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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-METAL-

OXIDE-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 ï 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 ñnò 

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 ñplatesò 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 Pr inciples 

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 ï 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 ² 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 



 

7 

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 sp
2
 hibridized, forming delocalized clouds of p-

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 p-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]

.  
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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 ς Top contact and Top gate ς bottom contact; Lower 

part and from left to right: Bottom gate ς bottom contact and Bottom gate ς top contact. 

 

As it is shown in Fig. 1.7, there are four possibilities of configuration for a TFT[7]:  

½ 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.   

½ 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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½ 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.    

½ 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 



 

11 

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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½ substrate; it must be insulating and can be made of a Si/SiO2 wafer or glass or 

other kind of flexible materials such as plastic films;    

½ 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 ñreal partò of the structure. In a top gate configuration for 

instance, the gate can be also an external probe connected to the structure when 

necessary.  

½ 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 ï 1 cm
2
/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 cm
2
/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  p-

type ones. For example, P3HT, that has a mobility tipically in the order of 10
-4
 ï 

10
-3
 cm

2
/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 

Ћ%

ЋÙ
ḻ
Ћ%

ЋØ
 

Using then the one dimensional Poisson equation, it is possible determine an expression for 

the mobile surface density of charges along the channel: 

1Ø 6 ςɫ 6Ø # ςצÑ. ς6Ø ςɫ           (1.3.1) 

where, 2űB 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: 

) ᷿ 1ØÄ6          (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: 

Ä6           (1.3.3)            

Inserting (1.3.1) in (1.3.2) one gets 

)
7ʈ

,
6 ςɫ 6Ø # ςצÑ. ς6Ø ςɫ Ä6 

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

) # 6 ςɫ 6 6 ςɫ ςɫ           (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) å 0 (therefore V(x = L) å 0), the 

pinch off condition is satisfied. It happens when Vg reaches a particular value called 

threshold voltage calculable posing the above statement: 

1, πᵼ 6 ςɫ # ςצÑ. ςɫ π  

6 ςʒ
ɫ

          (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:  

 

)
7ʈ

,
# 6 ςɫ 6

6

ς

ςςצÑ.

σ#

σ

ς
ςɫ 6

σ

ρφ

Ѝς

ɫ
6

Ï6  

7ʈ

,
# 6 ςɫ

ςצÑ.ςɫ

#
6

6

ς

.Ñצ

τɫ #
6

ς ςצÑ.

σ#
Ï6  

(1.3.6) 

Neglecting the higher orders and using (1.3.5) one gets 

Ὅ
7ʈ

,
# ὠ ὠ 6

6

ς
ρ

.Ñצ

ςɫ #
          ρȢσȢχ 

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 

)
7ʈ

,
6 ςɫ # τצÑ.ɫ Ä6 
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7ʈ

,
# 6 ςɫ 6

6

ς

τצÑ.ɫ

#
ὠ  

7ʈ

,
# 6 ὠ 6

6

ς
          ρȢσȢψ 

We can obtain the saturation condition from the above equation by imposing 

Ћ)

Ћ6
π ἤἬἻ ἤἯ ἤἢ          ρȢσȢω 

Inserting (1.3.9) in (1.3.8) one finally gets 

) #6 6           (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): 

)
ɡ
#6 6

ɡ
# 6

ɡ
# 6 !6 "          (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 

Ἐ

ἥἍἱ
Ἃ          ȢȢ  

on the other hand, putting to zero (1.3.11), it is possible estimate the threshold: 

π  !6 " ἤἢ
Ἄ

Ἃ
          ρȢσȢρσ 

The last two equation will be used to derive experimental value of mobility and threshold 

in Chapter 4.  

 

 

 

 



 

16 

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 ï 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 ɛF/cm
2
.  

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 ɛM, giving a very low conductivity of 5.5Ŀ10
-8
 S cm

-1
. 

 

Fig. 2.1. Structure of an EGOFET. Configuration top gate ï 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 ï top 

contacts or bottom gate ï top contacts do not allow the use of liquid materials as gating 

media. Top gate ï top contacts and in particular top gate ï 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-Chapman-

Stern 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:  

½ extra p or n doping into the bulk of the semiconductor due to the interaction with 

substrate or environment;  

½ 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 ñhighò 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 ï 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 DIH 2O; 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 ɛm).  

 

Let us consider now the equation (1.3.7), describing the linear regime. If Vds = 0, one may 

expect a zero drain current for every non zero value of Vg. 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 Vg 
[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  

ρ

#

ρ

#

ρ

#
 

Where the order of magnitude of C1 and C2 is tens of ɛF/cm
2
 .  

 

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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½ diffusion: it mainly depends on chemical charactesistics ot the electrolyte used 

such as viscosity, typology of ions and their gradient of ionic concentration. 

½ migration: it depends on the intensity of the electric field generated by Vg. 

½ 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 

 

‘ ‘‌Ὡ  

 

where Et can be considered as the average energy value of the delocalized band with 

respect to the homo or lumo edges and Ŭ 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 Vg, 

the Fermi level shifts toward the upper edge of the delocalized band then Ŭ 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: 

½ inner temperature Ą 21 ± 1 °C; 

½ relative humidity Ą 40 ± 5 %; 

½ yellow light that in general does not damage cleaning solvents and resist materials 

used for lithography;  

½ filtered air in order to reduce the concentration of pollutants such as dust, microbes 

and chemical vapors; 

½ laminar air streams; 
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½ 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 ï velocity 

function h(ɤ,t) immediately after the spin off stage, can be expressed as  
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where ɤ is the angular velocity, ɟ is the fluid density and Õ 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 ï 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 (² 4 µm) devices. A mask 

aligner is cheap and offers optimal pattern reproduction. It usually consists of  a mercury ï 

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: 

½ 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;  

½ 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 ï 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 ñreticleò
[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 (ɚ/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 ï 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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where d is the lens diameter and ɚ 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 ɚ 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 ɚ and its 

momentum p, is given by the De Broglie equation 

ɠ
È

Ð
 

it can be shown
[30]

 that the wavelength associated to electrons accelerated by a d.d.p. is 

expressible as 
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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]

: 

½ electron column; 

½ vacuum system; 

½ detectors; 

½ 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 ï 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  

ὐ ὃὝὩ  

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 ñcleaningò 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 

½ 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.  

½ 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.  

½ 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 ï 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 

$ÏÓÅ &ÁÃÔÏÒ
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It is the surface density of electron charge expressed in general in µC/cm
2
 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/cm
2
 and 70 µC/cm

2
. On the bottom: dose = 80 µC/cm

2
 . Thickness resist (PMMA) = 230 

nm. Traces of resist are visible in yellow ï pink. In this case it is possible to notice that 60 and 70 

µC/cm
2
 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 
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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 10
5
, then the corrective factor must be 10

2
. 

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 ñextremeò 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/cm
2
. 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 Ą 90%, 76%, 60% and 26% of energy) can not reach 

the SiO2 layer and the resist is not completely ñexcavatedò. Indeed, only the 10% of the 

energy (red line) involves the interface resist ï 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 %  ï 

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 ï 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/cm
2
 . On the top: electron trajectories and X rays 

generation (red lines). On the bottom: electron energy distribution inside the sample 


