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Abstract

Hysteresis effects in field-effect transistors can be a nuisance, but the same effect can 

also be used to our advantage. In this thesis the main goal is to maximize hysteresis 

effects in organic field-effect transistors in order to use these transistors as memory 

devices.

It is assumed that hysteresis is caused by trapping and detrapping of charge carriers at 

the interface between two semiconducting organic materials or in the bulk of these 

materials. Theoretical IV-characteristics are determined and explained for various 

cases of charge trapping, these theoretical IV-characteristics are compared with IV-

characteristics measured in the experiments.

In order to maximize the hysteresis several devices has been made with an active 

made from a heterostructure of a hole- and an electron-conducting material.

The maximum on/off-ratio in current-voltage characteristics of these devices didn’t 

exceed a factor 5.

To improve this on/off-ratio devices were created with an active layer made from a 

blend of hole and electron conducting materials. Devices with an active layer made 

from 97% perylene (electron conducting) and 3% HT5 (hole conducting) gave a 

maximum on/off-ratio of 2*10
5
.

In these 97% perylene, 3% HT5 devices the IV-characteristics are studied by 

removing air from the measuring-box and by changing the annealing time, the drain-

source bias and the temperature. From these measurements it is concluded that water 

has a big influence on the IV-characteristics. From the temperature dependence 

measurements it is concluded that the drain-source current is thermally activated with 

a typical activation energy of (0.17±0.02)eV for temperatures between -50°C and 

-10°C and (0.58±0.03)eV for temperature between 20°C and 100°C.

Furthermore the drain-source current retention is studied by adjusting the read-out 

gate bias, the writing time and the temperature. The retention of the drain-source 

current can be described with a stretched exponential function, this functionality gives 

a typical timeconstant, , and an exponent, .

From the measurements on the temperature dependence the typical timeconstant turns 

out to be thermally activated with an activation energy of (0.74±0.08)eV. The 

temperature dependence of the exponent, , determines a T0 for temperatures between 

-50°C and -10°C of 1176K and for temperatures between 20°C and 100°C of 1067K.

If the on- and off-state drain-source current during retention is measured continuously 

an on/off-ratio>10 can be sustained in these devices for several hours, however in 

applications it is not necessary to read out the data continuously. The retention can be 

severely improved by leaving the gate-source and drain-source bias floating if no data 

read-out is required. For these non-continuous measurements an on/off-ratio>10 can 

be sustained for at least several days, depending on the read-out time.
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Chapter 1

Introduction

Solid state electronics was founded by the invention of the bipolar transistor by 

Bardeen, Brattain and Shockley in 1947 [1]. Soon thereafter (1954) germanium, the 

semiconducting material originally used, was replaced by single-crystalline silicon. 

The next major development was the invention of integrated circuits in 1960 [2].

By shrinking the feature size to submicron resolution a single chip can nowadays 

contain hundreds of millions of devices.

In 1977 McDiarmid, Shirakawa and Heeger [3] discovered a highly conducting 

polymer, chemically doped polyacetylene. They demonstrated that polymers could be 

used as electrically active materials too and this discovery has prompted a huge 

research effort on conjugated organic materials. 

This opto-electronic functionality has led to the development of new organic devices 

such as polymeric light-emitting diodes, polymeric solar cells and polymeric field-

effect transistors, which can be combined to give organic integrated circuits. Organic 

electronics forms an interesting branch in the evolution of solid state electronics.

The main advantage of organic electronics is that the active materials can be 

processed at room temperature and under nitrogen over large areas. The flexibility of 

polymeric thin films allows their usage in flexible displays and flexible electronics. 

Because of the low process costs the end product is probably cheap, so it can be used 

in disposable products. 

Although there have been major improvements in the charge carrier mobility of 

polymeric semiconductors, they are still not able to reach values reported in silicon 

devices, see figure 1.1. For crystalline organic materials, such as pentacene, the 

measured mobilities have exceeded the electron mobilities in amorphous silicon.

Because of this relative low mobility of organic semiconductors, organic thin-film 

transistors (OTFTs) cannot rival the performance of TFTs with inorganic 

semiconductors, such as Si, Ge and GaAs, which have charge carrier mobilities three 

or more orders of magnitude higher [4]. Consequently OTFTs are not suitable for use 

in applications requiring very high switching speeds. Due to their unique process 

characteristics TFTs based on organic semiconductors can be competitive candidates 

for applications requiring large area coverage, structural flexibility, low temperature 

processing and/or low cost manufacturing. Possible applications are pixel drivers for 

displays or radio frequency identification tags (RFID) [5]. 
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Fig. 1.1 Evolution of OFET hole mobility for the most common p-type organic semi-

conductors. The various p-type materials are grouped together into families of similar 

molecules taking into account only the core part of each molecule. A representative 

range of electron mobilities in a-Si:H FET is shown for reference. The hole mobility 

in a-Si:H is much lower then the electron mobility [5].

Different applications require different performance standards, but for many 

applications the circuits have to be as stable as possible. Organic electronic devices 

however display instabilities like threshold voltage shift and hysteresis. Since these 

instabilities are reversible they are not caused by material degradation.

An instability in the behaviour of a device can ruin the functionality of a circuit and 

thus of the whole device. If one can predict the instability the circuits can be designed 

to cope with them [6]. Besides, if one knows where these instabilities come from and 

how they behave they can also be exploited, for instance in memory applications. 

In this thesis we will explore the behaviour of hysteresis. In chapter 2 a short 

introduction into conducting polymers is given. Hysteresis characteristics will be 

described and possible explanations for hysteresis are listed. We will look more into 

the details of charge trapping as one of the main explanations for hysteresis. Also we 

will give a review of memory devices.

Chapter 3 will introduce organic field-effect-transistors (FET) and their structure and 

properties will be described. In chapter 4 the experimental results from the 

measurements on devices with a bilayer as active component will be examined. The 

experimental results from devices with a blended active layer are given in chapter 5. 

Chapter 6 gives a detailed description of the parameters involved in charge trapping in 

a device with a blended active layer.

A summary, conclusions and an outlook will be given in chapter 7.
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Chapter 2

Theoretical background

The discovery of semiconducting polymers by Heeger, MacDiarmid and Shirakawa in 

1977 prompted intensive studies on conducting and semiconducting polymers [3]. 

This resulted in a better understanding of the conducting mechanism in these organic 

materials. In this chapter the basic properties of conduction in polymers will be 

described. First there will be a description of the conduction mechanism, for a more 

detailed review we refer to the references. In the next sections hysteresis will be 

introduced and we will go into further details of charge trapping, one of the possible 

explanations for hysteresis. We will describe how charge trapping in disordered 

systems, like polymer layers, can lead to stretched exponential time dependence of the 

drain-source current as a function of time. In the last section of this chapter a 

description of memory devices will be given. 

2.1 Conducting polymers

In 1977 the first conducting polymers were reported [3]. The conduction of these 

conjugated polymers can be tuned over several orders of magnitude by doping. This 

conductive behaviour of polymers now ranges from insulating to metallic and these 

conducting polymers can be applied in different devices, like organic field-effect 

transistors (OFET), organic light emitting diodes (OLED) and solar cells. The 

conduction in these organic (semi)conductors is explained by hopping [7, 8, 30-33]. 

Conduction within one segment of the polymer chain is largely caused by delocalized 

-electrons, however the length of such a perfectly conjugated segment is typically 

between 1 nm and 50 nm. In this work we are interested in conduction over several 

micrometers, i.e. much longer than the typical length of a conjugated segment and of 

the polymer chain. To form a conductive path with length scales of several 

micrometers, charges not only have to be able to hop from one conjugated segment to 

another within a polymer chain, but also to segments on other polymer chains. 

Due to the morphology of these polymer chains and the structure of the film, the 

conjugated polymer system is in structural and energetic disorder (on the left in figure 

2.1)
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Fig. 2.1 The left picture gives a schematic view of polymer chains broken up in 

conjugated segments, which are represented as charge transport sites, between which 

the charge carriers can hop. On the right a representation is given of the smeared out 

density of states, which is often approximated by a Gaussian distribution for the 

HOMO and LUMO levels.

Because of disorder the system has no translation symmetry and this causes the 

formation of localized states in the energy gap between the valence band (HOMO) 

and the conduction band (LUMO). The formation of these localized states causes a 

spatial and energetic spread of charge transport sites, often approximated in shape by 

a Gaussian density of states (DOS) [34]. This smeared out density of states can be 

seen in figure 2.1 on the right. For a system with low carrier densities and at low 

temperatures the transport properties are determined by the tail of the DOS, the tail of 

a Gaussian DOS can be approximated with an exponential DOS. With increasing 

carrier density, the filling of tail states of the DOS increases. The charge carriers have 

more transport states available at higher energy and therefore the average hopping 

probability increases. With increasing temperature the charge carriers have more 

thermal energy so they have more states in their close proximity available to hop to. 

Thus with increasing temperature the average hopping probability increases. If the 

carrier density and/or the temperature gets too high the charge carriers will occupy 

states with high energy, the DOS for these states can no longer be approximated by an 

exponential distribution and their DOS has to be approximated with a Gaussian 

distribution.

To have low enough carrier densities the system needs negligible background doping, 

then the carrier hopping rate in a Gaussian DOS can be approximated by hopping in 

an exponential DOS [32]. Vissenberg and Matters use the following exponential DOS 

to derive an expression for the conductivity.
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Where g( ) is the number of states per unit volume per energy, Nt is the total number 

of states per unit volume, kB is Boltzmann’s constant,  is the energy and T0 is a 

parameter that indicates the width of the exponential distribution.

They take g( )=0 for positive values of .

For this exponential DOS they derive an expression for the conductivity with an 

Arrhenius-like temperature dependence ~exp[-E /kBT]. Here E  is an activation 

energy.

In the next section an expression for the conductivity in a field-effect transistor will be 

derived from charge hopping.

Variable-Range Hopping

To have conduction between the segments the charges trapped in these localized 

states (polymer segments) need to escape from these sites. This can be done by a 

tunnelling transition, which is possible if there is sufficient overlap of the electronic 

wave functions. The carriers, in addition, have to overcome an energy difference 

between the sites by absorbing or emitting a phonon (or multiple phonons). This is 

called phonon-assisted tunnelling, or “hopping conduction” [7]. Many of the hopping 

models are based on the single-phonon jump rate description as proposed by Miller 

and Abrahams [8]. 

According to Miller and Abrahams the hopping rate ( ij) between an occupied site i
and unoccupied site j is determined by a) the energy difference (Ej-Ei) between site i

and j and b) the distance (Rij) from site i to j see equation 2.2. This hopping rate 

between sites determines the conductivity of the polymer.

ij 0 exp @ 2 Rij

b c exp @
E j@E i

k B T
ffffffffffffffffffffffff

h
j

i
k

H
LJ

I
MK E j >E i

1 E j <E i

X̂
^̂̂̂
^̂\
^̂̂̂
^̂̂Z

(2.2)

Where 0 is an attempt frequency,   the inverse location length and kB Boltzmann’s 

constant.

Equation 2.2 shows that the lower the energy difference, the higher the probability to 

hop from one site to another (i to j) and the smaller the distance the higher the chance 

to hop from site i to j. There is a competition between these two factors, since 

according to the second exponential factor the distance between i and j should be 

large, because then the probability to find a site j with a small energy difference is 

bigger. According to the first exponential factor however the distance between i and j

should be small. The charge should find its way through the disordered energy 

landscape by optimising the distance and energy. Depending on the structural and 

energetic disorder of the system it can be energetically favourable to hop over a 

longer distance with a low activation energy (energy difference between sites), than 

over a shorter distance with a higher activation energy. This extension to the Miller-

Abrahams model is called Variable-Rang Hopping (VRH) and was described by Sir 

Neville Mott in 1969 for amorphous (inorganic) semiconductors [35]. 
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This VRH theory turned out to be applicable to conjugated polymers too [36].

The idea of Mott was that the experimental value of the conduction is determined by 

the most difficult hops and that the number of possibilities for these hops is of the 

order 1, otherwise the hopping process will die out in a few hops and no net DC 

current will flow. This gives a relation between Rij (the distance between site i and site 

j) and  (the difference in energy between site i and site j):

Rij

d
EN

0
O 1
` a

(2.3)

Where d is de dimension of the system, N0 the density of states, and O(1) a number in 

the order of 1.

Combining this relation with the Miller-Abrahams hopping formula (2.2) gives an 

expression for the conductivity:

T
` a

0
` a

exp @
T

0

T
fffffffff g 1

1 d

fffffffffffffffffffH
LLJ

I
MMK (2.4)

Mott used discrete localized states as hopping sites, in 1985 Monroe developed a 

model describing hopping transport in an exponential density of states [9]. For the 

description of the temperature and gate voltage dependencies of organic field-effect 

transistors Vissenberg and Matters developed a percolation model based on variable 

range hopping in an exponential density of states [32]. They find that the conductivity 

has an Arrhenius-like temperature dependence ~exp[-E /kBT], with an activation 

energy E  that is weakly (logarithmic) temperature dependent.

An alternative model is described by Horowitz et al., they explain the temperature 

dependent transport data in polycrystalline organic semiconductor layers in terms of a 

multiple trapping and release model [10]. In this model the organic semiconductor 

film consists of crystallites which are separated from each other by amorphous grain 

boundaries. In the crystallites the charge carriers can move in delocalized bands, 

whereas in the grain boundaries they become trapped in localized states. The trapping 

and release of carriers at these localized states results in a thermally activated 

behaviour of the field-effect mobility, which depends on the gate voltage. In chapter 3 

we will elaborate on the expressions for the current and mobility in organic field-

effect transistors.
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2.2 Hysteresis

Hysteresis is a property of systems that do not instantly follow the forces applied to 

them but react slowly, or do not return to their original state: that is systems whose 

state depends on their (immediate) history [11]. Hysteresis is derived from the ancient 

Greek word 

Ewing in 1885 [12]. 

Fig. 2.2 Current-Voltage curve which shows a typical hysteresis behaviour, at Vg=0V

the hysteresis is almost a factor 10
4
. This curve is measured on a ring-transistor with 

blend of 97% 

perylene and 3% HT5. The measurement was done in air, with a drain-source voltage 

of -10V at 40°C.

In this thesis hysteresis is mainly shown as a loop in current-voltage graphs, meaning 

that the drain-source current as a function of the applied gate voltage is dependent on 

the immediate history of the gate voltage. When the gate voltage is 

swept from value A to value B the measured drain-source current values are different 

then the values measured when the gate voltage is swept from B to A. This difference 

creates a loop in the Ids-Vg graph, see figure 2.2. This loop can also be seen as a shift 

in the threshold voltage, which can ruin the functionality of a circuit. For this reason a 

lot of research effort is put into understanding and controlling this hystersis [13, 14]. 

Although for most applications hysteresis is unwanted, for memory devices this 

hysteresis can be used to create an on state and a off state, with a certain on/off-ratio.

When speaking about hysteresis and drain-source retention, this on/off-ratio is defined 

as the on-state drain-source current devided by the off-state drain-source current at 

one particular gate bias. For instance in figure 2.2 at Vg=0V the on-state drain-source 

current is 10
-7

A and the off-state drain-source current is 2*10
-11

A giving on on/off-

ratio of 10
-7

/2*10
-11

=5*10
3
. The switching between these on- and off-state can be 

done by changing the immediate history. 

The main explanations for hysteresis loops in IV-characterstics in FETs are 

polarization of the dielectric or ferroelectric [15, 16, 40, 41], trapping of mobile 

charges in the semiconductor, or at the semiconductor-dielectric interface [42, 43] and 

bipolarons [44, 45]. The next section gives a closer look at the mechanisms behind 

charge trapping and detrapping.
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2.3 Charge trapping

A charge is called to be trapped when it takes a relatively long time to hop away from 

its present site. In the variable range hopping model a charge is trapped when the 

energy difference between the trapping site and sites in the vicinity is too big to 

overcome within a typical hopping time. This energy difference can be caused by 

structural defects or a difference in HOMO-LUMO levels between two materials. 

