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INTRODUCTION

Organic field effect ransistors (OFETshre excellent candidates for many areas of
electronicssuch asdisplays, integrated circuit technolags and sensing applications
because they are processable at low temperature, on flexible suhstnateelatively
cheap It has been demonstrated that OFETs are very suitable for detection of small
molecules and humidity traces, athe use of an organgemiconductor ensures in many
cases a good bicompatibility which is ofutmostimportance in the fielof biomedical
applications Moreover,chemical and physical properties of organic compounds can be
exploitedto obtain a distinct sensibility and sdigity with respect to target analyteBhe
evolution of OFETs towards electrolygated transistorsE(GOFET), allows sensing of

ions and biological substances such as DNA, henzymes and hormones in appropriate
aqueous mediaThis is achievedy applying low gate voltages directly between the
electrolytelayer and the semiconductathereby controlling relativeljigh source- drain
currentsof the order of dew pPA dueto the formation of an electric double layer at the
electrolyte/organic seitonductor interface with a very high capacitance.

This thesisis focused on the study of electricaproperties ofEGOFET obtained by
different fabrcation techniquesnamely, UV lithography and electrdieam lithography

that allow a further miniaturization of the characterisizes,therebyincreasing the final
detection current.Chapter ongoresents a summary of baslectrical propertiesof field

effect transist® and the description of thin film transisterbased on organic
semicomuctor channels Their mainproperties and working principles will be discussed,
deriving also the fundamental equati@tlewing theproper description of the phenomena

of interest and the evaluation of some experimental parameterasuskemiconductor
mobility in contact with electrolytes and gate threshold voltagehis chapter are also
indtroduced the main properties of anerdigitatedstructure usedor the experimental
testing The secondhapteris focused on the effective operating prnciples of EGOFETS,
describing in detail the role of the electric double layer and some other phenomena such as
hysteresisand deviation from the general theoretical formulgabrication processes,
iIssues abouihe proper use of instruments, chemical solvents and materials putting also in
evidence the main differences between the lithographic techniques used, i.e. electron
beam lithographyEBL) andultraviolet lithography(UVL) arepresentedn chapter three.

In this chapterthe layer deposition process of the organic semiconduct®3HTis also




described. In chapter four, the main results are presented and discussed. In coiickision
main advantages obtained by reducing the typical dimension of the fabricated devices

using the EBL is demonstrated.




CHAPTER 1
FIELD EFFECT TRANSISTOR (FET)

In this chaptethe main properties dfeld effect transisto(FET) will be reviewed!. The
modulation of the current is due to the presence tbiird control electrode calledate
There are two main types of FET-RET and pFET. It can be shown that the current
dependsonly to one charge carrier. It will be considered in particular gfMETAL-
OXIDE-FET (p-MOSFET) and its properties.

1.1 Overview

A p-MOSFET s a three terminal devicsource, drainandgate(Fig. 1.1). It consists of a
doped semiconductor substrgfedoped in this casdipically Si) with two highly doped
areas used as source and drain termmalshicha metallic layers deposited to create the
contacs. Over this substrateghere is a thin oxide layetipically SiG, , and the third metal
contact, the gatdt can be created also a fourth metal contact under the semiconductor

bulk calledbody; tipically put to ground.

Source (S) Gate {G) Drain (D)

Oxide Layer

n+ n+

p-type substrate

Body (B)

Fig. 1.1. Sketch of a pMOSFET




The semiconductor substrate creates with the source and drain regionsngtions.

When there is no bias on the gate, the behavior of the entire device is similar to that of a
couple of diodes+p and pn in serieghat inhibit the flowing of current between drain and
source even if as bias is applied. If instead,source and drain are both connected to
ground and there is a positive voltagg the holes (with positive charge) present nearby
the interface substrate insulator, are pushed downoreating a no moreeutral region
(channel)because of the presenceragative charges (electrons) of the acceptor atoms.
Furthermore, the posive gate voltage attr act
wells. When a sufficient number of electrons are accumulated under the oxidetHayer,
minority carrier densityn the psemiconductoexceeds the majority carrier densifyhis
phenomenon is knowrsanversion Now, by applying a non zero voltaygs, the passage

of current between drain and sourcenadepossible. The higher is the electron density in

the channel, the higher will be the intensity of the curtgyfor a fixed source biashe
minumun value ofVys necessary for the passage of current in the channel is called
threshold voltage V. It must be noticed that gate amslibstrate can be thought as a
capacitor, because of th@esence of thelielectric layer. The electric field produced
bet ween the fAplateso of this capacitos, con
We can explain theelectrical characteristicef a MOSFET in terms of energy band
diagrams(Fig. 1.2), whose trends depend on the gate voliggeith respect to th&ermi

level E; of the (groundedsemiconductorlt is here assumed that there is no charge in the
oxide layer and the work function between metal and semiconductor is extremelizdow.

a pMOSFET, if a negative gate bias is appligte valence semiconductor band edge,
bends up toward the Fermi level, near the interface. It causes in this region, an
accumulatn of the majority (positive) charges. This condition is cadledumulatior if

there is no gate voltage, all bands remain flat and its charges, positives and negatives, are
in thermal equilibrium. This is that contition; by applying instead a positive gate bias,

the energy conduction band edends down, loser to the Fermi level: Wysis small and

the intrinsic Energy Edo not crosses;:E one gets the so calletbpletionregime. In this

case, the majority charges, tends to bgated into the semiconductor and starts the
accumulation of electrons. Wy is higher than the threshold voltagg,crosses Fandwe
obtaintheinversion regime In this case, the minority carriers exceed the majority carriers

nerby the interface that is now inverted.




E;

Metal Oxide| p-Substrate Metal Oxide| p-Substrate Metal Oxide| p-Substrate Metal|Oxide{ p-Substrate

Fig. 1.2. Energy Band diagrams for a fMOSFET. From the left, accumulation, flat, depletion and
inversion operating modes.

