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Abstract

The diploma thesis deals with a two dimensional simulation of the carrier transport
in thin film transistors made of pentacene. The simulation solves, based on a finite
element method, the drift diffusion equations for holes and ions self consistently with
the Poisson equation. With this modelling it is possible to calculate the I-V (current-
voltage) characteristics of pentacene thin film transistors by considering an additional
space charge layer at the front of the gate interface. The different effects of a layer with
a positive or a negative charge carrier density is simulated. Especially the underlying
effects of a ion drift and neutralization are studied. Also the influence of an N H3 gas on
the device is analyzed.



Zusammenfassung

Diese Diplomarbeit befasst sich mit zweidimensionalen Simulationen von organischen
Diinnschichttransistoren aus Pentacen. In den Simulationen werden Drift- Diffusionsglei-
chungen fiir Locher und Ionen selbstkonsistent mit der Poissongleichung gelost. Mit Hilfe
dieses Modells ist es moglich, I-V (Strom-Spannung) Kennlinien von Diinnschichttransistoren
aus Pentacen, mit zusétzlicher Flachenladungsschicht am Gatekontakt, zu simulieren.
Die unterschiedlichen Effekte einer positiv bzw. negativ geladener Ladungsschicht wer-
den simuliert. Insbesonders wurden die Effekte des Ionendrifts und der lonenneutralisati-

on untersucht. Es wurde auflerdem der Einfluss von N H; auf die erwahnten Transistoren
analysiert.
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1 Introduction

The field-effect transistor (FET), is the basic component in modern electronics.
Today’s micro-chips are using hundreds of millions of such transistors. Many everyday
devices such as laptop, mobile phone or digital camera last unthinkable without these
components. Even in modern sensors, field-effect transistors are important nowadays.
Using a variety of such FETs can detect different gases and their concentrations can be
measured. Field-effect transistors which are sensitive to different gases can be combined
in one chip, which makes it possible to fulfill in a small space with only one device
many different tasks.

It make any difference, whether FETs measure the methane gas for early detecti-
on of broken gas lines, or operate as a component in intelligent clothes, both have one
in common: they should be simple and inexpensive for manufacturing. These properties
are to be expected by the so-called organic thin-film transistors (OTFTs). Unlike
traditional transistors, the active layer is not composed of a semiconductor material
such as silicon or germanium, it is made of a polymer. This can, for example, be
achieved by vapor deposition or spin coating to a support structure, which enables easy
and cost-efficient production. Because of the manufacturing process, it is also easy to
install intermediate layers, which change the properties of the OTFTs fundamentally.
This makes it possible to produce OTFTs optimized for a specific task. As active
layer, pentacene is often used in such OTFTs. For a better understanding of the
internal processes of such OTFTs a lot of research has been already done. For example,
the use of the MOSFET theory was proven by Alam et al. [1]. General top-contact
pentacene thin film transistors were simulated in [2]. The behavior of charge carriers
in OTFTs was studied by Demeyu et al. [3]. Especially for pentacene-based OTFTs,
modifications of the drift-diffusion equations were investigated [4]. Diffusion processes
at the surface of pentacene were studied [5]. Fast and stable simulation methods
for the special OTFTs geometry were presented by Yiming Li [6]. Pentacene-based
OTFTs show a hysteresis. This effect were studied by Ucurum et al. [7]. There exist
also modifications of pentacene as active material such as tris-isopropylsilylethynyl
(TIPS)-pentacene. The resulting device characteristics were studied by Gupta et al.
[8]. The dependence of the thickness of OTFTs was simulated by Gupta et al. [9].
This is only a small excerpt from the existing work on organic semiconductors that exist.

The aim of this thesis is to examine theoretically the effect of a special in-
terface layer consisting of a mixture of two trichlorosilanes, namely 4-(2-
(trichlorosilyl)ethyl)benzene-1-sulfonyl chloride (T-SC, 70 %) and a sulfonic acid
derivate 4-(2-(trichlorosilyl)ethyl)benzenesulfonic acid (T-SA, 30 %). Through this
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layer, the OTFT characteristics exhibit a shift of the threshold voltage by several ten
volts. As active material in the OTFT pentacene is adopted. The effects of building a
space charge layer are modeled and their influence on the shape of the I-V characteristic
is studied in detail. The effects which appear by exposing the devices to ammonia
(NH3) gas are also simulated. The time development of the spread of ions from the
interface layer and the exposing of the devices with ammonia is studied in order to
gain a better understanding of the various processes. By varying the input parameters,
the current-voltage characteristics are simulated. Due to the time-resolved simulation,
information about the electric field and the particle densities in the device are available.
The simulations in combination with the existing measurements can be used to estimate
the speed of the various processes that take place in the device. Furthermore, it is
also possible to estimate the ion concentration in the space charge layer. This is done
by solving the continuity equations and the Poisson equation selfconsistently. The
devise geometry is discretized on a two-dimensional mesh under periodic and Dirichlet
boundary conditions. The differential equations are solved with the finite element
approach.

The thesis consists of six main chapters. We start by introducing the basic pro-
perties about organic thin-film transistors. The second chapter is devoted to the
theoretical aspects relevant for modeling the device. Chapter three gives a brief insight
into the fundamentals of the finite element method. The fourth chapter verifies with
the help of a simple model of a FET, the accuracy and stability of the finite element
simulations. Then, the available measurements are shown briefly. Finally, simulation
results are presented and discussed in detail.



2 Pentacene based Organic Thin-Film
Transistors

This chapter provides a brief overview of the basics of a field-effect transistor. For more
detailed information the reader is referred to the bibliography.

A field effect transistor (FET) is a voltage-controlled switching element. It usually
consists of three contacts, source drain and gate. The current flow in the semiconducting
layer between source and drain is controlled by the electric field caused by the gate
electrode. This active layer is separated from the gate by an insulating layer as shown
in Fig. 5.2.

This structure is very similar to a plate capacitor. Source and drain form a plate
and the gate the other one. In the off state, source and gate are at the same electric
potential. Even if source and drain are at different potentials, only a few charge
carriers are located in the active layer. The current flow is negligible. By applying a
voltage between source and gate, an electric field between the plates is created. Charge
carriers (electrons or holes, depending on the material) are pushed into the active layer.
This forms a channel at the interface between insulator and active material, which
compensate the electric field. Due to the high density of charge carriers in the channel,
the flow of current between source and drain increases. The achievable output currents
depend inter alia on the mobility of charge carriers. The higher the mobility, the larger
the resulting current flow. The maximum switching frequency from the transistor also
depends on the mobility. In conventional field effect transistors the active material often
consists of crystalline silicon. The reason is that with silicon high mobility rates can be
achieved.

The production of such FET’s is very complicated and expensive. For many app-
lications, organic materials, which are cheapen to be produced, offer an interesting
alternative.
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Source Drain

Pentacene (Cy2Hyy)

Siliciumdioxid (Si0,)

Gate

Fig. 2.1: Schematic structure of a field-effect transistors.

2.1 Organic Thin-Film Transistors

Organic materials offer many advantages. They can be flexible or transparent. Moreover,
their production is much less challenging and affordable. Such a material is, e.g., penta-
cene. In a pentacene FET the hole conduction plays a major role. Therefore, the device
is a so-called p-channel transistor. The mobility of holes in pentacene FETSs can vary
greatly depending on the manufacturing process. The mobility in pentacene transistors is
normally in the range of 1072 cm?V~!s™! to 1072 ecm?V ~!s7!. Using special methods, the
mobility in pentacene has been increased up to 58 cm?V~'s™! [10] in the last few years.
Normal silicon transistors usually have in all three spatial directions similar dimensions
in the nm range. In contrast, pentacene transistors usually have very different dimen-
sions. The characteristic channel length (distance between source and drain) can be up
to 100 pm, whereas the source-drain distance can be just a few nm. Such a transistor
can be thought as a thin film. Because of these properties of organic transistors, there
are special demands on the device modeling and the simulation methods. For treating
the band structure in silicon based FETs a common simulation model used is the Boltz-
mann transport equation. Since the molecular structure of OTFTs is highly complex it
is not possible to determine the necessary microscopic simulation parameters. For this
reason, it seems reasonable to use a simulation model which does not depend directly
on these parameters. In the subsequent chapter, a suitable device model derived from
the Boltzmann equation, is presented.



3 Device Model

This chapter deals with necessary equations for the simulation of the charge carrier trans-
port in organic semiconductors. For the simulation we need the drift-diffusion equations
for electrons and holes and the Poisson equation. The Poisson equation determines the
electrical potential due to the charge distribution and the external applied voltages. The
drift-diffusion equation and the Poisson equation are coupled by the charge distribu-
tion and the electric field strength. Processes in which particle species transform into
each other are described by rate equations. The distribution of non-charged particles
can be described by the diffusion equation. This chapter gives a brief introduction to
the necessary equations and shows how these equations are obtained. It consists of five
sections. The first section describes the derivation of the carrier continuity equation. In
the second section the drift-diffusion current equation and the diffusion equation are de-
rived. In the third section the recombination term is described. The fourth section deals
with the derivation of the Poisson equation and in the fifth section a short summary of
all equations is given. We begin with the carrier continuity equation.

3.1 Carrier Continuity Equation

For describing the motion of all involved particles we could use the Newtonian equations.
For a huge amount of particles this seems to be a bad idea. Since it does not matter
which of the involved particles have the momentum p at position r, one could also
define a probability density f(r,p,¢) which describes the probability that a particle
with momentum p at position r exists at time t. If we neglect quantum mechanical
influences we can assume that the particles move on trajectories. Then the probability
that a particle exists at position r with momentum p at time ¢ is equal to the probability
that the particle was at position r’ with momentum p’ at time ¢ — dt. The position r’ is
expressed by

r':r—dr:r—%dt:r—i‘dt, (3.1)

while the momentum p’ is given by

dp )
p’:p—dp:p—adt:p—pdt. (3.2)

Now we can write for the probability density

f(r,p,t) = f(r — ¢ dt,p — p dt, t — dt). (3.3)
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As next step, we expand f(r—r dt, p—p dt,t—dt) in a Taylor series in powers of dt around
the position r, the momentum p and time t. Additionally, we make the assumption that
we can truncate the Taylor series after the first-order term and obtain

- . Of(r,p,1) . Of(r,p,1) of (r,p,t)
f(r,p,t) =f(r,p,t) +1- Tdt +p- Ik dt + T dt, (3.4)
or by rearranging the terms

ot or Jp

If we follow a particle along its trajectory, Eq. (3.5) predicts that the occupation proba-
bility does not change. This is accurately the case if we do not have a source or sink that
can generate or destroy particles and if we neglect the possibility of particle scattering.
To include this effects we have to extend Eq. (3.5) to

8f(r,p,t)+f of(x,p,t) . Of(r,p,t)  Of(r,p,t)

T o op T + G(r,p,t). (3.6)

col
Of(r,p,t)
ot

of a source or sink is considered by G(r,p,t). The equation (3.6) is named Boltzmann
equation [11][12]. In this thesis we consider charged particles in a solid. The assumption
that charged particles like electrons can move freely in the solid leads to the “free electron
model“[13]. We further assume that the relation between the kinetic energy of a particle
and the wave vector k is given by

In Eq. (3.6) the particle scattering is included by a collision term , the influence

L (3.7)

2m

In Eq. (3.7) A is the reduced Planck constant and m denotes the effective mass of the
particle. The kinetic energy Wy, of a particle could also be expressed by the momentum
p of the particle:

W(p)=— (3.8)
based on the relation
p = hk. (3.9)

Now we can transform Eq. (3.6) into a more common form:

8f(r7 k7 t) . af(rv k7 t) ’ 8f(r7 k7 t) _ 8f(ra k7 t)
N

Y Gk 1), (3.10)

col

of(r,p,t)
ot
col

term of the Bolzmann equation is in general very complicated, for a more detailed

The next step is to define the collision term . The determination of the collision
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description, the reader is referred to [11]. If one assumes the semiclassical Bolzmann
collision operator for fermions, the Fermi-Dirac function

1
f()(I‘, k) = W (r,k) - Wg (3'11)
14+e k8T

results as the solution in the case of equilibrium. In Eq. (3.11), Wg is the Fermi level,
T the temperature, kg the Boltzmann constant and We(r, k) = Wy(r) + W(k), the
carrier potential Wy(r) plus the kinetic energy W (k).

We split the non-equilibrium probability density function

f(r,k,t) = fs(r,k, t) + fa(r,k,t), (3.12)

in an symmetric part fs(r,k,t) = fs(r, —k,¢) and an anti-symmetric part fa(r,k,t) =
—fa(r,—k,t). In a non-equilibrium state we additionally assume that the symmetric
density function differs only slightly from a Fermi-Dirac distribution and we can fit it
with

1

fS(ra k7 t) = Wo k) WD) * (313)
1+4+e kpT

In Eq. (3.13), the fit parameter W, (¢) is often named quasi Fermi level. Next we have
to specify the collision term more precisely:

Of (r,k,t)
ot

_ / SO, K) f(r, K ) — Sk, K F(r, Kk, )] dPF (3.14)

col

In Eq. (3.14) we assumed nondegenerate conditions for the collision term. The function
S(k’, k) defines the probability that a particle with wave vector k' transforms into a
particle with wave vector k during a collision. Inserting this collision term into Eq.
(3.10) yields the Boltzmann equation for nondegenerate conditions:

af(r7k7 t) . af(r7k7t) ’ 8f(r,k,t) _
o 5 T T T T
/[S(k’,k)f(r,k’,t) — S(k, X)) f(r,k,t)] &K + G(r,k,t).

(3.15)

The Boltzmann equation is far too complicated for a simulation of the carrier transport
in organic semiconductors. In organic semiconductors many input parameters of the
Boltzmann equation are unknown or not definable. We need macroscopic parameters
depending on the microscopic molecular structure. One way to derive a balance equation
for macroscopic variables from the very complex Boltzmann equation is the method of
moments. For this purpose, the whole equation is multiplied by a wave vector-dependent
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function {(k). Subsequently, the resulting equation has to be integrated over the whole
k-space:

/g of(r k. t) k t) d3k+/§ (gk ) d3l<;+/§ —(g’kk’t) &k

_ / / RS, K) f(r, K, 1) &K &k

//5 S(k,X)f rkt)d3k’d3k+/§ G(r,k,t) d°F.
(3.16)

If we now interchange the dummy variables k and k' in the first integral of the right side
in Eq. (3.16) we get

Ofrkt rkt of(r,k,t)
/5 d3k+/§ d3k+/§ e >k
-/ / 5(k’>s<k, K)f ek, 1) dk &K
//5 Sk, k) f rkt)d3k’d3k+/§ G(r,k,t) d°k.

(3.17)

The collision terms can also be written in following form:

/§ afrktd3 /5 -afrktd3k+/§ f(gkkvt)d?)k

/5 (r.k,t) /S(k, K) E((l;)) - 1} Bk Pk

/g (r,k,t) d°k. (3.18)

If we choose £(k) := k" = 1 we obtain the carrier continuity equation. Integrating the
Boltzmann equation (3.18) over the entire k-space yields

/8f(r,k,t) d3k+/f~8f(r’k’t) d3k’+/k-af(r’k’t) B

ot J or P, ok )
Texnl Te;,mQ Te;:n?)
z/G(r,k,t) d*k, (3.19)
Te%@4

since the collision term vanishes. For reasons of clarity, the individual terms are simplified
separately. An exchange of integration and differentiation yields

/8f(r,k,t)

0
3. _ 3
5 k= /f(r,k,t) &k, (3.20)
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for the first term. To proceed we need the occupied volume of a single state AV}, in the
k-space. Out of the “free electron model“[13] we get

27)3
AV = ( V) . (3.21)
Now we are able to calculate the total amount of particles
_o b k,t) &k, 3.22
[ 1 322

The factor two in Eq. (3.22) is due to the spin of fermions. If we consider that the particle
density is defined by

1 _ 371, 3
n(r,t) = 5N = 25 /frktdk 43/frktdk (3.23)
we get
of(r,k,t) 3 0
X0 B — 24
/ 5 Ak =4’ n(r. ). (3.24)

In order to simplify the second term we make use of the fact that the velocity r does
not depend on r, which leads to

/1" of(r.k,t)

3 3
_ 2
o k= /frkt Bk (3.25)

for the second term. To continue we use the definition of the average velocity

[ fr,k, t)f dk

V= 3.26
VT Tk ) &k (3.26)

to simplify the second term. Now we are able to express
/f(r, k, t)r d*k = 47°n(r, t)v (3.27)

with the carrier concentration n(r,t), Eq. (3.23), and the average velocity ¥. This leads
to

. Of(r,k,t) B 0 _
/r S Pk = 47r?’a - [n(r,t)v], (3.28)

for the second term. Now we proceed with the third term. Due to the relation

d
F(r,p,t) = i i

- (3.29)
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the expression %—5’ can be interpreted as an acting force F(r, p,t). In combination with

Eq. (3.9) we obtain

S
k=S F(r.k.1). (3.30)

We use Eq. (3.30) in term three, which results in

C Of(r.k of(r,k
/k. f(g,k,t) d?’k:/%F(r,k,t)'%dSk- (3.31)

In general, the force depends on the wave vector, therefore, we need the identity [14]:
A.-VB=V-(BA)—- BVA (3.32)

and get

. 9f(r.k 1[0
/k. % &P :—/a—k-[f(r,k,t)F(r,k,t)] &k

__/frkt -F(r,k,t) &°k. (3.33)

With Gauss’ theorem we can transform the first part of Eq. (3.33) into a surface integral.
This surface integral vanishes, because f(r, k, t) is always finite and vanishes for |k| — oc.
It follows

. Of(r,k, B
/k f(gk H d3k_——/f rkt) o Bk t) d'F. (3.34)

To continue we assume that the force F(r, k, ) is given by
F(r.k,t) = e E(r,1). (3.35)

In Eq. (3.35), the charge of a particle is denoted by e and E(r,t) is the electric field.
Taking advantage of Eq. (3.35) yields for term three

.0 k 0
/k- f(gvkvt) d3k:—%/f<r:kat>£' E(r’t) Pk = 0. (336)

Last but not least we have to consider term four. The total number of particles generated
per unit volume and unit time is given by

_ 1,V 3 1 3
Rr.t) = 3255 / Gl k1) P = / G(r, k1) dF. (3.37)
From this result we get
/ Glr. k1) &k = 4P R(r, t). (3.38)

10
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If we put the terms Eq. (3.24), Eq. (3.28), Eq. (3.36) and Eq. (3.38) together, we obtain

0

oME 1)+ o [Vn(r, 1)) = R(r,1). (3.39)

The expression vn(r,t) defines the particle flow so that the current is given by
J(r,t) =evn(r,t), (3.40)

where the charge of a particle is denoted by e. For electrons the charge e = —q =
—1.602176-10~1°C, for holes the charge e = ¢. Inserting Eq. (3.40) into Eq. (3.39) yields

the carrier continuity equation:

0 10

an(r t)+—— - J(r,t) = R(r,t). (3.41)
This equation has three unknown functions R(r,t), n(r,t) and J(r,t) so that we need
further equations to get a unique solvable system of equations. One of the equations we
are looking for is named drift-diffusion current equation and will be derived in the next
section.

