certain contition it can be also used as
negative) so regions which were exposed to the electron beam, were removed after
development in a suitable solvent[45]. It can be considered an high resolution resist since it
has been shown that the PMMA resolution can be pushed below 10 nm for isolated
lines[46]. The PMMA structure and the electron beam effects on the polymeric chain is
schematically rapresented below, in Fig. 3.17.

Fig. 3.17. Electron beam effects on the PMMA[47]
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We see that the interaction between polymeric PMMA chain and electron beam produces a
fragmentation into smaller and lighter chains and organic residuals. It gives rise to a
reduction of the molecular weigh in the exposed areas.
The AR-P 672.045 PMMA 950K spin coating procedure before lithography was:
 IPA cleaning, 3000 rpm, 30 seconds;
 puddle PMMA deposition on the substrate;
 1000 rpm for 410 nm thickness or 3000 rpm for 190 nm. 60 seconds;
 acceleration ramp = 0;
After deposition, the sample was prebaked on the hot plate for 3,5 minutes at 160 °C. The
effective electron beam lithography after deposition was realized by setting the SEM
apparatus with 10kV EHT, 10 µm aperture, 1000 µm 2 working area, 0,2 µm area step size.
The sample current depends on SEM parameters such as extraction current and extraction
ratio but in general was around 120 pA.
The general EBL EGOFET design is reported in Fig. 3.18. In this case the number of
channels was 14 and the channel length varyied from 10 µm to 250 nm.

Fig. 3.18. general EBL mask design
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3.3.2 Development
This is a very sensitive process in which the resist parts with a less molecular weigh are
removed from the substrate by specific solvents that, in the case of the AZ5214 photoresist
was the AZ 726 MIF, while for the AR-P 672.045 PMMA 950K resist was the AR 600-56.
In general this process was realized by sonication for 30 seconds even though the
development time depends on many parameters such as exposure time (or dose), resist
thickness and age, temperature[48]. However, it has been shown[49] that the general relation
between fragmented molecular weigh Mf and original molecular weigh Mn is
Mf =

Mn
gεM
1 + ρN n
A

where ρ is the resist density, NA the Avogadro’s number, g is an efficiency factor
proportional to the induced radiation (g

PMMA

= 1,9 x 10-2 events/eV

[50]

) and ε is the

absorbed energy. The solubility rate of a resist is in general dependent on Mf. For instance,
the PMMA solubility rate is given by the empirical formula[51]
R= (

dz
β
) = R0 + α
dt
Mf

where R0, β and α are experimental temperature dependent values expressed in angstroms
per minute. In order to run out the development process, it is necessary, for 30 seconds by
“hand”, the use of a stopper solution that in the case of the photoresist was pure water,
while for the PMMA was the pure IPA.
In Fig. 3.19, an another example of development is presented (EBL EGOFET, L = 1µm).
The blue parts inside the device represent the color of the SiO 2 substrate; It means that both
lithography and development was realized successfully. The green outer parts instead,
represent the presence of PMMA that was not exposed to electronic radiation hence it was
not developed. From the formula above, ε = 0 so Mf = Mn and R is slower (but not zero!).
Near the right pad, we can also notice a red spot: it is in general due to traces of spot,
despite the cleaning, or intrinsic defects of the wafer that create an accumulation of resist
around that area.
In Fig 3.20 instead, two opposite example of development are exposed. On the left, is
represented a typical effect of insufficient time development that produces an incomplete
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removal of the resist, even in the exposed parts giving rise to rough edges of the device
(fingers) and the presence of the resists in the inner parts. It will produce problems in the
metallization step because the golden source and drain fingers will be characterized by
bubbles and imperfections. On the right, there is an example of excessive time exposure. It
tends to create the fusionof the fingers so after metallization, the device will hardly work as
a transistor.

Fig. 3.19. Example of a good development. Interdigitated EBL EGOFET, L = 1 µm. Development time
= 30 seconds. Optical microscope image.

Fig 3.20. On the left: low time development (25 seconds); On the right excessive time development (40
seconds). Optical microscope image.
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3.3.3 Metallization
The deposition of metal onto developed samples, occurred by using the electron beam
evaporator described in Par. 3.1.3. The metallization recipe includes the deposition on the
entire substrate of 50 nm Gold over 5 nm Titanium. Usually the deposition rate was about
10 angstroms per seconds for Ti and 30 – 40 for Au. At the end of the process the samples
appear completely covered of gold, as showed in Fig. 3.21. As mentioned, the use of gold
as contacts, ensure a low contact resistance so it increase the final performance. Further,
the use of an ultra thin titanium film between sample and gold guarantees a good adhesion
on the surface of the wafer.

Fig. 3.21. UVL (bottom) and EBL (top) samples after metallization

3.3.4 Lift – Off
This is a process in which all the resist covering the substrate is dissolved in a solvent
known as remover. As a result, all the metal that is not in contact with the bare substrate
being removed. The lift off effect after metal deposition is schematically sketched in Fig.
3.22. This process was realized in sonication because vibration and heat facilitate
dissolution and removal of the resist, using in the case of PMMA the AR 600-70 for 20
minutes, while for the photoresist acetone for 10 minutes. After that, all the samples were
cleaned in sonication using IPA for 20 minutes in order to eliminate all the traces of
removed gold, than dryed using nitrogen.

48

Fig. 3.22. Sketch of deposition (left) and following lift off effect (right) [27]

As already done for development, the final result after this procedure is presented,
comparing good and bad devices in the case of interdigitated EBL EGOFET with L = 1
µm. In Fig. 3.23, it is possible to notice that the metal after lift off was completely
removed from the developed parts, particularly between the fingers recognizing the typical
blue color of the SiO2. It means that this device can perfectly work as a TFT.