1.1.1Working Principles

If vgs = V:or less the current flowing from drain to sourtg, is negligiblebecause there

are notenough electrons in the chann®hcevys begins to be greater thaf, there isan
increasing of the electron number in the channel that becomes thicker, hence its resistivity
decreases; thereforigs must depend owys - V; . Fora smallvalue ofvys applied (0.1i 0.2

V for a standard MOSFET}he transistor behaves abreear resistor and we can consider
the thickness of the channel constant alondeitgth, therefore the current comirfgom

the souce electrode is equal to the current thaters into the drain and the gate current is
zera On the other hand, for higher vatuef the drairvoltage the channel will be no more
constant in terms of thicknessit higher and higher toward the source vgallthat the
resistance will be greater nearby the dréticauses aon linear behavior of the devicéf

vgs becomes equal or higher thag , the thickness of the channel near the drain becomes
zero and the depletion in this area reaches its maximum value. Hence, one gatshthe
off point. Over this regime, the effects on the channel structure are veliytisenaforethe
current achievegleally a constant value regardlesswaf and the MOSFET will be in the
saturation regime.The value ofvgs from which the saturation begins is indicated/@Sat

and depends ows . Theigs versusvgs curve for a fixedvys is calledoutput, while theigs
versusvgs trendfor a fixedvgs? vgs sadS calledtransfer. Output (for different positive gate

biases) and transfer are represented belo®iginl.3.
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Fig. 1.3. Ideal output and transferof a MOSFET

It will be shown in the paragraph 1.3 that the drain current in the saturation regime depends
mainly on thesquare of the differencevygs - V¢ , on theelectron mobility in the
semiconductor and on tlspectratio W/L, where W and L are the width and length of the
channel.For areal FET, the aspect ratio do not depend only on geometrical factog: if
becomes much greater thaq <o, the profile of the channel changes becoming more and

more thick near the draiff he resistivity changes and also the parameters W and L.

1.1.20rganic Field Effect Transistors

The key step of operation in organic field effect transistors (OfEfRe use of an organic
material as active semiconductor layer instead of silicon or other common inorganic
semiconductordn Fig. 1.4 the main differences in terms of features between organic and
silicon/inorganic electronic technology are represéfitedivhile 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 easidoriaation.

High speed,

high-performance,
Silicon ultra-low power,
ultra-miniature,
high-temperature
operation

Costs

. Large area, low cost, low-end,
Organic flexible, easier manufacturing

L

Performance

Fig 1.4 Performance vs costs ofrganic and silicon technologies




Even thoughfor an inorganic emiconductor FETthe behavior of the devicesan be
explained by meaof bending of valence ancbnduction anergy band egdader a bias
application, for organic transistors it is necessaryeastthe introduction of théomoand

lumo configurations.Very interest in this field, are the so callednjugated materialén

which neighboring carbon atoms asg hibridized forming delocalized clouds qf-
electrons.As organic molecules increase in size, their elecspatial density becomes
more complicatednd the electronic configuration can not be thought as a series of discrete
states but as a superposition of mamgest. The difference between organic and inorganic
energy distribution for semiconductor is that in the lattesre could be some ambiguity in

the exact configuration of the bonding structure if there are both single and double bonds
in a molecule thatreate differentesonantformd®. 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 delocalizatiodepending on the molecular orbital
occupied. HOMO and LUMO are respectively the highest occupied and thee&tw
unoccupiedmolecular orbitalsIn delocalized organic materials the energy gap between
homo and lumo, tipically linked to the energy gap between pi anegpabtinds, has a
value in therange of 1- 4 eV hence they can be treated as semiconductorp-Efhectron
delocalization, forms an energy well situation in which the electrons are the particle and

the organic molecule formscuantumbox (Fig. 1.5)

|Q Q - n=4

¥
Spin occupancy ~ Quantum

Schematic wavefunction . i
(ground state) number

Fig. 1.5. Schematic diagram of energy structire

It can be proven that the energy gap betwdgMO and HOMO depend on the number

of carbon atomes present in the moleélile




As sketched in Fig. 1,6HOMO and LUMO levels are usefulto represent the working

mechanism for an OFET for different voltages applied.

Vo =0 Vs< 0 Ves> 0
- accumulation mode dED|EﬁOI’I mode
LUMO —
w\
p-type
active ‘I-',N
layer
LA,
HOMO
77 . 7+
Gate +F
contact QsC
+
Gate |+ +
Dielectr. VIS
2D-fransport
region
(a) (b) (c)

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

1.2 Thin Film Transistors (TFT)

The idea of a extremely thinstructure exploitable for the fabrication of a transistor, was
introduced for the first time byWeimerin 1962%. Thetheoreticalmodelizationof a TFT,
which is of current interest in many areas of electronics (mainly regarding the
improvement of dispay and sensors) @milar to that of a common FEfievertheless, the
structural configuration is different and this leads to different operational regjnties

main differences are based on the fact that they can also be manufactured on a great
variety ofdielectric material€*? as support (e.g. flexible, thiplasic 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 dasgchieve
transversal dimensias far below1 micrameter. As it will shown for example inh@pter 3,

the thickness of gold contacts and semiconductor used are respectively 55 nnEhd 3




nm. Moreover, it must be emphasized thabecause of its sizea, THF usuallgoes not
have highly doped wells under drain and source, so thapérates, in contst with a
common MOSFET, in the accumulation mode and not in the reverseLome currents
without gate bias are hence guaranteed only by the low conductivity of the

semiconductor

Dielectric -

Gate 5 ~ Source
Drain \ [ Semiconductor — —
r J I \ / |
AN L | 4 \ /
>~ L
Coplanar \ Insulating Staggered
Substrate
- — — —
4 \ II \\
L AY L AY
Inverted Coplanar Inverted Staggered

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 gateg bottom contact and Bottom gate; top contact.

As it is shown in Fig. 1.here are foumpossibilitiesof configuration for a TE:

Y% Top gate, top contact. In this case, drain and source contacts are realipee
the semiconductoand the gate electrode is positioned at the top. The dielectric
layer is between semiconductoand gate. This isnot 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.