3.2 Drift-Diffusion Current Equation

To derive an equation for the current J(r,t) we start again from the Boltzmann equation.
For this purpose it is not necessary to consider a generation term. Multiplying the
Boltzmann equation (3.15) with an arbitrary function (k) and integrating it over the
entire k-space results in

(r, k of(r.k,t) Of(r,k,t) - Of(r,k,t)
/5 d3k:+/§ -Td3li+/g(k)k-Td3k
Terml Te;:nQ Term3
! f(k/) 31 3
/g rkt/S(k,k)L(k)—l}dkdli. (3.42)
Term4d

To obtain Eq. (3.42) we additionally made use of the relation
r=—=v, (3.43)
between the momentum p, the mass m and the velocity v. For reasons of clarity, the

individual terms are simplified separately. It is possible to exchange integration and
differentiation which leads to

/5 (x, k 0w 1) oy = /5 (r.k,t) d°k. (3.44)

11
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In the second term it is also possible to exchange integration and differentiation
which yields

/g ( k,t) d’k = /g (r,k,t) d°k. (3.45)
At this point it is useful to express the product
§(k)v(k) = g(k) (3.46)

by a new vector which yields

/5 oo f(r k1) &’k = / (r,k,t) &°k. (3.47)

By taking advantage of Eq. (3.23) we get

/ £(k)v(k) —f(rkt) & 47r%[gn( 1] (3.48)

with
Jek)f(r k t) Ik

T = 3.49
ST T frkt) &k (3.49)
This term can also be written as
/f (r k,t) d*k =47° 9 [g,n(r,t)] + 9 [g,n(r, )] + 9 [g,n(r,1)]
Ory 7% Ory, 47 or, 77 V7
(3.50)
with
r = (ry, 1y, T2). (3.51)
Now, we proceed with the third term. Using Eq. (3.30) yields
k t) k,t
/g Ol t) oy /5 (k1) LTI o (3.52)
ok
In order to further sunphfy the term we need Eq. (3.35) and obtain
k t) (9 k,t
/g A ST /5 (v, t) oy (3.53)
ok
Taking advantage of the vector identity (3.32) yields for term three
. k
/g af 0N k) o /ak EK)E(r, ) f(r, k)] &k
0
— = k, t)E(r, t) k) d°k. 54
L [ ek Ery - e (354

12
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With Gauss’ theorem we can transform the first part of Eq. (3.54) into a surface integral.
This surface integral vanishes, because f(r,k,t) is always finite and goes to zero for
k| — oo. Tt follows

/5 rkt)d%———/frkt JE(r, 1) - 8(1 (k) d*F. (3.55)

Next we proceed with term four

/ (k) F(r. Kk, 1) / S(k, K) E((l;)) - 1} K k= — / (k) f(r. k, t)% &k (3.56)

by defining

=i / S(k, K) [1 - %} &K, (3.57)

we obtain

/ (k) f(r. k. 1) / Sk, K) E((ll‘{)) _ 1} B P = —_(i 5 / ) f(r k. ) &k (3.58)

\]

with

1 J &(k) rktT(1
?(r,t)_ &) f(r,k, 1)

Now, we make use of Eq. (3.27) and get

(3.59)

/ (k) f(r,k, ) / S(k, X E((ll‘{; - 1] BE Bk = —_4”?; n(r, t)E (3.60)

with

= J&k)f(r kt) dk
=Tk ) PR (3.61)

To continue, we now assume for the arbitrary function
§(k) = — (3.62)

for i = x,y, z. If we further consider the relation (3.43) and Eq. (3.9), we can write

B[ kif (e k,t) d®k

O T et Pk (369

for ¢ = x,y, z. Using this result for term four yields

13
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/ (k) f(r,k, ) / S(k,X) E((i)) . 1} B Pk = —F?‘ZSt)n(r,t)@i, (3.64)

for i = z,y, z. The ansatz, Eq. (3.62), in combination with Eq. (3.23) yields

k
/ AL 47#% Gin(r,t)], i = 2.y, 2 (3.65)

for the first term.

In the next step we use Eq. (3.46) to obtain

0 0
3 .
/5 (r k,t) d*k =473 o [iven(r, t)] + 47— ar, [Tiugn(r, )]
+ 4r° 82 [Toon(r,t)], i =x,y, 2 (3.66)

for the second term (3.50), where

B [ ki f(r.k, t) &k
m? [ f(r,k,t) &k

ViV =

(3.67)

Now we split the non-equilibrium probability density function f(r,k,¢) into a symmetric
part fs(r,k,¢) and an anti-symmetric part f4(r,k,t) as described in Eq. (3.12) and get

R [ kik; fs(r,k,t) dk + [ kikjfa(r,k, 1) &k
m2 [ fs(r,k,t) Bk + [ fa(r,k,t) &3k

ViV; =

(3.68)

This equation can be simplified due to the fact that the integral over an anti-symmetric
function is always zero which leads to

B2 [ kik;fs(r,k,t) d3k+fkkf,4rkt)d3k
m? [ fs(r.k, t) &3k

T = (3.69)
Now we have to distinguish between i = j and i # j for i = z,y,z and j = x,y, 2.

For v;v; with i # j we obtain

h? 1
U = — k, | k., ke Ky, ko t) dk, dk, dk.
Viv; m? [ fs(r,k,t) d®k {// y/ fs(r y ) y

—I—/kx/ky/fA(r, ko, by ko ) dky diey dis| . (3.70)

for instance for ¢ = x and j = y. Since k, is anti-symmetric the pro-
duct k,fs(r, ks, ky, k., t) is always anti-symmetric and, therefore, the integral

14
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[ kofs(r, ke, ky, ks, t) dk, is zero. The integral [ fa(r, kg, ky, k., t)dk, in the second part
is still anti-symmetric and, therefore, zero which leads to

v;v; = 0, (3.71)
fori=x,y,zand j = x,y,z and 7 # j.

For v;v0; we obtain

h? 1
iV = — 2 ko, Ky ks, t) diy dk, dk.
V; 0. m? [ fs(r,k,t) &k [/// > fs(r ” ) ,

+/k‘§//fA(r, ko, by, k., t) dk. dk, dk, |, (3.72)

for instance for i = x. Again the integral [ fa(r,ks, ky, ks, t)dk, in the second part is
anti-symmetric and, therefore, zero which leads to

B2 [ k3 fs(r,k, t) &Pk
m? [ fs(r,k,t) d®k ’
for i=z,y, z. Next we fit the symmetric density function fs(r,k,t) with a Fermi-Dirac
function, Eq. (3.13), which yields

(3.73)

T =

2 1 3
hg f k’l Wc(rakk)}wn(t) d k
1+ B

e

(3.74)

Viv; =

m? [ e @k
1+e kpT

for i = x,y, z. In addition to the assumption of a parabolic energy dispersion, Eq. (3.7),

we must assume that the Fermi-Dirac function can be approximated by a Maxwell-

Boltzmann distribution. Due to this simplification we get

kZn2
B2 [ krexp {—WO(rHQm W"(t)] A3k

kpT (375
V;V; = - 2n2 3 3.75
"L [_ Wo(r)+]€2];nTWn(t)1 Bk
for i = x,y, z. Instead of Eq. (3.75) we can also write
2 2 2452
9 f/{?ewp {— Wo(rHWW’l(t)} Bk
I} ! BT
VU, = — 2RI TRDRe R (376)
m fexp {_ Wo(r)+limT—Wn(t)} B
for i = z,y, z. Reducing Eq. (3.76) yields
) KZn?
. fkl exp [—é—mT} dk;
T = — o , (3.77)

m2

[ exp [—&} dk;

15
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for © = x,y, 2. To proceed we will first calculate the integral in the denominator. For a
better overview we summarize the constants in the exponential function

h2
a= kT (3.78)
and obtain
k212
oo 3 o 1 oo 5 ﬁ
_2m dl{}l :/ —ak? dkz = —/ V dy = X— 3.79
/oo oo kBT —00 ‘ \/a —00 ‘ Y \/a7 ( )
with
ak? =12, (3.80)
1
ki = —v, 3.81
N (3.81)
1
dk; = —=dy, 3.82
N (3.82)
for i = z,y, z. Now we proceed with the nominator in Eq. (3.77) and obtain
o oo 1
/ ke ok dk; = a_g/ yre Y dy = a_%a\/% (3.83)
for i = x,y, z. Now we can insert Eq.(3.79) and Eq. (3.83) into Eq. (3.77) and get
R iyma: R
v 2 _ V2 (3.84)

for i = z,y, z. Finally, we insert Eq. (3.78) into this result and get
kgT

Uiy = —,

m

(3.85)

for i = x,y, z. Inserting this result in combination with Eq. (3.71) into Eq. (3.66) yields

0 3L —Am3 0 T
/f(k)v(k) : af(r,k,t) A’k =4m ar, [v7oin(r, t)]
kgT O
—43iB
= m Or;

(3.86)

n(r,t),

fori=ux,y, 2.
If we now continue to simplify Eq. (3.55), we have to consider Eq. (3.62) and

16
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get

9 I
of (r,k, t) . 65””1 5
Kk L2 dk——— Kk, k d’k

k.
e 9] 0 0
__° K E B v ) ——k| @
© [ snien Btz By )c%yk”L (e, 0) k| Pk
:——E /frkt Yk, i=ux,y, 2 (3.87)
for the third term. Finally we use Eq. (3.23) to obtain
k,t
(/g afr 0@kt g 43 Bfe (e, b), (3.88)
m

fori=x,y, 2.

Summarizing the terms Eq. (3.64), Eq. (3.65), Eq. (3.86) and Eq. (3.88) accor-
ding to Eq. (3.42) yields

kgT 1
%wmnm+f%£ﬂma—%ammm@:—ﬂnﬂm@m, (3.89)
for i = x,y, 2. These three equations are equivalent to
kgT 1
;%wmnm+a%7%mLo—%Emmew:—?mwnmwv (3.90)

Multiplying it with e7(r,¢) results in

?WQ%EWMWH+ﬁ;)kT%( )_ﬁgﬂ

Now we use (3.40) and get

?mwgunw+”;>kT§( )_ﬁmﬂ

We assume that in semiconductors the relaxation time 7(r,t¢) is small compared to
characteristic time constants in the drift-diffusion approximation. Hence, we can neglect
the first term in Eq. (3.92) [15]:

er(r,t) 0 eT(r,t)
m

eE(r,t)n(r,t) = =J(r,t). (3.92)

kT — t) —
To proceed we have to define the charge of the particles. Let us assume electrons which
have negative elementary charge e = —q = —1.602176 - 10~°C which leads to
T(r, 1 0 T(r, 1
L), 0 o T
m

kT n(r, 1)

eE(r,t)n(r,t) = —=J(r,t). (3.93)

qE(r,t)n(r,t) = —J(r,t). (3.94)
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To bring the resulting equations in a well-known form we need the Einstein relation [13]

kgT
D(I‘, t) = lL(I‘, t)%a (395)
and the definition of the mobility [13]
qr(r,t)
t) = .
p(r, t) - (3.96)

Taking advantage of this relations yields the drift-diffusion current equation for electrons:

9 (t). (3.97)

Jo(r,t) = pn (v, t)qE(r, t)n, (v, t) + g Dy(r,t) B

In Eq. (3.95), D(r,t) is the diffusion constant. In general, different particle types
have different mobilities u(r,t) or diffusions constants D(r,t) so that the variables are
normally provided with an index for the particle species. As index for electrons in Eq.
(3.97) we used the subscript n.

For holes we obtain from Eq. (3.91) due to their charge of e = ¢ = 1.602176 - 10~9C"

Jp(rvt) = Mp(rat)qE(r>t)np(r7t) -4 Dp(r>t) np(r’t)' (398)

or
As index for this particle species we used the subscript p. To obtain the drift-diffusion
equation for electrons we insert Eq. (3.97) into Eq. (3.41) and get

%nn(r, t) — %% : {,un(r, t)gE(r, t)n,(r, t) + g Dy (r, t)%nn(r, t)] = R(r,t). (3.99)

Inserting Eq. (3.98) into Eq. (3.41) yields the drift-diffusion equation for holes:

%np(r,t) + é% . [,up(r, t)qE(r, t)n,(r,t) — ¢ Dp(r,t)%np(r, t)} = R(r,t). (3.100)

For uncharged particles, which are not influenced by the electric field, the drift-diffusion
equation (3.99) or (3.100) can be simplified to the normal diffusion equation

%n(r’ t) — % . {D(r, t)%n(r,t)} = R(r,1). (3.101)

Now we have to determine the source or sink term R(r,t), which is still unknown.

3.3 Source or Sink Term R(r,1)

The source or the sink term R(r,t) is still undefined. So we have to use additional
information to determine the function R(r,t). Under normal circumstances particles
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transform into each other, they do not simply disappear. For those conversion proces-
ses, normally approximations exists depending on the involved particles. One possible
approach is that particles can only transform during collisions with each other. For ex-
ample, we have three different particle types A, B and C. Each particle type is described
by its own drift-diffusion equation. Now we assume that a particle from type A and B
transforms into a single particle of type C' if they collide. Based on this assumption the
sink term from particle type A, R(r,t)4, and particle type B, R(r,t)p, has to be equal.
As a consequence the source term of particle type C must be R(r,t)c = —R(r,t). It is
assumed that the probability that two particles of different type collide with each other
depend on the concentration of the different particle types. In this simplified view, the
sink term of the particle type A and B depend on the number of collisions between this
particle types and, therefore, on the concentration na(r,t) of the particles A and the
concentration ng(r,t) of the particles B:

R(r,t)a = R(r,t)p ~ na(r,t)
R(r,t)a = R(r,t)g ~ np(r,t)
R(I‘,t)c = —R(I‘,t)A. (3.102)

This approach [16][17] leads to the equation
R(r,t)4 = R(r,t)p = —R(r,t)c = —k na(r,t)* np(r,t)°, (3.103)

which describes this conversion process and couples the different particle species. Un-
der these circumstances the source and sink terms are also called reaction rates. In Eq.
(3.103) k is the rate coefficient. In general, the rate coefficient k can vary in space and
time because it can depend on a lot of conditions such as temperature, particle concen-
tration, light incident, electric or magnetic fields. As a simplification, we assumed that
the rate coefficient k is regarded as constant. The coefficients o and ( characterize the
order of the equation. Using these parameters, the reaction can be divided into funda-
mental groups. Zeroth-order reaction are the first group. With a zeroth-order reactions
one means that the coefficients o and [ are approximately zero. This leads to constant
reaction rates

Ra(r,t) = Rp(r,t) = —Ro(r,t) = —k na(r,t)° np(r,t)° = —k. (3.104)

In this case the reaction rates are independent of the concentration of the particle types.
The second group is the first-order reaction group. A first-order reaction is a reaction in
which the reaction rate

Ra(r,t) = Rp(r,t) = —Ro(r,t) = —k na(r,t) (3.105)

depends only on the concentration of only one species. (« = 1 and § = 0). The next
group is the second-order reaction group. In a second-order reaction the reaction rates
depend on the concentration of the species A and B:

Ru(r,t) = Rp(r,t) = —Rc(r,t) = —k na(r,t)np(r,t) (3.106)
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Both coefficients a and ( are one. If the same species react with each other a second-order
reaction would be

Ra(r,t) = —Ro(r,t) = —k na(r, t)na(r,t) = —k na(r, t)2. (3.107)

All concentration dependencies of higher order are included in the n-order reaction group.
A concentration-dependence of higher order as in Eq. (3.107) will lead to the n-order
reaction

Ra(r,t) = —Re(r,t) = —k n'y(r,t). (3.108)

Reactions in which more than two particle species are involved also lead to an n-order
reaction. For example a third-order reaction that depend on three particles:

Ru(r,t) = Rp(r,t) = —Rc(r,t) = —k na(r,t)np(r, t)nc(r, t). (3.109)

In many cases, however, only two components in the reaction play a significant role.
Usually the other species can be neglected in the reaction. This again leads to a second-
order reaction. As next step, we have to clear what happens if there are reactions in both
directions. If there are forward and reverse reactions, we have to think about how this
reactions influence each other. The forward reaction rate R(r,t) on its own is described
by Eq. (3.103):

Ri(r,t) = Ry(r,t)a = Rp(r,t)p = —Ry(r,t)c = —ky na(r,t)ng(r,t)”.  (3.110)

If we now assume that the additional reverse reaction rate does not depend on the
forward reaction process we could also describ the reverse reaction rate R, (r,t) by

R.(r,t) = R.(r,t)c = —R,(r,t)4 = —R,(r,t)p = —ks nc(r,t)*?, (3.111)
This approach leads to
Ry(r,t) = Rp(r,t) = —Rc(r,t) = Ry(r,t) — R, (r, 1), (3.112)

for the entire reaction rate. Now we have a rate equation for the source or sink term
R(r,t), a carrier continuity equation for the particle density n(r,¢) and a drift-diffusion
current equation for the current J(r,¢) that occurs in the continuity equation. Since in
the drift-diffusion current equation the electric field appears, we need in addition the
Poisson equation.

3.4 The Poisson Equation

The Poisson equation is a partial differential equation of second order. It gives the electric
potential for a given charge distribution. A simple way to derive the equation is to start
from Gauss’ law:

div D(r,t) = of(r, ). (3.113)
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In Eq. (3.113) D(r,t) denotes the electric displacement field, p¢(r,t) is the free charge
density. Now we need the definition of the electric displacement field:

D(r,t) = goE(r,t) + P(r, t). (3.114)

In Eq. (3.114) g¢ is the permittivity of the free space and P(r,t) is the polarization of
the medium. If we suppose that the medium is linear and instantaneously respond to
changes in the electric field E(r, ), one can express the polarization by

P(r,t) = eox(r)E(r, 1), (3.115)

where x(r) is the electric susceptibility of the medium. Inserting Eq. (3.115) into Eq.
(3.114) yields

D(r,t) =g [1 + x(r)] E(r, ). (3.116)

The expression 1+ x(r) = ¢,(r) is the relative permittivity of the material. Therefore
we can also write

D(r,t) = goe,-(r)E(r, t). (3.117)

Substituting this into Eq. (3.113) results in
div [eoe, (r)E(r, t)] = of(r, 1). (3.118)

Now we consider Faraday’s law of induction

0B(r,t)

rot E(r,t) = — TR

(3.119)

where B(r,t) denotes the magnetic flux field. By neglecting magnetic effects the curl of
the electric field vanishes,

rot E(r,t) =0, (3.120)
and it can be represented by a scalar potential ¢(r,t):
E(r,t) = —grad ¢(r,t). (3.121)
Inserting this into Eq. (3.118) delivers the Poisson equation:
—div [gge,(r)grad ¢(r,t)] = oy(r, t) (3.122)

As a short notation in the literature one often uses the nabla operator

(3.123)

SR

%, 9%y Ox3
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with r = (x1, 29, x3). Based on this compact notation, we get
g0V - [e,(r)Vo(r,t)] = —ps(r, ). (3.124)
The free charge density of(r,t) can be expressed by
of(r,t) = en(r,t), (3.125)
which finally leads to
eoV - [e-(r)Vo(r,t)] = —e n(r,t). (3.126)

In Eq. (3.125) n(r,t) is the particle density and e stands for the electric charge of the
particles. For electrons the particle charge is the negative elementary charge e = —q =
—1.602176-10712C, for holes the particle charge is e = q. Now, we have all the necessary
equations for the simulation of the charge carrier transport in organic semiconductors.
In the following chapter all the equations will be summarized.

3.5 Summary

In this section, a summary of the resulting equations is presented. For a briefer notation
we use the nabla operator V = %. The system consists of the Poisson equation, Sec.
3.4, the carrier continuity equation, Sec. 3.1, with the reaction rate R(r,t), Sec. 3.3, and
the drift-diffusion current equation, Sec. 3.2. If there are uncharged particles involved
also the diffusion equation, Sec. 3.2, must be added. However, to set up the system
of equations, one must first define which particles are considered. In a semiconductor
different kinds of particles can appear. We consider the case, that both electrons and
holes play a role in charge transport and that also neutral particles exist, which can
decay into electrons and holes. These neutral particles are called excitons [18]. They can
arise, for example, due to incident photons. For negatively charged electrons subscript
A, for positively charged holes subscript B and for excitons subscript C' is used in the
following system of equations:

0V - [er(r)Vo(r,1)] = g [na(r,t) — np(r,1)]
0

1
ETLA(I‘?t) - 5v ) JA(r7t) - R(I‘, t)A

0 1
EHB(rvt) + 5v ’ JB(r7t) = R(I‘, t)B

2nc(r,zf) — V- [De(r)Vne(r,t)] = R(r, t)c

ot )
(r,t)na(r,t)Vo(r,t) + qDa(r, t)Vna(r,t)
r,t) = —qup(r,t)ng(r,t)Veo(r,t) — ¢Dp(r,t)Vng(r,t)
(r,t) — k1 na(r,t) np(r,t). (3.127)
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In (3.127) we expressed the electric field E(r,¢) through Eq. (3.121) and assumed that
the exciton decay is a first-order reaction. The corresponding rate constant is k. For
the process of the exciton generation out of electrons and holes a second-order reaction
was assumed. The corresponding rate constant is k;. Furthermore, electron-hole recom-
bination effects have been neglected. To account for these effect the recombination term
R(r,t) in the equations must be supplemented accordingly. An analytical solution of
this system of equations is in most cases not possible. This system of partial differential
equation must be supplemented by both initial and boundary conditions. Due to the
boundary conditions, the problem depends also on the geometry of the semiconductor.
The geometry of organic semiconductors, which we study in this thesis, can vary stron-
gly. Hence, we need a numerical method to solve these partial differential equations. An
appropriate method is discussed in the next chapter.
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4 Finite Element Method

Many problems in physics can be described by differential equations. The explicit
solution of these equations is usually not possible. For this reason, we are directed
to methods which are able to solve approximately differential equations for a given
problem. A widely used method is the method of finite elements. The simulations in
this work were carried out based on this method.

This chapter consists of five sections. The first section describes a possible ap-
proach to the finite element method. Section two gives a brief insight into the
possibilities of the discretization process of the base region. Section three deals with
selected basis functions of individual element types used in this thesis. In the fourth
section, a widely used numerical method for calculating two-dimensional integrals of
polynomial functions is described. The last section deals with the resulting algebraic
system of equations. This chapter is inspired by the Book ,Methode der Finiten
Elemente,, [19]. For a detailed description of the finite element method and an efficient
implementation on the PC, the reader is referred to this book.