Fig. 3.23. Final result of a working TFT EBL EGOFET. L = 1 µm. Optical Microscope image

On the contrary in Fig. 3.24 left we can see that development and lift off has produced not
working devices because of not uniform and fused fingers. Bad results occurred because
the PMMA was not removed either on the fingers, or between them. Obviously, this kind
of device will not work as a transistor because source and train are in short. In Fig. 3.24
right, is represented an interdigitated in short in two litte parts (red circles). This kind of
problem cannot be solved. Neverthless it is sometimes possible the removal of
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supplementary traces of gold and other organic residuals after lift off by means of piranha
solution, usually consisting of a 7 H2S04 : 1 H2O2 solution.

Fig. 3.24. Examples of bad results after lift off. Optical Microscope image

3.3.5 P3HT Deposition
The ultimate fabrication step is the deposition of the organic semiconductor over the
golden interdigitated contacts. The organic semiconductor used as proton sensitive
layer[52], was the poly(3-hexylthiophene) or simply P3HT whose properties has been widley
studied in several works. The availability of P3HT with controlled molecular weights, low
polydispersity, and importantly, a wide range of reactive end-groups not only serves as a
key building block for the preparation of conjugated block copolymers but also facilitates
the development of hybrid nanocomposite materials via inorganic surface modification
strategies[53]. Usually the P3HT, whose highest reported carrier mobility is 0,1 cm2/Vs [54],
is prepared from solvents such as chloroform at room temperature[55] in controlled
environments (clean room or at least under wet bench) and its solidification is provided by
baking in oven, though chloroform is already afflicted by rapid evaporation in air.
The P3HT preparation provided in this work, is now presented. Let us start from the fact
that the amount of organic solution to prepare must be proportional to the total surface of
the samples since the organic semiconductor is strongly afflicted from contamination
provided by light and air[57] and a conservation is hence not advised; in general the quantity
of P3HT – chloroform solution used was approximately 100 µl for every 2 cm2 . The
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correct P3HT powder weight to dissolve, measured using a micro balance (Fig. 3.25) and
chloroform volume, were evaluated considering that the density of the P3HT in chloroform
is 2.6 mg/ml. After that, solvent and powder were finally stack together giving rise to an
orange solution, sonicated for 10 minutes in order to ensure a better semiconductor
dissolution. Ultimately, the solution is filtered using a 0,2 µm diameter filter.

Fig. 3.25. Micro Balance

In the meanwhile, the fabricated substrates were again cleaned with the same procedure
exposed in Par. 3.3 in order to remove traces of duster due to the sample storage. The
semiconductor was spinned on the substrates at 2000 rpm (0 acceleration ramp) for 30
seconds, then annealed in oven at 90 - 110 °C for 20 minutes. An example of final results
is represented in the Fig. 3.26 below. After annealing and if the entire procedure has been
successful, the P3HT appears as a uniform deep blue film.

Fig. 3.26. UVL devices (L = 10 µm) after P3HT coating
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With these spinning and baking conditions, the P3HT film has a thickness of few tens of
nanometers. In fact, using the same recipe, Magliulo et al.[56] reported a P3HT thickness
film of 30 ± 5 nm, while measurements made in Clean Room using the Optical
Profilometer (Par. 3.1.4) by applying with a micro tip a scratch onto the fingers of a
fabricated OTFT has produced a P3HT thickness in a range of (30 – 80) ± 5 nm. In Fig.
3.27 is reported an example of this kind of measurements. The profilometer reveals also
that the P3HT is not a real uniform smooth film but it organizes in grains on the surface,
according to the fact that it tends to be arranged on the surface in both crystalline and
amorphous regions[58].

Fig. 3.27. P3HT deposition onto interdigitatet TFT (L = 1 µm, EBL device). On the top, the scratch
applied to measure the semiconductor thickness. Optical Profilometer image.

Quality and deposition protocol of P3HT are crucial in terms of performances. It is
essential that the organic semiconductor layer, must not be afflicted by contamination. As
conclusion, examples of bad P3HT deposition are reported. In figure 3.28, we see that the
semiconductor, that appears with a completely different color compared to that of Fig.
3.26, was not coated equally on the sample because the P3HT droplet was not sufficient to
cover the entire surface. Furthermore, the viscosity of the organic solution was higher than
usual; it can be caused by several reasons such as bad sonication of organic solution,
contaminations induced during the entire process and bad purification of the P3HT
powder. The effects of contaminations and not proper sonication are better visible in Fig.
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3.29, in wich a close up of the finger EGOFET edges is represented, showing clearly an
accumulation of grains inside the contacts area. This problem can provides a modification
of both physical and chemical semiconductor condition such as high and variable
thickness, low mobility, high resistance, binding energies, increasing of charge traps[59,60].

Fig. 3.28. Effect of bad P3HT deposition process (UVL devices L = 10 µm)

Fig. 3.29. Grain accumilation caused by contamination and not proper dissolution of P3HT in
chloroform (UVL devices L = 10 µm). Optical Microscope image
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CHAPTER 4
Results and discussion
In the previous chapter all the procedures required to prepare an interdigitated device with
thin golden source and drain contacts and P3HT layer as semiconductor on a Si/SiO 2
substrate were presented. Considering the working principles described in chapters 1 and
2, it must be nevertheless noticed that this kind of device can not yet operate neither as
organic thin film transistor, nor as EGOFET because it does not have the insulating layer
over the semiconductor and the gate is hence not connected. For a Top Gate – Bottom
Contacts p – channel EGOFET, the gating procedure is not part of fabrication because the
electrolyte droplet being added only after fabrication and immediately before the electrical
characterization and the gate contact is part of the measuring apparatus. This feature allows
the use of different electrolytes and the same fabricated substrate can be used more than
once and eventually, upon proper storage, in different moments, reducing the costs and
time of fabrication. In this chapter gating procedures, methods of measurements and data
analysis will be presented putting in evidence the main features of UVL and in particular
EBL transistors fabricated, comparing also in the last part the two techniques.

