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Introduction

Organic semiconductors offer different advantages respect to their inorganic couterparts, such
as the realization of flexible and large area devices, but the electrical properties and the stability
are poorer, even if nowadays comparable with amorphous silicon. Several attempts have been
made to improve the performances of organic semiconductors; a successful approach in this
direction resides in the realization of devices based on junctions between a p-type and a n-type
organic semiconductor in which an increase of the density of the majority charge carriers is
realized at the interface in both the semiconductors (accumulation heterojunctions).

This approach leads to several advantages, since the electrical properties arising at the inter-
face as consequence of the energy bands alignment can be exploited for innovative applications.
Doping, ambipolar operation, improvement of the morphological and structural properties of
evaporated thin films are some examples. An increase of the device performances has been
experimentally verified, with an improvement of conductivity (even mobility in some cases) in
field effect transistors and of quantum efficiency in light emitting devices.

This PhD thesis deals with the study of Organic Heterostructure Field-Effect Transistors,
basically realized using two organic semiconductors forming an accumulation junction as the
active channel in field effect devices. Organic semiconductors both in the form of thin films and
single crystals have been considered. Concerning the thin film heterostructures, this thesis has
been developed in Naples, at the Department of Physics of the University Federico II and at the
CNR-SPIN, while the single crystal growth and the fabrication of the related micrometric scale
devices have been led at the Departement de la Matiére Condensée (DPMC) of the University
of Geneva.

In the following, the thesis outline is reported. The first chapter provides some general def-

initions and concepts which represent the theoretical basis of the experimental results reported



in the following chapters. A fundamental step in the realization of thin film heterostructures is
the choice of the most suitable n-type semiconductor. Electrical instability and charge trapping
phenomena represented an issue that has limited until recently the realization of n-type devices
and of p-n heterojunctions, which represent the building block for a wide class of devices. The
second chapter will be consequently devoted to the results obtained from the study and the
comparison of three different n-type organic semiconductors belonging to the class of perylene
diimides oligomers.

The third chapter is instead dedicated to the experimental results obtained of thin film
heterostructure field-effect transistor. The vacuum evaporation and the fabrication procedure
have been carefully optimized and the obtained devices have been morphologically, structurally
and electrically characterized. The electrical characterization of these devices exhibits several
interesting features, such as evidences of a charge transfer phenomenon at the interface, a
dependence of the electrical properties on the thickness and an unexpected decrease of the
drain source current for increasing negative gates.

The last chapter is dedicated to Schottky gated single crystal heterostructures. In the device
configuration the heterostructure is formed by PDI-FCNs and rubrene single crystals; rubrene
is laminated on a chromium stripe, with which it forms a Schottky barrier. Transfer curves
indicates band-like behavior down to less than 150 K, with the electron mobility remaining as
high as 1 cm?/Vs at 50 K in the best devices. Furthermore, the charge carrier density at Vg =
0 exhibits a linear temperature dependence. The results can be explained using a simple model
accounting for the alignment of the rubrene HOMO band with the bottom of the LUMO band
of PDI-FCNas.



Chapter 1

Organic interfaces and field effect
devices: tuning the surface carrier

density

This chapter provides some basic concepts, concerning the definition of organic semiconductors
and describes the strategies that can be adopted to tune the surface density of carriers in
semiconductors: surface doping, for instance, or the application of an electric field. In this
regard, two typical field effect device architectures are the Metal Oxide Field Effect Transistor
(MOSFET) and the MEtal Semiconductor Transistor (MESFET).

A further way to induce “engineered” modifications in the transport properties of semicon-
ductors resides instead in the realization of heterostructures. The variety of the combinations
can indicate innovative solutions to the realization of devices and the requirement of the equi-
libration of the chemical potential at the interface induces novel and unexpected electrical
properties.

In the framework of organic semiconductors, the most interesting application of heterostruc-
tures resides in the improvement of the electrical performances and stability of the devices,
while the most prominent physical findings have been observed in heterostructures realized
with organic semiconductors in a single crystal form. Organic single crystals represent indeed
a perfect subject to the clarification of the origins of the charge transport properties in organic

semiconductors, due to the high stability and reproducibility of their electrical properties.