4.1 Method of Weighted Residuals

Two-dimensional time-dependent field problems, as they occur in this thesis, can in
general be described by

duz,y.t) D {th] +a% [kz(y)%’yy’t)} ~flayt),  (41)

ot o0x

combined with certain initial and boundary conditions. The differential equation is
defined on a domain G C R?, see Fig. 4.1. The boundary C of the domain G consists of
two parts C and Cy with C; UCy = C' and C; N Cy = 0.

The idea of the method of weighted residuals is to approximate the unknown function
u(z,y,t) by using appropriately chosen basis functions po(z,y,t), v1(2,y), ..., m(z,y)
in the form of

U= @0(x7y7t) +ch(t)90k(x7y) (42)
k=1

The functions ¢; have to be linearly independent. Thereby, ¢o(x,y,t) is an arbitarly
chosen function, which fulfills the inhomogeneous boundary conditions. With the remai-
ning functions ¢k (x,y) k = 1,2, ..., m, the homogeneous boundary conditions must be
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>
»

X

Fig. 4.1: Two-dimensional domain G on which the differential equation is defined.

met. This ensures that the function wu(x,y,t) satisfies both the homogeneous and the
inhomogeneous boundary conditions throughout the domain G for any c(t). At this
stage, the coefficients ¢ (t) are still not defined. Therefore, we need an additional con-
dition to define them. To achieve such a condition, we think about what would happen
if we used random coefficients cx(t) in the differential equation (4.2). In general the
differential equation would be fulfilled only poorly. There remains a so-called residual.
The smaller this residual is, the better is the differential equation fulfilled. Therefore,
the residual should be as small as possible inside the domain . This can be achieved
by requiring that the integral of the residual weighted with special linearly independent
weight functions Wj(z,y), i=1,2,...,m disappears. Based on the ansatz (4.2), this ap-
proach leads to m equations from which the coefficients ¢ (¢) can be determined. In the
method of Galerkin, the still undefined weight functions W;(x,y) are chosen to be equal
to the functions ¢ (z,y). Since the functions ¢k (z,y) are linearly independent, this is
always possible. To continue, we must consider a certain differential equation. First, we
will explain the solution procedure for a time-independent differential equation. As an
example, we choose the Poisson equation.

4.1.1 Application to a Stationary Field Problem

Let us consider the two-dimensional Poisson equation

and the Dirichlet boundary condition
u(C(s)) = 71(s) (4.4)
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on a part C of the boundary as well as the Cauchy boundary conditions

du(((s)) B
“on(s) + a(s)u(¢(s)) = 1a(s) (4.5)

on a second part Cy of the boundary. The function 4 (s) : [a,b] — R in Eq. (4.4) is a given
function which prescribe the values of u(z, y) on part C; of the boundary. The parameter
s € [a,b] is the path length of the boundary. The variables a and b are constants which
describe the beginning and the end of part C. The function ((s) : [a,b] — R? in Eq. (4.4)
and (4.5) transforms the path length into the spatial coordinates = and y. In Eq. (4.5)
agff((s‘?) is the partial derivation of u(((s)) with respect to the outer normal direction:
o) - _EdulC()
|| grad u(¢(s)) |

The functions «(s) : [a,b] — R and v5(s) : [a,b] — R are given functions. In the special
case that

(4.6)

a(s) = 72(s) =0, (4.7)

the boundary condition is also called Neumann boundary condition. Now, the function
@o(z,y) should fulfill the inhomogeneous boundary conditions

9o (¢(s))

l6(5) = (s) on Cyand ZHE  aypn((9) =) n Ca 49
The functions ¢1(x,y),. . . ,om(x, y) should satisfy the homogeneous boundary conditions
Oepi(¢(s))

vr(¢(s)) =0 on C; and + a(s)er(¢(s)) =0 on Cs. (4.9)

on(s)

Inserting the ansatz (4.2) into the differential equation (4.3), by considering ¢ as con-
stant coefficients, gives the residual

900(1‘; y)xx + ()00(17, y)yy + Z Ck [(,Dk(l', y)za: + Sok(xv y)yy] - f(x, y) = R(l’, y) (410)

According to Galerkin’s method, the integrals

[ Raesey dsay =0, j=12.m (4.11)
G

have to disappear on the domain G. The insertion of Eq. (4.10) into Eq. (4.11) leads to

//G [00(2,Y)wz + 0oz, Y)yy| @j(x,y) duedy

+ //G {; Cr [0r(T, Y)aw + Or(T,Y)yy] goj(x,y)} dxdy
_ //G flx,y)ei(z,y) dedy =0, j=1,2,...,m. (4.12)
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The integrands of the first two integrals have partial derivatives. They can be eliminated
with the help of Green’s formula

//G [w(, Y)aa + wlz,y)yy] v(z,y) dody = - //G grad u(z,y) grad v(z,y) ddy

du(¢(s))
+ : an—(s)v(((s)) ds, (4.13)

which leads after interchanging integration and summation in connection with a multi-
plication by (-1) to

> { [ enad e,y srad o) dndy - f 22D g5 s

k=1 c
Dpo(C(s))

+ //G grad po(z,y) grad o;(x,y) drdy — T(S)%(C(S)) ds

C
T / /G F(x,y)e;(y) drdy = 0. (4.14)

At the boundary C; we have to consider that ¢;(((s)) =0 for j = 1,2,..., m. Further,
at the boundary C5 the derivatives can be replaced by the boundary conditions, Eq.
(4.8) and Eq. (4.9), which ultimately leads to

Z Ck {// grad ¢ (x,y) grad ¢;(z,y) dedy —i—/
e

k=1 Co

o()or ()5 (C(5)) ds}

+ //G grad @o(z,y) grad @;(z,y) d:vdy+/c [a(s)po(C(5)) — 72(s)] @;(C(s)) ds
+ //Gf(x,y)soj(x,y) drdy = 0, (4.15)

for j=1,2,...,m, which is a system of linear algebraic equations for the coefficients c.
Now, let us consider a time-dependent problem. As an example, we choose the diffusion
equation.

4.1.2 Application to a Time-Dependent Field Problem
Transient diffusion problems can be described by the two-dimensional diffusion or heat
equation
ou(x,y,t
(i, )es 0l )y — Sy, 1)~ ZEID (4.16)

with (z,y) € G, G C R? and t > 0. Given are the general time-dependent boundary
conditions
u(C(s),t) = 7(s,t) on Cy for t > 0,

du(C(s),1)

onga) T 8)uC(s):t) = 1as,t) on Cy for t >0 (4.17)
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and the initial condition

at time t = 0. The procedure for time-dependent problems consists again in representing
the function u(z,y,t) by

u(x,y,t) = @O(xwyat) +ch(t)90k’(x7y) (419)
k=1

In contrast to the previous example, the coefficients ¢, are now functions of time. The
arbitrarily chosen function ¢g(z,y,t) must satisfy the inhomogeneous boundary condi-
tions on Cy and Cs. The function ¢ (z,y), however, must fulfill the time-independent
homogeneous boundary conditions. Inserting the ansatz (4.19) into equation (4.16), re-
veals the residual as a function of space and time. This means that the integral over the
residual, weighted with the linear-independent functions ¢;(z,y), j = 1,2,...,m, must
disappear:

/ / {mx, 0o t)ee + 2005 gy + 3 () [0 W + 905, 9] — £, 9,1)

B [3800(;; y,t) " acgt(t) S%(%?/)] }ij(gj,y) dzxdy = 0. (4.20)

k=1

By applying Green’s formula with a subsequent interchange of integration and summa-
tion, the determining equations (4.20) can be transformed into

9pk(C(s))
¢ on(s)

m

ci(t) [— / / grad py.(z,y) grad p;(z,y) dedy +

dck

(c(o)) ]

k=1

// iz, y)pi(x,y) dedy — // grad @o(z,y,t) grad p;(z,y) dxdy

4_?{ —890((3)((( >> 1) / f(z,y,t)p;(z,y) dedy

// 8900 - y’ 0:(2,y) dedy = 0. (4.21)

If we consider the boundary conditions (4.17) we obtain

dc
deilt) //sok:cysojxy)dxdy
kl

+ ch U/ grad gy (z,y) grad p;(z,y) dedy + /C a(s)er(C(s))e;(C(s)) dS}

k=1
+ //C; {grad 800<x7y7t) grad goj(x,y) + {f(x,y,t) + W} (pj(x?y)} d.’ll'dy
+/C [a(s)eo(C(5),1) —12(s)] ¢;(C(s)) ds =0 (4.22)
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for j =1,2,...,m, which is a system of ordinary differential equations of first order for
the coefficient functions c(t).

Before we can solve this system of equations, we must define the still unknown
basis functions ¢i(x,y),...,em(z,y). The idea is to define this functions ¢x(z,y)
piecewise on subdomains G¢ e = 1,2, ..., 2, by means of local basis functions /:

Li(z.y), (z,y) e,
L(z,y), (z,y)€G?
or(z,y) =4 " : (4.23)

li(z,y), (z,y) € G

We define these subdomains G¢, called elements, through a partition of the fundamental
domain G into z parts. The boundary between two subdomains is always part of both
subdomains. The superscripts in Eq. (4.23) indicates the elements, it is not an exponent.
The discretisation process will be explained in the next section.

4.2 Partition of the Fundamental Domain

This section consists of two subsections. In the first subsection, the normalization
process for elements is described. In the second subsection, the requirements of the
functions for describing the elements are developed.

The elements G¢ e = 1,2,...,z, should approximate the ground area G as well
as possible. On the other hand, the mathematical description of the elements should be
not too complicated. Figure 4.2 shows a possible partition of a two-dimensional area
using triangles and quadrangles. Also curvilinear elements, shown in Figure 4.3, are
possible. Usually, one achieves a better approximation of the fundamental domain than
with linear elements. This advantage is partly compensated by a higher computational
effort. Mostly, one reaches a good approximation with linear elements by a sufficiently
fine partition. When choosing the form of the elements, it is only necessary to ensure
that the angles of the elements are not too sharp or blunt, because these cause numerical
troubles. Since the elements can be freely combined, one obtains an extremely flexible
description which is perfectly adapted to the mathematical problem in the considered
domain. In three-dimensional problems, a partition using tetrahedral or square elements
takes place. In order not to define special functions [f(z,y) (e = 1,2,...,z and
k= 1,2,...,m) for each element G¢ we transform the elements into unit elements
G°. Then, there is only one function type necessary per unit element. These functions
19(z,y) are called local basis functions and the transform process is called normalization.
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Fig. 4.2: Division of a given domain into subdomains with triangles and quadrangles.

4.2.1 Normalization of the Elements

When transforming the elements, we also have to consider the integral over the residuum,
Eq. (4.11). In the method of Galerkin integrals of the type

// u(z,y,t) dedy, (4.24)
/ / l_ u?(z,y,t) dady, (4.25)

//G {W]Q + [%’;’t)r dady, (4.26)

for all elements of the area GG could appear. For an efficient calculation of these integrals a
transformation into unit elements is a major advantage. Thus, the integrals will become
independent of the individual shape of the triangles or quadrangles. For this purpose, we
must find a bijective transformation for each type of elements. In order to standardize
the integration of the elements, the triangular elements will be transformed into unit
triangles, Fig. 4.4, and the parallelograms are transformed into unit quadrates, Fig. 4.5.
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X

Fig. 4.3: Division of a given domain into subdomains with curvilinear triangles and
quadrangles.

a)y‘ b)774

P5(x3,y3)

P5(0,1
Py(x2,¥2) 9 S5

Py(x1,y1) 0

P1(0,0) P5(1,0)

Yy

X

Fig. 4.4: a) General triangle T* before transformation.
b) Unit triangle T° after transformation.

Ps(x3,3)

P;(0,1)

Py(1,1)

Py, y1) P, (a0 ) Q°

P,(1,0)
X P,(0,0) 4

Fig. 4.5: a) General parallelogram @Q° before transformation.
b) Unit quadrate Q° after transformation.
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A general triangle 7% with corners P to P3 numbered counterclockwise is transformed
by
T =11+ (T9 — 21)§ + (T3 — 21)7, (4.27)
y=wy+ W2 —y)&+ (ys —y)n
into a unit triangle T°, as illustrated in Fig. 4.4. With the help of the ansatz

f(&m) = a1+ o€ + azn (4.28)

the transformation (4.27) can be determined. This requires that the coordinates of the
vertices

Plzf(0,0):Oél,
Py = f(1,0) = ay + oy,

Py = f(0,1) = a1 + ag (4.29)
are used. From which

ar = Py,

ag=PFP,—a; =P — P,

a3 =P3—a;=P;— P, (4.30)

follows. Substituting Eq. (4.30) into Eq. (4.28) yields Eq. (4.27). To calculate the coef-
ficient for the transformation of the parallelogram (4.28), it is advantageous to choose
the same numbering as for the triangle (Fig. 4.5), since then the transformation (4.27)
is also valid for the unit quadrate. With the transformation (4.27), the complex inte-
grals over the different elements are converted to an integral over a standard region. The
integration variables dx and dy must to be transformed with the help of the Jacobian

oz 9y
J=|6 o (4.31)
o on
by dxdy = Jd¢ dn. Inserting (4.27) in (4.31) results in
J = (22 —21)(ys — y1) — (23 — 21) (32 — ). (4.32)
By using the chain rule, the partial derivatives
ug(@,y,t) = ug(x(&,m),y(&n), )& + un(2(§, ), y(&, 1), ) (4.33)

wy (7, y,t) = ue(2(€,n), y(&n), )&y + uy((&,n), y(§m), t)ny

of the integral (4.26) are determined. If now the functions (4.27) are derivated with
aspect to x and y, respectively, the relations

1= (z2 — 21)& + (23 — 21)10, (4.34)
0= (y2 — y1)& + (Y3 — Y1),
0= (22 —21)& + (w3 — 21)7y,
L= (y2 — y1)&y + (y3 — Y1)y,

32



4 Finite Element Method

are obtained, from which we get

§e = (22 — 71) _1(963(;;)_(;,?)1,1) =& ; yl’ (4.35)
Mo = —(”_Z;)(zf’_yll) ) —M7 (4.36)
&y = (Ve — 1) — 1(y3_(gg)_(221)_$1) == ; £U1’ (4.37)
(e e R -

With this result we can now transform the integrals (4.24)-(4.26) into integrals over the

standard elements:
J[ wtaty asay = [[ wtetem.vien.o g dan @30

// (x,y,t) dedy = //GO ), t) J dédn  (4.40)
[ [l el

// {[uf(x<§7n)7y(f7n>7t)§x +un(x(§,n),y(§,n),t)nx]2
+ [ug (= (&, n) y(&,m)s )&y + uy(x(€,m), (5 n).tn,°} Jdédn  (4.41)

(3 —2)’+ (g5 — 1) // {37«0 (f 77)7 )} dédn

(23 — 1’1)(362 — 1) + (Y3 — y1) (Y2 — y1)
J

X // ug((€m), y(&s ), uy(x(€,m), y(& ), t) dédn
+(x2—$1 (2 — y1) //G{au 677 y(&m). )ngdn‘

Having normalized elements we can think about the ba31s functions )(x,y) for k =
1,2,....m

+2

4.2.2 Choice of the Basis Functions

Basis functions should be very flexible and, from the mathematical point of view, not
unnecessarily complicated. Polynomials satisfy these requirements and are particularly
suitable as basis functions. For example polynomials of the form

h(z,y) = c1 + com + c3y + caxy + csx?y + cery® + crw® + cgy? + cor’y? (4.42)
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could be used. Also, an approach of the form
g(x,y) = c1 + e + c3y + ey + s + coy? (4.43)

can be used. The choice of the polynomials depends, of course, on the geometry of the
underlying elements. Also the nature of the given problem affects the choice of the
polynomials. The basis functions need to be continuous in transition from one element
to another in order to correctly describe the whole area. Elements with such basis
functions are called conform. For the derivatives of the basis functions, the continuity
in the transition is generally not necessary. The practice shows often that very good
results can also be achieved with non-conform elements. Non-conform elements are
often used where the continuity requirements lead to a very large computational effort.
However, the use of non-conform elements should be avoided as far as possible. It also
proves to be a useful approach when all powers up to a certain degree occur in the
polynomial (4.42), or the polynomial is chosen at least symmetrically as in (4.43). Such
approaches are called geometrically isotropic, which means that their shape remains
unchanged under a linear coordinate transformation.

In a polynomial like (4.42) the coefficients ¢; should not be mixed up with the
coefficients ¢, (t) in Eq. (4.2). In order to determine these coefficients we fix the values
of the polynomial at certain points P;, the so-called node points. Also derivatives
at these points of the polynomial could be used to determine the coefficients. They
are needed especially if also the derivatives should be continuous. This means, for
example, for a polynomial like (4.42) with six coefficients that we have to define
exactly six node points, if we do not consider the derivatives of the polynomial.
With continuous derivatives we would have to define three node points. In this
thesis we do not consider basis functions with continuous derivatives. Therefore, we ex-
pect the same number of node points per element as coefficients in the polynomial occur.

Node points must exist at all edges. The positions of the remaining node points
can be freely chosen. In the method of weighted residuals, the linear independence of
the functions gy (x, ) for k = 1,2,...,m is required. To ensure this linear independence
we demand

0 forj+#1
pi(zj,y5) = o (4.44)
1 forj=1
withi=1,2,...,m, 7 =1,2,...,m and m is now the number of all node points in the

hole domain G. Here, z; denotes the x coordinate and y; the y coordinate of the node
point P;. In addition to this global numbering of the node points one often defines a local
numbering, see Fig. 4.6, of these node points within a unit element. The mathematical
handling is then more convenient. As example, we consider a one-dimensional domain
G with elements consisting of two node points. In this simple case we get due to Eq.
(4.44) and Eq. (4.23) for the first global basis function ¢;(z),x € G at node point one

o1(x1) =11 (z1) = 1. (4.45)
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At all other node points, ¢1(x;) is zero. For the first global basis functions, we can write
p1(z) = {?’(x)’ 2 i i i ;1 . (4.46)
For the second basis function at node point two we get due to Eq. (4.44) and Eq. (4.23)
©o(12) = ly() = I5(25) = 1. (4.47)
At all other node points ¢s(x;) is zero. The second global basis function is now given by

L(z), PP<zr<P
po(z) =< 13(x), Po<z<DPs. (4.48)

0, Ps<x <P,

For the third global basis function at node point three we get

pals) = Blas) = Bi(as) = 1. (4.49)

At all other node points ¢3(x;) is zero. Hence, the third global basis function is given
by

07 PleSPZ
ZQ(ZE), PgS(L’SPg
p3(r) = l‘;’, : (4.50)
3(ZE), P3§1'§P4
07 P4§x§Pm

The remaining global functions ¢y (z) are constructed in an analogous way. Figure 4.7
shows how the global basis functions ¢y (x) are composed of the local basis functions
[¢(x) in this example. One can see form Fig. 4.7 that per element, except the first and
last one, only two local basis functions are different form zero. In general, there are
as many local basis functions different from zero as node points in an element exist.
We now assume that each element is transformed into a unit element and, therefore,
the local basis functions of all normalized elements must be identical. This mean for
our example that if all elements are transformed into unit elements, there are only two
different normalized local basis functions, see Fig. 4.8. Due to the fact that the number
of normalized local basis functions and the number of node points per unit element is
equal, we use the same local numbering for the normalized local basis functions as for
the local node numbering, see Fig 4.8. For the final construction of the normalized local
basis functions we must distinguish between different unit elements which is done in the
next section.

Py P, P, P, P 4 B,
¢ ¢ ¢ ¢ + ¢ ¢

Fig. 4.6: Global and local node numbering.
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i 17 i i
P1(x) | TP, P, P, B,
b ————————4——4
Pt pP}=P} P;=P} P}="pP} o PPTE=pptoppot
16 5 B it
02(0) [P P, Py Py Pm
: t—¢ ¢
P Pi=Pl P}=P P}=P} P =Pt PPt
1B 13 £ it
p3(x) [Py Py~ Py TPy P

P  P}=P! P?=P} P;=p} o P2 =pprotoppt

ll lZ l3
m—1 m—1 m—1 m—1 m
1

Pm-1(x) [Py P, P, P,

9 SR G G S

Pl P;=P? P?=p? Pp}=p} e P72 = pm-1 pm-1

.............
------
'''''
e

1

Py P, Ps P, P,
0 ¢ + + + ¢ 4
Pi  Pp=P} Pi=P} Pi=P/ . pp2=pml opmol

Fig. 4.7: Global basis functions ¢y (x) with corresponding local basis functions If(z).

B
| \|
Py 2

Fig. 4.8: Unit element with corresponding normalized local basis functions.
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4.3 Constructing Normalized Local Basis Functions

This section describes a process to construct normalized local basis functions depending
on the required element. For a more detailed description of the various elements and
its possible basis functions, the reader is referred to [20]. The starting point is the
general condition (4.44). This ensures that each basis function /;(z,y) vanishes at the
nodes except one. We also want to achieve a good approximation of the function u(z,y)
with the basis functions /;(z,y). Since the number of node points per element and thus
the number of coefficients is variable, we need to specify this parameter. Very good
interpolation methods based on polynomials already exist. As an approach for our basis
functions, we select the Lagrange interpolation polynomials. [21] In order to proceed, we
have to define the dimension of the elements.