Y% Top gate, bottom contactHere, source and drain are realizethder the
semiconductor.It causes a larger active channel and hence a lower contact
resistance. This kind of configuration is easier to implement with lithographic
techniquesbut it is more subject to damages during the deposizion of the

semiconductor.




Y% Bottom gate, top contactSemiconductor is on the top of the structure and
drain and source are between semiconductor and dielecirids configuration,
does not allow the use of lithographic techniques for the implementation of
source and draiftence they have a lower resolutiorloweverthere is a large
active area and it reduces the resistance with respect to the top gdte

contact configuration.

% Bottom gate, bottom contactlt can be realized by mearf lithography but it

has the highest contact resistanbecause thenjection area is small.

1.2.1Interdigitated Transistors

One of the possible methodsdptimize the performance of &T is the realizatiorof an
interdigitated structure. As it will shown paragraph 1.3, drain current depends on a series
of parameter such as the length and the width of the active channel where, ifnog¢ iare
the pinch off conditionthe channel length. is defined as the distance betwessnirce and
drain. An interdigtated configuration(Fig. 1.8) is easily achievable by mesrof
lithographic techniques and makes possible keeping the global sizes of the devices
relatively small, an increasing dhe channelwidth and, at the same time, a decreasing of
the channel length so that it is possible to reach higher drain currents, regardibsthef

the semiconductor used inorganic or not

Fig. 1.8 SEM image of an interdigitated transistor
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One of the bst results obtained in terms of fabrication, is presentddiblgael Austinand
Stephen Choin 2002¥, usinga NIL lithography. They acheavexdchannel length of 70

nm, with a width of 4 um for each of 56 drain/source fingers so that the aspect ratio was
more than 3000A fundamental hypothesis for the transistor theory is that the channel must
be essentially twalimensional so thahe trasvesal dimensiorof 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
saturationregimé® because there are now other ways to transport charges from a contact
to enother Therefore in a TFT, if the thickness of the semicondustoomparable to the
channel length, the two dimensional hypothesis is lost. This phenomenon isstelled
channel effec{See Fig. 1.9)In this cases the canonic evaluation method for molailiy

gate threshold beconmaore and moreerroneousf the gate bias applided increasasd

henceit must be changé&d.

Vge= 30V

£ papmemm e 25

Ips (NA)
o

Vge= 20 V

casessssosscssncaacoooss \/_ = 15 V/

I
0o -10 -20 -30 -40 -50 -60 -70 -80
Vps (V)

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

Short channel effects must be taken in account durindepesition of the semiconductor
in order to avoid it For instance, if one uses a spin coated organic semicondiiasor
necessary a proper regulation of the rounds per mimitdse spinner: the higher is the

rpm value the thinner will be the semicorthr film.

1.2.2Materials

The fabrication of a TFT, is mainly based on tieice of materials necessary for the

realization of:

11



% substrate it must be insulating and can be made of a SyS¥@fer or glass or
other kind of flexible materials such as plastic films;

% contacts;they must be made of metals which offer a lo@ntactresistance, in
general originated by the formation of a potential barrier at the interface between
metal and semanductor. Good contacts must present a work function are in terms
of energy similar to conductive or lumo band edgeichlly they aremade of Au
or Ti/Au for sourceand drainalsoin order to ensur@a good adhesion with the
substrate, reducinghenomena such as staking faudspecially if the substrate
consisting of a crystalline lattic&he gate contact can be also mégegold but
not al ways it i's a fAreal parto of t he
instance, the gate can be ako external probeonnected to the structure when
necessary.

% active semiconductor filmThere are many possibilities on the semiconductor
choicein a TFT device. Tipicallyjdopedamorphous silicons usedbecause of its
mobility whose value is in the range 060.1 cnf/Vst. In the last years, large
interest in the use of other kinds of materials such as organic semiconductor and
nanacarbon compounds, has grown in order to reduce costs, fabrieatitimes
processes, dimensionsFor instance, thin film transistor with organic
semiconductor are a suitaltboicefor many application such as flexible devices
because of their low elastic modullis.general their mobility is not highthough
there aressomesemiconductor with mobility higer than that of silicen1 cnf/Vs),
increasingthe 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 Far example, P3HTthat has a mobility tipically in the order of 40
102 cn’/vs M | is a ptype semiconductor. lis a very common and widely
studied organic p semiconductor becauss theap and very easy to implement
because it is often deposited from solutimm the substratand the preparation

does not need high temperatures

1.3 Equations For Transistors. Figures of Merit

In this paragraph, the equation that governs the physieahamisms in MOSFET are
derived*3. Referring to Fig. 1.1, let us suppose that the oxide layer between gate and

12



semiconductor is perfectly insulated. Furthermore, let us assume that the doping in the
semiconductor is uniform so that the density of holes per uniblofneis constantlsing

the gradual channel approximatioiit is possibleto consider if there is aon zero voltage
applied on the gate, that the longitudinamponen(x direction, positive toward the drain)

of the electric fields much more lesthen the trasversal compongmgtdirection, positive

toward the gateand hence

B0 P

N T

Usingthenthe one dimensional Poisson equation, it is possible determine an expression for

the mobile surface density of chasgdong the channel:

10 6 ct 60 # XN ¢6@ ct (1.3.1)

wh er g s the difference of potential (d.d)pat the surface of the semiconductor
necessary to have the inversigimowing the charge, an expression of the current flowing
through the channdlis can be obtainded by integration between 0 and L, where L is the

channel length and between 0 ang, Yhat is the d.d.p. applied at the contacts:
) — 1 OA6 (1.3.2

wheredV is dependent on either an infinitesimal channel volume or the channel width,

drain currentmobility and charge density in the following way:
A6 —— (1.33)

Insertirg (1.3.1) in (1.3.2bne gets

) — 6 ¢t 60 # xN ¢60 ¢ A6

hence supposing that ¥is kept constanthe general expressias

) —# 6 ¢t 6 — 6 ct ¢t (1.3.4)