4.1 Operating Methods
The semiconductor test system used is the KEITHLEY 4200-SCS represented in Fig. 4.1,
consisting of an electronic interface that is able to perform AC/DC measurements by
means of three narrow golden electrodes which act as Source, Drain and gate positioned
inside a black chamber in which there are also an optical microscope, a metallic sample
holder on which substrate were placed and fixed by vacuum induced from an external
pump, micro screwes for the regulation of electrodes and sample holder. Keithley was
used to get Output and Transfer. Since the fabricated devices are essentially OTFT then it
operates in accumulation mode and the P3HT behaves as a p-type semiconductor, both
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gate and drain d.d.p. applied have to be negative (source is, as usual, grounded) so one may
expect that the Ids founded are negative too.

Fig. 4.1. Keithley apparatus

Once positioned the specimen on the sample holder source and train tips were connected to
left and right pads and a 3 µl electrolyte droplet was added on the entire interdigitated area.
After that, the gate was connected in contact to the droplet and the device was finally ready
to work as EGOFET. This operation were repeated for all the UVL and EBL devices.
Every single Output curve was acquired by varying the Drain – Source voltage from 0 V
to -0,5 V and from -0,5 V to 0 V with a step of 0,05 V, keeping VG constant. This
procedure was repeated eight times increasing V G from 0,2 V to -0,5 V with a step of 0,1
V. On the other hand, the Transfer curves were acquired fixing V ds = -0,5 V and varying
VG from 0,2 V to -0,5 V and from -0,5 V to 0,2 V with a step of 0,05 V. Further, using the
Transfers, Off and On currents were also evaluated taking respectively V G = 0 V and -0,5
V. Lastly, mobility and threshold were calculated considering the capacitance associated to
the electrolyte droplet as 3 µF/cm2.

4.2 UVL Devices
Some electrical performance of fabricated UVL interdigitated EGOFET with L = 10 – 5
µm and W = (1000 µm x 10 channels) = 10000 µm prepared with the same P3HT batch,
are presented. Let us first consider the situation of the device with L = 10 µm reported in
Fig. 4.2 in which there are the Outputs obtained using deionized water (top) and PBS
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(bottom) as gating electrolyte. As can be noticed, in both cases, an increasing of V G give
rise to higher values of drain current either in linear or in sub-linear regime, confirming the
behavior predicted by equations (1.3.7) and (1.3.8) even if highest values of current were
acheaved by using water rather than PBS. In addition, one may notice that there is a clear
saturation for both water and PBS in close proximity to Vds = -0.5 V and for every
negative values of VG . The Outputs reported present positive hysteresis which increases
with the increase of the gate voltage especially in the case of PBS producing then less
stable performance with respect to the water. Furthermore, PBS offers higher values of
leakage currents predicted in Par. 2.2 (see Fig. 2.4), visible in the neighborhood of Vds = 0
V. The outputs curves reported in Fig. 4.3, revealing the behavior of the drain current in
the saturation regime expressed by the equation (1.3.10), were used to evaluate mobility
and gate threshold making use of the formulas (1.3.12) and (1.3.13) following the linear
fitting (1.3.11). Fig. 4.4 and 4.5 report respectively Outpust and Transpers for Water and
PBS for an UVL device with L = 5 µm. Confirming the fact that the reduction of the
channel length produces an increasing of the performance, the only significant difference
with respect to the previous situation is that this device was able to reach higher values of
drain current. The main experimental results are reported below, in Table A.

L = 10 µm

L = 5 µm

IOFF (A)

ION (A)

VT (V)

µ (cm2/Vs)

WATER

-6,10E-8

-1,94E-6

5.33E-02

1,71E-02

PBS

-1,51E-8

-5,72E-7

-1.90E-02

1,78E-03

WATER

-2,38E-7

-2,51E-6

-8,99E-03

2,22E-03

PBS

-9,19E-8

-1,29E-6

-1,87E-02

1,24E-03

Table A. Experimental values for UVL devices with L = 10 and 5 µm and W = 10000 µm

4.3 EBL Devices
Following the same method used in the previous paragraph, performance and
characteristics of fabricated EBL interdigitated EGOFET with L = 1 µm and 500 nm and
W = 10000 µm (16 channels) are now presented. Starting from that reported in Fig. 4.6,
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having L = 1 µm, we see that the shrinking of the channel length has produced again an
increasing of the drain current with positive hysteresis (higher for PBS) both in linear and
in non linear region but this time, the Output trends of PBS and water near Vds = -0,5 V are
quite different. One may observe indeed that though in the case of the PBS there was still
saturation, with water the device was not able to reach this regime and the electrical
behavior tends to be essentially linear hence it is affected by short channel effects, already
introduced in Par. 1.2.1. The EGOFET with L = 500 nm whose Outputs are reported in
Fig. 4.7, has even higher values of current and it is more affected by short channel effect
just because of the further shrinking of the channel length. In addition we see that the
saturation tends to be lost also in the case of PBS. However, this device presents increased
performance with respect to the other presented in this work though the reduction of the
channel length produces also an increasing of the contact resistance [61] that, if on the one
hand reduces the Output currents for fixed gate voltages, on the other hand reduces the
leakage currents that in fact are not visible. Since the saturation does not appear in water,
the standard procedure for evaluating mobility and threshold can not be applied in this
case, then the calculations of these parameters in Table B, has regarded only the PBS.