4.3.1 One-dimensional Unit Elements

The Lagrange interpolation polynomials of order k are defined by

k+1

r — T
L) = I —- (451)
=l "

r€G%j=1,2,...,k+1and k+ 1 is the number of the node points per unit element.
These polynomials are especially suitable, because they fulfill the condition (4.44). This
follows immediately from the fact that if = is equal to x; the numerators and the de-
nominators are identical and we get [;(x;) = 1. On the other hand, if + = z; one of
the numerators are always zero and due to the fact that ¢ # j the denominator can not
become zero. Thus we get [;(z;) = 0 and (4.44) is fulfilled. To proceed we have to define
the coordinates of the node points.

T = —1,
2y =1 (4.52)

of the unit element, see Fig 4.9. If linear basis functions, £ = 1, are used on a unit
element, one speaks from linear elements, if quadratic basis functions, k£ = 2, are used,
one speaks from quadratic elements.

| | | -
-1 0 1 %

Fig. 4.9: 1D unit element.
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4.3.1.1 Linear Elements

Linear elements have two nodes, which means k = 1. The choice of the node points
I = —1,

at the boundaries of the unit element ensures the continuity between adjacent unit
elements. For linear elements the normalized local basis functions

) = 50— ),

(z) = %(1 +a) (4.54)

are obtained by inserting the node points (4.53) into (4.51). To test if these basic func-
tions meet the condition (4.44) we insert the node points into the basis functions,

he) = 50 —m) = 5(1- (-1) =1,

hrs) = 50— ) = 2(1-1) =0,

(1) = %(1 b)) = %(1 1) =0,

Io(a) — %(1 b ) = %(1 1) =1, (4.55)

which immediately reveals the solution is correct. Fig. 4.10 shows a one-dimensional
linear Lagrange element with corresponding basis functions.

1

09"\ .............. S Y YRR S

0.8 Mg

0.7 2

0.6 &

>D 05_ ................ o s e imm i 2 B e i 0 MR s e e S S AT S R PERNIRHPISEL SN IPRP |

0.4 g

0.3 >

0.2 b

(o) | S - U— SOV SO SO USRS \\-

-0.8 -0.6 -0.4 -0.2 0.2 0.4 0.6 0.8

0
X

Fig. 4.10: One-dimensional linear Lagrange element with corresponding local basic
functions.
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4.3.1.2 Quadratic Elements

A quadratic Lagrange element, k=2, requires an additional node. It is possible to choose
freely the position of the additional node in the following way:

T = —1,
i) :O,
T3 = 1.

According to (4.51), one obtains the local basis functions

lx) = (@ - 1),

lh(z) =1 — 27,
L,

I3(z) = 5(1‘ + )

(4.56)

(4.57)

It can be easily shown that these basis functions meet condition (4.44). Figure. 4.11
displays a one-dimensional quadratic Lagrange element with the corresponding local

basis functions.

12
—l
1 "
\ P B LIl
N / \
hY
0.8 % / \,
\\
N, \
A)
06 / \
“
> N
\\\
04 / % \

\‘.
\\
0.2 >

i~
il YN

o

02, 08 06 04 02

o

Fig. 4.11: One-dimensional quadratic Lagrange element with the corresponding local

basis functions.
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4.3.2 Two-dimensional Quadrangle Elements

Two-dimensional quadratic Lagrange quadrangle elements are formed due to the linear
independence of the functions l;,ls and [3 in the following way:

)
g2(z,y) = L(2)l2(y),
93(z,y) = li(z)l3(y),
ga(z,y) = L(2)l(y),
95(z,y) = la()l2(y),
g6(z,y) = b(z)l3(y),
gr(z,y) = l3(x) 1 (y),
gs(,y) = l3(2)l2(y),

).

(4.58)

gilz,y) = (=% —2)(y* —y),

gar.) = 3~ 2)(1 7).

g3(1,y) = }l(xz —a)(y* + ),

ga(,y) = %(1 —2%)(y* ),

gs(z,y) = (1 —2*)(1 — 9%,

go(,y) = %(1 —a*)(y* +y),
1

g7(x,y) = (=" + 2)(y" — ),

s(,9) = 50+ 2) (1= 7).

9o, ) = (2 + D) +) (4.59)

as basic functions. The position of the nodes

= -1 yp= -1,

ry= —1 yo= 0,

r3= —1 ys= 1,

Ty = 0 Ya = _17

Ty = 0 Ys = O, (460)
re= 0 y= 1,

rr= 1 yr= —1,

rg= 1 Ys = 0,

Tg — 1 Yg = 1
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results from the combination of the positions of the nodes in the 1D product formation.
Here, x; means the x position and y; the y position of the node point P;. In Fig. 4.12 such
a quadratic Lagrange element with the corresponding nodes is shown. The numbering
of the nodes is a result of the arbitrary order in the product formation. One can choose
it in an arbitrary way. The normalized local basic functions of this element shows Fig.
4.13.

y‘l
Py Py
L & . o .
P
P PZ PB s
< 4 L 4 . 4 »
Ps "
P
® >— ’ 3
Py Py
v

Fig. 4.12: Nodes P, to Py of a 2D normalized quadratic Lagrange quadrangle element.

Fig. 4.13: Two-dimensional normalized local basic functions of a quadratic Lagrange
quadrangle element.
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By forming the product of one-dimensional elements not all two-dimensional elements
can be generated. The basis functions of triangular elements can not be obtained by
the product of one-dimensional basis functions. There exists, however, an elegant way
how such basic functions, corresponding to the nodes, can be easily determined. With
the help of Pascal’s triangle [22], shown in Fig. 4.14, both the position of the nodes and
the local basis functions /;(z,y) can be obtained. The first level of the Pascal’s triangle
corresponds to k = 0 in (4.51), the second one to k = 1 and so on.

To determine the nodes of the triangles, we associate the outer boundaries of the
corresponding Pascal’s triangle, beginning from the required order, to a closed triangle,
as shown in Fig. 4.14 (red dashed line). The terms 1,z, 2%, ... represent the nodes along
the border of the triangle. The corresponding polynomial consists of all involved terms.
To get an element for a quadrangle of the same order, we simply reflect the triangle
element downwards, Fig. 4.14 (green dashed line). Again connected terms represent the
nodes along the border of the quadrangle. Internal terms represent inner nodes.

k=0 1
— A A
& ) e
EeE S~ T ooy
= 5B xZy e y3 B \"’éQ’ ﬁ'{ 3
k=4 ¥ %y xR byt 2t aly Wttt

Fig. 4.14: Pascal’s triangle to determine the node positions and the polynomial for
Lagrange triangle and Lagrange quadrangle elements.

For our quadratic quadrangle element, we get the relative position of the 9 node points
from Pascal’s triangle. We establish, therefore, the following 9 local basis functions

li(z,y) = ci + céac + céy + cixZ + céxy + céy2 + c§x2y + céacyQ + cényQ, 1=1,...,9.
(4.61)

We have 81 different coefficients c;'» for the nine basis functions. In contrast to (4.51), the
coefficients of the polynomials, obtained from Pascal’s triangle, are not yet determined.
To evaluate the coefficients, the absolute position and the numbering of the nodes has to
be fixed. The coordinates and the numbering of the nodes of the quadrangular elements
are defined in Fig. 4.15.
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h% A
P, =(-11) Py =(1,1)
L %
Pe=(0,1)
J P, = (-1,0 Ps=(L0) =
P, 3 (0,0) x
P;=(0,-1)
L s B
By S-1.-1) P, =(1,-1)
\4

Fig. 4.15: Normalized quadrangular element with nodes P, to F.

Due to the numbering in Fig 4.15, the coordinates of the nodes are

1= -1 yn= -1,
o= 1 yo= —1,
r3= 1 ys= 1,
ry= —1 Yqa = L,
Ty = 0 Ys = —1, (462)
re= 0 y= 1,
7= —1 yr= 0,
xg= 1 ys= 0,
rg= 0 yo= 0,

where z; denotes the x position of the node point P; and y; the y position. Once the
position of the nodes is determined, we obtain, based on Eq. (4.44), for each local basis
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function l;, i = 1,2,...,9, defined by Eq. (4.61), a system of equations:

which can be written in a compact matrix form for ¢ =1,2,...,9:
) b )
2 ) 2 2,2 i
Iz oy @7 =i Y7 Yivi Tiyr o Ty Cq
1 2 2 2 2 22,2 A
To Y2 Ty T2Y2 Y3 Y3Y2 T2Y; 2Ys 2
2 2 .2 2 .22 i
1 x3 w3 @3 T3ys Y3 Y3Yys T3ys T3y3 C3
2 2 2 2 .22 i
I xy ys T Tays Y5 YiYs TaYy Ty Cq
2 2 2 2 .22 i _
1 x5 ys x5 X5ys Y5 YsYs TsYs TsYs Cs =
2 2 2 2 2,2 i
1 x6 Y6 =5 Te¥s Y5 YsYs Tels Tels &
2 2 2 2 2,2 i
1z yr @3 x7yr Y7 YsYyr T7yr T3 Cy
2 ) 2 2,2 i
I xg ys @5 ZsYs Ys Yi¥s TsYs T3Y3 Cy
2 2 .2 2 2.2 i
I x9 yo T3 ToYo Y5 YolYo ToVy Toly Cg

Lz, 1) = C% + C;xl + Céyl + Ciaﬁ + Céxl?h +...=

(22, y0) = ¢] + Chao + c3ys + Cix5 + Chaoyp + ... =

l1(zg,yo) = c} + céxg + céyg + Cixg + C%Igyg + ...

lLo(z1,91) = &3 + chxy + Gy + 425 + Ay + ... =
lo(29, 1) = & + Cox9 + C3ya + 305 + CEToYp + ... =

la(xs,y3) = C? + 03I3 + C§y3 + Ciifg + C§$3Z/3 +...=

lo(z9,y0) = €2 + Cawg + Coyo + Cax2 + Ewgyo + . ..

lo(z1,91) = ¢} + chry + cyyr + 4ot + oy + . .

lo(zs,ys) = €] + chrg + Chys + Choa + clogys + ... =

lo(zg,yo) = c? + chg + cgyg + ch?) + chgyg +...=
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For the coefficients of the basis functions we obtain

4=0 =0 =0 ¢=0 =13 =0 cg=—7 t=—7 =1
G=0 =0 &=0 =0 d=-1 =0 d=-1 d=1 d=1
=0 3=0 d¢=0 =0 =7 ¢=0 d&=1 d=1 =1
ci=0 =0 =0 ¢;=0 c‘é:—}l cg=0 c‘%:}l cg:—i cgzZ
=0 6320 Cg:_% ;=0 ngo CSZ% C?Z% cgz() cgz—%
$=0 $=0 =1 &E=0 E=0 E=1 E=-1 E£=0 §=—3
f=0 cd=—3 =0 ci=3 =0 =0 =0 =5 d=-1
d=0 =1 d&=0 =1 E=0 =0 E=0 f=—-5 $=-1
=1 =0 =0 c=-1 2=0 cg=-1 <=0 =0 =1

(4.65)

Inserting the coefficients into (4.61) yields the basis functions of a quadratic quadrangle
element:

ey = 3o = Dely = Dy,

bl y) = 7+ Daly — Dy,

ls(z,y) = ~(z + Daly + 1)y,

4
lwv) = 3o = Daly+ Dy,
I 9) = 5 = Dy~ Dy,
I, ) = 5 ~ Dy + Dy,
b, ) =~ = Daly? 1),
I, ) = 5o+ Daly? 1),
lo(z,y) = (a® = 1)(y* — 1). (4.66)

Due to the construction based on Pascal’s triangle again a Lagrange element arises. As
can be seen, the result is equivalent to (4.59). For this reason, the elements created with
the help of Pascal’s triangle are also often called Lagrange elements.
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4.3.3 Two-dimensional Triangle Elements

The basis functions of two-dimensional triangle elements can be determined again by
Pascal’s triangle. The evaluation based on Fig. 4.14 results in six basis functions for a

quadratic Lagrange triangle:

li(z,y) = ci1 + Céx + cgy + cixQ + céxy + céyz,

i=1,...

(4.67)

The numbers and positions of the nodes for this quadratic triangle are shown in Fig.

4.16.

9o
P, = (0,0.5)

P, = (0.5,0)
@

P, = (0.5,0.5)

P, = (0,0)

Fig. 4.16: Quadratic Lagrange triangle element with nodes P; to Fs.

Setting up the system of equations due to Eq. (4.44) and Eq. (4.67) results in

Iy
Z2
x3
Ty
Ts
Lo

U Gy T G T T ST O

A
Yo
Ys
Ya
Ys
Ye

1t
ZT2Y2
T3Ys
TaYs
T5Ys
T6Ye
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with ¢ = 1,2,...,6. For the coefficients we obtain
=1 cd=-3 cd=-3 =2 =4 =2
A=0 cd=-1 =0 =2 =0 =0
a=0 =0 ci=-1 =0 =0 =2
(4.69)
=0 =4 =0 c¢=-4 =4 =0
Aa=0 =0 &=0 =0 =4 =0
$=0 =0 &E=4 E=0 f=-4 L=-4
Inserting the coefficients into (4.67) yields
Lz, y) =22 + 4oy — 3z + 2y* — 3y + 1,
lg(l',y) = 212 -,
Is(z,y) = —42® — day + 4,
ly(z,y) = —4a® — day + 4,
l5<l’,y) = 41’y,
lo(z,y) = —day — 4y° + 4y. (4.70)

In Fig. 4.17, the basis functions of such a quadratic Lagrange triangle element with the
corresponding nodes are shown.
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Fig. 4.17: Two-dimensional local basic functions of a quadratic Lagrange triangle
element.

Since we have completely defined the basis functions we can now calculate the residual
integrals which is done in the next section.

4.4 Calculation of the Residual Integrals

If one uses quadratic Lagrange triangle or quadrangle elements, an analytical calculation
of the integrals (4.39) up to (4.41) would be possible. The resulting formulas are usually
complex and, therefore, time-intensive in the evaluation. For geometrically more complex
elements, such as curvilinear elements, a Gauss-Legendre integration method [23] is often
used. This integration method is a variant of the so-called Gaussian quadrature. It is
assumed that the elements were already transformed into unit elements in £ and 7. In
the one-dimensional case, the integral

/ £(6) dé = / D(E)w(€) d ~ / p(E)w(€) de (4.71)

over a function f(&) is separated into a weight function w(§) and a remaining function
®(¢). This remaining function is than approximated by a polynomial p(§) of the degree
n. This integral

b n
| €1 g = 3" plees (1.72)

48



4 Finite Element Method

can then be converted again into a sum with integration points &; and weights w;. In-
tegration points should not be mixed up with the node points P; in Sec. 4.3. If the
function f(&) is a polynomial of degree (2n — 1) the integration is even accurate. This is
of particular importance as the basis functions are polynomials. The minimum number n
of integration points is thus directly related to the degree of the polynomials describing
the element. The weights

/ H 5 gﬂ dg (4.73)

Jj= 1#@

depend on the Interwall [a, b], the weight function w(§) and on the integration points &;.
If we choose the weight function w(§) =1 and and a = —1, b = 1 (most popular), then
we get the Gauss-Legendre integration. The integration points are then the zeros of

the Legendre polynomials. Weights for various elements can also be found in literature
(24, 25, 26].

The basis functions of a quadratic element can be created by the product of two
one-dimensional basis functions, Eq. (4.58), therefore, we can apply Eq. (4.72) to these
one-dimensional functions and obtain

/ Q0 F(€gn) dedn ~ 3> p(&)a(n;)ic;. (4.74)

i=1 j=1

In the case of triangular elements a similar form results. Ready formulas for determining
the integration points with the corresponding weights can be found in [27, 28|. In Fig.
4.18 a possible distribution of integration points for the unit triangle and the unit square
is shown. In Tab. 4.1-4.3 the coordinates of integration points and corresponding weights
for quadratic elements with 3, 9 and 16 integration points are shown.

Tabelle 4.1: Coordinates of integration points and corresponding weights for
quadratic elements with 3 integration points.

point & n; Wi  wj

10,788675 0,788675 0,50 0,50
2 10,788675 0,211325 0,50 0,50
31 0,211325 0,788675 0,50 0,50
410,211325 0,211325 0,50 0,50
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Fig. 4.18: Unit square with 4x4 integration points.

Tabelle 4.2: Coordinates of integration points and corresponding weights for
quadratic elements with 9 integration points.

point

&

j

w;

Wi

© 00 O Tl W N+~

0,887295
0,887295
0,887295
0,5
0,5
0,5
0,112705
0,112705
0,112705

0,887295
0,5
0,112705
0,887295
0,5
0,112705
0,887295
0,5
0,112705

20

0,277775
0,277775
0,277775
0,44444
0,44444
0,44444
0,277775
0,277775
0,277775

0,277775
0,44444
0,277775
0,277775
0,44444
0,277775
0,277775
0,44444
0,277775
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Tabelle 4.3: Coordinates of integration points and corresponding weights for
quadratic elements with 16 integration points.

pOiIlt fz 1; djz (I)j
110,069435 0,069435 0,17392 0,17392
210,069435 0,33001 0,17392 0,32607
3 10,069435 0,930565 0,17392 0,32607
4 10,069435 0,66999 0,17392 0,17392
5| 0,33001 0,069435 0,32607 0,17392
6| 0,33001 0,33001 0,32607 0,32607
7 0,33001 0,930565 0,32607 0,32607
8| 0,33001  0,66999 0,32607 0,17392

9 10,930565 0,069435 0,32607 0,17392
10 | 0,930565  0,33001 0,32607 0,32607
11 |1 0,930565 0,930565 0,32607 0,32607
121 0,930565  0,66999 0,32607 0,17392
13 | 0,66999 0,069435 0,17392 0,17392
14 | 0,66999  0,33001 0,17392 0,32607
15 | 0,66999 0,930565 0,17392 0,32607
16 | 0,66999  0,66999 0,17392 0,17392

Now we are in the position to solve the system of differential equations (4.22) which is
done in the next section.

4.5 Solving the Differential Equations

First, we transform the system of differential equations (4.22) by defining the matrices

A = (aj5) = //G grad @i (x,y) grad ¢;(z,y) d:cdy+/c a(s)pr(C(s))p;(C(s)) ds,

(4.75)
B = () = [ eulo0)is(o.) dody (4.76)
and the vectors
c(t) = (c1(t), ca(t), cs(t), ..., cm(t)T,
d(t) = (di(t),da(t),ds(t),...,dn)", (4.77)
with
d;(t) ://G {grad wo(z,y,t) grad p,(z,y) + | f(z,y,t) + W] wj(x,y)} dxdy
+/ [a(s)po(C(s),t) — 72(s)] ;(C(s)) ds, (4.78)
Co
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4 Finite Element Method

into a compact form

Ac+ B%c(t) +d(t) =0. (4.79)

Due to the definition of the basis functions (4.23) the integrals over the domain G decay
into a sum of integrals over the Elements G*

A=Y [ e i) sad Goy) dody + [ alaCOe(Clo) s, (40)

B = Zl// (@, )z, y) dady (4.81)

and
d;(t) —Z// {grad wo(z,y,t) grad I} (z,y) + {f(w,y,t) + W] l}(x,y)} dady
i=1 !

+/C [a(s)po(C (), ) = 72(s)] @i (C(s)) ds. (4.82)

Now we can normalize each Element G' (see Sec. 4.2.1) and therefore, it is possible to
use the integrations method of Sec. 4.4 to calculate the integrals.

The matrices are symmetric. The vector d(¢) depends on ¢ if the boundary con-
ditions depend on t. For the integration of (4.79) an initial condition for the vector c(t)
is required. Due to the definition of (4.19) we choose the ansatz

m

wo(x,y,0) + Z cx(0)pr(z,y) = uo(z,y). (4.83)

This condition is generally not fulfilled for all the points in G. Therefore, we apply
Galerkin’s principle, which results in

> a0) [[ entaeitan) dody + [[ (eole..0) = uola ) oy(o.9) dedy =0

. (4.84)

for j = 1,2,...,m. The solution of this system of linear algebraic equation yields ¢ (0),
k=1,2,...,m.

The system of differential equations (4.79) is linear, allowing a simple numerical
integration method. Such a method is the trapezoidal method [29]. First, we transform
(4.79) into an explicit form

d

ety = -B7 Ac(t) - Bd(1) (4.85)
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4 Finite Element Method

so that the formal integration step
1
Cni1 = Cp — S AL (-B'Ac, —B7'd, + B 'Ac,41 + B ldyy1) (4.86)

can be executed with the step size At at the time t = nAt. Then, the equation has to be
multiplied with B and sorted. Finally, we obtain the linear system of algebraic equations

1 1 1
(B + EAz&A) Crst = (B + 5AtA) Cu+ A (dy — dui) (4.87)

with the coefficient matrix B + %AtA.