Where G is the capacityof the insulator layerLet us observe first, thdts increass,

increasing the gate voltagegMrurther,the equation abovehows a quasi linear increasing

13



of the drain current for low drain voltages, then a gradual stabilization and finally a
saturation for higher values ofy

Let us consider again thdtéeuatoomrm,h e x3 .=1)L
pinch off conditionis satisfied It happens when Vg reaches a particular value called

threshold voltage calculable posing the above statement:

~

1, Tt 6 ct # ¢XN ¢t TT

6 C3 _— (2.3.5

Over this value the pinch off point moves more and more toward the source contact.
The separate study of the draurrent in the linearegimeis obtainable by expanding in
series the equatidii.3.4) for small values of )¢

7t 6 ¢ XN o — o Ug
—# 6 t 6 — - 6 ——6
)7 ¢ ¢ ~of ¢ ° XX
I 6

7 XN ¢t 6 XN

Ty 6 ¢ 2 ¢ 2 28 4

, # C Tt #

¢ XN .
o | 6
(1.3.6)
Neglecting the higher orders and using (1.3.5) one gets
o Ly o we ° N &
: G P ¢t # P

This is the equation thaixpresses the linear region of tA¥ tharacteristic. Vice versa, in
orderto 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

)y — 6 ¢t # IXN f As
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We canobtain the saturation condition from the above equation by imposing

Lb) . .
T ™ M NMw N PR

Inserting (1.3.9) in (1.3.8) one finally gets
) —# 6 6 (1.3.10)

This equation can be used for the calculatiobaih mobility and threshold gate voltage
a semiconductor if we are in the saturation refgfbrfirst of all, let usconsiderthe radical
square of (1.3.10)

) 2 #6 6 2 # 6 2#6 16 " (1.3.11)

The mobility can be evaluated pgrforming a linear fit of (1.3.11) where A represents the
slope. We therefore get
E‘A 838
A
on the other hand, putting to zero (1.3.11), it is possible estimate the threshold:

. A
n !'6 " Ni = pID O

The lasttwo equationwill 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 chaptethe structure ancgropertiesof 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 biKerogat et af*¥ using water as electrolyte. Recent advanoebis

field include the successful detection of biomolecules such as DNA, dopamine, enzymes
and protein§5]. There is a huge number of appropriate semiconductors and electrolytes
usable for the operation of thidass ofdevices. We will focus the attetion mostly on

P3HT as organic semiconductor andvaaterand PBS aslectrolytes.

2.1 Structure

Working mechanisms, fabrication and deposition processes for semiconductor and source
and drain contacts & top gatd bottomcontact EGOFETFig. 2.1)are quite similar to

that of a general OTETNeverthless, there is an important €iffnce in the region between
semiconductorlnd gate contactAs showed in equation (1.3.4), drain current is directly
proportional to the capacity of the insulating layér.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 capacityThe key point of an EGOFET the use of electrolytes as gating materials
because it has been prot/8nthat their the usdncreases the capacity up to orders of tens

of €%/ cm

An electrolyte, consists of a liquid solvent in whiglcertain concentration of satan be
dissolved. The dissociation of the salt, produces anions and cations in the shiatjon
without a bias application are free to move inside the liquid. There is a wide possibility of

solventschoise, depending on the electrochemical proprieties sutiHas conductivity

16



for a given temperature necessary to the type of experinfunte water at room
temperature for example, can be considered aakelectrolyté'” because it presents
hydroxide ions (OF and hyrogen ions (protonsH") freely dissociated with a

concentration of 0,1 &M, gi®icm'g a very | ow

Ve

t—

:
I |

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 bottoimt@ate
contacts or bottom gatetop contacts do natllow the use of liquid materials amting
media. Top gaté top contacts and in particular top gatdéottom contacts are instead
good configurationOnce all thepreliminary fabrication and semiconductor deposition
processes arearried out the best way t@mbtain an EGOFET, is to put areetrolyte
dropleton the substratby meais of micro pipet

2.2 Principles

In Fig. 2.2 the working principle of an EGOFET is schematicailjown As already
mentioned, an EGOFET behaves essentially as a TFT hence it works in the accumulation
mode.Regardless of the type of semiconductor, when #@ipegatevoltage is applied,
aniors (-) migrate through the gate and cations (+) moves through the semiconductor.

Because of induction phenomena, the positive iones in the solution tend to attrastenegati
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charges contained in the semiconductor. Such a mechanism, produces the sbecatied
double layer(EDL) between gate and semiconduct®he distribution of the charges
forming the layers can be in general described by sefithe so calledsoliyChapman
Sternmodel'®.

— +++++++++ | Sohent
molecule
60006606
anion
 — electrolyte
T yt cation
@ DD @ ('B @ ~1‘nm electrical double
_________ layer

Fig. 2.2. Double layer formation.

This is a particular feature of the EGOFETs and does not appear in a fdfinahs
showed in the figure abovense it is necessany operate in the accumulation mode, one
should take in account that if the semiconductor-igpe the voltage applied on the gate

must benegative and vice versa.

There is aother typical characteristic of this kind of devicalled degree of hysteresis
always visible either in theutput as showed in fig. 2.3)r in the transfer curve. This is
due to the presence of charge traps at the interface with the semicondattauseshe

use of more energy to fully extract the trapped chéﬂr’g]@s An hysteresiss, in this case,

the difference in terms of drain curreimtensity between the curve obtained applyamy
increasing gate (or drainjoltage and the curve obtained applying decreasing gate (or
drain) voltage If the first (also knownforward arrent) is more intense than the second
(backward current the hysteresis is defingubsitive otherwise,it is definednegative

Charge traps formation in general depeoi two factors:

Y% extrap or ndoping into the bulk of the semiconductor due to the interaction with
substrater environment

Y 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 hysteréSis
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Referringto Fig. 2.2, anegatie hysteresis occurs, it the beginning of the backward
phase,an fihigho concentration of cation is stilose to the semiconductor interface,
causing hence an extra gate voltage that produces an higher drain dosteat, 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 backwarphase

The presence of charge trapsiotincluded in the general FET theory. Since they create a
modification of the number of free charged carrier, tloegate hysteresis budlsq
depending on the electrolyte uséske fig 2.3) a distorsion of the characteristia 1V

diagramwith respect tohe prediction provided by equation (1.3.4).