L = 1 µm

L = 500 nm

µ (cm2/Vs)

IOFF (A)

ION (A)

VT (V)

WATER

-6,79E-06

-8,62E-05

1,31E-01

PBS

-1,59E-07

-2,01E-05

-1,09E-01

1,10E-02

WATER

-5,80E-06

-1,33E-04

6,61E-02

2,55E-02

PBS

-4,10E-07

-4,33E-05

-8,78E-02

Table B. Experimental values for EBL devices with L = 1 µm – 500 nm, and W = 10000 µm

4.4 Comparison between EBL and UVL
Ultimately, considering the issue addressed in Par. 3.2.2 , a comparative study on possible
damages induced by electrons bombardment on the substrate during the electron beam
lithography is now briefly presented with respect to the performance obtained by using the
UVL technique. EGOFETs with channel length of 10 and 5 µm having channel width of
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10000 µm using water as electrolyte, were prepared by means of EBL (EHT = 10 kV) and
UVL and afterwards compared in terms of On and Off current. The semiconductor used
was again the P3HT. Results about Off and On currents are respectively reported below, in
Graph 1 and Graph 2. We see that there is no significant difference between the two
techniques so it can be concluded that the electron beam lithography does not produce
more damages at the interfaces than the UVL technique.
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Graph 1. Off currents EBL and UVL comparison
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Graph 2. On currents EBL and UVL comparison
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Fig. 4.2. UVL interdigitated EGOFET Outputs (L = 10 µm, W = 10000 µm). Electrolyte used:
Deionized Water (top) and PBS (bottom).
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Fig. 4.3. UVL interdigitated EGOFET Transfer (L = 10 µm, W = 10000 µm). Electrolyte used:
Deionized Water (top) and PBS (bottom).

60

-3,5µ
-3,0µ
-2,5µ

Ids(A)

-2,0µ
-1,5µ
-1,0µ
-500,0n
0,0
0,0

-100,0m

-200,0m

-300,0m

-400,0m

-500,0m

Vds(V)

-1,8µ
-1,6µ
-1,4µ
-1,2µ

Ids(A)

-1,0µ
-800,0n
-600,0n
-400,0n
-200,0n
0,0
200,0n
0,0

-100,0m

-200,0m

-300,0m

-400,0m

-500,0m

Vds(V)

Fig. 4.4. UVL interdigitated EGOFET Outputs (L = 5 µm, W = 10000 µm). Electrolyte used: Deionized
Water (top) and PBS (bottom).
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Fig. 4.5. UVL interdigitated EGOFET Transfer (L = 5 µm, W = 10000 µm). Electrolyte used:
Deionized Water (top) and PBS (bottom).

62

-80,0µ

Ids(A)

-60,0µ

-40,0µ

-20,0µ

0,0
0,0

-100,0m

-200,0m

-300,0m

-400,0m

-500,0m

Vds(V)

-20,0µ

Ids(A)