For complex problems an algorithm which use matrix inversions to solve Eq.
(4.87), is generally not the best idea, because the matrices are usually much too large
for direct inversion. For this reason, the system of algebraic equations (4.87) is solved
approximately by using iterative algorithms. A standard procedure would be, for
example, the conjugate gradient method [30]. For the selection of a suitable algorithm,
it is important to know that the matrices are generally not filled symmetrically.
However, they are filled weakly. This fact allows an intelligent storage of the matrix
at the PC, so that the memory needed is minimized for the matrices. Since the RAM
memory is much faster than the memory on the hard disk one will always try to store
the hole matrices in the RAM. For the size of the matrices, the numbering of the
elements and the associated structure plays a major role. The structure of the matrix
also affects the convergence speed of the algorithm. An overview of the various options
for numbering the elements after discretization, and the various storage methods for
sparse matrices can be found in [19]. A very stable and highly efficient algorithm
for solving unbalanced sparse linear systems Axz = b offers the program library
UMFPACK by Timothy A. Davis, University of Florida. This library is available under
the GNU GPL license. A more detailed description of this process would go beyond
the scope of this thesis. For this reason, the reader is referred to the official home page
“www.cise.ufl.edu/research /sparse/umfpack,/ “.

But even the best algorithm is no guarantee for correct values, because the achieved
accuracy depends also on the used mesh. For a stationary solution, this problem is
usually solved by using a coarse grid in the first solution process. After that the achieved
solution is used to build a finer and better mesh. With the new mesh a new solution
can be calculated. If two consecutive solutions no longer differ, the correct stationary
solution is found. But if one is interested in the time evolution of the involved particles,
checking the achieved accuracy is not so easy anymore. During the time evolution, the
particle density can change in the device, which can cause a move of areas with high
particle density difference. But this areas need a fine grid. Since one can not know
exactly where these areas are during the time evolution, it is necessary to ensure that
the entire mesh is fine enough. This problem is dealt with in Sec. 5.
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5 Calculation of the Capacity of
OTFTs as Accuracy and Stability
Test

In order to check the accuracy of the time evolution of the simulated quantities, we
design a simple test model that can be verified. Normally, we are interested in the
steady state of the device. The time evolution of the variables after switching on is
often not evaluated separately. In this thesis the temporal evolution of H* ions in a
pentacene-based OTFT is required. In order to make correct conclusions, the achieved
accuracy of the calculated values during the time evolution is important, a precisely
calculated steady state is not sufficient in this case. To calculate the error of the time
evolution, an indirect attempt is made. To determine if the mesh size requirements are
fulfilled, we calculate a time-independent value (amount of stored charge in the FET)
from a time-dependent quantity (in- and out-flowing currents). Then we calculate the
same value from a stationary quantity (stationary carrier density). If they match, the
mesh should be fine enough.

Starting point is an organic thin film transistor with a structure as shown Fig.
5.1.

Drain

Source

Pentacene (C,;Hq4)

Siliciumdioxid (Si0;)

Gate

lq

Fig. 5.1: Organic thin-film transistor with the channel length [, and device length ;.

To reduce the device to a two-dimensional problem, it is cut along the red line in Fig.
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5 Calculation of the Capacity of OTFTs as Accuracy and Stability Test

5.1. The resulting cross section is plotted in Fig. 5.2. This structure can be considered
as a capacitor as illustrated in Fig. 5.3. The dielectric of the capacitor is pentacene with

Source Drain

Pentacene (Cy2Hia)

Gate

Ey

E,

Ucl &1 d]
UcZ UC & dZ
A,

Ug

«————

Fig. 5.3: Schematic design of the plate capacitor.

the dielectric constant €; = ,16¢ and the silicon dioxide with the dielectric constant

€9 = £,9¢0. The dielectric constant of vacuum gy = 8.854187 - 1072 AsV ~tm~1.

5.1 Simulation Model

1

The charge transport in pentacene, based on holes, are described by the drift diffusion
equation (3.100) in combination with the Poisson equation (3.126). The Poisson equation

is given by

oV [e.(r)Vo(r, )] = —¢ n(r,t)
where

“o-{0 e
and

(r.1) ny(r,t) in pentacene,
n r? = . .
0 in Si0,.
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5 Calculation of the Capacity of OTFTs as Accuracy and Stability Test

Here n, is the hole density, ¢ = 1,602 - 107 the elementary charge and ¢ the electric
potential. The drift-diffusion equation which consist of the continuity equation (3.41)
and the drift-diffusion current equation (3.98) are given by

0 1
S(e,t) =~ V3,1, ) (5.4)
and
Jo(r,t) = —qupn,(r,t)Vo(r,t) — ppykgTVny(r, t) (5.5)

in pentacene, where J, is the hole current density, p, the hole mobility and kp =
1,380-10723 J/K represents the Boltzmann constant. In Eq. (5.5) we replaced the electric
field E(r,t) by the electric potential ¢ with the help of Eq. (3.121).

5.2 Numerical Calculation

In order to determine the amount of charge in the channel and, therefore, the capacitance
of the FET, the in- and out-flowing currents I; and I, as shown in Fig. 5.4, are simulated
temporally resolved. By integrating the x-component of the current density J, along the
semiconductor at the channel entrance and exit, the currents

1 %) Ly, t
no - [ p%%mww&mmmwwwﬂﬂﬂgﬁl}@, (5.6)
y=0
d O Ly, 1
B = [ FM%mww&mmmwwwﬂiﬁ%ﬁlyw (5.7)
y=0

can be determined. The dash-dotted red line in Fig. 5.4 represents the beginning of the
channel at the position z; and the end of the channel at the position z5. The time-
integrated difference between the two currents

th/j@@—b@)ﬁ (5.8)

results in the amount of charge stored in the channel. To check the accuracy of Q, we
integrate also the resulting stationary carrier density n,(z,y) in the channel to obtain
the total charge

ly  pdi
Q= ld/ / ny(z,y) dedy. (5.9)
z=0 Jy=0
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Fig. 5.4: Geometry of the two-dimensional model for the organic thin film transistor.

Boundary conditions: For the numerical simulation boundary conditions must be set
in addition to the input parameters (initial conditions). In Fig. 5.5, the device with
the appropriate boundary conditions is shown. Source, drain, and gate are at a given
potential. Therefore, Dirichlet boundary conditions

¢(x7y) = US on Csa
qb(x,y) = UD on Cd7
¢(x,y) =Ug on Cy (5.10)

are suitable for the potential. At the interface between the organic layer and the source
and drain, respectively, we adopt contacts with constant hole density ¢,sp. [31][32][33].
Assuming an injection barrier A E between the organic layer and gold contacts of 0.47 eV
[34]. the particle densities at source and drain are then given by

—q AFE
CpSD = CpSource — CpDrain = Cpi € kBT (511)

The constants are the temperature T = 298.15 K, the elementary charge ¢ = 1.602 -
1071 C and the Boltzmann constant kg = 1.38 - 1072% J/K. The intrinsic hole densities
cpi of the contacts is in the order of 10*” m™3. Due to the exponential relationship
between the particle density c,gp and the injection barrier AE the resulting particle
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5 Calculation of the Capacity of OTFTs as Accuracy and Stability Test

density is very sensitive to changes of the injection barrier [35][36][37][38]. It can vary in
a range of 10'® — 10%* m 3. However, the carrier concentration at the interface between
the contacts and pentacene plays a minor role for the capacity of the FET. For the hole
densities, therefore, also Dirichlet boundary conditions

ny(z,y) = cpsp on Cy and Cy (5.12)

are suitable at the contacts. The length of the contacts is a few mm, equipotential lines
between source and drain contact and gate pass in some pum distance from the channel
parallel to the contacts. For this reason, it is justified for the lateral boundaries C, and
C. to adopt Neumann boundary conditions

9LY) _ ) on ¢y and €,
ox
on,(x,
% =0 onC) . (5.13)
Due to the channel length the electric field can be assumed to be parallel to Cj, so that
9¢(z,y)
——= =0 at C, 5.14
Gl =0 (5.14)

can be adopted as boundary condition. For the holes, the interface pentacene-SiO, and
pentacene-air provides a impenetrable barrier, therefore,

anp(‘ra y)

o =0 at C, and C. (5.15)

holds.

Source Drain

Pentacene (Cy2Hq4) -

Siliciumdioxid (Si0,)

Gate

Fig. 5.5: Boundary conditions of the organic thin film transistor.
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5 Calculation of the Capacity of OTFTs as Accuracy and Stability Test

Discretisation of the device: Because of the geometry of the device, a discretization
by rectangular elements is useful. As basis functions quadratic Lagrange quadrangle
elements were chosen. These elements are described in Sec. 4.3. As can bee seen in Fig.
5.6, the area is discretized very fine near the contacts. At the interface between pentacene
and SiO, also a very fine discretization is chosen. Because of the very long channel, it is
inefficient to realize this fine discretization over the entire channel length.

=
e

Fig. 5.6: Schematic representation for the discretization of the domain.

For this reason, the elements are chosen in a way so that they grow in area exponentially
from the channel beginning towards th channel center as can be seen in Fig. 5.6. The
area marked in red symbolizes the zoom range of Fig.5.7.

Pentacene

Sio,

Fig. 5.7: Zoomed area of Fig. 5.6.

Simulation results: We start with Tab. 5.1 in which all input parameters required for
the simulation are given. The simulation results are presented graphically and analyzed.
To validate the numerical accuracy, the numerically calculated stored charge (capaci-
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5 Calculation of the Capacity of OTFTs as Accuracy and Stability Test

tance) of the FET is compared between two different methods. The charging of the
capacitor channel is also plotted.

Tabelle 5.1: Parameters for the simulation

g1 | AtstV=iml 3.4
g | Als'V=Im™1 4.5
4, / nm 35

dy / nm 147

l | pm 50

lg / mm 7

Us / V 0

Up /] V 2

Us /V| =60

py [ m*VtsTh 1 1.107°
cpsp /m3 | 1-10%

T /K| 29815

The simulation based on the parameters in Tab. 5.1 yields a charge amount of @,; =
5.56 - 1079 As in the channel. This amount of charge is calculated by subtracting the
current flowing out of the channel from the current flowing into the channel, as can be
seen in Fig. 5.8. The direct integration of the charge density n, in the channel based on
Eq. (5.9) resulted in a charge amount of @, = 5.597 - 1072 As. Furthermore, one can
see in Fig. 5.8 that the charging time of such a FET is in the range of 3-107° seconds. It
turns out that the loading process runs fairly uniform as can be seen in Fig. 5.9a. This
is due to the slow decrease of the difference between inflowing and outflowing currents
ever a period of &~ 107° sec (Fig. 5.9b). After that point the difference rapidly goes to
zero and one can stop the simulation. The deviation of the two numerically determined
amounts of charge (),; and @Q),2, is less than one percent. This demonstrates that the
calculation of the hole densities as shown in Fig. 5.10-5.11 and the resulting currents
during the time evolution provide reliable data.
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electric charge

x 10

Fig. 5.8: Charging of the capacitor over time.
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1.0E-1F
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I [A]

| i i
107° 10° 10° 10

time [s]

Fig. 5.9: a.) Logarithmic plotted charging Q(t) of the capacitor over time.
b.) Difference I between the currents flowing in and out of the channel.
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Fig. 5.10: Distribution of the potential ¢ and the charge carrier density n, in the
device in the first 1077 seconds after the switch on.
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Fig. 5.11: Distribution of the potential ¢ and the charge carrier density n, in the
device between 1077 and 107 seconds (stady state) after the switch on.
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6 Experimental Results

This chapter consists of three sections. In the first section the construction of the organic
thin-film transistor is described. The second section contains the measurements and the
last section deals with interpretations of the results.

6.1 Architecture of the Organic Thin-Film Transistor

All experimental data shown and discussed are obtained from measurements on OTFTs
built and characterized by Ausserlechner [39] in the period from 2009-2010. The OTFT
is based on an active layer of pentacene with a thickness of 35nm. An additional layer of
two trichlorosilanes, namely 4-(2-(trichlorosilyl)ethyl)benzene-1-sulfonyl chloride (T-SC,
70 %) and a sulfonic acid derivate 4-(2-(trichlorosilyl)ethyl)benzenesulfonic acid (T-SA,
30 %) is arranged between the SiO, and pentacene as shown in Fig. 6.1. The thickness
of this layer is 1 nm.

The outer dimensions of this OTFT are identical to those in Sec. 5 (see, Fig. 5.3 and Tab.
5.1). The device width [; = 7 mm (see Fig. 5.1) and the channel length [, = 50 pm. For
investigating the behavior of the interfacial layer, three different oxide layer thicknesses
dy = 100, 147.5 and 245 nm were considered. As a reference for the measurements also
transistors without an interfacial layer for each oxide thickness were produced.

;77|— Source Drain

Pentacene (CyyHy4)

Polythiophene — based organic thin — film layer

Siliciumdioxid (Si0,)

Gate

Fig. 6.1: Schematic structure of the organic thin-film transistors with an interfacial
layer.
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6.2 Measurements

This section presents the electrical characterization of OTFTs with oxide thicknesses
of 100 nm, 147.5 nm and 245 nm. All the necessary measurements were performed by
Ausserlechner [39]. Mobility measurements of the pentacene devices yield a hole mobility
of about 1076 m?V—1s71,

Transistors With an Oxide Thickness of 100, 147.5 and 245 nm: In total eight
devices with a SiOs layer of 100 nm were investigated. The first four transistors are
endowed with the interfacial layer being one nm thick. The remaining four transistors
are produced without the interfacial layer and serve as a reference. In total six devices
with an SiOs layer thickness of 147 and 245 nm were measured. The first three
transistors with 147 and 245 nm were equipped with the interfacial layer. The remaining
transistors are produced without the interfacial layer to serve again as a reference.

In Fig. 6.2, Fig. 6.6 and Fig. 6.10 the transfer characteristic of the reference de-
vices are shown. From the plots it can be seen that the threshold voltage of all reference
devices is about 0 V. The threshold voltage Uy, is defined as the gate voltage at which
a charge-carrier layer is formed at the interface between the insulating material and
the pentacene. After reaching the Uy, the source-drain current begins to rise. The
transistors with the interfacial layer and an oxide thickness of 100 nm, however, have a
threshold voltage of about 30 V, as can be seen in Fig. 6.3 and 6.4. The transistors with
the interfacial layer and an oxide thickness of 147.5 nm have a threshold voltage of about
60 V, as can be seen in Fig. 6.7 and Fig. 6.8, and the transistors with the interfacial
layer and an oxide thickness of 245 nm have a threshold voltage of approximately 120
V, as can be seen in Fig. 6.11 and 6.12. The figures show a significant hysteresis. To,
nevertheless, analyze the data, the measured values were averaged by

yl(zn) + y2(2n)
2

y(x,) = forn=1,2,...,m, (6.1)

to obtain a unique function of all m values. In Eq. (6.1), y1(x,) denotes the higher and
y2(x,,) the lower measured current value I at a gate voltage U, = x,,. Then, the resulting
transfer curve is interpolated in the linear region between Ug = 0 V and Ug = 25 V
using a linear least-squares fit [40]. Fig. 6.5 shows the interpolated function and the
linear fit for the first device with an oxide thickness of 100 nm. Figure 6.9 shows the
interpolated function and the linear fit for one of the 147.5 nm devices with interfacial
layer and Figure 6.13 shows the interpolated function and the linear fit for one of the
245 nm devices with interfacial layer. The so calculated threshold voltage for all 100 nm
devices is displayed in Tab. 6.1, the threshold voltages of the 147.5 nm devices are listed
in Tab. 6.2 and the threshold voltage of the 245 nm devices is listed in Tab. 6.3.
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Tabelle 6.1: Threshold voltages for the four transistors with an an interfacial layer
and a 100 nm thick SiO4 layer.

Parameter | Value
Uly, /| V | 354
U2/ V | 29.5
U3y, |V | 334
Udy, /| V | 359

Tabelle 6.2: Threshold voltages for the three transistors with an an interfacial layer
and a 147.5 nm thick SiO, layer.

Parameter ‘ Value
Uly, |V | 628
U2,/ V | 63.9
U3y, / V| 50.54

Tabelle 6.3: Threshold voltages for the three transistors with an an interfacial layer
and a 245 nm thick SiO, layer.

Parameter ‘ Value
Uly, |V | 12211
U2y |V | 125.2
U3, / V | 125.0
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Fig. 6.2: Measured transfer characteristics of the 100 nm transistor without interfacial
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Fig. 6.3: Measured transfer characteristics of the 100 nm transistor with interfacial
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Fig. 6.4: Logarithmic plot of the measured transfer characteristics of the 100 nm
transistor with interfacial layer.
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Fig. 6.5: Determination of the threshold voltage for one of the 100 nm transistors
with an interfacial layer by a linear fit.
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Fig. 6.6: Measured transfer characteristics of the 147.5nm transistor without
interfacial layer.
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Fig. 6.7: Measured transfer characteristics of the 147.5nm transistor with interfacial
layer.
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Fig. 6.8: Logarithmic plot of the measured transfer characteristics of the 147.5nm

transistor with interfacial layer.
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Fig. 6.10: Measured transfer characteristics of the 245nm transistor without
interfacial layer.
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Fig. 6.11: Measured transfer characteristics of the 245nm transistor with interfacial
layer.
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Fig. 6.12: Logarithmic plot of the measured transfer characteristics of the 245nm
transistor with interfacial layer.
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Fig. 6.13: Determination of the threshold voltage for one of the 245 nm transistors
with an interfacial layer by a linear fit.
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6.3 Evaluation of the Measured Results

In the devices with an interfacial layer, a shift of the threshold voltage by several ten
volts compared to the one in the reference devices occurred. It seems likely that this is
attributable to the sulfonic acid groups of the T-SA molecules being deprotonated. The
resulting H' ions can then diffuse into the pentacene. This results in the formation of a
space charge layer consisting of the negative acidic residue. Due to the shift we propose a
proton doping mechanism with the proton attaching to the central ring of the pentacene
molecule shown in Fig. 6.14 and Fig. 6.15.

This is supported by the observation that Uy, decreases to zero, when exposing the
devices to an ammonia (NHj) gas. The NH; molecules react with the protons and the
acidic residue groups, [41] resulting in a disappearance of the pentacene doping and of
the space charge layer as shown in Fig. 6.16.

The formation of the charge layer is very slow; it takes two to three weeks until the
steady state is reached. This raises the question what process is in part responsible for
the long time duration. The compensation process with NHj just takes a few seconds.

Chapter 7 tries to verify this hypothesis and attempts to give answers to open questions
by means of numerical simulations.

! pentacene
.

Si
o [ a
cl

4-(2-(trichlorosilyl)ethyl) |
benzenesulfonic acid |

Fig. 6.14: This image shows the interface between pentacene and the interfacial layer
at the beginning of the doping process.
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Fig. 6.15: This image shows the interface between pentacene and the interfacial layer
at the end of the doping process.

pentacene

H
i
i
Cl)'NH{ :
0=s=0
: '
I<‘I’
,
|
: O
Si '
a1 e ! '
cl '
|
|
ammonium '

4-(2-(trichlorosilyl)ethyl) !
benzenesulfonate |

Fig. 6.16: This image shows the interface between pentacene and the interfacial layer
after exposure of NH3.
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7 Space Charge Layer Formation in
Pentacene Based Organic Thin-Film
Transistors

This chapter is divided into six sections. The first section briefly describes the discreti-
zation of the device for the finite element method. Then in the second section, a simple
base model for the simulation of the Organic Thin-Film Transistors with the interface
layer is presented. The simulations based on this model are compared with the measured
values. With the help of this simulation results an improved model is developed. In the
third section this improved model is introduced. The simulation results of the improved
models are again compared with the measured values. The findings of that will be re-
used to improve the simulation model. In sections four and five, the model is evolved
based on the results of its predecessor. Section six deals with the influence of NH3 on
the device.

7.1 Discretisation of the Device

Because of the geometry of the device, a discretization by rectangular elements is use-
ful. As basis functions quadratic Lagrange functions were chosen. These elements are
described in more detail in Sec. 4.3. As seen in Fig. 7.1 and Fig. 7.2, the area was dis-
cretized very fine in near the contacts. At the interface between pentacene - SAM and
SAM - SiO, also a very fine discretization was chosen. Because of the very long channel,
it is inefficient to obtain this fine division over the entire channel length. To reach an
efficient simulation with greatest possible accuracy, the elements were chosen so that
there extension grow, starting from the beginning and end of the channel towards the
channel center, exponentially. The area in Fig. 7.1 marked in red symbolizes the zoom
range from Fig. 7.2.
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Fig. 7.1: Schematic representation of the discretization of a pentacene based organic
thin film transistor with a SAM.