CN
0 o
CyF7H,C-N g.g N-CH CiF;

o
g fry s iy {8\ Ji NC

aef s ey s Wyl s PDIF-CN2

6T :n=1
8T:n=13 Fﬁl:
GO
S0 =~ S

A

Rubrens

4]

Figure 1-1: Some examples of p-type (in red) and n-type (in blue) organic semiconductors
oligomers [3].

1.1 Organic semiconductors

Organic semiconductors are characterized by the presence of several conjugated (7) bonds, like
in the case of benzene or thiophene rings, which justifies their label of “conjugated” compounds
(Fig. 1-1). In this framework we can distinguish between polymers and oligomers, depending on
the molecular weight. Films of organic semiconductors can be obtained through high vacuum
deposition (see 2 and 3) or from solution, while single crystals are grown through condensation
from a vapour phase (see 4).

Each conjugated chemical bond provides one unpaired electron (the 7 electron) per carbon
atom, due to the delocalized nature of the 7 orbital wave function (spepz configuration, see for
instance Fig.1-2 a)). The overlapping between 7 orbital wave functions of successive carbon
atoms leads to electron delocalization along the molecule, which provides the route for charge
mobility. Of course, closer the 7 orbital wave functions, more efficient the overlapping, higher
the electrical properties; symmetry and crystalline order thus play a striking role, since as higher
they are, as higher electrical properties arise [1] [2].

The features of these systems can be summarized as follows: orbitals instead of atomic
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Figure 1-2: a) and bonds in a methane molecule. b) LUMO and HOMO level with the relative
Gaussian distribution of states.

wave functions overlap; the carriers involved in the electrical conduction cannot be considered
as “free”, in the sense that the free electron model cannot be applied since the charges are not
sufficiently localized; the number of carriers involved is less than in inorganic compounds, since
we have only one per molecule, instead than per atom. Consequently, nor the classical band
model, neither the concepts of valence and conductance bands can be applied.

Instead of atomic bands, it is possible to introduce the concept of molecular bands, and the
Lowest Unoccupied Molecular Level (LUMO) and Highest Occupied Molecular Level (HOMO)
will play the role of the minimum of the conductance band and the maximum of the valence
band, respectively (see Fig.1-2 b) ). Moreover, since these organic semiconductors have not
“free” carriers, they come from the electrodes; as a consequence, the electrical properties are
strongly affected by the energy difference between the Fermi level of the electrodes metal and
the energy of the closest molecular level. Indeed, higher is the difference, more the device will
suffer from contact resistances; moreover, depending on which molecular orbital is closer in
energy, the semiconductor will behave as an p-type (if the closer level is the HOMO) or as a
n-type (LUMO) [4]. Actually, most of the organic semiconductors tend to exhibit just unipolar
behaviour, in particular p-type, for reasons linked to trapping of charges (see for instance [5]
and further).

They can be included in the definition of “compensated” semiconductor, in the sense that
they are not intrinsic but that they have an equal concentration of p and n dopants, even if the

concept of doping is completely different from the case of inorganic semiconductors.



Figure 1-3: Fig. Bracelet with an organic light emitting display [9].

1.1.1 Electron transporting organic semiconductors

Since the beginning of the research on organic semiconductors, the study concerning charge
transport and the device realization has been mostly devoted to hole transporting compounds,
since electron transport was rarely observed and the performances of the devices were poorer
[6].

One of the reasons behind this occurrence basically consists on the misalignment between
the LUMO level of n-type compounds (around — 2 / -4 eV) and the workfunction of the elec-
trodes (i.e. the Fermi level of gold is around 5 eV) [7] [8] ; consequently, the first generation
of transistors with n-type semiconductors was realized with low workfunction electrodes (i.e.
Ca). Electron conduction has been also observed in compounds with a higher LUMO level [5],
or using surface treatments [10]. The last two observations, in particular, suggested an alter-
native picture behind the behaviour of n-type compounds, related to an higher susceptibility
of electrons to be trapped.

de Leeuw et al. [5] have considered redox reactions involving the electron transporting
compound and oxygen or water and have determined the ranges of redox potential in which

redox reactions are less favourites and compounds are consequently expected to be more stable
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Figure 1-4: Table illustrating the stability conditions of n-type towards water redox reduction

[5].