-15,0µ

-10,0µ

-5,0µ

0,0

0,0

-100,0m

-200,0m

-300,0m

-400,0m

-500,0m

Vds(V)
Fig. 4.6. EBL interdigitated EGOFET Outputs (L = 1 µm, W = 10000 µm). Electrolyte used: Deionized
Water (top) and PBS (bottom).
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Fig. 4.7. EBL interdigitated EGOFET Outputs (L = 500 nm, W = 10000 µm). Electrolyte used:
Deionized Water (top) and PBS (bottom).
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CONCLUSIONS AND OUTLOOKS
In this thesis we have studied the electrical performance of electrolyte-gated organic thin
film transistors fabricated by means of electron beam lithography and ultra violet
lithography.
The results outlined in chapter 4 have highlighted some interesting experimentals facts that
can be used to improve and increase the performance of an EGOFET, especially in the
field of the biosensing. First of all, it must be noticed that the interdigitated design has
allowed the fabrication of devices with high channel width and relatively small global
sizes; Further, it has been definitely demonstrated that, this kind of thin film transistor, in
accumulation mode, can actually work under very low applied voltages; the electric
channel, that in this case consists of an accumulation of holes since the P3HT behaves
essentially as a p-doped semiconductor, is established from very low threshold gate
currents that are in the range of 10-1 – 10-3 V and in general, an appreciable current
modulation is provided by voltages ranging from 0 V to -0,5 V. Furthermore, keeping
constant the channel width, the reduction of the channel length produces an increasing of
the drain current in every regime, in particular for highest values of the applied gate
voltage as claimed from the theoretical forecasts regarding a general field effect transistor
with inorganic semiconductor. It has been also proven that the performance of an EGOFET
varies by changing the electrolyte. In fact, water allows higher performance than PBS in
terms of drain current because the electric double layer obtained with it, give rise to an
higher concentration of free positive charged carriers. For this reason, regardless of
whether the electrolyte used is water or PBS, the employment of the electron beam
lithography has proven to be of great utility because it has allowed the reduction of the
channel length up to ten times the maximum resolution achievable from the ultra violet
lithographic technique. Anyway, both water and PBS have showed a positive degree of
hysteresis and it is probably caused either by a non instantaneous formation of the electric
doyble layer, or by the presence of charge traps at the interface organic semiconductor –
electrolyte as explained in Paragraph 2.2. Also, the interaction between electrolyte and
semiconductor creates different performances also in terms of mobility that it has been
found to be slightly higher using water than PBS in the case of the UVL technique.
However, devices fabricated with EBL, have shown a loss of saturation in the case of
water due to the fact that the thickness of electric channel inside the semiconductor and
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near the interface is no more negligible with respect to the dimension of the channel length.
In this case, the hypothesis of a 2D electric channel fatally drops even though, this issue
can be solved by coating the organic semiconductor in a different manner with respect to
the recipe used in this work. It is possible for instance to increase time and spinning
angular velocity or deposit the semiconductor via other techniques such as evaporation. It
can be concluded that in a potential employment in detection fields, the achievement of
higher currents by using EBL might be a positive experimental fact in terms of sensitivity
for biosensing and revelation of humidity and molecular traces in a certain environment
because the higher the drain current (for example the ON current), the higher the
signal/noise ratio. Hence, the main outlooks correlated to this work regard primarily a
further reduction of the channel length using EBL that potentially can reach resolution of a
few nanometers or other lithographic techniques such as the Nano Imprinting Lithography
(NIL) that is faster, easier, with comparable limit of resolution, and the use of other types
of organic semiconductors that allow to obtain higher values of mobility, then higher
values of currents and faster responses.
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APPENDIX 1
Zeiss Σigma FE-SEM: STRUCTURE AND
IMAGES ACQUIREMENT
Scanning electron microscopes (SEMs) are today used for a wide range of applications in
both industrial and scientific field thanks to many advantages and methods, overcoming
the traditional light microscopy in terms of resolution, depth of focus, contrast mechanism,
interpretation of 3D images and measuring in micro and nano range [62]. All these features
make the SEM a fundamental and precious apparatus for the analysis of different samples
and materials. This report is aimed to the discussion of the parameters that govern the SEM
working principles when it is used for both scanning and measuring images acquiring from
a certain specimen referring in particular to the Σigma FE-SEM CS-2952 – Gemini Column
model placed at the Physics Department – IFN-CNR lab. Main characteristics of the
GEMINI optics (Fig. A1) are the beam booster and the objective lens that consists of a
combined electrostatic – electromagnetic lens duplet. Free electrons are created by a
Schottky field emission filament (ZrO/W- cathode); the beam booster, which is installed
directly behind the anode and always at potential 8 kV (at acceleration voltages less than
20 kV) ensures that the electron energy beam during the entire beam path is always
constant.

Fig. A1. Section of a GEMINI Column

The key parameters for the image generation and the quality of image information are i)
acceleration voltage (EHT), ii) working distance, iii) aperture size and iv) signal source.
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The nominal resolution is 1.5 nm at 15 keV beam energy and 2.8 nm at 1 keV, and
acceleration voltage range is 0.02 – 30 kV. The magnification varies from 30x up to 500kx.
There are six apertures having 7.5, 10, 20, 30, 60 or 120 µm as diameter. The aperture is
fundamental in terms of brightness and depth of focus: the higher is the aperture, the higher
will be the brightness but a bigger aperture implies a smaller depth of focus [63]. The
apparatus (Fig. A2) is equipped by three detectors that are the In-lens for secondary
electrons, SE2 for secondary and backscattered electrons and AsB that is an angular
selective BSE detection system. The sample holder stage can rotate and shift in the XYZ
directions.

Fig. A2. FE-SEM CS-2952 – Gemini Column

The images acquirement is guaranteed by regulating the electromagnetic field generated by
the lenses through parameters such as contrast, X and Y astigmatism and wobbles. Some
examples of acquirement with the In-lens detector, regarding the fabrication of
interdigitated electrolyte gated organic thin film transistors (EGOFETs) by means of
electron beam lithography (EBL), using EHT = 5 kV and working distance = 1.9 mm, are
presented. In Figures A3, A4 and A5 results about a test dose immediately after
development process are reported, on 230 nm PMMA substrate, coated onto a Si/SiO 2
wafer. The expected channel length was L = 1 µm, while the expected finger contact length

68

was L = 6 µm. In Fig. A3 one may notice that for the above thickness resist a dose factor
of 62.10 µC/cm2 was not sufficient to obtain a good lithography in terms of exposition and
fidelity project design, in fact the resulting channel length and contact width were
respectively 2 and 5 µm. Furthermore, the excavated regions still present traces of resist
not developed, meaning that the deposited energy was not sufficient to create a correct
interdigitated pattern.

Fig. A3. Test Dose with 62.10 µC/cm2. Finger contacts close up after development

The situation presented in Fig. A4 is completely different thanks to an increasing of the
dose factor up to 84.66 µC/cm2. Here, the project design was much more respected indeed
channel length and contact width obtained was respectively around 1 and 6 µm and the
developed regions appear more uniform and defined on the edges but some imperfections
essentially due to development time and age and quality of the resist. However the use of
this dose factor allowed good fabrications results using the already mentioned EHT and
thickness resist. Ultimately, Fig. A5 shows an opposite situation (created with a dose factor
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of 115.44 µC/cm2) with respect to Fig. A2. The dose is now too excessive: although the
resolution obtained was very good, channel length and contact width was bigger than the
expected project values.