Fig. 7.2: Zoomed area of Fig. 7.1.

7.2 Standard Model

First the standard model for simulating the organic thin film transistor is described
briefly. Then the boundary conditions are fixed. The simulation results are presented
next. The last part of this chapter deals with the evaluation of the simulation results.
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Simulation Model: As a first attempt we try to simulate the measurements of a FET
without the interfacial layer. Due to the high injection barrier at the contacts we neglect
the influence of electrons for the charge transport. The charge transport in pentacene,
is modeled as in Sec. 5.1, the boundary conditions are as in Sec. 5.2.

Simulation Results:  This section presents the simulation results of the standard mo-
del. All parameters for the model are listed in Tab. 7.2. As one can see in Fig. 7.3 and
Fig. 7.4 the agrement between the simulation and the measured data is poor. Measu-
rements of the devices (Sec. 6), yield a hole mobility of about 1 x 1076 m?V~!s7! in
pentacene. For gate voltages of just a few volts, the simulation of the transfer curve
is near the measurements as one can see in Fig. 7.3. But for gate voltages above 20V
the measured current increases much stronger than predicted through the simulation.
The consistency of the simulation with the measurements can be improved for higher
voltages by a higher mobility. With a higher mobility, the simulation provides wrong
results in the section below Us;=—30V as can be seen in Fig. 7.4.

Tabelle 7.1: Parameters for the simulation of the standard model

Parameter Value
g | AlstV=im™! 3.4
g0 | AlstVIm™1 4.5
d; / nm 35
dy / nm 147
l | pm 50
lg / mm 7
Us /| V 0
Up/V -2
Us |V ~80...20
pp | m2V st 1-107%:1-1075;
AE eV 0.47
Cpi [ M3 1-10%
T/K 208.15
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Fig. 7.3: Linear plot of the transfer characteristic of the simulation. (dy = 147nm)
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Fig. 7.4: Logarithmic plot of the transfer characteristic of the simulation.

To get better results in the simulation it is necessary to take into account the electric
field dependence of the mobility. According to the Poole-Frenkel effect one use an ap-
proximation of the mobility which depends on the square root of the electric field [2].
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For the mobility in the device we get:

(—q%%'w[kf%r_ﬂ \/H?”) (7.1)

Hp = Hpo€

It depends on the temperature 7', on the norm of the electric field E, on the zero field
mobility 4,0, on the zero field activation energy ©, on the Poole-Frenkel factor 4 and on a
fit parameter 7. For the zero field mobility p,o we use the mobility from the measurements
of 1075, We assume for the zero field activation energy © = 0.1 eV and for the Poole-
Frenkel factor 8 = 3.58 x 107° eV(cmV~"')/2 as proposed in [2]. In the simulation, the
fit parameter is v = 107* (cmV~")'/2. As one can see in Fig. 7.5 the consistency with the
measured values is now much better. One sees that the measurements show a hysteresis
which does not occur in the simulation. To simulate this hysteresis we must still consider
traps in pentacene[42]. However, this would not provide significant new insights because
we are interested in a change of the threshold voltage through an additional layer in the
device. In order to get along with a minimum of parameters, the influence of traps will
be ignored throughout this thesis and are discussed in [43].

Tabelle 7.2: Parameters for the simulation of the standard model

Parameter Value
g1 | AlstVImt 3.4
Ero | Als?VIm~1 4.5

d; / nm 35
dy / nm 147
. | pm 50
lqg / mm 7
Us/V 0
Up/V -2
Us |V ~80...20
o | m2V s 21076
0/eV 0.1

B/ eV(em/V)Y? | 3.58-107°
v/ (em/V)1/? 1-1074

AE eV 0.47
Cpi | M3 1-10%7
T /K 298.15
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4 ¢ measurement device 1

measureiment device 2

Fig. 7.5: Logarithmic plot of the transfer characteristic of the simulation with field
dependent mobility.

7.3 Model 1

In the first sub-section the model 1 for simulating the organic thin film transistor is
described briefly. Then the boundary conditions are fixed. The simulation results are
presented in the third subsection. Chapter four deals with the evaluation of the simula-
tion results.

Simulation Model:  As a first attempt we try to simulate the results with a very simple
base model to better understand the working principle. Leakage currents between source
and gate or drain and gate are neglected. The charge transport in pentacene, based on
holes, is described by the drift diffusion equation (3.100) in combination with the Poisson
equation (3.126). Chemical reactions such as the formation of H ions in the SAM are
neglected. It is assumed that at the beginning of the simulation in the SAM, a constant
positive HT ion density ¢; = ¢;_gap with a mobility p; is present. The H' ion density
can be estimated by assuming that from 0.1 to a maximum of one molecule of SAM
(4-(2-(trichlorosilyl)ethyl)benzenesulfonic acid) per nm? one H* ion is released. This
assumption leads to an H' ion density c¢;_gaa of about 10?2 m=3 up to a maximum of
10%” m~3. The relative permittivity of the SAM is not known. Since the SAM is with a
single nm very thin, an average value of €,_gsy & 4 between pentacene and SiO5 will be
assumed. It is also assumed that the mobility of H* ions in the SAM and pentacene is
identical. The negative acidic residue ¢, = c;_gaar has the same density as the H* ions
so that charge neutrality is preserved. The negative acidic residue has no mobility. The
H* ions can diffuse in the pentacene but not in the SiO,. The H* ions cannot escape
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into the vacuum or on the contacts. The number of H' ions in pentacene and SAM is
thus a conserved quantity. To consider the electric potential of holes and H* ions in the
device we use the Poisson equation (3.126). The Poisson equation for this model is given
by

eV [e(r)Vo(r,t)] = —q [n(r,t) + c(r,1)] (7.2)
where
Epenta(r)  in pentacene,
gr(r) =< esap(r)  in the SAM, (7.3)
552'02(1') n SiOQ,
and

ny(r,t) in pentacene,

n(r,t) =<0 in the SAM, (7.4)
0 in SiOQ,
cr(r,t) in pentacene,
c(r,t) =< —cr(r,t) + ¢, in the SAM, (7.5)
0 in SZOQ

The drift-diffusion equations which consists of the continuity equation (3.41) and the
drift-diffusion current equation (3.98) are given by

%np(r,t) _ —%VJp(r,t), (7.6)
acfé;’ﬂ - —%VJI(r,t) (7.7)
and
Jp(r,t) = —quy(r, )n,(r, )V o(r,t) — qup(r, 1) kpTVn,(r, 1),
Jr(r,t) = —qurcr(r, )V — qurkpTVer(r, t)
with

(v, ) = e ComRT e[ =] VIEEDN), (7.10)

Boundary Conditions: In addition to the input parameters (initial conditions) boun-
dary conditions must be set for the numerical simulation. In Fig. 7.6 the device with
the appropriate boundary conditions is shown. For this model we have to adapt the
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boundary conditions of Sec. 5.2. Additionally to the conditions in Sec. 5.2 we adopt for
the lateral boundaries C3,Cy and C of the simulation, Neumann boundary conditions:

9LY) ) a0y and Co

ox

W:o at Cy, and C |
xXr

W —0 at Cy and Cj . (7.11)
xXr

For the ions, the interface pentacene-SiO, and pentacene-air provides a barrier, therefore,

ocr(x,y
derlx,y) =0 at C, and C, (7.12)
dy
holds.
> Source Drain
Ca
Pentacene (Co5H;,) @
@ -
Polythiophene — based organic thin — film layer c
d
Ce
.
Siliciumdioxid (Si0,) [ 2
@
. -
Gate

X [pm]

Fig. 7.6: Boundary conditions of the device with model 1.

7.3.1 Simulation Results

This section presents the simulation results of Model 1. The section consists of three
parts. In the first part the H" ion mobility is varied and the resulting changes are
presented. In the second part the existing HT ion density in the SAM is varied. In the
last part of this section the simulation results are compared with the results of the
measurements. All the general parameters for the model 1 are listed in Tab. 7.3.
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To assess the impact of individual parameter changes in the individual cases con-
sidered below, the total charge ) of ions

i
Q) = ld/ 0/ ) cr dxdy (7.13)
=0 Jy=

in pentacene will be determined. The more H' ions are located in the pentacene the
larger is the potential shift of the threshold voltage.

Tabelle 7.3: General parameters for the model

Parameter Value
Epenta | Als'Vim™! 3.4
£5i02 / AlstV=Im~t 4.5
ESAM / AlstV—tm=t 4

d; / nm 35
dy / nm 147
li. | pm 50
lqg / mm 7
Us/V 0
Up/V -2
Us |V -60
AE eV 0.47
Cpi [ M3 1-10%
T /K 208.15
o | mAV sl 2-107°
0/ eV 0.1
B/ eV(em/V)Y2 | 3.58.107°
v/ (em/V)1/? 1-1074

7.3.1.1 Variation of H™ lon Mobility

Since the mobility of the H* ions is not known, the mobility is varied to study the
effects in the simulation. The simulation based on the input parameters in Tab. 7.3, and
Tab. 7.4. This raises the question how large the influence of the H* ion mobility on the
process speed of space charge building is, and if it influences the threshold voltage. The
shift of the threshold voltage in the experiment requires up to four weeks until a steady
state is reached.

Tabelle 7.4: Parameters for the simulation of “Variation of the H* ion mobility “

Parameter ‘ Value
pr/ m*V-isTh 11070 . 11070
Cr_san | m™3 4.10%
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Fig. 7.7: Temporal formation of the ionic charge amount () in pentacene for different
H* ion mobilities with model 1.

As can be seen from Fig. 7.7, the amount of ionic charge (0 in pentacene in the steady
state is not affected by different H* ion mobilities. The H* ion mobility does not play
a role for the period necessary to establish steady state, as can be seen out of Fig. 7.7,
because the propagation time of the H ions moved in the range of milliseconds. Even

the unrealistic assumption of an extremely low mobility of p; = 107m?V~1s7! leads
to a process duration of a few milliseconds only.

7.3.1.2 Variation of the H" lon Density in the SAM

Since the exact density of the freely moving H* ions in the SAM is unknown, the density
of the H* ions in the SAM is varied to study the effects in the simulation. The simulation
based on the input parameters in Tab. 7.3, and Tab. 7.5. The aim is to determine the
H* ion density in the simulation, which reproduces the threshold voltage shift from the
experiment. As one can see from Fig. 7.8, an increasing initial density c¢;_gaas generates
a rising amount of H* ions in the pentacene. A cut through the distribution of H* ions
in pentacene in the steady state can be seen in Fig. 7.10. Fig 7.9 shows the position
of the cut in the device. One can see that the main part of the HT ion is close to the
SAM. A few nm away from the SAM, the density is to low to contribute significantly to
the total amount of H ions in pentacene. Therefore, the variation of the initial density
cr—sanm has practically no influence on the charge in pentacene. This is also reflected in a
negligible threshold voltage shift as can be seen from Fig. 7.11. Even a highly unrealistic
assumption of an initial density of ¢;_gan = 32 x 10% leads only to a threshold voltage
shift of about 6 V.
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Tabelle 7.5: Parameters for the simulation “Variation of the H' ion density in the

SAM ¢

Parameter Value

Us |V 0

Uy /| V -2

U,/ V -60 ... +10

pr [ m*vV-lsTt 1-1077

Cr_sam / m™ | 1-10% ...32.10%

0

—Cr_sap=1-10%
0007 el Cr_san =4 - 1026

e Cr_gap =5 1026

-0.002 Cr_gay = 6-10%°
——=Cy_gap = 11077

-0.003

-0.004

-0.006

-0.007

-0.008

-0.01

10-10

time [s]

Fig. 7.8: Temporal formation of the ionic charge amount @) in pentacene for different
initial densities ¢;_g4ps with model 1 at Ug = —60V.

Fig. 7.9: Position of the cut through of the H ion distribution in pentacene from Fig.
7.10.
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Fig. 7.10: Cut in the y direction through the H* ion distribution in pentacene and
SAM. (Ug = —60V)
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Fig. 7.11: Threshold voltage shift for different initial densities c;_g4p; With model 1
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7.3.1.3 Evaluation of the Model

The simulations shows that this simple model is not suitable to reproduce the results.
Even extremely high HT ion densities in the SAM did not lead to the measured threshold
voltage shift. Realistically assumed H' ion densities in the SAM lead to a threshold
voltage shift of less than one volt. According to measurements, however, a threshold
voltage shift arising from approximately 60 V.

-@-Ug dependanee on the Ion particle density in the SAM

=]
oz

0 0.5 1 1.5 2 2.5 3 3.5
Cr [m™?] x 107

Fig. 7.12: Dependence of the threshold voltage shift from the initial density c¢;_gan
in the SAM with model 1.

This means that the results can only be reproduced if the positive HT ions are neutralized
by an initially undetermined process and leave behind a negatively charged layer at the
SAM. The H" ions cannot escape, since they should have a vanishing vapor pressure in a
solid. Moreover, such a hypothesis would be inconsistent with the measurement results of
devices that have been exposed to NHj. The threshold voltage shift upon neutralization
by NHj could not be explained, because for the neutralization of the space charge layer
the positive H" ions are required. If the H* ions would escape the device, they are no
longer available for the neutralization process by NHj3. However, in the case that the
H* ions remain in the pentacene, a sufficiently large negative space charge density can
be achieved only if these H" ions are neutralized within the pentacene layer. In the
following chapters, the current model is extended accordingly.

87



7 Space Charge Layer Formation in Pentacene Based Organic Thin-Film Transistors

7.4 Model 2

In the first sub-section the model 2 of the organic thin film transistor is described briefly.
Then the boundary conditions are fixed. The simulation results are presented in the third
subsection. Chapter four deals with the evaluation of the simulation results.

Simulation Model: The Model 2 is based on the assumption that the H* ions are
neutralized by protonation of pentacene [41]. When the HT ions protonate the pentacene
it would arise a hole which ensures the charge neutrality. This process is also reversible
and is, therefore, not in contradiction with the NH3 measurements. If after the formation
of a space charge layer a voltage is applied at the contacts, the holes can flow through
the contacts and a negatively charged space charge layer remains in the SAM. This
space charge layer caused the threshold voltage shift. To simulate this process it will
be assumed that in pentacene a H™ ion can be converted into an hole. The protonated
pentacene molecule which is created in addition to the hole is not considered in this
model because it is neutral and immobile. To incorporate this fact, Model 1 needs to
be extended by a recombination term I'. Based on (7.6) it results for the drift diffusion
equation of the holes

ony(r,t) 1
T = 5VJP(I‘7 t) + Fp(r, t) (714)
with
Lp(r,t) = kicr(r,t) — kan,(r, 1) (7.15)

as recombination term. &y and &y denotes the still undefined rate coefficients. ¢; denotes
the HT ion concentration and n, the hole concentration. Based on (7.7) it results

aC[(I‘, t)

1
T = = V() + D) (7.16)

for the drift diffusion equation of H™ ions with
F[(I‘, t) = —]{?16[(1'7 t) + k‘gnp(r, t) (717)

as recombination term.

Boundary Conditions: The boundary conditions of the model 2 are identical to those
of model 1 in Sec. 7.3

7.4.1 Simulation Results

This section presents the simulation results of Model 2. The section consists of six parts.
In the first part the H" ion mobility is varied and the resulting changes are presented. In
the second part, the hole mobility varied. In the third part the existing H' ion density
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in the SAM is varied. Part four deals with the variation of the rate coefficient k;. Part
five deals with the variation of rate coefficient ks and in the last part of this section the
simulation results are compared with the results of the measurements. All the general
parameters for the model 2 are listed in Tab. 7.3.

7.4.1.1 Variation of H" lon Mobility

Due to the changes from Model 1 to Model 2, we again vary the H™ ion mobility to to
see if the insights gained from model 1 are still valid. The simulation based on the input
parameters in Tab. 7.3, and Tab. 7.6.

Tabelle 7.6: Parameters for the simulation “Variation of H ion mobility “

Parameter Value

pr [ m*VlsTH 1107 0011078
Cr_sam / m=3 4-10%
ky /st 1-107°

ky [ 57! 1-10°8

O e .
M= 10—Y -_\ .'l"'.‘ \‘\\ .\\‘
jr= 10710 ] \‘ Y
..... pr=10"41 % LY '\\
00051 AN 5
=== = 10712 . N
== =10"1 \
-0.01
s \
= \
< \\
0.015
0.02
\
-0.025
107 107 107 10° 10° 10°
time [s]

Fig. 7.13: Temporal formation of the ionic charge amount () in pentacene for different
H™ ion mobilities with model 2 at Ug = —60V.

As can be seen from Fig. 7.13, the H" ion mobility still plays no role in building the
space charge layer. A fundamental change is, however, the added possibility to convert
H* ions into holes. Fig. 7.13 shows a significant increase in the HT ions density in
pentacene compared to the situation described by Model 1 in Fig. 7.7. To calculate the
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ionic charge Q in pentacene both the freely moving H* ions and the protonated H* ions
were counted.

7.4.1.2 Variation of Hole Mobility
The hole mobility for the devices is known and is approximately 107¢ m?V~!s~!. Ne

vertheless, the hole mobility was varied to investigate whether it has an impact on the
simulation. The simulation based on the input parameters in Tab. 7.3, and Tab. 7.7.

Tabelle 7.7: Parameters for the simulation “Variation of hole mobility“

Parameter Value
pr [ m2VlsT 11077
Cr_sam / m™ 4-10%
pr [ mPVlsT 11077 L 11071
ky st 1-10%*
ky | 571 1-10™
[ - 7
.\\3 — = 107"
\, jy, = 107%
\ :
N = 1079
Y 1, = 10
0.005 \\‘ Hh = 10-104
e ==y, = 10710
\
1
\
-0.01 A
= i
= \
3
< )
-0.015 }
i
1
3
]
kY
-0.02 %
3
“o.
-0.025
107" 107 10° 10°

time |s]

Fig. 7.14: Temporal formation of the ionic charge amount () in pentacene for different
hole mobilities with model 2 at Ug = —60V.

As can be seen in Fig. 7.14 the hole mobility has no influence on the ionic charge Q in
pentacene and, therefore no influence on the formation of a space charge layer in the
SAM.
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7.4.1.3 Variation of the H" lon Density in the SAM

The density c;_gaar of the available H ions in the SAM is varied as in Model 1. Accor-
ding to Fig. 7.15, the charge amount of HT ions in pentacene increases at the beginning
similarly to the first model with increasing initial density c¢;_gaas. After about 107° se-
conds a preliminary H* ion maximum is reached in pentacene. Until that time, Model
1 and Model 2 provide identical data. After about 10? seconds, the conversion of H*
ions into holes shows an effect as can be seen from Fig. 7.16. This characteristic time
constant depends of course on the rate coefficient. This coefficient was chosen so that
the increase of the ionic charge in pentacene based on the protonated HT ions could be
clearly separated from that H* ions which are present in the model 1. Fig. 7.15 shows,
that a change in the H" ion density ¢;_g4y has now much more significant effect on the

ionic charge in pentacene and thus on the threshold voltage shift. The simulation based
on the input parameters in Tab. 7.3, and Tab. 7.8.

Tabelle 7.8: Parameters for the simulation “Variation of the H' ion density in the
SAM*“

Parameter Value
pr [ m*VtsT! 1-107°
Cr_sam / m™3 | 4-10% ... 8-10%

ky /st 1-1072
ky / st 1-1076

—Cy=14-10%
Cr=5-10%
0005 e NN e Cr=6- 1026
Cr=7-10%
-0.01 | = 5. 10%
0015 ‘
[ 5,
. |
= 002 L
o

| Y

154

Wy
-0.025 LEE

(LR
-0.03 Wi
e
1
1Y
z
0.035 \
'
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107 107 10° 10° 10°
time |s]

Fig. 7.15: Temporal formation of the ionic charge amount () in pentacene for different
initial densities ¢;_gaps with model 2 at Ug = —60V.
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Fig. 7.16: Zoom from Fig. 7.15.

7.4.1.4 Variation of the Generation Coefficient £; for Protonated Pentacene

For the generation coefficient k; of holes we can make only a vague estimate due to the
available measurements. To get more information it will be varied to possibly related
effects. The simulation based on the input parameters in Tab. 7.3, and Tab. 7.9. If the
ratio of k; to ky does not change as in this simulation, the amount of ionic charge ) in
the steady state will be constant as seen from Fig. 7.17. As one would expect a variation
of the coefficient generation k; changes only the time from when the conversion of H*
ions into holes shows an effect. As seen in Fig. 7.17 for a generation coefficient of around
k1 = 1073 the construction of the space charge layer in the SAM needs about of two
weeks. In the measurements we have such a behavior.

Tabelle 7.9: Parameters for the simulation “Variation of the generation coefficient ki *

Parameter Value

pr [ m*V sl 1-1077
CI—SAM / m3 4.10%
pn [ mAV st 1-107°
ky /st 1-107%...1-10™

]{72 / 8_1 kl -1- 10_4
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Fig. 7.17: Temporal formation of the ionic charge amount () in pentacene for different
generation coefficients k; with model 2.