Fig. 2.3 Trapping of holes and electrons in a two material system. The electrons 

(holes) are trapped with a trap depth of Et1 (Et2). In this picture band bending is 

ignored.

In this thesis we assume charges to be trapped at the interface between two organic 

materials, either at the interface in a heterostructure or in a blend structure [17].

Figure 2.3 shows charge trapping due to differences in HOMO-LUMO levels in a 

system with 2 materials.

In a system with two materials both holes and electrons can be trapped with different 

trap depths. To be detrapped the trapped charge carrier has to overcome an energy 

barrier. This energy barrier can be overcome by absorbing or emitting a phonon (or 

multiple phonons) [7].

Since the amount of phonons and their energy is directly related to the temperature 

one comes to the conclusion that detrapping is temperature dependent.

Besides the temperature the main influences on the (de)trapping-rate per volume are 

the density of trapping sites, the density of mobile charge carriers and the density of 

trapped charge carriers. The unit of this (de)-trapping rate is amount of charge carriers 

s
-1

m
-3

, more details can be found in the next paragraph. The density of trapping sites 

not only depends on the kind of materials used, but also on the morphology of the 

system and on the presence of impurities, like water [18, 19]. The density of mobile 

LUMO 1

HOMO 1 HOMO 2

LUMO 2

e-

Et1

h+ Et2
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charge carriers and the density of trapped charge carriers can be tuned with the drain 

and gate biases from the field-effect transistors. 

In polymers there is already a difference in HOMO- and LUMO levels between 

different segments and polymer chains because of the disorder of the system. If the 

system consists of two organic materials the hole and electron trap depths probably 

don’t have one constant value, but there will be a distribution of trap depths. This 

distribution will be approximated with an exponential distribution [20]. 

According to Crandall a two level system which is characterised by an exponential 

distribution of activation barriers for transitions between the two states will result in a 

stretched exponential time relaxation process [21].

2.4 Stretched exponential time dependence

The stretched-exponential or Kohlrausch [37] relaxation of a system to its 

thermodynamic equilibrium is a widely observed phenomenon in chemical physics 

and is given by

t
` a

0
` a

exp @
tffffd eH

J
I
K (2.5)

In many experiments on conjugated polymers [38, 39] the relaxation of the 

concentration of positive charge carriers (holes), nh, is found to be of the form of 

equation 2.5. 

In this thesis we observe a drain-source current, Ids, which has a stretched exponential 

time dependence. 

I ds t
` a

I 0 exp @
tffffd eH

J
I
K (2.6)

In which I0 is the starting value of the source drain current,  is the relaxation time and 

 the exponent. 

We relate this time dependent current to the trapping and detrapping of charge 

carriers. One derivation of the stretched exponential time dependence of the current is 

given by Crandall [21]. In this chapter we shall derive equation 2.6 based on [38].

According to Dicker et al. the stretched exponential dependence arises from 

dispersive hole diffusion in an exponential energy landscape and recombination with 

negatively charged electron-accepting impurities. For this thesis we relate this process 

to trapping of mobile holes at hole trapping sites, lowering the hole concentration and 

thus the drain-source current. 

The change in hole density with time is dependent on the hole density, the 

recombination rate and the density of hole trapping sites by equation 2.7

dnH t
` a

dt
fffffffffffffffffffff

@ nH t
` a

k HT nT t
` a

(2.7)
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where nh(t) is the time dependent hole density, kht the recombination rate and nt(t) the 

density of hole trapping sites. This recombination rate, kht, is linear dependent on the 

mobility of the holes, h.Via Ohm’s law the mobility is

H
t
` a t

` a

e n
H

ffffffffffffff
~

j t
` a

e n
H

ffffffffffffff
(2.8)

where  is the conductivity and j(t) the hole current density.

Because of the energetic disorder, which gives dispersive transport, this hole current 

density is characterized by a power-law time dependence. Dicker et al. state that 

j t
` a

~ t
` a

@ 1@
b c

(2.9)

energies of width kBT0, [21] states that

T
T

0

-
(2.10)

If we now assume a high concentration of hole trapping sites, nt(t), this concentration 

becomes time-independent. Then equation 2.7 can be rewritten as

dnH t
` a

dt
fffffffffffffffffffff

~@ nH t
` a

t
` a

@ 1@
b c

nT (2.11)

A solution to this differential equation gives a stretched exponential time dependence 

of the hole carrier density

nH t
` a

nH 0
` a

exp @
t/
b cF G

(2.12)

where  is a typical time constant. Experimentally, this 

activated:

0 exp
E A

k B T
b c,HLJ

I
MK (2.13)

with EA the activation energy.

If we assume a constant mobility, H, we get a description of the current density, j(t),

and thus of the current, Ids, as a function of time.

j t
` a

~ e nH t
` a

~e nH 0
` a

exp @
t/
b cF G

(2.14)
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The current density is proportional to Ids, we sum up the prefactor in one term, I0, and 

equation 2.14 leads to equation 2.6.

2.5 Memory devices

Hysteresis and charge trapping can be used to create two different states (on- and off-

state) in a system, depending on its immediate history. The possibility to have two 

different states is the basis for a memory device. Memory devices are split into two 

main categories, volatile and non-volatile memories [22, 23, 24]. A volatile memory 

loses its data as soon as the system is turned off, therefore it requires a constant power 

to remain viable. Most types of random access memories (RAM) fall into this 

category. A non-volatile memory does not lose its data when the system or device is 

turned off. Non-volatile memories are subdivided into two main classes, floating gate 

devices and charge-trapping devices. In floating gate devices charge is stored in the 

floating gate and is retained when the power is removed [25]. The charge density in 

the floating gate determines the logic value of the data in the memory cell. In charge-

trapping devices charge is stored in discrete traps and is also retained when the power 

is removed. Storage of the charge (either in floating gate or in discrete traps) allows 

the threshold voltage (VT) to be electrically altered between a low and a high value to 

represent a logic 0 and 1.

The first non-volatile floating gate memory device was proposed by Khang and Sze in 

1967 [26], the same year Wegener et al. [27] invented the first charge-trapping device.

The memory devices in this thesis are based on field-effect transistors where the 

memory effect is assumed to come from charge trapping either in the interface 

between polymer layers, the interface between polymer and SiO2, or in the bulk of the 

polymer layer. 

The desirable features of a proper memory device include a small memory-cell size, 

low-voltage operation, good memory retention, fast programming/erase speed and an 

on/off ratio of several orders of magnitude [28].

Nowadays these desirable features can also be achieved in all-organic memory 

devices [15, 29].
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Chapter 3

Organic Field-Effect Transistors

Due to their ability to switch between an on- and off-state, field-effect transistors 

(FETs) have become the building blocks of common-day circuits [5]. The first step 

towards an organic field-effect transistor was made with the discovery of electrical 

conduction in conjugated polymers in 1977 [3]. With these polymers organic devices 

can be made using several process techniques, for instance spin coating or printing. 

Small organic molecules can also be evaporated. Because of the ease in processing 

organic devices can be made at low-cost, which makes them interesting for the 

electronic industry. Solution processed organic materials are able to provide large-

area, flexible lightweight displays and integrated circuits. Using organic materials it is 

also possible to create field-effect transistors which can be used as memory devices, 

even though their switching speeds and retention times cannot compete with inorganic 

memories. To be able to compete with inorganic memory cells an organic memory 

has to be produced at low costs. In view of this low-cost production process 

spincoating is the preferred technique, because with spincoating hundreds of devices 

can be made with a drop of semiconductor. Especially in low-end and disposable 

products, such as packages or RFIDs, there is no need for high switching speeds or 

retention times of years, so the industry would choose low-cost memories for these 

kind of applications.

In this chapter the preparation of the samples will be described. There will be a short 

description of the operation of a FET, this part will be an overview; it is not intended 

as a detailed description. When a more in-depth description is necessary, the 

references in this chapter will be useful. In the last part of this chapter charge trapping 

in OFETs and the influence this trapping has on the characteristics will be elaborated.

Fig. 3.1 Schematic structure of a Field Effect Transistor (FET).
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3.1 Field-Effect Transistors

The first field-effect transistor was suggested by Lilienfeld in the 1920s [46], but it 

was not till 1960 that the first prototype was presented. This prototype had a metal-

oxide-semiconductor architecture (MOSFET), the same layout is used in organic field 

effect transistors (OFETs), see figure 3.1. The MOSFET can basically be considered 

as a parallel plate capacitor, where one conducting electrode, the gate electrode, is 

electrically insulated, via an insulating oxide layer, from the semiconductor layer. 

Two electrodes, the source and drain, are contacted to the semiconductor layer. By 

applying a voltage, Vg, to the gate electrode, with respect to the source electrode, band 

bending occurs in the semiconductor thus varying the position of the Fermi level with 

respect to the valence and conduction bands. In this way charge carriers can 

electrostatically be accumulated in or depleted from the semiconductor at the 

semiconductor-insulator interface. Due to this field-effect the net density of charge 

carriers at the interface to the gate dielectric, and hence the current between source 

and drain, can be varied over several orders of magnitude, giving an on- and an off-

state.

The on-state in OFETs is based on accumulation of majority charge carriers in the 

channel at the interface between semiconductor and gate dielectric. The off-state is 

achieved by fully depleting the channel from mobile charge carriers [13, 22].

3.2 Samples

The samples used in this thesis have a standard layout as depicted in figure 3.1. A 

highly n-doped silicon layer will act as the common gate. On top of this gate a layer 

of insulating SiO2 is grown, on which gold source and drain contact are evaporated. 

The surface of SiO2 is passivated with a HMDS (hexamethyldisilazane)-layer to 

reduce the amount of dangling bonds of the SiO2 gate dielectric. When present, these 

dangling bonds reduce the drain-source current due to trapping of the mobile charges. 

Even tough the main interests in this thesis are hysteresis effects due to charge 

trapping, we are interested in charge trapping in the semiconductor layer so there is no 

disadvantage in using the HMDS for passivation. Op top of this structure an active 

layer of organic semiconducting material is spincoated or evaporated. The standard 

spincoating parameters to produce the devices are spincoating for 5s at 500rpm and 

then 20s at 1000rpm, resulting in a typical thickness of the semiconducting layer of 

100nm, depending on the viscosity of the solution. After spincoating, the samples 

were annealed at 80°C or 100°C in a nitrogen environment for 1 hour to remove 

traces of solvent, after which the samples were taken to the measuring box. Here the 

characteristics of the devices could be measured in ambient air or in vacuum. In this 

measuring box the sample could also be annealed to remove ions which can act as 

dopants. These ions can be present because the sample has been exposed to air before 

placing it in the measuring box. It is well known that especially water in air acts as a 

dopant [18, 47]. 

The devices made according to the procedure described above show a leakage current 

to the gate, which is at least one order of magnitude lower than the current flowing 

between source and drain. 
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Fig. 3.2 On the left a finger-

source electrode and D the drain electrode. On the right a ring-transistor with 

the drain electrode.

In this thesis the devices used are either ring-

and a len -

figure 3.2.

The inner disc in a ring-transistor will be used as the drain contact, the outer electrode 

as the source contact. The grounded source acts as a shield for parasitic currents.

3.3 Experimental set-up

Field-effect transistors are usually characterised by their current-voltage (IV) 

characteristics and by their behaviour in time. The IV-characteristics are called 

transfer- and output-characteristic and they give the dependence of the drain-source 

current on the modulation of the gate-source and drain-source voltage, respectively. A 

further explanation will be given in chapter 3.4. Both transfer- and outputcurves are 

measured with a Hewlett Packard 4155C Semiconductor Analyser. For measuring 

time dependent behaviour a Labview program and 1 or 2 Keithley Source Measure 

Units (SMUs) were used to supply and measure currents and voltages. More details 

are given in the following paragraphs.

3.3.1 IV-Characteristics

To measure the IV-characteristics of a device a HP 4155C Semiconductor Analyser is 

used. The source and drain electrodes are connected with the contact-needles on the 

probe-stations. These needles can penetrate through the (soft) organic semi-

conducting layer and make contact with the gold of the source- or drain-electrode. 

The gate electrode is connected by making contact between the needle and the n-

doped silicon. 

The software of the HP Semiconductor Analyser enables the user to change a set of 

measuring parameters (sweeping range, sweeping direction, compliance, etc.).
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3.3.2 Time dependent measurements

For the time dependent measurements a Labview program and 1 or 2 Keithley SMUs 

are used. To assure a grounded source an electrical circuit is connected between the 

SMUs and the connection to the device. 

Fig. 3.3 Scheme of the connections from Keithley SMUs to the measuring box.

The connection scheme can be seen in figure 3.3. These Keithley SMU are the source 

of the gate-source bias and the drain-source bias and they measure the gate-source and 

the drain-source current. 

Instead of using 2 Keithley 2400 SMUs (one for monitoring the gate voltage, one for 

the source-drain voltage) one can also use 1 Keithley 2602 SMU, which has 2 

channels. This Keithley 2602 SMU can measure smaller timescales (till 0.05s) and 

lower currents (till 0.1pA) than the Keithley 2400 SMU. For measuring with 

timescales (time of the voltage pulses or waiting time between read-outs) smaller than 

0.05s an Agilent Wavefunction Generator is used. 

With the Labview program a voltage pulse sequence can be set, giving the user the 

flexibility to manually determine any series of voltage pulses.

3.4 Characteristics

From the transfer and output characteristics one can determine the mobility, which 

will be further explained in section 3.4.2.

One can also measure the time dependence of drain-source current, if this time 

dependence is measured with a constant gate and drain-source bias the resulting time 

dependence of the drain-source current is called retention.

The third way by which the samples are investigated is by capacitance-voltage (C-V) 

and capacitance-frequency (C-f) measurements. For C-V and C-f measurements we 

evaporated a layer of gold on top of the organic semiconductor, thus forming a metal-

insulator-semiconductor-metal architecture. Section 3.4.3 gives a description of the 

behaviour of the capacitance as a function of voltage or frequency. In section 3.4.4 the 

trapping of mobile charges will be investigated, the focus will be on the influence of 

charge trapping on the IV-characteristics.

Keithley 1

Gate Voltage

Keithley 2

Drain Voltage

G S D

Measuring Box

G S D

Electrical Circuit
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3.4.1 IV-Characteristics

From the transfer characteristic, see figure 3.4a, the difference between the on and off 

state can be extracted: for an n-type material a current is flowing at positive gate 

voltage (the transistor is on), at a negative gate voltage no current is flowing (the 

transistor is turned off). The gate voltage at which an accumulation layer first starts to 

form, when sweeping from negative to positive gate bias, is called the threshold 

voltage. In figure 3.4a the threshold voltage is around -8V. 

In the output characteristic, depicted in figure 3.4b another effect is observed. At 

drain-source biases higher than the gate bias the drain-source current hardly increases 

with increasing drain-source bias. This region is known as the saturated region. The 

region where the drain-source bias is much lower than the gate bias is known as the 

linear region. For both regions different models were developed to describe the 

current flowing between source and drain. According to Sze [22] the current in the 

linear regime is described by:

I
ds

W

L
fffffff

FE
C

i
V g@V

th

b c
V

ds
(3.1)

Where W and L are the width and length of the transistor (see figure 3.1), FE the field 

effect mobility, Ci the insulator capacitance per area and Vth the threshold voltage for 

the formation of the accumulation (depletion) layer, as indicated in figure 3.4a.