Fig. A4. Test Dose with 84.66 µC/cm2. Finger contacts close up after development
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Fig. A5. Test Dose with 115.44 µC/cm2. Finger contacts close up after development

The use of the SEM apparatus was not only useful for dose analysis but also for both the
evaluation of the proper metal deposition and measurements of the “final” channel and
contacts sizes. Fig. A6 depicts contacts obtained at EHT voltage of 5 kV and working
distance of 2.3 mm.
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Fig. A6. Finger contacts close up after metal deposition and lift off. Some imperfection due to

low dose and development time are visible

In this case metal deposition and final design are good even though are clearly visible on
the contacts gold accumulations . This effect can be due to residuals of photoresist in the
contact regions that were not removed during the lift off process. Anyway, this kind of
fabrication processing can be considered optimal because gold accumulations do not
reduce the conductivity of the contacts.

72

BIBLIOGRAPHY

[1]

A. S. Sedra and K. C. Smith. Circuiti per la microelettronica.
Edizioni ingegneria 2000. 1996.

[2]

F. M. Li, A. Nathan, Y. Wu and B. S. Ong. Organic Thin Film
Transistor Integration. 2011.

[3]

I. Kymissis. Organic Field Effect Transistors: Theory, Fabrication
and Characterization. Springer. 2009.

[4]

Z. Bao and J. Locklin. Organic Field Effect Transistors. CRC Press.
2007.

[5]

P.K. Weimer. The TFT a new thin-film transistor. Proceedings of the
IRE. 1962.

[6]

T. Zaki. Short Channel Thin Film Transistors. Fabrication,
Characterization, Modeling and Circuit Demonstration. Springer. 2015.

[7]

R. A. Street. Thin Film Transistors. Adv. Mat. 21, 2007. 2009.

[8]

M. D. Austin and S. Y. Chou. Fabrication of 70 nm channel length
polymer organic thin-film transistors using nanoimprint lithography. Appl.
Phys. Lett. 81, 4431. 2002.

[9]

J. N. Haddock, X. Zhang, S. Zheng, Q. Zhang, S. R. Marder and B.
Kippelen. A comprehensive study of short channel effects in organic fieldeffect transistors. Org. Electronics, 7, 45. 2006.

[10]

S. Locci, M. Morana, E. Orgiu, A. Bonfiglio and P. Lugli. Modeling

of Short-Channel Effects in Organic Thin-Film Transistors. IEEE
Transactions of Electron Devices 55, 2561. 2008.

73

[11]

K. Schmoltner, J. Kofler, A. Klug, E. J. W. List-Kratochvil and F. P.

Strasse. Electrolyte-gated organic field-effect transistors for sensing in
aqueous media. SPIE Proceedings, 8831. 2013.
[12]

S. Sze and K.K. Ng, Physics of Semiconductor Devices. Wiley.

2007.
[13]

M. Singh, G. Palazzo, G. Romanazzi, G. P. Suranna, N. Ditaranto, C.

Di Franco, M. V. Santacroce, M. Y. Mulla, M. Magliulo, K. Manoli and
Luisa Torsi. Bio-sorbable, liquid electrolyte gated thin-film transistor based
on a solution processed zinc oxide layer. Faraday Discussion, 174, 383.
2014.
[14]

L. Kergoat, L. Herlogson, D. Braga, B. Piro, M. C. Pham, X.

Crispin, M. Berggren, and G. Horowitz. A Water-Gate Organic Field Effect
Transistor. Adv. Mat. 22, 2565. 2010.
[15]

M. D. Angione, S. Cotrone, M. Magliulo, A. Mallardi, D. Altamura,

C. Giannini, N. Cioffi, L. Sabbatini, E. Fratini and P. Baglioni. Interfacial
electronic effects in functional biolayers integrated into organic field-effects
transistors. P.N.A.S. 109, 6429. 2012.
[16]

E. Fortunato, Complementary Metal Oxide Technology with and on

Paper. Adv. Mat. 23, 4491. 2011.
[17]

A. Morel. Optical Properties of Pure Water and Pure Sea Water.

1974
[18]

K.B. Oldham. A Goüy-Chapman-Stern model of the double layer at

a (metal)/(ionic liquid) interface. Journal of Electroanalytical Chemistry,
613, 131. 2008.
[19]

B. R. Jayan, T. Adachi, R. J. Ono, D. A. V. Bout, C. W. Bielawskib,

and A. Manthiram. Effect of interfacial dipoles on charge traps in organic –
inorganic hybrid solar cells. J. Mater. Chem. A 1, 3258. 2013.
[20]

D. J. Late, B. Liu, H. S. S. R. Matte, V. P. Dravid, and C. N. R. Rao.

Hysteresis in Single-Layer MoS2 Field Effect Transistors. ACS Nano, 6,
5335. 2012.

74

[21]

H. Jia, G. K. Pant, E. K. Gross, R. M. Wallace and B. E. Gnade.

Gate induced leakage and drain current offset in organic thin film
transistors. Organic Electronics, 7, 16. 2006.
[22]

D. Tu, L. Herlogsson, L. Kergoat, X. Crispin, M. Berggren and R.

Forchheimer. A static Model for electrolyte – gated organic field effect
transistors. IEEE, 58, 3574. 2011.
[23]

J. Noolandi. Multiple trapping model of anomalous transit – time

dispersion in a – Se. Phys. Rev. B, 16, 4466. 1977.
[24]

G. A. Luurtesma. Spin Coating for Rectangular Substrates. A thesis

written and submitted to THE DEPARTMENT OF ELECTRICAL
ENGINEERING

AND

COMPUTER

SCIENCES

UNIVERSITY

OF

CALIFORNIA, BERKLEY. 1997.
[25]

Cost effective equipment. Spin Coat Theory.