-3.0+
V, from 0.1V to -0.5V
-2.5- in0.15V steps
. —ohe
. —— 107 M NaCl
< 15
7 I
— -1.0
-05 :
0.0 = ]

0.0 -0.1 -0.2 -0.3 -04 -0.5

Fig. 2.3.0utputs in two different cases. Black lineEGOFET with DIH ,0; blue line: EGOFET with
102 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 Vi (semiconductor: P3HT; substrate: SIQW =3 mm, L =4em).

Let us consider now the equation (1.3.7), describing the linear regimg,.34f0/ one may
expect a zero drain current for every non zero value,oFdt real EGOFESit is not true
because ofeakagecurrents that produce naerodrain offsetcurrentas 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 currembcreases with Yy and when the semiconductor film
becomes thickebut, it does not change significantly beldew nano meter&4 nmin the

case of P3HT), when it is approximately composed by two monof&jers

19



-8.0E-08
-6.0E-08 |
-4.0E-08
-2.0E-08
0.0E+00 E
2.0E-08 [
4.0E-08
6.0E-08 o

15 (A)

2 -4

-6 -8 -10
Vos (V)

Fig. 2.4 Distorsion of }V curves due to leakage

2.2.1Capacity

The electric double layer can be thoughtia=ouple of parallel plate capacitgfg. 2.9,
formed between gate and semiconductor upon application of a non gz@?b According

to the Gouy-ChapmanrSternmodel that predicts an exponential diffusion of the opposite
charges with respect to the gate bias toward the substrate|ectric layer closest to the
gate electrodand forming the first capacitor,Cs usually calledHelmotz layerand the
distancebetween positive and negative charges is few Angstroms. On the countrary, the
other one, calledliffuse layerand forming a second capacitog, & formed by a lower

concentration of opposite charges diffusley a longedistance.

_______ Gate | |

00000 0
 Semiconductor | |

Fig. 2.5EDL and parallel plate capacitors.

Thedistribution of the electric field and voltage sshematicallyshowed in Fig. 2.6When
there is no voltage appliethere is a random ionic distribution in the electrolytat

behaves like a common dielectric with a given permittivitye electric field can be
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considered null. Upon application of a constant gate voltage, the electric double layer
mechanism takes place, giviagthe steady stata,potential drogt the frst interfaces that
produces an intense electric field inside the plates. In the electrolyte bulk, the potential is
hence reduced but it can be considered cohbtcause the distribution of the charges

still randomandthe liquid is neutralAn additonal smallerpotential drop occurs at the

second interface givinggain an intense electric field.

Capacitorcharged

Capacitor discharged
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Fig. 26. 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@aonduce a total capacity given by

P

L
# # o #

Wherethe order of magnitude &1 and Castensofe F /%c m

2.22 Transport

After the description of the EDL formation, it is clear that the gocharge transpois

determined byhreephenomena
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Y% diffusion: it mainly depends on chemical charactesistics ot the electrolyte used
such aiscosity, typology of ions and thagradient of ionic concentration.

Y2 migration:it depends on the intensity of the electric field generatedgby V

% impurities insidethe 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 describigansport mechanissnin organic semiconductorslhe most

widely used model calledhultiple trapping and releasé@MTR) is presentedhere This
model? can be used for either inorganic or organic semiconductorscansiderthe
presence othin delocalized bargl 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 bandse in the energy gap formed BPMO andLUMO levels.

The MTR modelfirst assumesthat the free charged carriescan be trapped in the
ddocalized bands and released by neeah thermal effect so that the mobiliy is

described through the followinglation

‘ ‘llQ_

where E can be considered as the average energy value of the delocalized band with
respect to the homo or lumoedges1d U i s t htbe density of statds éntthe e e n
delocalized bandnd the traps concentration.

Furthermore, there is a dependence of the mobility on the gate voltage since, incrgasing V

t he Fer mi l evel shifts toward the upper edc

producing an increasing of the mobility.

22



CHAPTER 3
FABRICATION AND METHODS

Once introduced the theoreticairactreisticof organic transistay in this chapter althe
instruments used for fabricatioexperimental proceduresnd regpes necessary to the
micro-fabrication such as cleaningrask design, development, lift off etre presenteh
detail In general every fabrication and measurementep must be carried in proper
condition of light, temperate, pressure and humiditpur fabrication is aimedo the
realization of goldennterdigitated contacts EGOFETwith different channel lengths,
using two different lithographic techniques callatira violet lithography (UVL) and
electron beam lithograp(EBL), depending on the size of the devids substrateve used
Si/SIO, wafers.

3.1 The clean room

Microfabrication is a very sensitive process because every traces of dusitherd
impurities can be very harmful to the final product. Furthermore, solvents and other
chemical meterials usedan work properly only ifimited rangeof physicalparameters.
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 everdoatiplled This

kind of environmentcalled Clean Roomis in generalcharacterized by the following

conditions:

Y% innertemperaturéy 21 +1 °C;

Y% relative humidityA 40 + 5 %;

% vyellow light that in general does not damage cleaning sohardgesistmaterias
used forithography

Y filtered air in order to reduce the concentratiorpoflutants such as dust, microbes
and chemical vapors;

15 laminar air streasy
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Y, 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). ofhair
maximum number of these particlssused to identifghe classThe clean room used for

our fabrication is vided in two rooms. Thelargest roomis in class 1000 where
metallization processes occur and the secondomminally in class 100where resist
deposition, baking, UV lithography, development and lift off ezalized In order to

reduce as much as possil@déher risks correlated to the use of chemical materials or
particles insidehe clean room, the operator must wear proper clothing sugloass,anti

acidcoveralls overshoes and headgear.