In the saturation region the channel current becomes

I
ds

W

2L
ffffffff

FE
C

i
V g@V

th

b c2

(3.2)

As can be seen from formula 3.2 the drain-source current in the saturated regime is 

independent of the drain-source bias.

For a detailed overview of the operation modes of a transistor see reference 30. Since 

Brown et al published this article in 1997 the on/off ratios and the charge carrier 

speeds (therefore the mobility) has increased enormously (see figure 1.1). The next 

section will further elaborate on the determination of the mobility.

3.4.2 Mobility

The mobility of a device is an important parameter to compare different materials and 

different devices of the same material. The mobility  is defined as

E
fffff

(3.3)

with  the speed of the charge carrier and E the applied electric field.

Observations [17] as well as analytical calculations [30] conclude that the mobility is 

not only dependent on the electric field, but also on the density of charge carriers. 

They both find a charge carrier density dependence of the mobility of the form  ~ 

n
T0/T-1

with n the charge carrier density concentration, T0 the width of the density of 

states (DOS) and T the temperature. For simplicity the assumption is made that the 

drain-source current flows in a channel with a thickness of only a few nanometres. 

Basically assuming that all mobile charges are very close to the gate dielectric (at the 

interface between semiconductor and gate dielectric). 
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Fig. 3.4 a) Typical transfercurve, Ids-Vg, from a FET with an n-type FCuPc semi-

conducting layer b) outputcurve, Ids-Vds, from the same FET.

With this assumption it follows that all trapped charges that influence the 

characteristics, are also located in this channel.

By differentiating equations 3.1 and 3.2 the mobilities are obtained in the linear and 

the saturated region according to equation (3.4) and (3.5) respectively

lin

L

WC i V ds

ffffffffffffffffffffffffff I ds

V g

ffffffffffff
(3.4)

sat

L

WC i

ffffffffffffff
2

I
ds

V g

2

ffffffffffffffff
(3.5)

with L, W, Ci, Vds, Vg and Ids the length and width of the transistor, the capacitance of 

the dielectric, the applied drain and gate biases and the drain-source current, 

respectively.

These equations provide a simple tool to compare charge carrier mobilities in 

different devices. 

3.4.3 C-V & C-f Characteristics

To measure the capacitance versus gate voltage (C-V) or capacitance versus 

frequency (C-f) characteristics a gold contact was evaporated on top of the organic 

semiconductor layer, thus creating a MIS (metal-insulator-semiconductor) diode, see 

figure 3.5. The capacitance, C, of a diode can be changed by depleting or 

accumulating charge in the semiconductor and/or at the interface with the insulator. 

Accumulation of charges in the channel gives a maximum capacitance, complete 

depletion of charges in the channel determines the minimum in capacitance. The 

thickness of the insulator layer, dins, determines the maximum value of C.

C ins

ins 0 A

d
ins

fffffffffffffffffffffff
(3.6
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where ins is the relative dielectric constant of the insulator, 0 the permittivity of 

vacuum and A the area of the device. In this case A is the area of the evaporated top 

gold contact, because there is a common gate. 

The minimum value of C is determined by the relative dielectric constants of the 

insulator, ins, and the semiconductor, semi, and the total distance between common 

gate and top gold contact. In figure 3.5 one can see that the total distance between 

common gate and the golden top contact is the thickness of the insulator, dins, plus the 

thickness of the semiconductor, dsemi. When the semiconductor layer is partially 

depleted, the depletion layer acts as a capacitance in series with the insulator 

capacitance. The total capacitance Ctotal is the reciprocal sum of Cins and Csemi

C semi

semi 0 A

d
semi

fffffffffffffffffffffffffff
(3.7)

1

C total

fffffffffffffff 1

C ins

fffffffffff 1

C semi

fffffffffffffff
(3.8)

The total diode capacitance is calculated from the modulus of the impedance, Z, and 

its phase angle, , using

C
@ sin

` a

Z
LL MM

-
(3.9)

mod, where fmod is the modulation frequency. 

The capacitance of a MIS-diode scales with the area of the golden top contact, in this 

chapter this area is 28mm
2
.

Fig. 3.5 Metal-Insulator-Semiconductor (MIS) diode with an evaporated gold 

electrode, used for measuring C-V and C-f. Typical dins is 200nm, dsemi is around 

100nm. On the right the position of the accumulated charge carriers for positive and 

negative gate biases related to the graphs in figure 3.6. 

Combining the relative dielectric constant of the SiO2 insulator, ins=3.9, with a 

typical SiO2 layer thickness of 200nm gives a typical capacitance of Cins = 17 nF/cm
2
.

For organic materials the relative dielectric constant is semi

typical thickness of 100nm for the organic semiconducting layer this gives a typical 

capacitance of Csemi=27 nF/cm
2
.

Vg=-20V Vg=+20V

- - - - + + + +

+ + + +

- - - -

Gate electrode

Insulator (SiO2), ins
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The formation of a depletion and accumulation layer is clearly visible in a capacitance 

versus gate bias graph (figure 3.6 left). With a negative gate bias (Vg=-20V in figure 

3.5 and 3.6) there is accumulation of charge carriers at the interface between the PAA 

layer and the SiO2 layer. Combining equations 3.6, 3.7 and 3.8 gives a theoretical 

capacitance in accumulation of 4.83nF, this equals the measured capacitance at low 

frequency in figure 3.6. With a positive gate bias (Vg=20V in figure 3.5 and 3.6) the 

charge carriers will be depleted from the PAA-layer, giving a theoretical capacitance 

of 2.93nF. In figure 3.6 the measured capacitance for Vg=20V differs from the 

theoretical value. This difference is most probably caused by background doping of 

the PAA layer, this doping induces charge carriers in the PAA layer and thus an 

increased capacitance value is measured. 

Fig. 3.6 (left) Capacitance as a function of the gate voltage (Vg) for various 

frequencies (right) capacitance as a function of the frequency (f) for various gate 

voltages.

The capacitance of a diode also changes with modulation frequency as can be seen in 

the right graph in figure 3.6. For increasing frequency the capacitance drops in value 

because the charge carriers can not keep up with the modulation frequency. In other 

words, for frequencies higher than the transit time, i.e. the time the carriers need to 

travel from one electrode to the other, the charge carriers cannot follow the 

modulation on the gate bias. 

3.5 Charge trapping

In this thesis hysteresis effects in FETs are discussed, this hysteresis is assumed to 

come from the trapping of mobile charge carriers and detrapping of trapped charge 

carriers.

As stated in chapter 2 mobile charges are trapped when the charge doesn’t hop away 

from its present site within a certain time limit, this site is then called a charge 

trapping site or simply electron or hole trap. A charge takes a relative long time to hop 

away from a site if the energy difference with the sites in the vicinity of the trapping 

site is relatively big. In organic materials this energy difference can come from 

structural defects or from differences in HOMO-LUMO levels, because of the 
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disorder. In a system with two organic materials the charges can either be trapped in 

the bulk of the materials, or in the interface between the two materials. Bulk traps will 

be formed by disorder in the materials or by impurities causing the HOMO-LUMO 

levels to be broaded thus forming trapping sites. In the interface between two 

materials there will be traps because of structural defect and because of the difference 

in HOMO-LUMO levels of the two materials. The interface traps will generally have 

bigger depth than bulk traps.

In a two material system with a heterostructure (layer 1 on top of layer 2) there will be 

traps at the interface between the two materials, this interface will be a thin layer. If 

the two materials are mixed before spincoating and thus form a blend, there will be 

trapping sites all over the semiconducting layer.

In this thesis it will be assumed that trapping of mobile charges causes hysteresis 

effects in the IV-characteristics, however this charge trapping model is only an idea 

by which the hysteresis can be explained. One should know that this charge trapping 

model is one of the many models explaining hysteresis effects, see paragraph 2.2.

Fig. 3.7 On the left a retention curve with a constant Vg,read=-10V and Vds=-5V, the 

drain-source current value drops in time and has the shape of a stretched exponential, 

after 40000s the current values become negative, the writing time is 30s at 

Vg,write=40V. On the right the transfercurve with Vds=-5V. Both curves were measured 

in air, on a ring-transistor with an semiconductor layer made from 97% perylene and 

3% HT5.

In IV-characteristics charge trapping will cause a loop in the drain-source current 

versus gate bias sweep, see right graph in figure 3.7. If the drain-source current is 

measured as a function of time with a constant gate and drain-source bias the drain-

source current will drop in time, because more and more charges are being trapped 

thus forming a barrier for the remaining mobile charges and lowering the drain-source 

current, left graph in figure 3.7. 

The amount of trapped charges will be dependent on the amount of mobile charges 

available, so it can be expected that the gate bias, Vg, has an influence on the trapping 

rates. Trapped charges are not detrapped instantaneously after switching the gate bias 

from positive to negative (or the other way around), which is the reason why the 

immediate history of the device will have an influence on the trapping rates. 

The results from the measurements on time dependent drain-source current retention 

are given in chapter 6. In chapter 4 and 5 the emphasis will be on the IV-

characteristics. In the next paragraphs the theoretical influence of charge trapping on 

IV-characteristics will be explained.
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3.5.1 Charge trapping and IV-characteristics

In this paragraph the influence of charge trapping on the IV-characteristics and 

especially on transfercurves will be described.  The following curves are theoretical 

examples, experimental devices are, almost per definition, not ideal devices, but the 

theoretical curves do give an indication of what is happening in the measurements on 

real devices.

Scenario A: Without charge trapping

Scenario B: Charge trapping at point 1

2

1

V

V

I d
s
(A

)

Vg(V)

1

2

I d
s
(A

)

Vg(V)

Scenario C:

Charge trapping for all V
g
>0V

Fig. 3.8 Theoretical transfercurve for n-type transistors. On the left in black: 

transfercurve without charge trapping, in red: with instantaneously trapping at point 

1. On the right: transfercurve with charge trapping for all Vg>0V.

n-type transistor

In this paragraph there will be a description of the influence of charge trapping on the 

transfercurves of an n-type semiconductor. For 3 different charge trapping scenarios 

changes of the transfercurves will be determined. In these scenarios the influence of 

the drain-source bias on the shape of the transfercurves is neglected.

Scenario A, no charge trapping:

Let’s start with an ideal n-type semiconductor, assuming there is no charge trapping 

so there should be no hysteresis. Since it’s an n-type semiconductor there is no 

accumulation of charges for negative gate biases, so there is no drain-source current 

for negative biases. Once the gate voltage becomes positive there will be an increase 

in drain-source current given by Vissenberg-Matters (equation 3.1). Increasing the 

gate bias to a maximum value Vg,max increases the drain-source current till point 1, 

following the black line on the left in figure 3.8. From point 1 the gate bias is 

decreased, the drain-source current decreases and will follow exactly the same path as 

the forward sweep. This curve describes the ideal transfercurve for a transistor with an 

n-type semiconducting layer.

Scenario B, charge trapping at 1 point:

In the second scenario, scenario B, an amount of charges (Q1) will be instantaneously 

trapped at one certain gate bias (Vg,max) and assumed to stay trapped. Figure 3.9 shows 

the transistor with its accumulation channel and trapped electrons.

The transfercurve described in scenario B is depicted in red in the left part of fig. 3.8. 

In the forward path there is no charge trapping so the transfercurve follows the 

forward path from scenario A, till point 1. Now an amount of charge carriers equal to 
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a charge of Q1 is instantaneously trapped, lowering the current and the curve follows 

the given path to point 2. This amount of charges (Q1) stay trapped while decreasing 

the gate bias, this lowers the drain-source current. Since there are no extra charges 

trapped or detrapped this curve follows the backward sweep from scenario A, only 

g=Q1/Ci where Ci is the typical capacitance of the transistor. When the 

Vg is decreased till Vg= Q1/Ci there will be no more mobile charges in the channel, all 

charges in the channel will be trapped, so there will be no drain-source current. 

Fig 3.9 On the left: 0V<Vg<40V some accumulated electrons are trapped, the 

remaining accumulated electrons are mobile. On the right: all accumulated electrons 

have become trapped, there are no more mobile electrons.

Scenario C, charge trapping for Vg>0V:

Since it’s not realistic to assume that charge trapping will only take place at Vg

=Vg,max a transfercurve for which charge trapping takes place for all Vg>0V will be 

described in scenario C. This curve is depicted in the right part of fig. 3.8. The total 

amount of charge carriers that are trapped in the forward sweep is equal to Q1, so the 

forward sweep of scenario C ends at point 2 for Vg=Vg,max. By sweeping the gate bias 

back from Vg=40V towards Vg=0V even more mobile charge carriers will become 

trapped, this reduces the amount of mobile charge carriers in the channel. By reducing 

the absolute value of Vg the amount of mobile charge carriers in the channel will be 

reduced even faster, resulting in a quick decrease of drain-source current, see the 

backward sweep of scenario C in figure 3.8.

In this thesis a lot of experimental work is done on ambipolar transistors. This means 

that the active layer consists of both p-type and n-type materials, giving conduction 

for negative and positive gate biases. In one gate bias sweep there will be trapping and 

detrapping of holes and electrons. The next scenarios will describe the influence of 

charge trapping on the shape of transfercurves from ambipolar transistors.
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Ambipolar transistor

The theoretical transfercurves are given in figure 3.10. The transfercurve are acquired 

by sweeping the gate bias from Vg=-Vg,max via Vg=0V to Vg=Vg,max and back via 

Vg=0V to Vg=-Vg,max.

Scenario A, no charge trapping:

The first scenario describes an ideal ambipolar transistor, in which there is no charge 

trapping. The theoretical transfercurve that belongs to this scenario is depicted in 

figure 3.10A. The sweep starts at Vg=-Vg,max, there is a certain drain-source current 

coming from the hole conducting material. When increasing the gate bias to Vg=0V,

the Ids decreases according to equation 3.1, increasing the gate bias till positive values 

gives a drain-source current through the electron conducting material. Since there is 

no charge trapping the backward sweep will follow exactly the same path as the 

forward sweep and there will be no hysteresis. We can split this transfercurve into 4 

distinct paths, in path A1 the Vg goes from –Vg,max to 0V, A2 : Vg=0V g,max, A3:

Vg=Vg,max 4: Vg=0V -Vg,max. In the next scenarios there will be referred to 

these paths.

Fig. 3.10 Transfercurves for ambipolar transistors. Scenario A (top, left) without 

charge trapping, scenario B (top, right) hole trapping and detrapping, scenario C 

(bottom, left) electron trapping and detrapping, scenario D (bottom, right) hole and 

electron trapping and detrapping.
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Scenario B, trapping/detrapping of holes: 

Scenario B describes an ambipolar transistor in which there is hole trapping (for 

Vg<0V) and detrapping (for Vg>0V) but the electrons are not trapped or detrapped. 

The transfercurve related to scenario B is shown in figure 3.10B. Figure 3.11 shows 

the distribution of holes and electrons during the gate bias sweep.

The starting point of the transfercurve is Vg=-Vg,max, the drain-source current value is 

the same as for scenario A, however some mobile holes will become trapped, thus 

lowering the Ids. By increasing the gate bias the drain-source current will decrease 

faster than given by equation 3.1, instead Ids will follow path B1. At a certain gate 

bias, Vg,B, all the charges induced by this gate bias will be trapped so there will be no 

more mobile holes in the channel. If there are no mobile charge carrier there will be 

no current between source and drain. In the time it takes to sweep the gate bias from –

Vg,max to Vg,B the amount of charge trapped is equal to QB, where QB=Vg,B*Ci. If the 

gate bias is increased from Vg,B to 0V there will still be QB in charge trapped, however 

the gate bias only induces an amount of charge less than QB in the channel. The 

trapped holes give an excess in charge in the channel, which will be compensated by 

mobile electrons. These mobile electrons provide a drain-source current and the curve 

will follow path B2. Path B2 will be the same as path A2 from scenario A, only with a 

g=QB/Ci. Further increasing the gate bias, from Vg=0V to 

Vg=Vg,max gives more mobile electrons and the curve follows path B3. For positive 

gate biases the trapped holes will be detrapped. This will not happen instantaneously, 

but by the time Vg gets to Vg,max all trapped holes will be detrapped and the endpoint 

of path B3 will be the same as the endpoint for path A2, since it’s assumed that only 

holes are trapped there will be no charge trapping for positive gate biases. 