[26]

C. Mack. Fundamental Principles of Optical Lithography: The

Science of Microfabrication. John Wiley & Sons. 2007.
[27]

S. Franssila. Introduction to Microfabrication. Wiley. 2004.

[28]

H. Tamura, H. shi and H. Kimura. Electron Beam Evaporator. 1967.

[29]

Y. Fainman, E. Lenz and J. Shamir. Optical profilometer: a new

method for high sensitivity and wide dynamic range. App. Optics. 21, 3200.
1982.
[30]

G. R. Sunè. Electron Beam Lithography for Nanfabrication. PHD

THESIS. Departament de Fisica, Facultat de Ciències. Universitat
Autònoma de Barcelona. 2008.
[31]

W.C. Nixon. Scanning Electron Microscopy. CONTEMP. PHYS.

1969.
[32]

Raith Manual. Brief introduction to Scanning Electron Microscopy.

[33]

V. Kazmiruk. Scanning Electron Microscopy. InTech. 2012.

[34]

R. F. Egerton. Physical Principles of Electron Microscopy. An

Introduction to TEM, SEM, and AEM. Springer. 2008.
[35]

A. N. Broers. Fabrication Limits of Electron Beam Lithography and

of UV, X-ray and ion-beam lithographies. Philosophical Transactions of the
Royal Society of London Series a-Mathematical Physical and Engineering
Sciences, 353, 1703. 1995.

75

[36]

A. N. Broers, A. C. F. Hoole, J. M. Ryan. Electron Beam

Lithography – Resolution Limits. Microelectronic Engineering, 32, 131.
1996.
[37]

D. J. Grant. Electron Beam Lithography: From Past to Present.

University of Waterloo. 2003.
[38]

P. Hovington, D. Drouin, R. Dauvin, D. C. Joy and N. Evans.

CASINO: A New Monte Carlo Code in C Language for Electron Beam
Interactions—Part III : Stopping Power at Low Energies. Scanning, 19, 29.
1996.
[39]

D. Drouin, A. R. Couture, D. Joly, X. Tastet, V. Aimez and R.

Gauvin. CASINO V2.42—A Fast and Easy-to-use Modeling Tool for
Scanning Electron Microscopy and Microanalysis Users. Scanning, 29, 92.
(2007).
[40]

J. M. Aitken, D. R. Young and K. Pan. Electron trapping in electron

beam irradiated SiO2. J. App. Phys. 49, 3386. 1978.
[41]

G. S. Chen, C. B. Boothroyd and C. J. Humphreys. Electron-beam-

induced damage in amorphous SiO2 and the direct fabrication of silicon
nanostructures. Philosphical Magazine A, 78, 491. 1998.
[42]

S. D. Brotherton. Introduction to Thin Film Transistors. Physics and

Technology of TFTs. Springer. 2013.
[43]

W. Kern. The evolution of silicon wafer cleaning technology. J.

Electrochem. Soc. 137, 1887. 1990.
[44]

K. A. Jackson and W. Shorter. Handbook of Semiconductor

Technology. Wiley. 2000.
[45]

I. Zailer, J. E. Frost, V Chabasseur-Molyneux, C. J. Ford and M.

Pepper. Crosslinked PMMA as a high-resolution negative resist for electron
beam lithography and applications for physics of low-dimensional
structures. Semiconductor Sc. Tech. 11, 8. 1996.
[46]

C. Vieu, F. Carcenac, A. Pe´pin, Y. Chen, M. Mejias, A. Lebib, L.

Manin-Ferlazzo, L. Couraud and H. Launois. Electron beam lithography:
resolution limits and applications. Elsevier Science B, 164, 111. V. 2000.
[47]

Raith SEM Presentation. Basic Resist Theory. Lesson 608.

76

[48]

E. Kratschmer and T. R. Groves. Resist Heating Effects in 25 and 50

kV e-beam Lithography on Glass Masks. Journal of Vac. Sci. and Tech. 8,
1898. 1990.
[49]

J. S. Greeneich. General Motors Researc Publication, GMR-1547.

Journal of the Electrochemical Society: SOLID STATE SCIENCE AND
TECHNOLOGY. 1974.
[50]

A. Chapiro. Radiation Chemistry of Polymeric Systems. Wiley. 1962.

[51]

J. S. Greeneich. Developer Characteristics of Poly – (Methyl

Methacrylate) Electron Resist. J. Electrochem. Soc. 122, 970. 1975.
[52]

L. Kergoat, B. Piro, M. Berggren, G. Horowitz and M. C. Pham.

Advances

in

electrochemical

organic

transistor-based

biosensors:

from

organic

transistors to electrolyte-gated organic field-effect

transistors. Anal. Bioanal. Chem. 402, 1813. 2012.
[53]

N. V. Handa, A. V. Serrano, M. J. Robb and C. J. Hawker. Exploring

the Synthesis and Impact of End-Functional Poly(3-hexylthiophene). J. Pol.
Sci. 53, 1841. 2015.
[54]

H. Sirringhaus, N. Tessler, and R. H. Friend, Science 280, 1741

.1998.
[55]

K. J. Ihn, J. Moulton and P. Smith. Whiskers of poly(3-

alkilthiophene)s. J. Pol. Sci. 31, 753. 1993.
[56]

M. Magliulo, B. R. Pistillo, M. Y. Mulla, S. Cotrone, N. Ditaranto,

N. Cioffi, P. Favia and Luisa Torsi. PE-CVD of Hydrophilic-COOH
Functionalized Coatings on Electrolyte Gated Field-Effect Transistor
Electronic Layers. Plasma Proc. and Pol. 10, 102. 2013.
[57]

L. A. Kehrer, S. Winter, R. Fischer, C. Melzer and H. V. Seggern.

Temporal and thermal properties of optically induced instabilities in P3HT
field-effect transistors. Synthetic Metals, 161, 2558. 2012.
[58]

H. T. Nicolai, M. Kuik, G. A. H.Wetzelaer, B. de Boer, C. Campbell,

C. Risko, J. L. Brédas and P.W. M. Blom. Unification of trap-limited
electron transport in semiconducting polymers. Nature Mat. 11, 882. 2012.
[59]

H. Wei, L. Scudiero and H. Eilers. Infrared and photoelectron

spectroscopy study of vapor phase deposited poly (3-hexylthiophene). App.
Sur. Science, 255, 8593. 2009.