7.4.1.5 Variation of the Recombination Coefficient &, for Protonated Pentacene

It should now be checked how much a change in the recombination coefficient ks effects
the simulation results. The simulation based on the input parameters in Tab. 7.3, and

charge in pentacene and thus the resulting threshold voltage shift. The time at which
Fig. 7.19.

Tab. 7.10. As seen in Fig. 7.18, a change in the ratio of k; to ko causes a change in the
the H* ion conversion begins to play a role is not influenced by ky as one can see from

ionic charge () in pentacene in the steady state. The larger ko, the smaller is the HT ion

Tabelle 7.10: Parameters for the simulation “Variation of the recombination
coefficient ky“

Parameter Value
pr [ m*V sl 1-1077
Cr_sam | m™3 4.10%
pn [ mAV st 1-107°
ky /st 1-1074
]{72 / 8_1

1-1074...1-10°8
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Fig. 7.18: Temporal formation of the ionic charge amount () in pentacene for different
recombination coefficient ko with model 2.
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Fig. 7.19: Zoom from Fig. 7.18.

7.4.1.6 Evaluation of the Model

This model already provides far better simulation results, however, this model can not
completely reproduce the measurements. Although it is possible with a suitable choice
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of the generation coefficient k; to generate a similarly long duration of the space charge
layer formation. Furthermore, it is also possible with the help of the recombination
coefficient ko to get the desired amount of H' ions into the pentacene to reach the
measured threshold voltage shift. Such a parameter set, independent of the physical
meaningfulness, is not possible because the measurements with NH3 show, that the
threshold voltage shift can be fed back in a few seconds. If the generation coefficient
k; and the recombination coeflicient ks would be selected so that the measurements for
the formation of space charge layer is fulfilled, the reduction of the space charge layer
with NH3 would also be in the range of weeks. The time limiting factor may not be in
pentacene. Realistically, a slow generation of the H' ions take place in the SAM. This
has been neglected in the current model. The Model 2 also neglected the protonated
pentacene by the direct conversion of H ions into holes. This leads to high conversation
rates in the near of the interface which could correspond to unrealistic high protonated
pentacene amounts at this point. For this reason, in Model 3, the protonated pentacene
considered explicitly to ensure physical processes.

7.5 Model 3

In the first sub-section model 3 of the organic thin film transistor is described briefly.
Then the boundary conditions are fixed. The simulation results are presented in the
third subsection. Subsection four deals with the evaluation of the simulation results.

Simulation Model: Based on model 2 the protonated pentacene particles must be
installed into the simulation to ensure physical processes. This is achieved with neutral
pentacene particles with the concentration cpenta = CpopPentarrar and neutral protonated
pentacene particles with the concentration cp,pente = 0. The protonated pentacene par-
ticle density can be estimated by assuming that 0.1 to a maximum of one pentacene
molecule per nm? is protonated. This assumption leads to a maximum density of proto-
nation ¢pepentaraz Of around 10% m= up to a maximum of 10?” m~3. Both pentacene
and protonated pentacene particles are at rest and electrically neutral and, therefore, do
not affect the electric potential. The problem is thus reduced to a simple rate equation
(see Sec. 3.3):

acpemt(z(r> t) o
o =Tir.) (7.18)

and

aCDoPenta (I', t)

ot

Now a conversion of an H* ion in a hole depends on the concentration cpent,. To achieve
that this conversion depends on the concentration cpens, the recombination term I'p,
(7.15), has to be extended to

[p(r,t) = kier(r, t)cpenta(r, t) — kony(r, t)Cpopenta (T, t). (7.20)

= (1) (7.19)
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The recombination I'; from (7.17) is also extended to

[r(r,t) = —kier(r, ) cpenta(r, t) + kany(r, t)cpopenta (T, T). (7.21)

Boundary Conditions: The boundary conditions of the model 3 are identical to those
of model 1 in Sec. 7.3

7.5.1 Simulation Results

This section presents the simulation results of Model 3. The section consists of to parts.
In the first part, the maximum concentration of protonated pentacene is varied and the
resulting changes are presented. In the second part, the simulation results are compared
with the results of the measurements. All the general parameters for the model 3 are
listed in Tab. 7.3.

7.5.1.1 Variation of the Maximum Concentration of Protonated Pentacene

At this stage we do not known exactly at which position the H* ion dock on the pentacene
molecule and if it is possible that more than one H' ions can dock on a pentacene
molecule. Therefore, it is not possible to specify an exact maximum concentration of
protonated pentacene. So we vary the parameter to determine how big the effects are in
the simulation. As one can see from Fig. 7.20, the effect of the variation is not high. The
value of ¢popentartas can be varied over a range of 10*” = up to 10% L without incurring
any inconsistence. An effect which should be considered is, however, a slower process
speed as seen in Fig. 7.21. At the beginning enough protonated pentacene molecules are
near the interface, later on the H™ ions have to penetrate further into the pentacene in
order to find unprotonated pentacene molecules. And this slows down the process speed.

The simulation is based on the input parameters in Tab. 7.3, and Tab. 7.11.

Tabelle 7.11: Parameters for the simulation “Variation of the maximum
concentration of doped pentacene®

Parameter Value

pr [ m*VlsT! 1-1077
Cr_sam | m™® 4.10%

pn [ m*V s 1-107°

ki ) m3s™t 1-10726

ko ) m3s™t 1-10730
CDoPentaMa:v / TTL_3 1- 1025 R 1027
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Fig. 7.20: Temporal formation of the ionic charge amount () in pentacene for different
maximum concentration of protonated pentacene with model 3.
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Fig. 7.21: Zoom from Fig. 7.20.
7.5.1.2 Evaluation of the Model

The explicit consideration of the pentacene particles did not yield any significant changes
in the simulation behave. Slowing down the process flow is going in the right direction
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but is still far too little to explain the long duration of the space charge layer formation.
Thus, we additionally have to take into account the deprotonation of the sulfonic acid
groups of the T-SA molecules in the SAM.

7.6 Model 4

In the first subsection model 4 of the organic thin film transistor is described briefly.
Then the boundary conditions are fixed. The simulation results are presented in the
third subsection. Subsection four deals with the evaluation of the simulation results.

Simulation Model: To explain the long duration of the the space charge layer
formation, the decay process of sulfonic acid groups in the T-SA molecules must be
considered. Since the chemical processes in the SAM during the decay is not well
known, this process again is described with rate equations (see Sec. 3.3). Therefore, we
start from a constant density of sulfonic acid groups cgag instead of a constant H' ion
density ¢y gaps in the SAM. These sulfonic acid groups are now described by a rate
equation to decay with the generation coefficient k3 into negative H* ions and a fixed
rest with the density c¢,. The recombination coefficient k4 enables us to recover the
initial particles from H* ions and the negative residual.

The resulting rate equations are

8Q9A+t(r,t) = —kscsac(r,t) + kyc,(r,t) (7.22)
w = kscsac(r,t) — kacp(r, 1) (7.23)

for the two kinds of particles in the SAM. The recombination term for the HT ions in
the SAM results in

Li(r,t) = kscsac(r,t) — kaco(r, t). (7.24)

Boundary Conditions: The boundary conditions of the model 4 are identical to those
of model 1 in Sec. 7.3

7.6.1 Simulation Results

This section presents the simulation results of Model 4. The chapter consists of six
parts. In the first part the generation coefficient k; is varied and the resulting changes
are presented. Afterwards the HT ion generation coefficient k3 is varied. In the third part
the recombination coefficient k4 for H* ions in the SAM is varied. Then the parameters
are optimized to the measured displacement. In part five, the threshold voltage shift
for different oxide thicknesses is studied. In the last part of this section, the simulation
results are compared with the results of the measurements. All the general parameters
for the model 4 are listed in Tab. 7.3.
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7.6.1.1 Variation of the Generation Coefficient £; for Protonated Pentacene

For the extension of the model it is necessary to vary the generation coefficient k; to
see if there are changes in the behavior of the model. The simulation is based on the
input parameters in Tab. 7.3, and Tab. 7.12. As can bee seen in Fig. 7.22, the first
increase of the ionic charge in pentacene vanishes. This is because at the beginning of
the simulation free H* ions do not exist, they must be generated with the help of the
generation coefficient k3 from the sulfonic acid groups. Also the second increase of the
ionic charge due to deprotonation of pentacene occurs later. As one can see in Fig. 7.23,

the variation of the generation coefficient k; has no effect until the formation of H* ions
from the sulfonic acid groups expires slower.

Tabelle 7.12: Parameters for the simulation “Variation of the generation coefficient
kl [13

Parameter Value
pr /[ m*V-tsT! 1-1077
Csac / m=3 4.10%
pn [ m2V-lsTl 1-107°
CDoPentaMa:c / m73 5 : 1026
ky | m3s™! 1-1072 ... 1-107%
]{72 / m3s_1 ]{71 . 10_4
]{33 / S_l 1- 10_7
ky / s71 1-10719
0 -~
—_— = 1021 \\
k=102 \|
ky =10 ‘||
IR ) P 27
001[TTTk =10 !
1
1
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Fig. 7.22: Temporal formation of the ionic charge amount () in pentacene for different
generation coefficient k; with model 4.
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Fig. 7.23: Zoom from Fig. 7.22.

7.6.1.2 Variation of the Generation Coefficient k3 for H' lons in the SAM

Since the deprotonation of pentacene is not the time limiting factor (see the previous sub-
section), it remains only the generation coefficient k3 for H ions to cause the duration.
With a variation of the generation coefficient k3, followed by a comparison with the
measured data, it should be possible to determine the generation coefficient k3. The
simulation is based on the input parameters in Tab. 7.3, and Tab. 7.13. As one can see
from Fig. 7.24 an increase in the generation coefficient k3 leads to an acceleration of the
process flow. From the point at which the HT ion generation is faster than the absorption
in pentacene, model 4 is equivalent to model 3. From the measurements we now that
the space charge layer has completely formed out after about two weeks (=~ 1.2 x 10°
seconds). To achieve such a behavior, the generation coefficient k3 has to be in the order
of 1076 s71, see Fig. 7.25. Since a chemical decomposition process is simulated, such a
value of k3 seems to be not impossible.
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Tabelle 7.13: Parameters for the simulation “Variation of the generation coefficient
ks for Ions*

Parameter Value
pr [ m?V st 1-1077
CSAG / m=3 4.10%
pn [ m*VlsTt 1-107°
-3 26
C(DoPentaMaa: / m 5-10
ky [ m3s™t 1-107%¢
ky / m3s™t 1-1073Y
kg/s_l 1-1077...1-10"3
ka / 571 ks - 1073
. ! N—ky =107
\\ ky =105
T \\--:‘. FOR N . by = 10-3
™, ks = 10°
| =iy = 10°
-0.01 \ : 3
\ H
\ \
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Fig. 7.24: Temporal formation of the ionic charge amount () in pentacene for different
generation coefficient k3 with model 4.
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Fig. 7.25: Zoom from Fig. 7.24.

7.6.1.3 Variation of the Recombination Coefficient &k, for H™ lons in the SAM

In this section, the effect of the recombination coefficient k; on the amount of ionic
charge in pentacene is studied. The simulation is based on the input parameters in Tab.
7.3, and Tab. 7.14. As can be seen from Fig. 7.26, the ratio of generation coefficient to the
recombination coefficient k3/k4 influences the ionic charge in pentacene significantly. A
negligible recombination reproduces the charge amount of H ions from the third model.
But if the value of the recombination coefficient becomes comparible with the value of
the generation coefficient, the magnitude of the ionic charge in pentacene decreases
significantly. This has a direct impact on the threshold voltage shift. To explain the
threshold voltage shift with an increasing recombination coefficient k; an increase of the
sulfonic acid groups density cga¢ is necessary. Consequently, the two parameters are not
independent of each other. Since neither of the two parameters is accurately determined
by measurements, it is at this stage not possible to determine the exact value of both
parameters.
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Tabelle 7.14: Parameters for the simulation “Variation of the recombination
coefficient k,*

Parameter Value
pr [ m?V st 1-1077
Csaa / m=3 4 -10%
pn [ m2V sl 1-107°
CDoPentaMa:r: / m_3 5- 1026
ky / m3s™t 1-107*
ky / m3s™t 1-10728
ks / st 1-1077
ky /st 1-107% ...1-1077
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Fig. 7.26: Temporal formation of the ionic charge amount () in pentacene for different
recombination coefficient k4 with model 4.

7.6.1.4 Optimizing the Parameters to the Measured Displacement

In this section, different parameter sets are tested concerning the threshold voltage shift
to filter out the parameter combinations which agree to the measurement results. The
simulation based on the input parameters in Tab. 7.3, and Tab. 7.15. Fig. 7.27 shows a
threshold voltage shift with respect to all the simulated parameter combinations. For a
147 nm pentacene based organic thin-film transistor, the measurements yield a threshold
voltage shift of 60 V (see Sec. 6.2). As it is evident from Fig. 7.28, with a density csaq
less than 1 x 10%® m~3 no combination of the remaining simulation parameters k;, ko,
k3 and k4 lead to a threshold voltage shift greater than 45 V. The density cgae must,
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therefore, be larger than 1 x 10% m~3. For a sulfonic acid groups density cgag of 2 x 1026
m~3, the parameter sets nine and eight produce a threshold voltage shift of about 60
V as one can see from Fig. 7.29. Both parameter sets are possible. At a sulfonic acid
groups density cgag of 3 x 10?6 m™3, the parameter sets 13, 15, 18 and 22 provide a
meaningful threshold voltage shift. This can be seen from Fig. 7.30. Parameter set 13
has a ratio k;/ke and k3/ks of one which seems to be reasonable. Parameter set 15
with a ratio k; to ko of 100 is still within the bounds of possibility. Parameter set 18 is
due to the ratio of ki/ky very unlikely. Parameter set 22 uses a ratio of k3/ky; = 100,
which seems to be still possible. Fig. 7.31 shows that at a sulfonic acid group density
of csaq = 4 x 10?2 m~3 (parameter set 28) still provides the correct threshold voltage
shift. Even this combination of parameters could not completely be excluded.
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Tabelle 7.15: Parameters for the simulation “Optimizing the parameters to the
measured displacement*

Parameter CI—SAM ]{71 :I{Zg kg ]C4
Parameter Set 1 | 1E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-07
Parameter Set 2 | 1E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-07
Parameter Set 3 | 1E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-08
Parameter Set 4 | 1E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-08

Parameter Set 5 | 2E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-07
Parameter Set 6 | 2E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-07
Parameter Set 7 | 2E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-08
Parameter Set 8 | 2E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-08
Parameter Set 9 | 2E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-09
Parameter Set 10 | 2E+26 | 1E-20 | 1E-22 | 1E-07 | 1E-09
Parameter Set 11 | 2E+26 | 1E-20 | 1E-22 | 1E-07 | 1E-10
Parameter Set 12 | 2E+26 | 1E-20 | 1E-23 | 1E-07 | 1E-10

Parameter Set 13 | 3E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-07
Parameter Set 14 | 3E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-07
Parameter Set 15 | 3E+26 | 1E-20 | 1E-22 | 1E-07 | 1E-07
Parameter Set 16 | 3E+26 | 1E-20 | 1E-23 | 1E-07 | 1E-07
Parameter Set 17 | 3E+26 | 1E-20 | 1E-24 | 1E-07 | 1E-07
Parameter Set 18 | 3E+26 | 1E-20 | 1E-25 | 1E-07 | 1E-07
Parameter Set 19 | 3E+26 | 1E-20 | 1E-26 | 1E-07 | 1E-07
Parameter Set 20 | 3E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-08
Parameter Set 21 | 3E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-08
Parameter Set 22 | 3E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-09
Parameter Set 23 | 3E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-09
Parameter Set 24 | 3E+26 | 1E-20 | 1E-22 | 1E-07 | 1E-09
Parameter Set 25 | 3E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-10

Parameter Set 26 | 4E+26 | OE4+00 | 1IE400 | 1E-07 | 1E-08
Parameter Set 27 | 4E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-07
Parameter Set 28 | 4E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-07
Parameter Set 29 | 4E+26 | 1E-20 | 1E-20 | 1E-07 | 1E-08
Parameter Set 30 | 4E+26 | 1E-20 | 1E-21 | 1E-07 | 1E-08

105



7 Space Charge Layer Formation in Pentacene Based Organic Thin-Film Transistors

10* !
10’5 L ...'T-b."".ia:'-.-:"’“:':"ﬂ 2
. N
\ 1 i
o i Y4
10 ¥ Tt
! :
1
10™°
=
Q
~ 10"
10-14
N . ] f
-18 i i
10 50 0 20 40 60
Ug V]

Fig. 7.27: Overview of the threshold voltage shift of all simulations.
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Fig. 7.28: Possible threshold voltage shift at a sulfonic acid groups density cgag of
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Fig. 7.29: Possible threshold voltage shift at a sulfonic acid groups density cgaq of
2 x 1026 m~1.
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Fig. 7.30: Possible threshold voltage shift at a sulfonic acid groups density cgag of
3 x10% m~1.
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Fig. 7.31: Possible threshold voltage shift at a sulfonic acid groups density csaq of
4 x 1026 m~1

7.6.1.5 Comparison of the Shift of the Threshold Voltage for Different Oxide
Thicknesses

In this subsection, the simulation model is applied to different oxide layer thicknesses.
The results are compared with the available measured, values see Sec. 6.2. As shown in
Fig. 7.32 the simulation model shows with increasing oxide thickness basically the same
behavior as the measured results. The threshold voltage increases with increasing oxide
thickness. For 245 nm oxide thickness there is a significant deviations of the simulation
from the experimental result. The measured threshold voltage shift is around 30V greater
than that of the simulation. This could be due to a yet unexplained dependence of the
H* ions on the oxide thickness, but it could also be a parasitic effect caused through the
different SiO, wafer. With measurements at only three oxide layer thicknesses, a parasitic
effect cannot completely be excluded. An additional dipole of the protonated pentacene
molecules could cause a further shift independence of oxide thickness. Throught such a
shift, the measurement results could be reproduced, but due to the lack of different oxide
layer thicknesses it is not entirely clear whether the increase of the threshold voltage is
linear with increasind oxide thickness as predicted by the model, or not.
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Fig. 7.32: Dependence of the threshold voltage shift on the oxide layer thickness ds.

7.6.1.6 Evaluation of the Model

With this model it is possible to reproduce the experimental results. The problem of the
previous models with the NHj3 test results could be solved, because now the chemical
separation process of H" ions in the SAM causes the time delay. This makes it possible
to adjust the pentacene trap rate k; to the NH3 measurements without any adaption
of the space charge layer formation. As can bee seen in Fig. 7.33, first the pentacene
molecules near the interfaces become protonated. With advancing time, the protonation
is more and more aligned. Finally in the steady state the protonated molecules are
almost equally distributed over the entire device. Fig. 7.33 shows a cut through the
channel in the y direction (see Fig. 7.9). According to the simulations, the threshold
voltage shift dependence of the sulfonic acid groups density cgag is linear as shown in
Fig. 7.34. The threshold voltage shift variation, due to a change of the ratio of k;/ks, is
also linear in an range of one up to 10* as can be seen from Fig. 7.35. Thereafter the
ionic charge go into saturation in pentacene. The ratio k3/k4 in contrast has not a linear
behavior of the threshold voltage shift. Fig. 7.36 clearly shows a saturation for the ratio
ks/ks > 10. The maximum shift of the threshold voltage caused by changing the ratio
of k3/ky is 15 V as can be seen in Fig. 7.36. This is much less than the shift due to a
change of the protonation-deprotonation ratio kj/ko. It could cause a shift variation of
up to 40 V as can be seen in Fig. 7.35. We cannot say much about the quantity of the
recombination coefficient k3 with the currently available measurement results. Since the
influence on the simulation is low, an exact determination is not very important.

We assumed that the HT ion production in the SAM is based on chemical pro-
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cesses in which the activation energy must be overcome. Based on this assumption
measurements with UV light could significantly accelerate the H" ion production rate.
This would cause a change in the generation coefficient k3 and, therefore, a change
of the ratio ks/k4. After irradiation, the original threshold voltage shift should be
reached again. With the help of these measurements it might be possible to estimated
the recombination coefficient k4. The storage of the devices in the dark would be
also interesting, maybe that the H" ion generation and, therefore, the space charge
formation is influenced. The recombination coefficient of ky can be estimated with
the help of the NH3 measurements. Therefore, it is necessary to expand the existing
simulation model by a diffusion equation for NH3 molecules.
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Fig. 7.33: Temporal evolution of the distribution of the protonated pentacene
CDoPenta-
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7.7 Model 5

The model 5 is concerned with the influence of NH3 on the device. The first subsection,
presents the description of model 5 to simulate the organic thin film transistor in an
NHj environment. Then the boundary conditions are fixed. The simulation results are
given in the third subsection. Subsection four deals with the evaluation of the simulation
results.