Fig. 3.11 On the left: path B1 and B5, some holes are trapped and some are mobile. 

On the right: path B2 and B3, trapped holes which are compensated by mobile 

electrons.

Decreasing the Vg from Vg,max to 0V, see path B4, will give the same path as A3,

because there are no trapped charges and no trapping or detrapping of charge carriers. 

Further lowering the gate bias gives negative values for Vg, thus there will be creation 

of holes and therefore trapping of these holes. Trapping of holes gives lower Ids values 

and we end path B5 at Vg=-Vg,max at a current level lower than the current value we 

started with at the beginning of path B1. The amount of charge trapped at the end of 
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our sweep will be bigger than QB, because we now have charge trapping over a longer 

period of time (for a bigger sweeping range).

Scenario C, trapping/detrapping of electrons:

Scenario C describes an ambipolar transistor is which only the electrons will be 

trapped (for Vg>0V) and detrapped (for Vg<0V). Figure 3.10C gives the transfercurve 

related to scenario C, in figure 3.12 the distribution of holes and electrons during the 

gate bias sweep is shown.

Starting at the same point as A1, path C1 will also follow the same path as A1 because 

there is no hole trapping and no electrons to be detrapped. Once the gate bias becomes 

positive there will be electrons in the channel and some of them will become trapped, 

thus lowering the current, see path C2. At Vg=Vg,max there will be an amount of QC1 in 

trapped electrons in the channel. Lowering the gate bias will strongly reduce the 

drain-source current, not only is the gate bias decreasing, but also some of the mobile 

electrons will become trapped. The amount of electrons trapped during path C3 is QC2,

giving a total amount of electrons trapped during paths C2 and C3 of QC=QC1+QC2.

When the gate bias is lowered till Vg=Vg,C=QC/Ci all the electrons in the channel will 

be trapped and there will be no drain-source current.

Fig. 3.12 On the left:  path C2 and C3, some electrons are trapped and some are 

mobile. On the right: path C4 and C5, trapped electrons are compensated by mobile 

holes.

When the gate bias is decreased from Vg,C till 0V the trapped electrons stay trapped, 

because the Vg is smaller than QC/Ci there will be holes in the channel to compensate 

for the excess in electrons. These holes give a drain-source current as can be seen in 

path C4.

In path C5 the gate bias is negative and the trapped electrons will be detrapped, at the 

end of path C5 we arrive at Vg=-Vg,max where all the trapped electrons will be 

detrapped and the drain-source current will be the same as at the starting point.

Scenario D, trapping/detrapping of holes and electrons:

Scenario D describes an ambipolar transistor with trapping of holes (for Vg<0V) and 

electrons (for Vg>0V) and detrapping of holes (for Vg>0V) and electrons (for Vg<0V).
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The transfercurve for this scenario is depicted in figure 3.10D. In figure 3.13 the hole 

and electron distribution is shown for different paths during the gate bias sweep.

Path D1 describes the first part, the gate bias is negative so there is hole current and 

some holes are being trapped. At the end of path D1 all holes in the channel are

trapped. Further increasing the gate bias leads the curve on path D2, where there are 

electrons in the channel to compensate the trapped holes. When the Vg gets to positive 

values, the trapped holes are being detrapped and there will be trapping of electrons as 

described by path D3. At the end of D3 all holes will be detrapped and a percentage of 

the electrons will be trapped. Decreasing the gate bias leads to path D4, which 

describes a fast reduced drain-source current because the gate bias is decreasing and 

some of the mobile electrons will become trapped. 

Fig. 3.13 The different hole and electron arrangements described in scenario D.

For a certain gate bias all electrons in the channel will be trapped, this is at the end of 

path D4. If the gate bias is further decreases there will be holes in the channel to 

compensate for the trapped electrons, these holes will give a drain-source current, see 
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path D5. Decreasing Vg to negative values leads to detrapping of the trapped electrons 

and to trapping of the mobile holes, path D6. The drain-source current at Vg=-Vg,max

will be less than at the beginning of path D1 because some holes will be trapped.

These theoretical transfercurves will be used in the next chapters to explain the shape 

of the transfercurves measured in the experiments.

Trapped charge carriers can hop away from a trapping site by phonon assistance, as 

described by the hopping model of Miller and Abrahams [8].

Since the amount and energy of phonons is temperature dependent, the measurements 

will be performed at different temperatures to see what the influence of temperature is

on the trapping/detrapping-rates. On forehand one expects that higher temperatures 

give more phonons, thus a higher hopping rate, so a higher drain-source current. 

However elevated temperatures might also change the morphology of the system 

giving rise to a change in the amount of trapping sites.

In the first part of chapter 4 the hysteresis effects in heterostructure devices will be 

elaborated. One material will be evaporated and the other spincoated. The influence of 

reversing the layer stacking will be examined.

In the second part of chapter 4 heterostructure devices, made out of 2 evaporated 

materials, will be studied, for this system the layer stacking will also be reversed.

In chapter 5 systems with two materials mixed in solution to form a blend structure 

are described.

In chapter 6 the device with the biggest hysteresis is further examined by measuring 

the retention of the drain-source current as a function of time. The influence of the 

value of constant gate voltage, the amount of trapped charges at the start of the drain-

source current retention and temperature will be shown and explained.
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Chapter 4

Experimental results for heterostructure 

devices

This chapter gives an overview of the experimental results from the measurements on 

heterostructure devices. These measurements were performed to find a device with a 

big hysteresis (on/off-ratio more than a factor 10
2
, this on/off-ratio is defined in 

paragraph 2.2), reasonably high drain-source currents in the on/state (above 10
-9

 A), 

the device also needs to be reproducible and stable. In this chapter only devices which 

have an active (semiconducting) layer made from a heterostructure of a p- and a n-

type semiconducting material are studied. In the first paragraph the devices will be 

made from a spincoated p-type (hole conductor) material, poly-(3-hexylthiophene), 

P3HT, and an evaporated n-type (electron conductor) material, Pery-NH2.

In the second paragraph heterostructure devices made out of evaporated materials, p-

type copper phthalocyanine (CuPc) and n-type fluorinated copper phthalocyanine 

(F16CuPc) will be studied. The advantage of making an active layer out of 2 

evaporated materials is that there can be direct contact between the electrodes and 

both semi-conducting materials in 2 arrangements (n-type bottom layer with p-type

top layer and the inverse), whereas in heterostructure devices with a spincoated layer 

on the bottom there is no direct contact between the top layer and the electrodes.

Before making heterostructure devices the behaviour of the individual components 

will be shown by means of IV-characteristics and mobilities. After that the materials 

will be combined to form heterostructure devices and the changes in IV-

characteristics and mobilities will be discussed and the hysteresis will be shown. The 

behaviour of the capacitance, as a function of frequency and gate bias, of a MIS diode

with a heterostructure as active layer will also be studied.

The third paragraph sums up the results and draws some conclusions.
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4.1 P3HT and Pery-NH2

hole ~ 0.1 

cm
2

hole ~ 0.2 cm
2
/Vs [49]) . The P3HT used for our devices is

acquired from Merck. After solving the P3HT in chloroform the solution was 

spincoated and then annealed at 80°C in a N2 environment for 1 hour, to remove all 

traces of solvent, thus forming a smooth layer. The chemical structure of P3HT is 

depicted in figure 4.1. The energy of the highest occupied molecular orbit (HOMO) 

and the lowest unoccupied molecular orbit (LUMO) of P3HT are respectively  -5.2eV 

and -3.53eV [50].

Pery-NH2 is an evaporated electron conducting molecule. The HOMO and LUMO 

energy level are estimated to be -6eV and -4eV. The chemical structure of Pery-NH2

is also depicted in figure 4.1.

Fig. 4.1 Chemical structure of P3HT (left) and Pery-NH2 (right).

With these semi-conducting materials 2 FETs were created with a single active layer, 

one with P3HT (hole conducting) and one with Pery-NH2 (electron conducting). 

Figure 4.2 gives the transfer curve (Ids-Vg) of both devices. These transfer curves were 

measured on finger-transistor with a width (W) of 20000

see figure 3.2. The samples were measured in low pressure (<10
-5

 bar) at 40°C with a 

drain-source voltage of -5V (Vds=-5V), before measuring they were heated, in 

vacuum, at 100°C for about an hour. From the IV-characteristics the maximum 

mobility is calculated to be 5*10
-3

 cm
2
/Vs for P3HT and 3*10

-5
 cm

2
/Vs for Pery-NH2.

Both transfer-curves were measured by sweeping the gate bias from Vg=-40V to 

Vg=40V and back to Vg=-40V. The transfercurve measured on the transistor with hole 

conducting P3HT gives high drain-source currents for negative gate-biases. The 

transfercurve shows a threshold voltage at around Vg=10V, ideally the threshold 

voltage at low drain-source bias is at 0V. This shift in threshold voltage can be 

explained by channel deforming effects due to the drain-source voltage or by

background doping in the P3HT layer. The constant applied drain-source bias 

influences the shape of the channel, if the drain-source bias is zero then the channel 

would be flat, but here Vds=-5V giving electric fields near the drain electrode even at 

zero gate bias. These electric fields will induce mobile charge carriers and therefore 

create a shift in the threshold voltage. 

Background doping in the P3HT layer gives mobile charge carrier and thus a drain-

source current at Vg=0V and even for positive gate biases. 

For the transistor with P3HT the measured drain-source current at positive gate biases

is influenced by leakage currents flowing from the gate towards the drain and source.

These leakage currents also have a big impact on the drain-source current at negative 

gate biases in the transistor with Pery-NH2. For this transistor made with electron 

conducting Pery-NH2, the drain-source current values are the highest at positive gate 
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bias. In this transistor the threshold voltage is also shifted, which can be explained by 

the before mentioned effects of the drain-source bias and by background doping.

In the transfer-curve measured on the transistor with P3HT there is nearly no 

hysteresis, so there is nearly no charge trapping in the P3HT layer.

The transfercurve measured on the transistor with Pery-NH2 does show hysteresis so 

there is charge trapping in the Pery-NH2 layer. 

4.1.1 Heterostructure devices with P3HT and Pery-NH2

Two heterostructure devices were created by spincoating a layer of P3HT on top of 

the Pery-NH2 sample and by evaporating a layer of Pery-NH2 on top of the P3HT 

sample. Because of the difference in processing there is a difference in layer stacking

near the electrodes. In case of the P3HT (bottom) - PeryNH2 (top) device there is no 

direct contact between the source and drain electrodes and the PeryNH2, as for the 

PeryNH2 (bottom) – P3HT (top) device there is direct contact, as can be seen in figure 

4.3

Fig. 4.2 Transfer characteristic for P3HT and Pery-NH2, measured on a finger-

were measured in vacuum at 

40°C, with a Vds=-5V. The gate bias sweep started at Vg=-40V.

S (Au)

Gate (Si)

D (Au) S (Au)

Insulator (SiO2)

Gate (Si)

D (Au)

Insulator (SiO2)

Pery-NH2

P3HT

P3HT

Pery-NH2

Fig. 4.3 Schematic transistors with spincoated P3HT (light blue) and evaporated 

Pery-NH2 (purple). S and D are the golden source- and drain-electrodes.
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In case of heterostructure devices one should also pay attention to the position of the 

accumulation channel, in the P3HT (bottom) – Pery-NH2 (top) device the 

accumulation channel is at the P3HT-SiO2 interface for negative gate biases, but at the 

Pery-NH2 – P3HT interface for positive gate biases. This shift in the position of the 

accumulation layer has to be accounted for when determining the capacitance, for 

positive gate biases the P3HT layer is depleted of mobile charges and thus the total 

capacitance is determined by the reciprocal sum of Cins and CP3HT, see equation 3.7.

For the Pery-NH2 (bottom) – P3HT (top) device, the Pery-NH2 layer is depleted of 

mobile charges for negative gate biases, this gives a total capacitance equal to the 

reciprocal sum of Cins and CPery-NH2. The CP3HT and CPery-NH2 depend on the thickness 

of the P3HT or Pery-NH2 layer and on the relative dielectric constant, which is 

assumed to be 3 for both materials.

The IV-characteristics of both heterostructure devices show ambipolar transistor 

behaviour, see figure 4.4.

One effect that might have an impact on the IV-characteristics is the annealing of the 

sample: the bottom layers were annealed two times, one time as a single layer and the 

second time with a second layer on top. It is unclear how the bulk structure and/or the 

interface structure changes during this second annealing step, this might have an 

influence on the drain-source current values.

For the P3HT (bottom) – Pery-NH2 (top) device the drain-source currents on both the 

p-side (Vg<0V) as the n-side (Vg>0V) are lower than the currents in the single layer 

devices. The conduction on the p-side is mainly determined by the P3HT layer, 

because the P3HT has superior hole conducting properties. The maximum mobility at 

the p- max=3.4*10
-4

 cm
2
/Vs, more than a factor 10 lower than the maximum 

P3HT = 5*10
-3

 cm
2
/Vs).

The Pery-NH2 layer dictates the currents behaviour on the n-side. 

Fig. 4.4 Transfer characteristics for heterostructure devices with P3HT and Pery-

NH2, both devices have ambipolar behaviour, but the black curve (Pery-NH2 on the 

bottom and P3HT on top) has the highest current values. The Vg is swept from Vg=-

40V via Vg=0V to Vg=40V back to Vg=-40V, the arrows indicate the sweeping 

direction.

Since the mobility is determined by equation 3.4, in which the capacitance is an 

important factor, one should take into account that in this device the P3HT layer is 

depleted of mobile charges for positive gate biases and thus the P3HT-layer acts as a

second dielectric. By using equation 3.7 and the layer thickness of the P3HT of 30nm 

-40 -20 0 20 40
10

-10

10
-9

10
-8

10
-7

10
-6

1x10
-5

I d
s
(A

)

V
g
(V)

 Pery-NH
2
 (bottom) + P3HT (top)

 P3HT (bottom) + Pery-NH
2
 (top)

Pery-NH2 P3HT Pery-NH2 P3HT

-3.53eV

-4eV

-5.2eV

-6eV

e-

h+

E=0.47eV

E=0.80eV



4.1.1 Heterostructure devices with P3HT and Pery-NH2

33

the typical capacitance changes from 17nF/cm
2
 to 14.4nF/cm

2
. With this new typical 

capacitance the maximum mobility for positive gate biases is calculated to be 1.1*10
-5

cm
2
/Vs. This maximum mobility in the heterostructure device is almost a factor 3 

lower than the maximum mobility for a single layer of Pery-NH2 Pery-NH2=3*10
-5

cm
2
/Vs). This difference might be related to a difference in interface at the 

accumulation channel. In the single Pery-NH2 device the accumulation layer is 

located at the SiO2 - Pery-NH2 interface, whereas in this heterostructure device the 

accumulation layer for positive gate bias is located at the P3HT – Pery-NH2 interface.

The hysteresis for this device (P3HT – Pery-NH2) is small, with a maximum on/off 

ratio of 5, near Vg=30V. The on/off-ratio here is determined by the maximum 

difference in current values at one gate voltage. 