77

[60]

F. E. Osterloh, M. A. Holmes, J. Zhao, L. Chang, S. Kawula, J. D.

Roehling and A. J. Moule. P3HT:PCBM Bulk-Heterojunctions: Observing
Interfacial and Charge Transfer States with Surface Photovoltage
Spectroscopy. J. Pys. Chem. C, 118, 14723. 2014.
[61]

J. Zaumseil, K. W. Baldwin and J. A. Rogers. Contact resistance in

organic transistors that use source and drainvelectrodes formed by soft
contact lamination. J. Appl. Phys. 93, 6117. 2003.
[62]

J. Ackermann. Manual SmartSEM V.5.00. Carl Zeiss STM Ltd.

2005.
[63]

C. Sheu and W. D. Kaplan. Introduction to Scanning Electron

Microscopy. Wiley. 2012.

78

RINGRAZIAMENTI
Il presente lavoro di tesi non rappresenta per me soltanto la conclusione di un percorso
studentesco ma è anche il simbolo di una crescita personale correlata ad un gran numero di
esperienze e scelte avvicendatesi in questi anni. La passione per i fenomeni naturali, la
curiosità e l’intrinseca capacità di rimettersi in gioco dopo una caduta non sarebbero state
sufficienti se non avessi avuto accanto persone straordinarie che, in passato come oggi,
hanno creduto in me condividendo le loro esperienze, regalandomi insegnamenti e
consigli, sostenendomi con le buone e le cattive maniere, con l’amore e con le lacrime, con
la complicità o con il dissenso ed è per questo che dal profondo del cuore, sento di dover
ringraziare tutti coloro i quali con me, sono stati protagonisti di una avventura ancora viva
e in evoluzione.
Ringrazio il Prof. Gaetano Scamarcio per avermi permesso di far parte del suo gruppo di
ricerca durante l’intera attività di laboratorio, per i consigli, la disponibilità e la passione
per la fisica dimostratami in questi mesi e durante le ore di lezione. Grazie alla Dott.ssa
Cinzia Di Franco per la grande pazienza e per la fiducia.
Un grazie infinito va alla amica Dott.ssa Maria Vittoria Santacroce che più di tutti mi è
stata vicino durante le fasi sperimentali. I tuoi insegnamenti sono inestimabili per me. La
tua sensibilità e la tua forza mi sono stati e mi saranno sempre da esempio. Grazie per
avere condiviso con me quel lato umano che nessun libro di scienze potrà mai donare.
Grazie a mamma e papà che da sempre credono in me. Grazie perché non mi avete mai
abbandonato, anche e soprattutto nei mille periodi di sbandamento. Grazie perché siete dei
genitori fantastici, un sostegno sicuro ed incondizionato, la chiave di volta del mio modo di
essere e di pensare. Grazie a Carmen, la mia sorellina e uno dei miei più grandi amori.
Basta pensare un attimo a te e capire che mi sarai sempre accanto, indipendentemente dalla
distanza e dall’età; grazie per la grande complicità. Grazie a Felice che reputo da anni
ormai un fratello di sangue. Grazie alla nipotina Eugenia per la purezza e per la sua, forse
inconsapevole, capacità di intenerire anche i miei lati più spigolosi.
Grazie Kelly per avermi mostrato la tua originalità e il tuo inimitabile modo di affrontare la
vita, per essermi accanto e sopportarmi anche nei momenti di tristezza e pesantezza. Grazie
perché non hai mai occluso la mia voglia di essere bambino, perché sei un completamento

79

e non una sostituzione, perché comunque andrà mi hai insegnato che non tutto può essere
previsto o trattato come un fenomeno astratto. Grazie perché cammini con me,
condividendo risate, paure, riscatti, lacrime. Grazie alla tua stupenda famiglia.
Grazie a tutti i miei amici, alcuni oramai con la testa sulle spalle, altri ancora matti e
casinisti per tutte le esperienze insieme passate e presenti, per esserci nel momento del
bisogno, per tutto il baccano, per la trasgressione, per le cose spaccate e per il rispetto.
Grazie in particolare a voi, Francesco, Filippo, Antonella, Katia, Giuseppe, Vito, Leo,
Manuel, Michele, Angela, Rossella. Grazie ai miei colleghi di corso, Giuliano, Francesco e
Gaetano, perché fra PVM e cristalli non lineari abbiamo condiviso insieme tutte le gioie e i
dolori che un corso di laurea magistrale in fisica comportano.
Grazie alle persone che non ci sono più e a tutte le meteore perché comunque hanno fatto
parte della mia vita e delle mie esperienze. Grazie ai miei nonni, che da lassù non mi hanno
mai abbandonato.
Infine un bel grazie lo dedico a me stesso perché, sebbene in certi casi possa sembrare
banale e insufficiente, ho finalmente capito che basta impegnarsi seriamente per ottenere
ciò che si vuole, pur ricordando sempre che la vita in fondo va presa come una gran bella
zingarata, come se fosse antani con o senza sbiriguda per due, senza trascurare terapia
tapioco ed occhiello di previlegio!

80