3.1.1Spin 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 semicondiitierapparatus usddr
spinning is known aspin coaterand consists of a rotating plat®ntained in a protective

bowl. Its angular speedcceleration ramp and spinning tireen be regulated he general
spinningprocess can beivided into four step&**? showed in Fig.3.1. The first is the
depositionand involves thedropping of a certain amount of liquid or solvent on the
substrateheld in general stationary inside the spinner by depression caused by a vacuum
pump; the second phase is #p@n upin which the substrate is accelerated until the final
spin speedrotational forces are transferred the fluid, creating wave fronts from the
center to the substrate egde that leaves behifiattly uniform layer of liquid. Thehird is

the spin offwhere 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 e/tdporationof the excess solve

The thickness of the fluid after the spinning phase depeméngular velocity, fld mass,
viscosity and spinning timeThe fluid flow during the spinningsigoverned by the
conservation of the mass and the continuity equation. If the fluid is Newtonian with an
initially constant thicknessoh it can be showf(! that the thicknessime i velocity

function h(¥y,t) i mmediately after the spin
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where ¥ is the janagsultahre vfelluoicd tdye n $lowewer, a nd

it can be always found that an increasing of spinning time or spinning angular velocity

produces aon lineardecreasing of the film thickness as sketched in F&y. 3.

m = e

Deposition Spin Up

»

S | 9%

Spin Oft Evaporation

Fig. 3.1. Spin coatingstep

Film Thickness .
Film Thickness =

Spin Speed  m— Spin Time  se—

Fig. 32. Film Thickness vs Speed (leftand Time (right)

Spin coating processes are favorable because it is easgki presenting dow working
machine time Neverthless, the biggest disadvantagiehe lack of material efficiency

because the 9598 % in general fling ofinto the coating bowl.

0
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3.1.2 Mask Aligner and Photoresists

In this paragraph, the ultra violet lithography is descrivéd respect to the contact mode,

28 Theapparatusised for this kind of technique is callegtical mask atiner (Fig. 3.3)

thatis widely employedor the production ofow resolution(? 4 um) devicesA mask
aligneris cheap and offers optimal pattern reproductibnsually consists of a mercury

xenon discharge lamp providing outputs at around 400 nm, 310 nm and 250 nm used for
the irradiation of amptical maskconsisting of a glass or quartz plate on which an array of

thin chrome patterns is printed.

Fig. 3.3. Mask Aliner

In order toobtainan optical pattern, it is necessary the use of particular light sensitive
organic polymers applied from a solutias known aphotoresistsoated ontsubstrate

made in general of glass, plastic or silicékhen a photoresist is exposed to light, its
solubility changes and this propriery enables a selective removal of resist on the substrate
in a consecutivestep calleddevelopmentexplained better in the following paragraphs

There argwo broadclassis ofesist:

% positivewhere the exposed areas become more soinllee developer. A positive
mask should be printed then, in such a way that the transparent part will represent
the developed pattern;

% negativewhere the exposed parts become insolulrethis case, the developed

pattern will be referred to the shaded parts of the mask.
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In the contactmprinting method optical mask andesisti covered wafer are brought into

contact and expose@ne may expect that the obtained image after expaspreduces

exacly the mask patterns, with perfect resolution. In itgalresolution is mainly
determinedoy diffraction (that depends on the wavelengths of the used laghifye mask

edge and pattern chrome dimensigosthat the final image is closelglated to the non

uni form intensity distribution offf ttdre i g
instance, if the lighprofile is similar to that of a gaussian curve as represented in Fig. 3.4,

the edges of the printed patterns will not be stée addition the contact mode is often

affected by contamination phenomena due to the contact between maskiand

actinic light

L

reticle [ ]

light
intensity

photoresist

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

A mask algner is equippedy an optical microscope used for proper alignment of the
wafer underthe mask before the exposure. The alignmsntontrolledby means of a
joypad that controls longitudinal and trasversal position of the substrate supptrer, it

is possibleo choicethe time exposure gbendingon the type of the photoresist.

3.1.3 Electron Beam Evaporator

After the development phase, the substrate is ready for the deposition dg. mMé@
electron beam evaporation is the physical technique whereby an intecserebeam is
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generated form a filamebty applyingan high voltageand 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 cdheesporization of the metal inside the
vacuum chambeof the evaporator (Fig. 3.5As the source material is heataoove the
sublimation temperaturés surface atoms will have sufficient kinetic energy to leave the

surface.

Fig. 3.5. Electron Beam Evaprator

A fundamental parameter to set before using the evaporator deplosition rate usually
expressed in Angtromever 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 measurad-yte-tare@ micro
balance inside¢he apparatusthis particular apparatus allows very uniform and thin metal
depositior‘?fﬂ. Indeed, the deposition can be controlled at the level afahemeter

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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3.1.4Non - Contact optical profiler

This systemshowed in Fig. 3.6¢an be employed to measure the characteristic size of a
sample, in particular its degree sdirface roughnessdy 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 andlaa reference surfaéd. Indeedinside the
apparatus, dight beam passes through a beasplitter and is then reflected and
transmitted;one half is reflected from the reference mirrde rest passing through the

focal plane of a microscope objective, interacts with the samplé @then reflectedif

there is a non zeroptical beam path difference between the recombined reflected and
transmitted waveslight and darkinterference fringesan be observetly means of a

camera in which the output beam is focysesiwe can see in Fig. 3.7

Fig. 3.6. Optical Rofilometer

In general the distance between beam splitter and reference flat mirror is fixed hence, the
optical beam path differenceill dependonly on the height and the surface roughness of
the sampleVia interferogram(the interference image) it iopsible an electroni2D and

3D reproduction of the surfaaeughnesdased on the fact that each transition from light

to dark represents/2 wavelength( /@). Therefore, knowing thevavelength, it is possible

to calculatehe height difference across tlserface acheving aresolution of the order &

few nanometers

The noni contact profilerscans the material vertically.dbes not touch the sample hence

it does not induces contaminatiomeverthless, on order to have reliable measofé¢ke

surface,it is very importantto find a focal plane correlated with a certain portion of the
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surface because the vertical image acquisiéind the fringes aint will be based on this
plane. Other parameters to regulate before running the scasataration, contrast and

reflectivity threshold of material.