Simulation Model: After the space charge layer formation, the device will be exposed
to the NHj3 gas. To simulate this, the steady state result of Model 4 is set as the initial
state. The NH3 gas can diffuse into the pentacene through the contact surface C, in Fig.
7.6. The NHj gas is electrically neutral and, therefore, does not affect the electric poten-
tial. We need only an additional diffusion equation (3.101) for the N Hj concentration
cnm, in the pentacene and SAM:

aCNHg(I', t)

ot
We assumed that the diffuion coefficient Dy 3 for NH3 molecules in pentacene and SAM

is equivalent. Moreover, the NH3 recombination term with the recombination coefficient
ks has to be defined:

— V(DNHgchHg(I',t)) = F]\[[{g([‘7 t) (725)

Cnps(r,t) = —ksep(r,t)e (v, t)enps(r, t) (7.26)
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In addition, an adaptation of the H ion recombination term:
Ly(r,t) = kscsag(r,t) — kacp(r,t) — kscr(r,t)e, (v, t)enms(r, t) (7.27)

is necessary.

Boundary Conditions:  For this simulation, the boundary conditions from Model 1 in
Sec. 7.3 can be easily extended. It is assumed that the device is exposed to a uniformly
distributed NH3 concentration, therefore, for the interface air-pentacene C, (Fig. 7.6),
a Dirichlet boundary condition

enms(T,y) = cnas—air at C, (7.28)

can be assumed. For the NH; molecules density in the air ¢y g3 4i a value of 1.2 x 1022
m~3 (0.2 g/m?) is fixed. For the NH; molecules the interface SAM — SiO, provides a
barrier, therefore,

denms (x ) 3/)

ay =0 at Ch (729)

holds. For the lateral boundaries C;,,C; and C. we adopt, as in the models before,
Neumann boundary conditions

86N+f’y> —0 on Gy and C . (7.30)

7.7.1 Simulation Results

This section presents the simulation results of Model 5. The section consists of six
subsections. In the first subsection the dedoping coefficient ks for protonated pentacene
is varied and the resulting changes are presented. Then the effects of different ammonia
diffusion constants D g3 in pentacene are investigated. In the subsection three the effects
of different H* ion mobilities are studied. Afterwards, the recombination coefficient ks for
H* ions in the SAM is varied in the fourth subsection. In the fifth subsection the effect of
different ammonium concentrations c¢ygs in the air are tested. In the last subsection the
simulation results are compared with the results of the measurements. All the general
parameters for the model 5 are listed in Tab. 7.3.

7.7.1.1 Variation of the Dedoping Coefficient k, for Protonated Pentacene in a
NH; Environment

If a device with a SAM, that has already caused a threshold shift, is exposed to ammonia,
the space charge layer disapears within seconds. From this information, the dedoping
coefficient ko can be estimated. Fig. 7.37 shows how the amount of stored charge @) in
pentacene is melting due to ammonia. The simulation is based on the input parameters
in Tab. 7.3, and Tab. 7.16. For a dedoping coefficient k, smaller than 10722 the temporal
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evolution of the charge decay is no longer changing, because the speed of the charge
decay is then limited by other process parameters, such as the H* ion mobility p;. With
a dedoping coefficient ky close to 10724 the charge decay in pentacene would be just
inside the period of time based on the measurements.

Tabelle 7.16: Parameters for the simulation “Variation of the generation coefficient

kl“
Parameter Value
pr [/ m*V—tsTt 1-1077
Csac | m™> 4-10%
pn [ m2V sl 1-107°
ODoPentaMa:c / m=3 5-10%
ki / m3s™t ky % 10%
ky / m3s™! 1-107% ... 1-107%
ks /s 1-1077
ky /s 1-10710
ks / mSs™? 1-10742
Dnpsz [ m?s™! 2.5-10710
CNu3—1nit | m™° 1-10%2
0 o
=t =107
i P k2 =102
0,005 |---efeerbe et ...... L /.::10: I
5 koo
Vi i
-0.015 / ;‘
N -0.02 .
-0.025 ;"‘Ig
-0.03F L
0.035C R it i i i
10 10° 10" 10° 10° 10

time [s]

Fig. 7.37: Temporal formation of the ionic charge amount () in pentacene for different
dedoping coefficient ko with model 5.
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7.7.1.2 Variation of the Ammonia Diffusion Coefficient

Due to different grain sizes of pentacene, the ammonia diffusion coefficient of the device
may diver form device to device. For this reason, simulations are performed with different
ammonia diffusion coefficients D g3 to study these effects. The simulation based on the
input parameters in Tab. 7.3, and Tab. 7.17. As shown in Fig. 7.38 the diffusion coefficient
of ammonia has almost no effect on the charge reduction of H* ions in pentacene. Even
with an unrealistically low diffusion coefficients the space charge layer would be removed

within seconds.
Tabelle 7.17: Parameters for the simulation “Variation of ammonia mobility*

Parameter Value
pr [ m*vV st 1-1077
Csac / m=3 4 -10%
pn | m*V sl 1-107°
- 2
CDoPentaMam / m 3 5-10 6
ki / m3s™t 1-10718
ko / m3s™1 1-107%
ks / st 1-1077
ky / st 1-10719
ks / mSs™t 1-10742
Dnps / m2s! 25-107% ...25-107™
CNus—tnit | m=3 1-10%
0 Ky T
f' —D,,=25x 10°
Dye=25x 10"
0 o o B '; ................ DNH3=2'5 X 10’” i
| Dys=25x 107"
oo | |==Dyu=25x10"
- ; ..... Dy, =25x 10"
~-0.015 é
= i
/i
C o0 i
/i
i
Ji
0.025 =
A
0 v, SRRUNUI. SAGG——; .'l:,,. ............................ N
ﬁ"f Jf “
/ -
0.035= ————
107" 107° 10° 10° 10° 10"
time [s]

Fig. 7.38: Temporal formation of the ionic charge amount () in pentacene for different
NHj; diffusion coefficients Dy g3 with model 5.
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7.7.1.3 Variation of H" lon Mobility

The HT ion mobility in pentacene is varied to examine the impact on the charge reduction
in pentacene. The simulation is based on the input parameters in Tab. 7.3, and Tab.
7.18. Fig. 7.39 shows the great impact of the H* ion mobility x; in pentacene on the H*
ion charge reduction. The simulation of the H ion charge reduction in combination with
the measurements of the devices expose to NHz permits an H ion mobility u; > 1078
m?V~!s7! as can bee seen in Fig. 7.39. A smaller mobility would slow down the ionic
charge reduction too much.

Tabelle 7.18: Parameters for the simulation “Variation of H™ ion mobility*

Parameter Value
pr [/ m*V-tsTh 11107 .0 1-10710
Csac / m3 4.10%
pn | m*V sl 1-107°
CDoPentaMax / m_3 5- 1026
ky / m3s™t 1-10718
ky / m3s™! 1-107%
ky | 571 1-1077
ky | s 110710
ks / mbs™t 1-107%
Dyps / m2s~! 2.5-10719
Cnus—tnit /| m™° 1-10%

0
— iy =10""°
py = 107 H E
-0.005}..... pp = 108
pyp=107°
Qo1 = 10-10

—-0.015

w

S 002

-0.025

Fig. 7.39: Temporal formation of the ionic charge amount () in pentacene for different
H* ion mobilities with model 5.
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7.7.1.4 Variation of the Recombination Coefficient k5 for NH; in the SAM

Since the recombination coefficient k5 for NH3 in the SAM is not precisely determined,
it is varied to study the impact on the time behavior of the threshold voltage shift. As
can bee seen from Fig. 7.40, the variation of the recombination coefficient k5, has an
effect only in the final stage of the HT ion charge decay. A recombination coefficient ks
larger than 10~%3 m®~! does no more evolution the ionic charge decay. Due to this the
influence of the recombination coefficient ks, should not be a time-limiting factor. To
say more about the recombination coefficient k5, additional measurements are needed.

Tabelle 7.19: Parameters for the simulation “Variation of H™ ion mobility*

Parameter Value

pr [ m*V st 1-10°8
Csac / m=3 4 -10%
pn [ m2V—lsTl 1-107°
CDoPentaMaz / m_3 5- 1026
ky / m3s™! 1-10718

ko / m3s! 1-10722
ks / st 1-1077

ky /st 1-10710

ks / mbs™! 1-107% ... 1-107%

DNH3 / m28_1 2.5 - 10_10

CNu3—1nit | M 1-10%

— iy =10"12

ks = 10713

-0.005H..... . = jo—4
ks = 10-15

-0.011--

-0.025 e

B 1 X ] O U SO0 OO OOV SOOI u

-0.035

10° 10° 10° 10

time [s]

Fig. 7.40: Temporal formation of the ionic charge amount () in pentacene for different
ion recombination coefficients k5 with model 5.
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7.7.1.5 Variation of Ammonia Concentration in the Air

As the device was exposed to ammonia the concentration was not precisely determined.
In this simulation the concentration of the ammonia is varied to find out if the device
is sensitive to changes in the concentration of NH3. As can bee seen in Fig. 7.41 an
concentration of NHy greater than 10? does not lead to any significant changes in the
time behavior below 100 seconds of the charge decay of H ions. Only at an NH3 density
in the range of cyms—mir = 10 m=3 the charge reduction would run noticeably slower.

Tabelle 7.20: Parameters for the simulation “Variation of ammonia concentration®

Parameter Value
pr [ m*vV st 1-1078
Csac /| m™ 4.10%
pn [ mPV s 1-107°
CDoPentaMaz / m_3 5 - 1026
ki [/ mPs™! 1-10718
ky / mis™! 1-10722
ks [ s 1-1077

ky [ st 1-10710

ks [/ mPs™! 1-10742

Dyus [ m?s™! 2.5-10710

CNH3—Init | m™3 |1-100%...1-107%

-0.005

-0.011

~-0.015

S 02

-0.025

time [s]

Fig. 7.41: Temporal formation of the ionic charge amount () in pentacene for different
ammonia concentration in the air with model 5.
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7.7.1.6 Evaluation of the Model

All measurements can in principle be reproduced through this simulation. With the
existing measurements, it is unfortunately, not possible to determine all the parameters
of the simulation exactly, since different combinations of parameters are able to reproduce
the measured values. The simulation results from Sec. 7.7.1.4 and Sec. 7.7.1.5, however,
suggest that the devices respond even to very small amounts of ammonia. Additional
measurements with different ammonia concentrations would be very interesting.
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8 Conclusion

This thesis gives a brief overview of the derivation of the Boltzmann equation. Subse-
quently a detailed derivation of the carrier continuity equation and the drift-diffusion
current equation from the Boltzmann equation is given. The Poisson equation is derived
from the Gauss’ and Faraday’s law. Also a short overview of handling sources and sinks
in drift-diffusion equations is presented. As a method to solve the resulting differential
equations, the method of finite elements is presented. A detailed presentation of the
resulting algebraic equations is derived.

In the second part of my thesis, I studied how a SAM made of 4-(2-(trichlorosilyl)
ethyl) benzene-1-sulfonyl chloride (T-SC, 70 %) and a sulfonic acid derivate 4-(2-
(trichlorosilyl)ethyl)benzenesulfonic acid (T-SA, 30 %) influences the threshold voltage
of an organic thin film transistor. As active layer in the OTFT pentacene is used. Ba-
sed on measurements it is assumed that such a SAM release H ions into the active
layer. The applied drift-diffusion model, which describes the transport of holes and the
motion of H* ions, is solved self-consistently with the Poisson equation. In addition,
rate equations are included to model chemical conversation processes. With this model
it was possible to show that the H' ions are neutralized in the pentacene. Because of
this neutralization a space charge is formed in the SAM, which cause a threshold voltage
shift. Moroeover, the simulation shows that the neutralization process takes place on a
time scale less than a second. As a result, the long duration of time, to reach the steady
state, is based on the chemical separation process of H ions in the SAM. Furthermore,
simulations which an additional diffusion and rate equation for N H3 molecules were ma-
de. Measurements have shown that an OTFT with such a SAM is responsive to the N Hy
gas. By means of simulations it was possible to show that the neutralization process of
ions is reversible. In this way it was demonstrated that an OTFT with such a SAM is
very sensitive to small quantities of N Hz molecules in the air.

120



Bibliography

1]

[10]

[11]

[12]

M.A. AraMm, A. DODABALAPUR, M.R. PINTO: A two-dimensional simulation of
organic transistors. IEEE Trans. Electron Devices, Vol. 44, No. 8, pp. 1332-1337,
1997.

W. WONDMAGEGN, R. PIEPER: Simulation of top-contact pentacene thin film
transistor. J. Comput. Electron., Vol. 8 No. 1, pp. 19-24, 2009.

L. DEMEYU, S. STAFSTROM, M. BEKELE: Monte Carlo simulation of controlled

charge carriers diffusion in highly ordered iodine doped pentacene film. Phys. Status
Solidi A, Vol. 204, No. 10, pp. 3545-3555, 2007.

H. Qiu, B. WiLkKE, H. GOBEL: Device simulation of pentacene based organic
field-effect transistors. Portable Information Devices, pp. 1-4, 2008.

R. CANTRELL, P. CLANCY: A computational study of surface diffusion of C60 on
pentacene. Surf. Sci., Vol. 602, No. 22, pp. 3499-3505, 2008.

Y. Li: A two-dimensional thin-film transistor simulation using adaptive computing
technique. Appl. Math. Comput., Vol. 184, No. 1, pp. 73-85, 2006.

C. UcuruMm, H. SIEMUND, H. GOBEL: Impact of electrical measurement parame-
ters on the hysteresis behavior of pentacene-based organic thin-film transistors. Org.

Electron., Vol. 11, No. 9, pp. 1523-1528, 2010.

D. GuptA, N. JEON, S. Y00: Modeling the electrical characteristics of TIPS-
pentacene thin-film transistors: Effect of contact barrier, field-dependent mobility,
and traps. Org. Electron., Vol. 9, No. 6, pp. 1026-1031, 2008.

D. Gupra, Y. HONGB: Understanding the effect of semiconductor thickness on
device characteristics in organic thin film transistors by way of two-dimensional
simulations. Org. Electron., Vol. 11, No. 1, pp. 127-136, 2010.

O.D. JurcHEscU, J. Baas, T.T.M. PALSTRA : Effect of impurities on the mo-
bility of single crystal pentacene. Appl. Phys. Lett., Vol. 84, No. 16, pp. 3061,
2004.

M. LuNDSTROM: Fundamentals of Carrier Transport. Cambridge University Press,
Cambridge, 2000.

A. JUNGEL: Transport Equations for Semiconductors. Springer-Verlag, Berlin, 2009.

121



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]

[28]

[29]

Bibliography

C. WEISSMANTEL, C. HAMANN: Grundlagen der Festkorperphysik. Springer-
Verlag, Berlin, 1979.
D. SCHROEDER: Vektor- und Tensorpraxis. Harri Deutsch Verlag, Frankfurt, 2009.

P.A. MARKOWICH, C.A. RINGHOFER, C. SCHMEISER: Semiconductor Equations.
Springer-Verlag, New York, 1990.

M. TRAUTZ: Das Gesetz der Reaktionsgeschwindigkeit und der Gleichgewichte in
Gasen. Bestditigung der Additivitit von Cv-3/2R. Neue Bestimmung der Integrati-
onskonstanten und der Molekildurchmesser. 7. anorg. allg. Chem., Vol 96, No. 1,
pp. 1-28, 1916.

K.A. CONNORS: Chemical Kinetics, the Study of Reaction Rates in Solution. VCH
Publishers, New York, 1991.

C. KiTTEL: Finfiihrung in die Festkorperphysik. Oldenbourg Wissenschaftsverlag,
Miinchen, 2005.

H.R. SCHWARZ: Methode der Finiten Elemente. Teubner, Stuttgart, 1991.

M. JunG, U. LANGER: Methode der Finiten Elemente fiir Ingenieure. Teubner
Verlag, Stuttgart, 2001.

R. PLATO: Numerische Mathematik kompakt: Grundlagenwissen fir Studium und
Praxis. Vieweg, Wiesbaden, 2004.

H. LAKSHMININARAYANA: Finite Elements Analysis: Procedures in Engineering.
Universities Press, Hyderabad, 2004.

V.I. KryLov: Approzimate Calculation of Integrals. MacMillan, New York, 1962.
K.J. BATHE: Finite-Elemente-Methoden. Springer-Verlag, Berlin, 2007.

A.H. STROUD: Approximate Calculation of Multiple Integrals. Prentice-Hall, Engle-
wood Cliffs, 1971.

A.H. STROUD, D. SECREST : Gaussian Quadrature Formulas. Prentice-Hall,
Englewood Cliffs, 1966.

M. ABRAMOWITZ, [.A. STEGUN: Handbook of Mathematical Functions. Dover
Pubn Inc, Dover, 1970.

J. ARGYRIS, H.P. MLEJNEK: Die Methode der Finiten Elemente. Bd 1-3, Friedr.
Vieweg und Sohn, Braunschweig, 1988.

E. STIEFEL: Finfihrung in die numerische Mathematik. 5. Aufl., Teubner, Stutt-
gart, 1976.

122



[30]

[31]

[32]

[33]

[38]

[39]

[40]

[42]

Bibliography

M. R. HESTENES, E. STIEFEL: Methods of Conjugate Gradients for Solving Linear
Systems. J. Res. Nat. Bur. Stand., Vol. 49, No. 6, pp. 409-436, 1952.

M. OHTOMO, T. SHIMADA, K. SAIKI T. HASEGAWA: Metal-induced Urbach tail at

the gold-pentacene interface of top-contact organic field effect transistors. J. Appl.
Phys., Vol. 102, No. 6, pp. 064510, 2007.

D. GuprtA, N. JEON, S. YO00: Modeling the electrical characteristics of TIPS-
pentacene thin-film transistors. Org. Electron., Vol. 9, No. 6, pp. 1026-1031, 2008.

H. L1, Y. DuaN, V. COROPCEANU J.L.. BREDAS: FElectronic structure of the

pentacene-gold interface: A density-functional theory study. Org. Electron., Vol. 10,
No. 8, pp. 1571-1578, 2009.

F. Amy, C. CHAN, A. KAHN: Polarization at the gold/pentacene interface. Org.
Electron., Vol. 6, No. 2, pp. 85-91, 2005.

Y. Hong, F. Yan, P. MicrLiorAaTO, S.H. HAN, J. JANG: Injection-limited con-

tact in bottom-contact pentacene organic thin-film transistors. Thin Solid Films,
Vol. 515, No. 7-8, pp. 4032-4035, 2007.

[. Kyuwook, K. BoNnagsoo, K.T. HEE K.K. JeonG J.M. Ho K.T. HYEONG
Y.S. Soo C. SUKMIN: Molecular orientation dependence of hole-injection barrier
in pentacene. Appl. Phys. Lett., Vol. 89, No. 3, pp. 33504-33504-3, 2006.

K. Honag, J.W. Lege, S.Y. Yancg K. SHiN H. Jeon S.H. Kmm C.
YANG C.E. PARK: Lower hole-injection barrier between pentacene and a I-

hezxadecanethiol-modified gold substrate with a lowered work function. Org. Elec-
tron., Vol. 9, No. 1, pp. 21-29, 2008.

M.D.N. Bussac, L. ZuppirROLI, A. MUHLENEN,F. NUESCH, M. SCHAER,M.
BRINKMANN, M.N. Bussac: Ultrathin organic transistors on oxide surfaces. New
J. Phys., Vol. 7, 133, 2005.

S. J. AUSSERLECHNER: private communications. TU Graz Institute of Solid State
Physics.

P. LANCASTER, K. SALKAUSKAS: Curve and Surface Fitting An Introduction.
Academic Press, London, 1986.

P. PACHER, A. LEX, V. PROSCHEK, H. ETSCHMAIER, E. TCHERNYCHOVA, M.
SEZEN, U. SCHERF, W. GROGGER, G. TRIMMEL, C. SLuGovC, E. ZOJER: Che-

mical Control of Local Doping in Organic Thin-Film Transistors: From Depletion
to Enhancement. Adv. Mater., Vol. 20, No. 16, pp. 3143-3148, 2008.

G. Gu, M.G. KaNE, J.E. Dory, A.H. FIRESTER: Flectron traps and hysteresis

in pentacene-based organic thin-film transistors. Appl. Phys. Lett., Vol. 87, No. 24,
pp. 243512(1-3), 2005.

123



Bibliography

[43] S. J. AUSSERLECHNER,M. GRUBER,R. HETZEL,H.-G. FLESCH,L. LADINIG,L.
HAUSER,A HAASE,M. BUCHNER,R. RESEL,F. SCHURRER,B. STADLOBER,G.
TRIMMEL,K. ZOJER,E. ZOJER: Mechanism of surface proton transfer doping in
pentacene based organic thin-film transistors.

124