(see the table in Fig.1-4 ). This study indicates the way to be covered to synthesize stable
n-type compounds, also encouraged by good agreement with experimental results.

Field effect transistors have been realized with opportunely treated substrate before organic
semiconductor deposition and the electrical properties measured. The occurrence of electron
transport only in transistors with surface treatments passivating hydroxyl (Si-OH) groups sug-
gested an interface trapping phenomenon: the injected electrons can indeed be electrochemically

trapped as immobile surface Si-O- ions following the subsequent reaction (see in Fig. 1-5) [10]:

SiOH + e~ = SiO™ + Hy(g) (1.1)

Following the indications provided by the works reported above, novel strategies were de-
veloped to realize n-type devices, basically passivating the substrate or functionalizing existing
compounds with withdrawing groups. In this case, the treatment is aiming to lower the LUMO
level, both to facilitate the injection of charges from higher workfunction electrodes and to
increase the redox potential in order to render the compounds less susceptible to reactions with

water and oxygen.

10
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Figure 1-5: The effect of the surface treatment in the stability of n-type semiconductors [10];
a) transfer curves for devices with different surface treatments, b) the electron trapping by
hydroxil groups on SiOs.
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Figure 1-6: Some compounds belonging to the class of perylene diimides [12].

Perylene diimides were found to be an interesting class of electron transporting semicon-
ductors [11], since they exhibited high stability owing to the presence of withdrawing groups
[12], such as fluorinated [13] [14] or cyanated [15] ones. The absence of functionalizing groups,
can be compensated by surface treatments [16].

Jones et al. [17] have obtained several arylene — based compounds (Fig. 1-6), functionalizing
the molecules with suitable withdrawing groups; a comparison has been performed between the
LUMO, the molecular geometries, the electronic properties and stability of the devices realized
(see Fig.1-7 a) ) . They also suggested a further possible origin of instability, residing in
geometrical distortions of the molecule, which reduce the m — 7 overlap and create free space
between two molecules, which represents a preferential channel for oxygen and water diffusion
(see Fig.1-7 b) ). The results confirm that core — substituting groups should be chosen in order

to minimize the reaction with oxygen and water, but also the geometrical molecular distortions.
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Figure 1-7: Fig. a) The comparison between the electrical performances in vacuum and in
air with the chemical properties; b) the illustration of the mechanism which explains the air
instability in some n-type semiconductors [17].

1.2 Tuning the carrier density at organic surfaces and interfaces

The manipulation of the electronic properties of a semiconductor offers the possibility to con-
trol the electronic transport and the device performance, and consequently it represents an
unavoidable step in the realization of efficient electronic devices [18]. There are several strate-
gies to modify the carrier density, by introducing chemical dopants (i.e. chemical doping), by
applying an electric field (i.e. electrostatic doping) and by the Fermi level alignment at metal-
semiconductor and semiconductor-semiconductor interfaces (i.e. modulation doping, surface
doping, Schottky contacts, energy band engineering at heterointerfaces).

The common strategy used to modify the carrier density is the chemical doping, which
instead results not to be the more suitable one when an increase of mobility is required, since
introducing impurities carries unavoidably to an increase of disorder, at least in the case of
disordered systems such as organic semiconductors [19]. An alternative method of doping, for
instance, is the surface doping, which basically consists of an heterojunction of semiconductors
with different Fermi level and gap. Their choice can be made in such a way that the alignment
of the Fermi levels and the consequent charge transfer at the interface leads to an increase
rather than a decrease of the density of carriers and consequently to an accumulation rather

than a depletion junction. This is the case of the High Electron Mobility Transistor (HEMT),
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in which an increase of mobility, and in particular a more pronounced metallic — like behaviour
of the mobility is found. The absence of impurities introduces less disorder and makes possible
the formation of a 2D electron gas and the observation of a metallic-like behaviour. Indeed, the
doping material and the doped region are spatially separated [20], introducing the concept of
modulation doping [21]; a bidimensional electron gas forms at the interface and can be tuned
by the application of an electric field [22].