Fig. 3.7. Fringes due to interference. It mst be noticed that the fringes in the center of the image are
well focused whereashe 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 ntarial coated onto the substrate, the light will modify its
morphological composition and the sample might be no more used for lithographic

processeafter scanning

3.2 Scanning Electron Microscopy

In an optical system, the generatiohimmages is provided by a collection of lenses that
behave as circular holes producing then, diffraction patterns. Thacton is a crucial
phenomenonn the microscopy field because it limits thesolution between two near
points. With respect to the Rayleigh criterion indeed, $awarcepoints are said to ben the
limit of resolutionif the first diffraction minumun of the image of one source point
coincides with the maximum of the other one. In the cdsecircular lens , it is possible
to distinguish two source points if their angular separatioeqgisal orgreather tharthe

value
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where d is the lens diameter aas the wavelength of the sourd&.conventionaloptical
microscopy techniqgue does not allow lateral and trasversal resolution @@der
nanometers becausee minimal valueos i n t he visible is aroun
resolutiors of the order of few nanometers or less, visible light is then isiplesto use.
The key point of a Scanning electron microscopy (SEMhe use of an alectron beam as

optical source instead of lighReminding that for a particle the relation between and it s

momentum p, is given by the De Broglie equation
g E
b
it can be showf? that the wavelength associated to electrons accelerated by a d.d.p. is
expressible as

plt ¢ ;¢
==

So from the above equatigrwe see that the higher is the particle energy, the smaller will
be theassociated wavelength therefore, by applying a potential difference of several kV
in a SEM it is possible to reach very short wavelengths, then the resolution can be
increased up to the nanometer, wsttanned specimen surfacagnifications of 1200000x.

The principle of theapparatus is shown ind- 3.8. It essentially consists of the following
part$*:

5 electron column;
Y% vacuum system,;
15 detectors;

% electronic controls and display.

The electron column consists of several parts including an electrothgugenerates and
accelerates free adtrons, and at least two electromagnetic lenses. In getheranergies
required for a proper electron beam acedlen are in the rangef 117 40 KeV. Electrons
can be generated by eithecathodicfilament, by thermoionic effecor throughfield effect

emissionfrom a narrowcathodictip. Regardless othe source, the generated electrons are
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accelerated throughn anodt grid, thenaddressed towara system of collimatoraVhen

the column is active, it must beeld uner vacuum by the vacuum system and cooled by

circulating water because of the intense Ipeatiuceddue to thdensescurrent.

Electron Gun

-

Electron Lens

;/ (1st Condenser)
/S RN
[ Scan Coll
can Coils
YA ZX Magnification Scan
3 77 PSS Control Generator
Final Lens Aperture
; S—
Detector

Specimen

to
Vacuum
Pumps

Fig. 3.8. Schematicsectionof a SEM

The density of current, emitted by thermoionieffect is given by the Richardson law

where A is a constant, T is the temperature, K is the Boltzmann constant and W is the work

0

0'YQ

function of the metal that is the energy neededxtoaet one electron. The field effect

emission insteadnduced by an electrostatic field E generated between the plates of a

capacitor, is directly proportional to E aimdersely proportional to the diameter of the tip.

Once gerrated, the electron bem &ldressed toward theample and controlled by

electromagnetidenses, consising in generalon a series of coils insidenetal cylindes,

with cylindrical holes. Overe a ¢ h

|l ens, there is always a
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the beam collimation.The curent flowing throughthe metal produces aninner
electromagnetic fielthat is able to focus or defocus the electron beam passing through the
hole. There are tweetsof lensesn the column; From the top, the first set is composed by
condenser lensassed to reduce the electron beam crossovereteniThe second set is
composedby a particular electromagnetiense calledbbjective that focuses the beam

onto the sampleequipped of scanning coils, stigmators and adjustable beam limiting
aperture. In order to producenages, 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
pum, probe current in the order of few or hundreds of pA and probe convergence in the
range of 10 to 10 radiant§?.

As sketched in Fig. 3.9hé interaction between electrons asample occurs in a drop
shapespecimen volumewhose depthis usually 1 um or less. The electrons can interact
both elastically and inelastically with the matter and the emeigitegaction productss
composed by various types of radiation such as secondary electrons (SE), backscattered
electrons (BSE), X rays and in some case cathodolumines¢@h}&”. The interaction
volume is strongly dependent on the electron beam er@@yyn the nature of the sample

and it plays an important role in tesnof resolution In fact, the interaction volume
increases in size and depth if the voltage applied to produce the electron beamsncrease
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. Theisedstietectors are
in general based on the revelatiaofSSE and the BSE events. The imaging prodsss
given by the measurement of discrete events collected at the detéstdhe mean

electrons detected number increaee signal quality improves becsithe fluctuations

and hence, the noise, become less significant. HowthelSEM imaging can be mainly
affected by a a series of defsataused by

% contaminations of the column environment due to a non proper vactnan
presence of hydrocarbon molecuiegshe chamber for example, can obscure some
details of the final image.

Y% charging effects Even though electrerare 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 rapidty ground, then an accumulation will
occur, modifying the surface potential and hetineeinteraction with electrons so, it
will produce unexpected lines or dots on the final image.

Y% If the scanned surface is composedetectron sensitive materiglgheinteraction
will modify the chemical structure and the corresponding imagé result

modified with respect to the original profile of the sample.