Since the hysteresis is present for positive gate biases, this hysteresis might be 

explained by trapping of electrons, compare with scenario C in paragraph 3.5.1. The 

main difference between this experimental device and the theoretical device in 

paragraph 3.5.1 is that in this experimental device the trapped electrons are also being 

detrapped for small positive gate biases (Vg<10V) and all trapped electrons are 

detrapped when the gate bias reaches Vg=0V during the sweep back from Vg=40V to 

Vg=-40V.

The trapping of electrons can take place at 2 positions in the active layer, either in the 

bulk of the Pery-NH2 or in the interface of the P3HT – Pery-NH2 layers. In this device 

the Pery-NH2 layer is the top layer, this means that the accumulation channel formed 

in the Pery-NH2, will be near the interface with the P3HT. Due to diffusion and/or 

morphology some electrons will become trapped in this interface, thus causing 

hysteresis in the IV-characteristics. The electrons can also be trapped in the bulk of 

the Pery-NH2 since the IV-characteristics of the pure Pery-NH2 transistor also show 

electron trapping.

Since there is nearly no hysteresis noticeable for negative gate biases there is no 

trapping of holes.

Looking at the Pery-NH2 (bottom) – P3HT (top) device it stands out is that the Ids at 

the n-side of this heterostructure device is a factor 10 bigger than the Ids for a single 

layer of Pery-NH2, with a maximum mobility of max=1.2*10
-4

 cm
2

Pery-

NH2=3*10
-5

 cm
2
/Vs for the single layer). This increase in conduction might come from 

dopants induced during the spincoating of P3HT on top of the Pery-NH2 layer.

At the p-side of the transfercurve, the accumulation layer is formed at the Pery-NH2 –

P3HT interface, this means that the Pery-NH2 layer is depleted of mobile charges and 

therefore that the Pery-NH2 layer acts as a second dielectric in the determination of 

the capacitance. This Pery-NH2 layer has a thickness of 40nm, with equation 3.7 this 

gives a typical capacitance of 13.7nF/cm
2
, this capacitance is the reciprocal sum of the 

SiO2 capacitance and the Pery-NH2 capacitance. This gives a maximum mobility for 

negative gate biases of 1.7*10
-3

 cm
2
/Vs. This maximum mobility is about a factor 3 

lower than the maximum mobility measured in the device with a single P3HT-layer 

P3HT = 5*10
-3

 cm
2
/Vs for the single layer).

The hysteresis is this Pery-NH2 (bottom) – P3HT (top) device is at the p-side, the side 

where P3HT dominates. 

Since in this device the hysteresis is at the p-side of the gate bias-sweep, it can be 

caused by trapping of holes. At the start of the gate bias sweep, Vg=-40V, mobile 

holes are accumulated in the channel, located at the interface between the top P3HT 

layer and the bottom Pery-NH2 layer. At this interface the mobile holes can become 
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trapped, thus lowering the drain-source current. These trapped holes stay trapped even 

at positive gate biases, for positive gate biases these trapped holes will be 

compensated with an mobile electrons, increases the drain-source current values, 

compare with scenario B in paragraph 3.5.1. This gives another explanation why the 

drain-source current values at positive gate biases are higher in the Pery-NH2 - P3HT 

device than in the single Pery-NH2 device. During positive gate bias some mobile 

electrons will become trapped in the bulk of the Pery-NH2, when the gate bias 

becomes negative these trapped electrons will be compensated by mobile holes 

increasing the drain-source current. The interplay of trapped and detrapping of holes 

and electrons forms a loop in the transfercurve.

The maximum on/off ratio is close to 5, near Vg=-20V. For this device the absolute 

difference in current, Ids (on)-Ids (off) is a factor 1000 bigger than for the P3HT – Pery-

NH2 device.

One big difference in the structure of the 2 heterostructure devices is the contact 

between drain- and source-electrodes and the semiconducting layers.

In the Pery-NH2 – P3HT device there is contact between both organic layers and the 

electrodes, so charge carrier injection is possible into both the P3HT and the Pery-

NH2 and this might explain the higher current levels, see fig. 4.3. In the P3HT-Pery-

NH2 device the drain and source electrodes are completely covered by the spincoated 

P3HT layer, this P3HT layer form a barrier that blocks the injection of electrons from 

the drain and source electrodes to the Pery-NH2 layer.

To overcome this difference in contacts two heterostructure devices made from

evaporated semiconducting materials, a p-type CuPc and n-type FCuPc, were created.

In both these devices there is direct contact between the drain- and source-electrodes 

and the semiconducting layers.

Unfortunately, the C-V and C-f measurements on these devices couldn’t be done in 

vacuum, so no it wasn’t possible to investigate the change in position of the 

accumulation layer.

4.2 CuPc and FCuPc

For the creation of heterostructure devices with CuPc and FCuPc, the same procedure 

was followed as for P3HT and Pery-NH2. First single layer devices were made and 

then the second layer was evaporated on top of the first layer.

The chemical structure of copper phthalocyanine (CuPc) and fluorinated copper 

phthalocyanine (F16CuPc) are depicted in figure 4.5. The mobilities for CuPc and 

FCuPc are in the order of 10
-2

 cm
2
/Vs [51]. For CuPc the HOMO and LUMO are –

5.0eV and –3.1eV, respectively. For FCuPc the HOMO and LUMO are –6.3eV and –

4.8eV, respectively [52].

To make sure that there is direct contact between the electrodes and both 

semiconducting layers the thickness of the first organic semiconducting layer has to 

be smaller than the height of the source and drain electrodes, therefore not thicker 

than ±70 nm. For P3HT the thickness could be controlled by diluting the solution or 

by spincoating at different speeds, Pery-NH2 was evaporated at Bayreuth University 

where they could control the thickness of the evaporated layer during evaporation. 
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Fig. 4.5 Depicted on the left is the chemical structure of F16CuPc and on the right the 

chemical structure of CuPc. 

Since we weren’t able to control the thickness of the evaporated (F)CuPc layer during 

evaporation, the only way of controlling the layer thickness of (F)CuPc is by changing 

the amount of material in the evaporation-boat.

If the thickness of the first layer is higher than the thickness of the source and drain 

electrodes no charge carrier injection to the second layer would be possible. In figure 

4.6a the transfer-curves for 2 device with different CuPc thicknesses can be seen. 

These device were measured in vacuum at T=40°C on a ring transistor with 

 a drain-source voltage Vds=-10V. Before measuring 

they were annealed at 100°C, in vacuum, for about an hour. The maximum Ids for the 

90nm device is lower than for the 60nm device, this difference can also be seen in the 

maximu max=2.4*10
-4

 cm
2
/Vs, the device with a CuPc 

max=1.1*10
-3

 cm
2
/Vs.

This difference in current values and mobilities might arise from the annealing step, 

for a thicker device it might take more annealing time to remove impurities. 
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Fig 4.6 Transfercurves for a) on the left: single layers of CuPc b) on the right: single 

layers of FCuPc. 

The remaining impurities will lower the drain-source current and thus the mobility. 

Since the annealing time for both devices was the same the device with a thick CuPc 

layer will contain more impurities, like water or traces of solvent, than the device with 

a thin CuPc layer, thus having a lower mobility and lower maximum drain-source 
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current. For both CuPc devices there isn’t a clear threshold voltage, if one has to 

appoint a value the threshold voltage for the 60±5nm device would be around 

Vg=27V, for the 90±5nm device it would be around 35V. As pointed out in paragraph 

4.1.1 this shift in threshold voltage comes from the deformation of the channel 

because of the drain-source bias and from background doping. The threshold voltage 

shift because of background doping is bigger for the device with the thicker CuPc 

layer, as one would expect since the thickest device contains a higher density of 

impurities.

The FCuPc devices also show higher drain-source currents for devices with thinner 

active layers, figure 4.6b. In these FCuPc devices there is a clear threshold voltage at 

Vg=-8V.

The maximum mobility for the FCuPc device with an active layer thickness of 35 nm 

max=6.8*10
-3

 cm
2
/Vs. The device with an FCuPc layer thickness of 60 nm has a 

max=2.3*10
-4

 cm
2
/Vs.

4.2.1 Heterostructure devices with CuPc and FCuPc

The heterostructure transistors made with CuPc and FCuPc are schematically depicted 

in figure 4.7. Since CuPc and FCuPc are both evaporated materials the gold electrodes 

can directly inject charge carriers into both semiconducting layers.

After evaporating the top layer the devices were annealed at 100

about an hour, then cooled down till 40 -characteristics were measured 

with Vds=-10V.

The resulting transfercurve for the CuPc-FCuPc device is shown in figure 4.8, here 

CuPc is the bottom layer with a thickness of (60±5) nm and FCuPc is the top layer 

with a thickness of (60±5) nm. At high negative gate biases (p-side) the 

heterostructure device behaves almost the same as the single CuPc layer device, the 

Ids is even a factor 2 higher. The maximum mobility on the p-side of the transfercurve 

for the heterostructure device is max=2.5*10
-3

 cm
2
/Vs ( max=1.1*10

-3
 cm

2
/Vs for a 

device with a 60±5 nm single CuPc layer). This increase in drain-source current and 

maximum mobility can be explained by an annealing effect, the bottom layer of CuPc 

is annealed twice (one time as a single layer device and the second time as part of the 

heterostructure device) and therefore there might be fewer impurities, like traces of 

solvent and water, in this layer and thus a higher drain-source current. For high 

positive gate biases (n-side) the current in the heterostructure device is about a factor 

30 lower than for the single layer FCuPc device and the accumulation channel is 

located at the CuPc-FCuPc interface.

FCuPc
S (Au)

Gate (Si)

D (Au)

Insulator (SiO2)

CuPc
S (Au)

Gate (Si)

D (Au)

Insulator (SiO2)

CuPc
FCuPc

Fig. 4.7 Heterostructure devices made with FCuPc (green) and CuPc (purple).

In both configurations there is direct contact between the source and drain electrodes 

and both semiconducting layers.
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Fig. 4.8 Transfercurves for heterostructure devices, in black a bottom layer of CuPc 

with a top layer of FCuPc, in red a bottom layer of FCuPc with a top layer of CuPc. 

This shift in accumulation channel changes the typical capacitance. The CuPc layer 

has a thickness of 60nm, combining this thickness with equation 3.7 gives a typical 

capacitance for positive gate biases of 12.4nF/cm
2
, resulting in a maximum mobility 

of 3.0*10
-5

 cm
2
/Vs. This maximum mobility at the n-side of the heterostructure device 

is about a factor 7 lower than the maximum mobility measured on a device with a 

60±5nm single FCuPc layer, which is max=2.3*10
-4

 cm
2
/Vs.

In the measured transfercurves there was nearly no hysteresis, the maximum on/off 

ratio didn’t exceed a factor 2. One explanation is that during the gate-sweep not 

enough charges are being trapped, to give a hysteresis in the transfercurve, this means 

that there are not enough trapping sites to obtain the desired hysteresis. Another 

explanation is that the charges are being detrapped too quickly, in other words the 

trapping depths are too small.

For the second device we reversed the layer ordering, making a FCuPc-CuPc device, a 

35±5 nm FCuPc layer forms the bottom layer on which a 90±5 nm thick CuPc layer 

was evaporated. Figure 4.8 gives the transfercurve for this heterostructure device, 

measured with a Vds=-10V. The highest Ids on the p-side of the heterostructure device 

is now only a factor 3 lower than the highest Ids for a device with a 90±5 nm CuPc 

layer. For these negative gate biases the accumulation layer is formed at the FCuPc-

CuPc interface, combining equation 3.7 with the thickness of the FCuPc layer gives a 

typical capacitance of 14.1nF/cm
2
. The maximum mobility on the p-side is 

max=3.5*10
-4

 cm
2
/Vs, this is even higher than the maximum mobility for the 90±5 

max=2.4*10
-4

cm
2
/Vs.

The n-side of the transfercurve measured on the heterostructure device is dominated 

by the FCuPc layer, the maximum Ids value is equal to the maximum drain-source 

current value measured on a device with a single 35±5nm FCuPc layer. Comparing 

the maximum mobilities on the n- max=6.4*10
-3

 cm
2
/Vs for the 

max=6.8*10
-3

 cm
2
/Vs for the 35±5 nm single layer FCuPc 

device.

Looking at the overall shape of the measured transfercurves what stands out is that 

there is nearly no hysteresis, with a maximum on/off-ratio of a factor 3.
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4.3 Discussion and conclusions

In this chapter the goal was to find a device which satisfies the criteria mentioned in 

the introduction. One of the criteria is an on/off-ratio > 100, however none of the 

on/off-ratios in the measured transfercurves is bigger than a factor 5, so none of the 

heterostructure devices could be used for time dependent measurements on the 

retention and eventually for temperature dependence of this retention.

Since it is assumed that hysteresis in the IV-characteristics comes from charge 

trapping/detrapping, it is concluded that in these heterostructure devices there isn’t 

enough trapping and detrapping of charges. 

From the measurement on the single layer P3HT device it can concluded that there is

no significant trapping in the bulk of the P3HT. The bulk of the Pery-NH2 does show 

some charge trapping which might be attributed to disorder in Pery-NH2 layer. 

Combining P3HT and Pery-NH2 in heterostructure devices gives ambipolar 

behaviour, but the maximum on/off-ratio is only a factor 5. In these heterostructure 

devices the mobile charges can become trapped in the bulk of the Pery-NH2 or at the 

P3HT – Pery-NH2 interface. The small on/off-ratios lead to the conclusion that there 

isn’t a significant amount of charges trapped in the P3HT – Pery-NH2 interface or in 

the bulk of the Pery-NH2 during the gate bias sweep.

What is noticeable in the comparison between heterostructure devices and devices

with a single layer of P3HT or Pery-NH2, is the different in drain-source current 

values. These differences can be caused by the annealing effect, blocking of charge 

injection or by the difference in morphology. Annealing lowers the amount of 

impurities in the organic layer, if a layer is annealed twice, it is assumed that there 

will be less impurities in that layer, then after one annealing period, thus the drain-

source current will be higher after two annealing periods.

The blocking of the injection of charges can be seen in figure 4.3, in a P3HT (bottom) 

– Pery-NH2 (top) device only the P3HT layer has direct contact with the source and 

the drain electrodes, whereas in a Pery-NH2 (bottom) – P3HT (top) both 

semiconducting layers have direct contact with the source and the drain electrodes. 

One can see that in a P3HT (bottom) – Pery-NH2 (top) device the drain-source current 

for positive gate biases is much smaller than for a single layer of Pery-NH2.

The third effect is caused by the shift of the accumulation layer from the interface of 

SiO2 and an organic layer, to the interface of the two organic layers. One would 

expect that the SiO2-organic layer interface is different that an organic-organic 

interface, this will also change the drain-source current values, but it is unclear if this 

change in interface has a positive or negative influence on the drain-source current 

values.

In heterostructure devices made from FCuPc and CuPc both semiconducting layers 

have direct contact with the source and drain electrodes, this eliminates the effect of 

blocking of charge injection. As can be seen from figure 4.6 there is no significant 

charge trapping in the bulk of both semiconductors. The on/off-ratios measured on the 

heterostructure devices are smaller than a factor 3, so one can conclude that at the 

interface of these 2 materials there are not enough charge trapping sites to generate 

the desired hysteresis. 

This amount of charge trapping sites can be increase if the 2 materials (P3HT and 

Pery-NH2 or CuPc and FCuPc) would diffuse into each others layer and form a mixed 

layer. In the next chapter there will be a description of device with such a mixed, or 

blended, active layer.
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Chapter 5

Experimental results for blend devices

In this chapter there will be an overview of experimental results from the 

measurements on blend devices. As in chapter 4 the goal is to create a device which is 

stable, reproducible and has a on/off-ratio of more than a factor 100, on-state current 

values above 10
-9

A are also preferable. Since the heterostructure devices didn’t satisfy 

the criteria, devices with a blended semiconducting layer were made. In these devices 

the active semiconducting layer is made from two materials, one electron conductor 

(n-type) and one hole conductor (p-type). By mixing both materials in one solution 

the active layer will consist of a mix, or blend, of hole and electron conducting 

materials. With the assumption that charge trapping takes place at the interface 

between 2 materials with different HOMO-LUMO levels, this blended active layer 

should have a lot of charge trapping sites and thus give a big hysteresis in the 

transfercurves. The IV-characteristics of a device with a blended active layer should 

look like the characteristics of an ambipolar transistor in which holes and electrons are 

trapped and detrapped. In chapter 3.5 the theoretical curves for this type of transistors 

are given.