Chemical and modulation doping induce an irreversible modifications in the carrier density
of the semiconductors. Conversely, the space charge regions consequent to the accumulation
or depletion of charges after the application of an external electric field, return again neutral
when the electric field is removed. Electrostatic doping consequently represents a “clean” (since
it does not introduces impurities) and the sole reversible doping strategy available. Electronic
properties of materials and interfaces can be tuned by electrostatic doping, even inducing, in
the best cases, phase transitions between different states of the matter, destruction or forma-
tion of energy gap at Fermi level, modification in the value of magnetic or superconducting
temperatures [19].It represents the working principle of field effect devices, such as Metal Oxide
Semiconductor Field Transistor (MOSFET) and Metal Semiconductor Field Effect Transistor
( MESFET).

In the following subparagraphs, some aspects of the tuning of carrier density in organic
semiconductors will be discussed, referring in particular to surface doping, organic field effect
transistor and organic MESFET. Issues linked to the modification of the carrier density in

heterostructures require more space and will be the subject of the following paragraphs.

1.2.1 Doping

Surface doping represents the most promising way to modulate the electrical properties of
organic semiconductors (and not only, see for instance [23]) without inducing a high level of
disorder. It has been demonstrated that it can also allow a control of the degree of doping
depending on the area of the semiconductor covered by the dopant: as higher the coverage, as
higher the doping effect [24].

The main principle of the doping effect is basically the deposition of a dopant (usually
insulating molecular compound) on the surface of the material to be doped. For a schematic

picture of the phenomenon, see for instance the Fig 1-8 [23] where the energy level alignment

14
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Figure 1-8: A picture illustrating the surface doping phenomenon [23].

induces the transfer of an electron from the valence band of diamond to the LUMO level of
the dopant; this causes an increase of the density of holes, band bending in the diamond, an
increase of electron density and the formation of an interface dipole in the insulating dopant.
Of course, the vice versa happens for a n-type dopant.

This qualitative picture is enough to understand that an analysis of the energy levels at the
interface is necessary to assess the magnitude of the doping and eventually distinguish between
contributes due to band bending and to the formation of an interface dipole. This analysis
can be developed through photoelectron spectroscopy, a family of techniques which have been
widely used to understand the phenomena arising at the semiconductor interfaces [25]. Efforts
in clarifying the energy levels alignment at organic — organic and organic — inorganic interfaces,
to understand the nature of the doping effect, and Ultraviolet Photoemission Spectroscopy

(UPS) and related techniques have been widely used for this purpose [26] [27] [28] [29] [30].

1.2.2 Organic Thin Film Transistor

A transistor is a three terminal device and can be simply viewed as a variable resistor. The

basic architecture is composed by a gate electrode separated from the semiconductor by a

15
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Figure 1-9: Schematic of the three TFT configurations [3].

dielectric layer, drain and source contacts of lenght L separated by a distance W. Provided
these four components, there are three different possible configurations, reported in Fig.1-9.
The resistance of the semiconducting channel can be varied depleting or accumulating charges
at the interface with a dielectric by applying the potential to the gate (Vgg). Charges are
injected from source (usually grounded, Vg = 0), while the potential applied to drain (Vpg)
regulates the current flowing through the device (drain source current, Ipg).

In order to have the formation of the conductive channel between source and drain and
consequently conduction between the two electrodes, a sufficient drain voltage has to be applied,
and the gate voltage has to be greater than a specific voltage value named as threshold voltage
(V). This value is associated to the presence of traps in the gap of the organic semiconductor
and is commonly defined as the value of the potential at which all the traps in the gap are filled
and the conduction takes place through delocalized states.