Spacimen thickness

- —

Fig. 3.9. Electron beami 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 techniquepgpeared in the late 60s, basedtioa 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 theolubility of the exposed parts changes, allowing development
processes just like it happens in the UMIhe crucial difference is that the wavelength
associated to electrons can be much more smaller than that of light hence it makes possible
the fabrication oflevices whose pycal dimensions can achieyew nanometer instead of

few microns.Electron sensitive materials are said torbeists and they can be either
positive or negativeThe electron beam lithography (EBtpan be realized by use of a
SEM, properly equipped with an electronic interface that controls motion and interruption
of the beam. Furthermor@ contrast with the UVLthe electron beam follows a project
designed on a CAD software, heribe EBLtechnique does not require physical masks;
generalthe entire projeds fragmented into squares dwn asworking areasn which, the
scanning process can occur by two different metf®ds represented in Fig.1Q called
vector mode andraster mode. In the former the electron beam impresses the substrate
continuously giving rise to a curve trajectoy this case the beam switched bya
working area to anotheso, this method is time efficienFor instancehe Raith systems,

used in our SEMadops avector scan mode with a fixed stage and Gaussian electron
beam profile in the secondthe electron beam follows straight parallels linglere, the
beam is turned off at the and of each lifikis method is slower than the previous but it is
better in terms of resolution.

For the electron beam lithography, the resolution is strongly edecklto the resolution
offered by the SEM but it is also defined as the minimal space between two lines
impressed on the substrdté?. It is determined by factors such as delocalization between
electrons and resist molecules due to Coulomb interactigpersion in the resist of
secondary electrons, backward scattered radiation caused by collisions with the substrate
and molecular structure of the resits Furthermore it must be noticed that the final

resolution depends also on the development process.
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Fig. 3.10. Comparison between vector scaimg mode and raster scannind mode
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There are different sizes for the working areas. In generalchbiEee of a smaller area
shouldimply better resolutiosthough as mentioned, it depends on many other factors.
The Raith system usedillowsthe choiceof three lateral sizes: 1000 nm, 400 nm and 100
nm.

There are parameters givdimectly by the machine suchis theprobe current on the other
hand, agood lithography requires theg@ation ofotherparameters, importagither fora
proper communication between EBL interface and SEM, or for good final relSu#isof

all, it is important the assignment tdcal coordinates necessary to guide the electron
beamexactly where we want (on a preferred parttleé substratefor example in the
middle), avoiding that it goes out of the sample or in excluded pgugher,there are
parameters strictly connected to the quality of the writing sudheaarea step siz¢hat
can be thought as the minimal subelement of a working arealvtbk timethat is the
writing time for each area step size anddbse factordefinedby the equation
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It is the surface density of electron chamepressed in general in pC/érand it is
responsible for the changing of the chemical structure of the ré&sist.dose factor is
strongly related to resolution and development. If it iseraiugh 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 eoptrif the dose idarger 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 parameserbe
chosen in function of the thickness and tfegure of the resist coated on a substriate.
order to understand the proper dose factor faedain resist whith given thickness, it
might be usefull aest dosan which, as showed in Fig. 3.11, different dose factor on a

fixed substrate are comparafier development.
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Fig. 3.11. Comparison between three different test dose after development. On the top, from left:
dose = 6QuC/cm? and 70uC/cm?. On the bottom: dose = 80 uC/ch. Thickness resist (PMMA) = 30
nm. Traces of resist arevisible in yellowi pink. In this case it is possible to notice that 60 and 70
pC/cm? 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 betweeglectronbeamand substrate for fixed values of current, dose and
dwell time can be prevented through simulation softwareSimulation are sometimes
usefull because they allow to evaluate the correct parameter without making real
experiments (test doserfexample) reducing then the total fabrication process”l‘?lm'éhe
software used is calle@ASINOv2.48and isbased on a single scattering Monte Carlo
codd®). It is able to calculate the trajectories the interacting and scatteretiectrons
inside the material for a fixed simulation time. While for EBL the fundamental parroet
set is the test dossimulatiors arebased on th@umber of electramin a given (dwell)
time. The relation that converts the number of elect#aria dose is

06| ,Qbédﬂlb(dQ&&K%é 0@ php pm 0
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where a corrective factor must be added in order to have the common unity’pQfcen
number of electrons simulated is in the order@f then the corrective factonust belC.
Casinoallows the setting ofhe electron energygeam radiusnature ad thickness of the

wafer sample that obviously must be equal to that used in the real SEM apparatus.

In the following imageswo i e x t reeam@ed of simulations are presenjiest to study

by comparison the effect of the interaction beasnbstrateln each example the wafer is
made of (from the bottom) 500 nm Si, 300 nm S0 nm PMMA, the resist used for

our fabrication thawill be discussed in detail in Paragraph 3.3.1. The beam radius is 10
nm and the EHT energy is fixed to 10 Kei.Fig. 3.12 is reported the energy drop like
distribution and the electron trajectories in the casel2%000 electrons simulated
corresponde to a dose of 50 uC/GmWe see thateven though electrons are albte
overcome the resist and SiQayers, 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 greerines A 90%, 76% 60% and 26%of energy)can not reach

the SIQl ayer and the resi st .Indeednoolythed@mgpihet el vy
energy (red line) involves the interface resissubstrateln Fig. 3.13 instead, wean

notice an opposite situation. Here, a dose of 95 ué&/carrespondent to 237500 electrons
simulated, offers an energy distribution in which an amount of energy in the ragge 60

75% is deposited between resist and substrate so, it can be conitlatéuis value of

dose is perfectely able #xcavate the resist for all its thickness. Neverthless, we can also
notice that for energy included in the range 6026% the droplet distribution spreaded

near the interface resistSiO, 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 lithographybut bigger and deformed if compared to the original CAD project.
Anyway, is also interesg 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.

Somereport$*®*! haveput in evidence that the interaction between accelerated electrons

and SiQ layer, canntroducesadditional uncharged electron traps into the oxide layer,
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Fig 3.12.Simulations for a dose factor of 50 uC/an. On the top: electron trajectories and X rays

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