In this chapter all IV-characteristics are measured on ring-transistors with a width of 

5.1 Perylene and HT5

The n-type material used is a perylene derivative; its structure can be seen in figure 

5.1. The HOMO and LUMO levels of this material aren’t exactly known but are 

assumed to be in order of the HOMO and LUMO of Pery-NH2, -6.1eV and -4eV 

respectively. For the p-type material we have used a phenyl amine, called HT5, its 

HOMO and LUMO levels and its structure are company secret.

First a device with a pure perylene layer was measured, its transfercurves can be seen 

in figure 5.2. 

Looking at the transfercurve the first aspect that is noticed is its hysteresis, with 

on/off-ratios as high as 10
4
. This big hysteresis comes from charge trapping, but in 

this case it’s not charge trapping at the interface between two materials since only one 

material is used. The trapping sites in this material might come from disorder, because 

there is a distribution in energy of each polymer segment the HOMO and LUMO 

levels also form a distribution in which it is possible that charges can be trapped in 

segments with lower energy levels. Another likely explanation is charge trapping at 

the SiO2-perylene interface.
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Fig. 5.1 Chemical structure of the n-type perylene derivative, further referred to as 

perylene.

Fig. 5.2 Transfercurves measured with Vds=-30V. The active layer is made from pure 

perylene. Decreasing the pressure and annealing the sample increases the conduction 

for positive gate biases.

This device has a good on/off-ratio, but the current values are not high enough to be 

measured with the Keithley SMUs. To raise the current levels a hole conducting 

polymer, HT5, is used as a dopant. 

5.2 HT5 as a dopant

To investigate the influence of doping on the transfer characteristics, and especially 

on the on/off-ratio, a series of devices with active layers made from perylene – HT5

mixtures with different concentrations of HT5 is investigated, see figure 5.3

The percentages indicated in figure 5.3 give the mass percent of perylene in HT5. For 

low concentrations of perylene (till 50%) the characteristics are mainly determined by 

the HT5. A small increase in Ids for high positive gate biases is noticed when 

increasing the concentration of perylene. However for high concentrations of perylene 

(>80%) there is a drop in maximum Ids for negative gate biases indicating that there is 

less hole conduction.
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But even at 97% perylene and 3% HT5 the current on the p-side, where HT5 is the 

dominant conductor, has higher values that the current on the n-side, where perylene 

is the dominant conductor.

Fig. 5.3 Transfercurves from measurements on a series of concentrations of perylene 

in HT5, with Vds= -10V. Before measuring the samples have been annealed in vacuum 

for 2 hours at 100°C.

5.2.1 Influence of dopant concentration on the shape of the 

transfercurves

Changing the concentration of perylene in HT5 not only changes the Ids values, but 

also the shape of the transfercurves. This change in shape can be explained by 

trapping and detrapping of holes and electrons.

At 1% and 50% perylene in HT5 there doesn’t seems to be trapping of holes. But 

there is some trapping of electrons at high positive gate biases, but these trapped 

electrons are quickly detrapped and don’t give a significant hysteresis. 

The transfercurve measured on the device with 97% perylene and 3% HT5 gives the 

biggest hysteresis. The increased concentration of perylene reduces the maximum Ids

for high negative gate biases, but increases the maximum in Ids for high positive gate 

biases. The shape of the transfercurve also changes. One can compare the 97% curve

in figure 5.3 to scenario D in paragraph 3.5.1, the curves are simillar in shape, so it 

can be concluded that there is both hole and electron trapping in the 97% perylene 3% 

HT5 sample.

The transfercurve is divided into 6 parts (Vg=-40V -8V, -8V

40V -40V), for each part the trapping and detrapping 

behaviour will be described.

In part 1 the increased perylene concentration gives more hole trapping sites. Till 

Vg=-8V the Ids decreases because of the decreased gate bias and because of hole 

trapping. At Vg=-8V almost all holes are trapped so there is nearly no drain-source 

current. In part 2 (Vg=-8V g=0V) the trapped holes stay trapped, so there will be 

electrons in the channel to compensate for the excess in trapped holes. Increasing the 

gate bias to 0V gives more electrons in the channel, because the majority of the 

trapped holes stay trapped. This addition of mobile electrons gives an increase in Ids,

so there is a drain-source current even when the gate bias is zero. During part 3 

(Vg=0V g=40V) there is detrapping of the trapped holes, the gate bias increases to 
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high positive values so more and more electrons are induced in the channel and 

consequently become trapped. At Vg=40V there are no more holes trapped in the 

channel, but there is an amount of electrons trapped. Decreasing the gate bias back to 

Vg=10V, part 4, gives a quick decrease in Ids because the gate bias decreases, so less 

electrons are induced, electron trapping in the channel further reduces the drain-

source current. At Vg=10V all electrons in the channel are trapped so there should be 

no drain-source current. When the gate bias is further decreased, part 5 

(Vg=10V g=0V), these electrons will stay trapped and will be compensated by 

mobile holes, giving an increase in drain-source current. In part 6, (Vg=0V g=-

40V), the trapped electrons will be detrapped. The increase in |Vg| induces more holes 

in the channel and an amount of them becomes trapped. 

The biggest hysteresis is found for the device which had an active layer with 97% 

perylene and 3% HT5 giving an on/off-ratio of 10
5
. The current values in the on-state 

are well above 10
-9

A, so the retention in the on-state could be accurately measured 

with a Keithley SMU. This 97% perylene 3% HT5 device turned out to be 

reproducible and stable, so this is the ideal device to perform the time and temperature 

dependent measurements on. 

5.3  97% Perylene and 3% HT5

The on/off-ratio can be optimized by adjusting the measuring conditions of this 97% 

perylene 3% HT5 device.

In the first series the transfercurves of our transistor are measured in air and the 

influence of changing the drain-source bias (Vds) is studied, the resulting 

transfercurves are depicted in figure 5.4. 

Fig. 5.4 Transfercurves measured in air with various drain-source biases, the active 

layer is made from 97% perylene and 3% HT5.

Increasing the drain-source bias increases the current values, but the shape of each 

max=3.6*10
-4

 cm
2
/Vs for high

negative gate biases, where HT5 is the dominant conductor. At high positive gate

biases the Ids-values are not higher than 10
-10

A, whereas for pure perylene devices the 

drain-source currents at high positive gate biases in air are in the order of 10
-9

A.
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5.3.1 Shape of the transfercurve measured in air

One important aspect that determines the shape of the transfercurves shown in figure 

5.4 is that these gate-sweeps were measured in ambient air. This air contains water 

and water is known to penetrate into organic layers and form electron and hole traps. 

These electron traps mainly determine the shape of the transfercurves. One can 

compare the transfercurves in figure 5.4 to scenario D in paragraph 3.5.1, if one 

neglects electron conduction in scenario D the curves are shaped simmilar.

The transfercurve is split into 3 part (Vg=-40V g=-20V, Vg=-20V g=40V,

Vg=40V g=-40V). In the first part the gate bias is negative so there are holes in the 

channel, these holes will become trapped. At Vg=-20V all holes in the channel are 

trapped and there is almost no drain-source current. When increasing the gate bias 

from Vg=-20V to Vg=0V, part 2, these trapped holes will stay trapped, these trapped 

holes will be compensated by mobile electrons. Due to the presense of water in the air 

and therefore the huge amount of electron traps in the channel these mobile electrons 

will immediately become trapped so there is no increase in drain-source current. 

Further increasing the gate bias from Vg=0V to Vg=40V will detrap the trapped holes 

and electrons will be induced and immediately trapped, so no increase in drain-source 

current is measured.

At Vg=40V a lot of electrons will be trapped, so when the gate bias is decreased, part 

3, a lot of mobile holes have to be induced to compensate for these trapped electrons 

giving a quick increase in drain-source current. At negative gate biases the trapped 

electrons will be detrapped and some of the holes will be trapped, almost levelling the 

increase of Ids with decreasing gate bias.

Changing the drain-source voltage doesn’t have a significant influence on the 

hysteresis; the maximum on/off-ratio for all drain-source biases is around 5*10
4
.

The next step in adjusting the measuring conditions is decreasing the pressure till 

below 10
-5

 mbar with a constant gate bias, Vds=-10V, the transfercurves from this 

series can be seen in figure 5.5.

The decrease in pressure changes the shape and the drain-source current values of the 

transfercurves dramatically. 

The mobility at high negative gate biases, where the conduction is determined by 

HT5 max=3.6*10
-4

 cm
2

max=2.7*10
-4

 cm
2
/Vs in vacuum. 

At high positive gate biases, where perylene is the dominant conductor, the mobility 

max=1.4*10
-7

 cm
2

max=2.0*10
-6

 cm
2
/Vs in vacuum.

5.3.2 Influence of vacuum on the shape of the transfercurves

As can be seen in figure 5.2 measuring in vacuum gives a better conduction in the 

perylene, this is related to the amount of electrons traps. When the air is pumped out 

of the measuring-box the amount of water in the system also decreases, so the amount 

of electron traps decreases, allowing a higher drain-source current. 

The measured transfercurve is split into 6 parts, (Vg=-40V -10V, -10V

0V -40V).

During part 1 (Vg=-40V -10V) the gate bias is decreased, some holes will become 

trapped resulting in a decrease in the drain-source current.
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Fig. 5.5 Transfercurves measured with different pressures, Vds=-10V. The different 

pressures are an indication of the amount of air in the measuring-box. The active 

layer of this device is made from 97% perylene and 3% phenyl amine.

If there is less air in the measuring-box the minimum in drain-source current is 

decreases, this is probably related to impurities that will be ionized in the presence of 

water and thus can act as dopants. By reducing the amount of water less of these 

impurities will be ionized, giving a lower minimum in drain-source current.

During the second part (Vg=-10V

electrons, these give a drain-source current. Less air in the measuring-box will give 

less water in the system and there will be less electron traps resulting in an increase in

drain-source current.

In part 3 (Vg=0V -source current with decreasing 

air concentration. If the pressure is lowered, there will be less water in the system 

resulting in less electrons traps and thus more mobile electrons. This increase in 

amount of mobile electrons gives an increase in drain-source current. In part 4 

(Vg=40V

beginning of part 4 (Vg=40V), then the backward sweep will reach a minimum in Ids

for smaller Vg values. From this point on (Vg between 15V and 30V) further 

decreasing the gate bias will induced mobile holes in the channel to compensate for 

the trapped electrons, as depicted by part 5 (Vg=±20V

of water in the system less electrons will become trapped, less trapped electrons 

require less mobile holes to compensate for these trapped electrons, thus a lower 

drain-source current. During the final part of the gate-sweep (Vg=0V -40V) the 

trapped electrons will be detrapped and there will be trapping of holes, almost 

levelling the increase in Ids with decrease Vg.

Looking at the hysteresis as a function of pressure it is clear that reducing the amount 

of water in the system increases the maximum on/off-ratio. In vacuum the on/off-ratio 

has a maximum in the order of 10
6
 near Vg=-10V, thus the on/off-ratio increases a 

factor 20 when going from measuring in air to measuring in vacuum.

In vacuum the transfercurve do change significantly when varying the drain-source

bias, see figure 5.6. A higher absolute drain-source bias leads to higher Ids values. 
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Fig. 5.6 Transfercurves for different drain-source biases, measured in vacuum 

(pressure smaller than 10
-4

 mbar). The active layer of this device is made from 97% 

perylene and 3% HT5.

In order to try to increase the Ids values and the on/off-ratios the device was annealed, 

in vacuum, at 100°C, this should remove more impurities like water and traces of 

solvent out of the channel, however it is not clear what the effect of this high 

temperature is on the materials itself and on the morphology of the interfaces between 

the materials.

The device was annealed at 100°C for 1 hour, then cooled back to 40°C and a series 

of transfercurves was measured. After this series the device was annealed at 100°C for 

another hour and again cooled back to 40°C and a new series of transfercurves was 

measured. The effect of the annealing time on the transfercurves, measured with Vds=-

10V, can be seen in figure 5.7. This shows a decrease in conduction in HT5, this 

might be related to material degradation or to changes in the interface of SiO2 with the 

blended material or to the interface of HT5 with the perylene. The hole mobility is 

max=2.7*10
-4

 cm
2

max=1.8*10
-4

 cm
2
/Vs after 

annealing. On the n-side, where the perylene is the dominant conductor, there is an 

increase in current for longer annealing times, showing an increase in electron 

max=2.0*10
-6

 cm
2

max=4.2*10
-6

 cm
2
/Vs after 

annealing.

The maximum on/off-ratio, for Vds=-10V, deceases from 3*10
5
 before annealing to 

3*10
4
 after 2 hours of annealing.  
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Fig. 5.7 The influence of annealing on the transfercurves, all curves are measured 

with Vds=-10V. This device has an active layer made from 97% perylene and 3% HT5. 

5.3.3 Influence of annealing on the shape of the transfercurves

The influence of annealing in vacuum at 100ºC on transistors made with a pure 

perylene layer is depicted in figure 5.2. 

As for the previous transfercurves the gate bias sweep can be split into 6 parts (Vg=-

40V -10V, -10V -40V).

In the first part (Vg=-40V -10V) holes are trapped and the drain-source current is 

reduced due to this trapping and due to a decrease in |Vg|. After the first annealing 

period the drain-source current value at high negative gate bias is somewhat lower, 

this might be related to morphology changes, another explanation is that by annealing 

the amount of water is reduced and thus the amount of ions that can act as dopants 

reduces. The first annealing period also gives a change in the hole trapping rate, 

because there is less water in the channel there will be less hole trapping sites. The 

second annealing period doesn’t further change this amount of hole trapping sites.

The second part (Vg=-10V

channel to compensate the trapped holes. Further increasing the gate bias, part 3 

(Vg=0V aling times. 

Due to the elevated temperatures water, or other electron trapping impurities, will 

evaporate out of the channel, thus lowering the amount of electron trapping sites. This 

gives an increase in drain-source current with longer annealing time. At Vg=40V all 

trapped holes are detrapped and there will be electrons trapped in the channel.

Decreasing the gate bias, part 4 (Vg=40V

mobile electrons, so there is a strong reduction in drain-source current. Further 

reducing the gate bias, part 5 (Vg=10V

compensate for the trapped electrons. At negative gate bias, part 6 (Vg=0V -40V)

these trapped electrons are detrapped, and some of the mobile holes will become 

trapped.

Looking at the change in hysteresis as a function of annealing time, it is clear that the 

maximum on/off-ratio, near Vg=-10V, decreases. 
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Fig. 5.8 Transfercurves for different drain-source biases. Before measuring the device 

has been annealed at 100°C for 2 hours then cooled till 40°C, all in vacuum. The 

active layer of this device is made from 97% perylene and 3% HT5.

After annealing for 2 hours the transfercurves were measured with different drain-

source biases, see figure 5.8. Higher absolute values of Vds give higher current levels, 

but the on/off-ratio decreases drastically.

Comparing the transfercurves from measurements in different conditions (air, vacuum 

and annealed) the best on/off-ratios are measured in vacuum before annealing.

In conclusion the best condition for the time and temperature dependent 

measurements is: in vacuum without annealing with a low drain-source bias. This 

gives characteristic Ids-values of 1*10
-7

 A if HT5 is the dominant conductor and 1*10
-

9
A if perylene is the dominant conductor, with maximum mobilities of 2.7*10

-4

cm
2
/Vs on the p-side and 2.0*10

-6
 cm

2
/Vs on the n-side. At Vg=-10V the on-state Ids

value is 5.4*10
-8

A, the off-state Ids value is 2.3*10
-13

A giving a maximum in the 

on/off-ratio of about 2*10
5
.

These conditions not only satisfy the criteria but the second advantage of measuring at 

a low drain-source biases is that the measurements will be done in the linear regime, 

which makes the understanding a lot less complicated. In the linear regime it is 

assumed that there is a constant charge distribution across the channel.
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Chapter 6

Retention

In this chapter the drain-source current retention of the on- and off-state in blend 

devices is studied, for these studies devices with an active layer made from 97% 

perylene and 3% HT5 are used.The first paragraph will deal with read-write cycles 

and gives an explanation for the shape of the time dependence of the drain-source 

current. In the second paragraph the difference between measuring in air and vacuum 

will be studied. The third paragraph describes retention curves which are measured 

with different gate biases during the read-phase of the read-write cycle. Retention 

curves with different writing times are studied in the fourth paragraph. The 

temperature dependence of these retention curves is studied in the fifth paragraph. 

After these studies on the retention curves their functional dependence and typical 

time-constant will be investigated. In the last paragraph the difference between 

retention with continuous gate bias and non-continuous gate bias will be shown.

6.1 Read-write cycles

Read-write cycles describe the gate bias sequence needed to switch between an on-

state and an off-state in a memory device. In binary logics these on- and off-states are 

appointed to a 1 and a 0, or visa versa. To be able to appoint these values, one has to 

set limits, for example in a particular device: if the drain-source current at the read 

voltage is above 10
-10

A it represents the binary value of 1. If the drain-source current 

at the read voltage is below 10
-11

A it represents the binary value of 0. Defining the 

logic values of 1 and 0 in this way requires a minimum On/Off ratio of 10 during the 

read-phase to have a good working memory device. In figure 6.1 a typical read-write 

cycle is shown in terms of the gate bias as a function of time and the resulting drain-

source current as a function of time. The transfercurve of the measured device is also 

depicted.

During the first 30 seconds Vg=40V, this period is called the writing period. After the 

writing period the gate bias is quickly switched to the read voltage, for this 

measurement Vg,read=-10V, to read out the on-state drain-source current. As can be 

seen in figure 6.1 the value of this on-state drain-source current drops in time while a 

constant gate bias is applied. The next section will give an explanation of this drain-

source current drop in time, the fact that this drain-source current doesn’t decrease till 

zero is called the retention. A good retention means a relative slow drop of the Ids-

value in time, consequently a bad retention means a relative fast drop in time of this 

Ids-value. After the read-out period the gate bias is changed to the erase-voltage. In 

this measurement Vg, erase=-40V. This drain-source current value also drops in time, 

which will be explained in the next section. After the erase period the gate bias is 

quickly switched to the read voltage, to read out the off-state drain-source current. In 

this measurement the read-out gate bias of the off-state has the same value as the read-

out gate bias of the on-state, Vg,read=-10V.
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Fig. 6.1 The left graph shows a read-write cycle, with in black the drain-source 

current and in red the gate bias. On the right the transfer curve is shown as measured 

with a Keithley SMU, for both graphs Vds=-5V.

Comparing the drain-source current values at the on- and off-state, the on/off-ratio is 

about a factor 10
4
, because the drain-source current values change in time this on/off-

ratio will also change in time. During this read-write cycle the drain-source bias was 

kept at a constant value of -5V.

To maximize this on/off-ratio one can adjust a number of parameters, such as the 

writing time, the gate bias during the write- or erase-period or the gate-biases during 

the read-out periods. One can also change the on/off-ratio by changing the drain-

source biases during the write-, erase- and read-out periods.

In most applications the data need to be red out every now and then, so there is no 

need for a continuous read-out. This means that there is no need to measure the drain-

source current continuously, but only when the data value is needed. When the drain-

source current is not being red the gate- and drain-source bias are floating, this has a 

big influence on the retention of the devices, as can be seen in paragraph 6.6.

Shape of read-write cycles

The read-write cycle and transfercurve in the previous section are measured in air, this 

means that the water in the air penetrates the organic layer and forms electron traps.

During the writing period the Vg=40V induces an accumulation channel with a lot of 

electrons, due to the electron traps these mobile electrons will become trapped. The 

drain-source current shows a fast drop from 10
-10

A to 10
-12

A.

These trapped electrons will stay trapped when the gate bias is switched to Vg=-10V

for the read period and they will be compensated by mobile holes. The negative gate 

bias will induce even more mobile holes. These two effects give a drain-source 

current that initially has a value higher than the Ids at Vg=-10V in the transfercurve. In 

time the trapped electrons will be detrapped, this reduces the amount of mobile holes 

in the channel that compensate for these trapped electrons. Some mobile holes will 

also become trapped. Both these effects reduce the drain-source current. 

When the gate bias is quickly switched to the erase value, Vg=-40V, the high negative 

value of Vg induces mobile holes, thus increasing the drain-source current. After the 

read-out period there will probably still be some trapped electrons in the channel, 

these will be detrapped because of the high negative gate bias, these electrons can 

recombine with the mobile holes and reduces the Ids. The negative gate bias also gives 

hole trapping, also resulting in a decrease in Ids. Because of the quick switch to 

Vg,read=-10V, the off-state read-out period, there will be trapped holes that have to be 
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compensated by mobile electrons. These mobile electrons will almost immediately 

become trapped, due to the water in the semiconducting layer, thus lowering the 

drain-source current.

6.2 Air and vacuum

In air there are a lot of compounds that can influence the drain-source current, 

especially water is known to create electron traps, when a device is measured in 

vacuum there is a lot less water in the system. In figure 6.2 retention curves from both 

on- and off-states measured in air and in vacuum are given, the on- and off-state 

retention curve are put into one graph with the time axes indicating the time elapsed 

since switching from Vg,write/erase to Vg,read. The drain-source bias was -5V, the gate-

bias during the read-period was -10V, and during the write (erase) period the gate bias 

was +40V (-40V) for 30 seconds. 

Fig. 6.2 On the left: retention curves measured in air and in vacuum. On the right: the 

transfercurves measured in air and vacuum, both with a drain-source bias of -5V.

In air the drain-source current values are about a factor 10 higher than in vacuum, for 

the on- as well as the off-state. The drain-source current retention in air seems to be 

equal to the drain-source current retention in vacuum only shifted by a factor 10, at 

least in the measured time range. An explanation for this almost equal retention is 

given in the next section.

In further paragraphs the experiments are done in air because of two reasons. First the 

drain-source current values in air are higher than in vacuum, this makes the 

experiments easier to measure in air than in vacuum. And second, application 

purposes require the device to operate in air.

Retention in air versus vacuum

In paragraph 5.3.2 it is described that the main differences between measuring in air 

and in vacuum are caused by water and other impurities in air. Water penetrates the 

organic layer and creates electron and hole traps, other impurities might become 

ionised in the presence of water and act as dopants that can give some drain-source 

current. During the writing period in air more electrons will become trapped than in 

vacuum. If the gate bias is quickly switched to the read out value (Vg=-10V), these 

electrons will stay trapped and have to compensated by mobile holes, these holes 

induce a drain-source current. In air there will be more trapped electrons, thus more 

mobile holes resulting in a higher drain-source current. The drop in drain-source 
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current in time is determined by the detrapping of electrons and the trapping of holes. 

Both these effects will result in reducing the amount of mobile holes in the channel 

and thus reducing the drain-source current. It seems that the relative electron 

detrapping rate isn’t influenced by water.

During the erase period (Vg=-40V) the trapped electrons will be detrapped and some 

holes will become trapped. When the gate bias is then switched to Vg=-10V to read 

out the off-state drain-source current retention, these trapped holes will be 

compensated by mobile electrons, which will become trapped. When the trapped 

holes are detrapped this will initially give a increase in drain-source current, but later 

these mobile holes will become trapped, resulting in a decrease in drain-source 

current. If the device is measured in air there will be more dopants in the channel, 

resulting in a higher drain-source current.

6.3 Gate-bias during the read period

In this paragraph the influence of the gate-bias on the drain-source current retention 

during the read-phase is studied. When the drain-source current retention is measured 

at different gate-biases not only do the drain-source current values change because of 

different carrier-concentrations in the channel, but the different gate-biases also give 

different trapping/de-trapping rates. To investigate these trapping/de-trapping rates the 

retention curves have been normalised, in this way only the differences between the 

trapping/de-trapping rates are shown, not the differences in charge carrier 

concentrations. In the left graph of figure 6.3 the retention of the drain-source current 

is depicted for various gate biases during the read-period. In the right graph in figure 

6.3 the normalised drain-source current versus time is shown. As can be seen in figure 

6.3 the best retention is measured for a gate bias of -10V during the read phase. 

Measuring at gate biases with higher negative values is expected to give better 

retention curves, but a significant decrease in on/off-ratio because the drain-source 

current values in the off-state will increase significantly. Going from Vg=-10V to 

Vg=-20V increases the off-state drain-source current value with a factor 100. Since 

the goal is to optimize the parameters for application purposes, one has to wage the 

reduction in on/off-ratio against the better retention. In this view measuring at a gate 

bias of -10V during the read phase gives the best combination of retention and on/off-

ratio.

Fig. 6.3 The left graph shows on-state drain-source current retention curves for 

various gate biases, the normalisation of these curves is depicted on the right.
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The next section gives an explanation of why the retention is better (slower drain-

source current reduction in time) for decreasing gate bias during the read-out phase.

Retention at different gate biases during read-phase

During the writing period a certain amount of electrons will become trapped in the 

accumulation channel, when changing the gate bias from Vg,write to Vg,read these 

trapped electron will be compensated by mobile holes, giving a drain-source current. 

If the gate bias during the read-period is increase (e.a. from -10V to 20V) the amount 

of mobile holes needed to compensate these trapped electrons will be smalller, thus 

the drain-source current will be smaller. In time this drain-source current decreases 

because of detrapping of electrons or trapping of holes.

6.4 Writing/erase time

In all previous measurements in this chapter the writing time has been 30 seconds. In 

this chapter the writing time will be changed and the influence of this change on the 

drain-source current and its retention will be studied. 

In figure 6.4 the drain-source current retention is given for various writing times. 

With increasing writing time the drain-source current values during the read-out phase 

are higher, this difference is especially noticeable for writing time below 0.1s. In the 

next section there will be an explanation for this relation between writing time and 

drain-source current values during the read-period.

Fig. 6.4 On-state drain-source current retention for different writing times.

Explanation for different writing times

During the writing time there will be trapping of mobile electrons. If the writing time 

is increased the amount of trapped electrons after this writing period will increase. 

When switching the gate bias back to the read-out value these trapped electrons will 

be compensated by mobile holes, more trapped electrons need more mobile holes to 

compensate. If there are more mobile holes in the accumulation channel the drain-

source current will be higher. 
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Looking at the normalised drain-source current retention curves there seems to be a 

relation between the retention and the equipment used to measure the retention. 

Writing times of 1ms till 50ms were created with an Agilent Wavefunction generator, 

the writing times of 100ms till 30s were created with the Labview program, see 

paragraph 3.3.2 for more details. 

For further measurements it is decided to take a writing time of 30 seconds, because 

this writing time satisfies the criteria for on the on/off-ratio (On/Off-ratio >10
2
).

In the first 4 paragraphs of this chapter different measuring parameters (condition of 

the device, Vg,read and twrite) were investigated to optimize the on/off-ratio and the 

drain-source current values. If these parameters are kept constant (Vg,read=-10V,

twrite=30s) one can measure the temperature dependence of the drain-source current 

retention.

6.5 Temperature dependence

Even though measuring in air is preferable for application purposes, the temperature 

dependence will be measured in vacuum because in vacuum one can measure in a 

wider range of temperatures (T=-70°C to 100°C). This wide range in temperatures is 

needed for the calculation of an activation energy. The temperature dependence of the 

drain-source current, the mobilities and typical retention-times will be looked at. 

Before measuring the transfercurves the device was placed in the measuring-box and 

the pressure was reduced to below 10
-4

mbar, the device has not been annealing inside 

the measuring-box.

To investigate the temperature dependence of typical retention-times a functional 

dependence of the retention of the drain-source current is studied. This functional 

dependence gives a typical time constant.

To calculate the activation energies of the drain-source current, the mobilities and the 

typical time constant, Arrhenius plots were created.  In an Arrhenius plot, for instance 

of the drain-source current (Ids), one plots the ln(Ids) versus (T
-1

). If this plot gives a 

linear dependence then Ids~exp(-Ea/kbT), where Ea is called the activation energy.

6.5.1 Temperature dependence of the drain-source current

In this section the temperature dependence of the drain-source current will be studied, 

this is done by measuring transfercurves at different temperatures and comparing the 

Ids values at a certain gate bias. In figure 6.5 the transfercurves measured at a number 

of temperatures are shown. As indicated in the theory of chapter 2, the conduction in 

organic semi-conductors is phonon assisted. With increasing temperature the amount 

of phonons increases, this gives a higher hopping rate and thus better conduction; this 

better conduction will be shown as an increase in the drain-source current. 

These high temperatures will likely cause changes in the morphology of the system 

and, since water is evaporated out of the system, the amount of charge trapping sites 

will change. Even tough the influence of the elevated temperatures on the different 

parameters determining the drain-source current is not exactly know, we can still 

make an Arrhenius plot and try to determine an activation energy.
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Fig. 6.5 Transfercurves measured at various temperatures, Vds=-10V.

In figure 6.6 the Arrhenius plot for a series of gate biases is plotted. From these plots 

it is clear that there isn’t one specific activation energy for the whole temperature 

region (T=-70°C till T=100°C), however it does show that water seems to have a big 

influence on the drain-source current, because the curves change significantly around 

T=0°C=273K (1000T
-1

=3.66 K
-1

).

Fig. 6.6 Arrhenius plot for the drain-source current at various gate biases.

Because of this influence of water the Arrhenius plot for the drain-source current 

doesn’t show a straight line within our measurement limits, however there seems to be 

a linear dependence for the last four measurement points (T
-1

 between 3.8*10
-3

K
-1

and 4.5*10
-3

 K
-1

 , T=-10°C till -50°C). In this range the activation energy is calculated 

to be (0.11±0.01)eV for Vg=-40V, (0.17±0.02)eV for Vg=-10V and (0.078±0.004)eV 

for Vg=40V.
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For Vg=-10V the measurement range from 20°C to 100°C (T
-1

 between 2.7*10
-3

 K
-1

and 3.4*10
-3

 K
-1

) also seems to give a linear dependence. The activation energy in this 

range is (0.58±0.03)eV.

For Vg=-40V there is a linear dependence from 10°C to 40°C (T
-1

 between 3.2*10
-3

K
-

1
 and 3.5*10

-3
K

-1
), the activation energy in this range is (0.73±0.05)eV.

6.5.2 Temperature dependence of the linear mobility

The linear mobility can be determined from a transfercurve with equation 3.4. 

In figure 6.7 the temperature dependence of the linear mobility is depicted. As 

expected from the theory in chapter 2 and 3 an increase in temperature leads to an 

increase in linear mobility, however it is not known what the influence of these 

temperatures is on the morphology of the materials. 

Fig. 6.7 Linear mobilities at different temperatures, the mobilities are derived from 

the transfercurves in figure 6.5.

The Arrhenius plot of the linear mobility, see figure 6.8, shows a change in behaviour 

around 1000T
-1

=3.7K
-1

 (T=273K) which indicates that water has a big influence on 

the mobility, as can be expected since the mobilities are derived from the 

transfercurves.

For a gate bias of -40V two separate linear regimes can be determined, between 10°C 

and 40°C (T
-1

 between 3.2*10
-3

K
-1

 and 3.5*10
-3

K
-1

) gives an activation enegy of 

(0.79±0.04)eV, between -10°C and -50°C (T
-1

 between 3.8*10
-3

K
-1

 and 4.5*10
-3

K
-1

)

gives an activation energy of (0.09±0.01)eV.

For a gate bias of -10V there are also two separate linear regimes, between 20°C and 

100°C (T
-1

 between 2.7*10
-3

K
-1

 and 3.4*10
-3

K
-1

) gives an activation energy of 

(0.51±0.04)eV, between -10°C and -50°C gives an activation energy of 

(0.15±0.01)eV.

For a gate bias of 40V the whole measured temperature regime seems to give a linear 

dependence, with an exception near 0°C, here the activation energy is determined to 

be (0.15±0.02)eV. 
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Fig. 6.8 Arrhenius plot for the linear mobilities derived from the transfercurves.

6.5.3 Temperature dependence of the retention

In this paragraph it will be shown that changing the temperature not only changes the 

drain-source current values, but also the shape of the retention curve. The retention is 

measured by means of read-write cycles, for every temperature the time dependence 

of the drain-source current in the on-state is monitored.
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Fig. 6.9 On- and off-state drain-source current retention measured at 3 different 

temperatures. The left graph shows the retention with linear time axis, the right with 

logarithmic time dependence.
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Fig. 6.10 The on-state drain-source current retention measured at different 

temperatures, the fitted stretched exponential functions are depicted as lines.

The resulting on- and off-state drain-source current retention curves for a few 

different temperatures are shown in figure 6.9. Since the drain-source current values 

in the off-state are relatively small, we will concentrate on the drain-source current 

retention in the on-state, see figure 6.10. 

When the temperature is increased the drain-source current value at the start of the on-

state drain-source current retention is also increased, as can be expected from the 

hopping theory. By normalising these retention curves the change in shape with 

temperature is clearly shown, see figure 6.11. 

Fig. 6.11 Normalised on-state drain-source current retention measured at various 

temperatures, the curves are normalised on the first measured data point.

The shape of these retention curves can be described by a stretched exponential:
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Where I0 describes the drain-source current at the beginning of the retention curve, 

is th A it is shown that a 

stretched exponential function gives the best fit of the measured Ids versus time 

curves. In figure 6.10 the best fit of the stretched exponential is given for each 

temperature. As can bee seen in figure 6.10 one has to be carefull with the 

interpretations of the fittings in the low temperature regime, here the fits give small 

In this way a typical time-constant  is obtained for each temperature, this time-

constant gives an indication of the trapping/detrapping of charge carrier. By plotting 

these time-constants in an Arrhenius plot one can find out whether or not this 

trapping/detrapping of charge carriers is thermally activated. In figure 6.12 the 

Arrhenius plot of these typical time-constants is given.

Fig. 6.12 Arrhenius plot for the typical time constant derived from the functional 

dependence of the on-state drain-source current retention.

As can be seen in figure 6.10, 6.11 and 6.12 the shape and typical time-constants of 

the drain-source current retention curves change significantly for temperatures around 

T=0°C and T=100°C, the melting and boiling temperatures of water. 

The Arrhenius plot seen in figure 6.12 shows a thermally activated behaviour of the 

typical time constant. Fitting over the whole temperature range (from -70°C to 100°C)

gives an activation energy of (0.74±0.08)eV, if the fitting is done between -70°C and 

40°C one finds an activation energy of (0.93±0.09)eV. In appendix B the typical 

timeconstant is determined graphically.

From the fittings of the stretched exponential functions in figure 6.10 the temperature 

dependence of the -exponent in equation 6.1 has also been derrived. This 

temperature dependence of  is depicted in figure 6.13. This -exponent gives some 

information about the T0 since ~T/T0.
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Fig. 6.13 Temperature dependence of the -exponent from equation 6.1.

This T0 is determined to be around 746K for the whole temperature range (from 203K 

to 373K). Within the measured temperature range one can see some regimes where 

shows linear behaviour, for low temperatures (between 203K and 263K) the T0 is 

around 1176K, for high temperatures (between 293K and 353K) the T0 is around 

1067K.

6.6 Retention with floating gate bias

In most memory devices it isn’t necessary to read out the desired values continuously, 

instead one only has to read out a value when it’s required and in between read-out 

periods the memory cell is left in its most stable state.

This non-continuous read-out is studied by setting the device in its on-state, reading 

out the on-state drain-source current value for a short period and then leaving the gate 

bias floating. If the gate bias is left floating no voltage is forced on the gate. In figure 

6.15 a retention curve is depicted in which the gate bias is left floating in between 

measuring points, the inset shows the transfercurve with Vds=-5V.

Before these drain-source retention curves, the device was first set to its on-state by 

applying a Vg=40V for 30s, to set the device in its off-state a Vg=-40V was applied 

for 30s. The first 50s after switching from the write/erase phase to the read-out phase 

(Vg=-10V) are measured continuously. After this initial continuous measuring period 

the measuring sequence was switched to the non-continuous measuring period. 

200 250 300 350

0.05

0.10

0.15

0.20

0.25

0.30

0.35

T
0
=1176K

T
0
=1067K

T
0
=746K

T (K)



6.6 Retention with floating gate bias

61

Fig. 6.15 On- and off-state retention with floating gate- and drain-source bias, the 

inset shows the transfercurve for the measured device.

Everytime 100s of floating gate bias and drain-source bias was followed by 5s 

measuring with gate bias of -10V and drain-source bias of -5V.

In figure 6.15 the upper curve depicts the on-state; the lower line depicts the off-state. 

The curve that seems to be in between the on- and off-state is build up from the first 

measurement points of the 5s that is measured every 100s, see figure 6.16.

Fig. 6.16 Explanation of the points that seems to be in between the on- and off-state, 

but actually are the first data points of every off-state measurement.

The dots represent the datapoints that are measured every second, the straight line 

represents the data if it were to be measured.
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In the time the gate- and drain-source bias is kept floating, no bias is forced onto the 

system, if the device is in its on-state this results in a significant drop in the electron 

detrapping rate. If there are more trapped electrons there will be more mobile holes in 

the system to compensate for these electrons, so there will be a higher drain-source 

current. In figure 6.17 the on-state drain-source current retention is depicted for a 

continuous measurement and for a non-continuous measurement. The difference in 

off-state drain-source current between continuous and non-continuous measuring 

doesn’t change in time, so it is chosen to depict only the on-state.

Fig. 6.17 On-state drain-source current retention for continuous and non-continuous 

measuring.

Both these curve can also be fitted with stretched exponential functions, giving typical 

non-

0.112±0.005 for the non-continuous retention.

As can be seen in figure 6.15 and 6.17 the drain-source current in the on-state can be 

held much higher if the measurement is non-continuous. A higher on-state current 

combined with an equal off-state current gives higher on/off-ratio’s for non-

continuous measurements.
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Chapter 7

Discussion and conclusions

The main goal in this thesis is to maximize hysteresis effects in organic field-effect 

transistors. In order to be able to maximize these hysteresis effects an assumption had 

to be made on what causes these effect. In this thesis it is assumed that charge 

trapping in the accumulation channel is the main cause of hysteresis. It should be 

noticed that charge trapping is one of the many theories explaining hysteresis effects.

For application purposes in a memory cell the following properties should be 

optimized: long data retention, high on/off-ratios and high writing speeds. Moreover 

the device should be stable, reproducible and be able to operate in air and at room 

temperatures. In order for organic memory cells to be able to compete with inorganic 

memory cells they should be produced at low-cost.

In this thesis devices were created in which the on-state drain-source current 

represents a logic 1 and the off-state drain-source current a logic 0, or visa versa.

This on- and off-state drain-source current varies in time and so does the on/off-ratio. 

In order to investigate this drain-source current retention a device was needed that has 

an on/off-ratio bigger than 100 and reasonable high drain-source currents in the on-

state (10
-9

A). In search of such a device transistors were made with an active layer 

made from a heterostructure with an n-type material and a p-type material. In these 

heterostructure devices it is assumed that charges can become trapped at the interface 

between the two materials or in the bulk of these materials. 

Transfercurves measured on heterostructure devices made with evaporated Pery-NH2

on the bottom and spincoated P3HT on top gave a maximum on/off-ratio of 5. This 

maximum in on/off-ratio is found near Vg=-20V, for this negative gate bias the 

accumulation channel is located at the Pery-NH2 – P3HT interface. At negative gate 

bias the drain-source current is dominated by mobile holes, at the Pery-NH2 – P3HT 

interface these mobile holes can become trapped with a trapping depth of 0.80eV. 

This trapping depth comes from the difference between the HOMO of Pery-NH2

(-6eV) and the HOMO of P3HT (-5.2eV). Since the on/off-ratio is only a factor 5 it is 

concluded that there aren’t enough trapping sites to give a high on/off-ratio, this 

means the Pery-NH2 forms a flat layer and that the P3HT does not diffuse into this 

layer.

The device with a reversed heterostructure (P3HT on the bottom and Pery-NH2 on 

top) also has a maximum in on/off-ratio of 5, but for this device this maximum is 

located near Vg=30V. In this device the accumulation layer is located at the P3HT -

Pery-NH2 interface for positive gate bias, here electrons will be trapped with a 

trapping depth of 0.47eV. This trapping depth comes from the difference in LUMO 

levels of the Pery-NH2 (-4eV) and the P3HT (-3.53eV). For this device it can also be 

concluded that there aren’t enough trapping sites to form on/off-ratio’s bigger than a 

factor 5.

In the devices made with CuPc and FCuPc the electron trapping depth should be 

1.7eV and the hole trapping depth is 1.3eV, coming from the HOMO and LUMO 

levels of FCuPc (-6.3eV and –4.8eV) and CuPc (-5.0eV and –3.1eV). The on/off-ratio 



Discussion and conclusions

64

measured in heterostructure devices made with CuPc and FCuPc didn’t exceed a 

factor 3, leading to the conclusion that there aren’t enough trapping sites in these 

devices to give high on/off-ratios. 

The devices with active layers made from a blend of perylene and HT5 give on/off-

ratios as high as a factor 10
5
, so it can be concluded that there is a huge amount of 

electron- and hole-trapping sites in these devices. By pumping air out of the 

measuring-box and annealing the sample water can be removed from the semi-

conducting materials, this has a big influence on the trapping/detrapping of holes and 

electrons. The best on/off-ratios are acquired from devices with an active layer made 

from a blend of 97% perylene and 3% HT5, if these devices are measured in vacuum, 

with Vds=-10V, the maximum on/off-ratio is 2*10
5
.

For devices with 97% perylene and 3% HT5 the drain-source current retention is 

studied. The shape of the drain-source current retention curve doesn’t change when 

the measurement is done in vacuum instead of in air, however the values of the drain-

source current are higher in air than in vacuum. The combination of on/off-ratio and 

the drain-source current retention were optimal for a writing time of 30s and a gate 

bias of –10V during the read-out phase of a read-write cycle. 

By measuring transfer- and retentioncurves at various temperatures activation 

energies were determined for the drain-source current and for the typical 

timeconstant. For low temperatures (T=-10°C till T=-50°C) the activation energies are 

(0.11±0.01)eV for Vg=-40V, (0.17±0.02)eV for Vg=-10V and (0.078±0.004)eV for 

Vg=40V, for temperatures between 20°C and 100°C an activation energy of 

(0.58±0.03)eV could also be determined for Vg=-10V.

Typical timeconstans for the retention of the drain-source current are acquired by 

fitting the drain-source current versus time graph with a stretched-exponential 

functionality. The temperature dependence of this typical timeconstant gives an 

activation energy of (0.93±0.09)eV for temperatures between –70°C and 40°C.

-exponent from the stretched exponential gives a 

T0-value which is around 1067K for temperatures between 20°C and 80°C and around 

1176K for temperatures between –70°C and –10°C.

By leaving the gate- and drain-source bias floating if no read-out value is required the 

drain-source current retention will be much longer and on/off-ratios of more than a 

factor 10
2
 can be achieved even after days.
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Appendix A

Functional dependence

The first step in determining the functional dependence of the drain-source current as 

a function of time is plotting the Ids vs t  in different representations, with the axis on 

logarithmic or linear scales, see figure A.1. These graphs represent the retention of the 

drain-source current as a function of time measured on a 97% perylene 3% HT5

device in vacuum, the writing time is 30s, theVg,read=-10V, the Vds=-5V and the 

temperature is 40°C.

Fig. A.1 Different representations of the drain-source current as a function of time, on 

the top left linear-linear, on the top right linear-logarithmic, on the bottom left 

logarithmic-linear and on the bottom right logarithmic-logarithmic.

Figure A.1 does not show a straight line over the whole time range in any of the 

representations, so it is decided to try to fit several functions and find the function that 

gives the best fit.

In figure A.2 the best fitted single exponential functions are given together with the 

measured data.
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Fig. A.2 Best fits with single exponential function together with the measured data 

points.

As can be seen in figure A.2 a single exponential function does not fit with the 

measured data points.

The next function that is fitted is the double exponential function, see figure A.3.

Fig. A.3 Best fits with double exponential function together with the measured data 

points.

In figure A.3 one can see that the double exponential also doesn’t fit with the 

measured data points.

The next function that is fitted is the power law function, see figure A.4.
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Fig. A.4 Best fits with a power law function together with the measured data points.

The power law function does fit nicely with the measured data points, but diverges 

from these data points after 600 seconds. 

Next the stretched exponential function is fitted, see figure A.5.

Fig. A.5 Best fits with a stretched exponential function together with the measured 

data points.

As can be seen in figure A.5 the stretched exponential doesn’t fit with the data points 

the first second, but is a good fit for the last 900 seconds.

Since the main interest is in the long time regime it is decided to plot the different 

functional dependencies on a linear timescale, see figure A.6.
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Fig. A.6 The fitted function together with the data points on a linear timescale.

From figure A.6 it can be seen that the stretched exponential function fits the best 

with the measured data points.
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Appendix B

Typical timeconstant

The typical timeconstant can also be determined without fitted a function, but from 

the data. One can determine how long it takes the drain-source current to drop to e
-1

(or e
-2 -3

itial value, if the drain-source 

current decays exponentially this would give a linear dependence, see the black 

dashed lines in figure B.1.

However the measured data points follow a stretched exponential, as a results of this 

stretched exponential the times between these typical timeconstants are not equal, see 

the red dashed lines in figure B.1.

Fig. B.1 Typical timeconstants determined from an exponential function and from 

measured data points.

In this way a number of typical timeconstants can be de 1 is the time it takes 

before the drain-source current value is equal to e
-1

2 is 

the time it takes to reach e
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3 is the time it takes to 
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-3

Figures 1 2 3

respectively 1,2,3)

are also shown.

0 200 400 600 800 1000

0,01

0,1

1

e
-4

e
-3

e
-2

e
-1

a
.u

.

t (s)

 Exponential function

 Measured data points, stretched exponential



Appendix B: Typical timeconstants

76

Fig. B.2 Temperature dependence of typical timeconstant 1 (on the left) and of ln( 1)

(on the right).

Fig. B.3 Temperature dependence of typical timeconstant 2 (on the left) and of ln( 2)

(on the right), in the right graph a fitting and activation energy is given.

Fig. B.4 Temperature dependence of typical timeconstant 3 (on the left) and of ln( 3)

(on the right).

In figure B.3 the temperature dependence of the ln( 2) seems to be linear with an 

activation energy of (0.14±0.03)eV.
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