The principle of operation is the following. As a potential to the gate is applied, charges
are accumulated in the channel, at the interface with the dielectric. If Vpg = 0 the potential is
in the channel uniform, while applying a potential to the drain contact, an electric field arises
between the source and the drain contact and potential vary linearly. At high Vpg voltages
(i.e. satisfying the condition Vpg > Vgg - V) a depletion region is formed near the drain
(pinch-off condition); a space charge limited current flows through the depletion region which
is now no more dependent on Vpg. The current, consequently, does not increase anymore with
Vps.

The current voltage characteristics can be distinguished depending if the drain or the gate

16



voltage is swept. If the variation of the drain current respect to the drain voltage at a fixed
gate is considered, than we are measuring an output curve, conversely a transfer curve (Fig.
1-10).The transfer-curves can be modelled by using the standard MOSFET equations in linear

and saturation regimes, respectively:

WuC
Ips = /2 L (Vas — Vin) Vs
WuC
Ips = 5L D (Vs — Vin)? (1.2)

where W and L are, respectively, the channel width and length, Cp is the dielectric barrier
capacitance per unit area and Vy, is the threshold voltage. Based on these expressions, the
field effect mobility (u) can be easily evaluated both in linear and saturation regions by the

relations, respectively:
0lpg L

= 1.
oVIps\> 2L

Hsat = (14)
Vg WCp

The conductance of organic semiconductors is fairly lower than that of inorganic semicon-
ductors; a specific device architecture designed on purpose has been consequently used. This
configuration is the Thin Film Transistor (TFT) [31] and differs from MOSFET in several
features.

Since the organic semiconductor are unintentionally doped, the conducting channel is in-
duced in the accumulation regime rather than through the formation of an inversion layer. This
simplifies the modelling of the device, in that a further simplification is possible in obtaining
the MOSFET equations. In order to maintain the validity the Shockley assumption that the
transversal field (i.e. the one applied by the gate) should be greater than the longitudinal one
(i.e. applied at the drain) the thickness of the dielectric layer is required to be lower than the
channel length, which justifies the name of the device.

The principle of operation of the device has been widely studied [32], and several non-ideal
behaviours have been found, such as the gate dependent mobility and the bias stress instability.

The dependence of the mobility on the gate is a consequence of the unconventional distribution

17
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Figure 1-10: Representative current-voltage characteristics of an n-channel organic field-effect
transistor: (a) output characteristics indicating the linear and saturation regimes; (b) transfer
characteristics in the linear regime (Vd , Vg), indicating the onset voltage (Von) when the drain
current increases abruptly; (c) transfer characteristics in the saturation regime (Vds > Vg -
VTh), indicating the threshold voltage VTh, where the linear fit to the square root of the drain
current intersects with the x-axis [7].

of carriers in organic semiconductor layers [33] while the dependence on the temperature is due
to the transport properties in the organic layer, and in particular to the presence of traps in

the gap [34].

Bias Stress Effect

One of the main issues affecting the operation stability of Organic Field Effect Transistors
(OFETSs) concerns the so-called Bias Stress Effect (BSE). This phenomenon is caused by the
prolonged application of the Gate-Source (Vgg) voltage and consists in the time decay of
Drain-Source (Ipg) current at any fixed Drain-Source (Vpg) voltage [35] [36]. So far, two main
experimental approaches, both in DC regime, have been used to investigate the BSE occurrence.
The former relies on the analysis of time shift of the transistor threshold Vy, voltage, which can
be determined from the plot of the transfer-curves through geometrical criteria [35]. The latter
is based on the direct observation of transistor Ipg time decay upon static voltage polarization

(fixed Vpg and Vgg) [37]. In both cases, the time behaviour of the measured parameters can

18
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be modelled by formulas based on the stretched exponential function [38] [39]:
/ t B
I=Iy+I'exp|—(—) (1.5)
T

This occurrence reflects the dispersive nature of BSE, basically accounting for a wide distribu-
tion of characteristic times in the elementary trapping processes.

The physical origin of BSE has been mainly ascribed to the presence of active trapping sites.
Traps are related to intrinsic structural defects (e.g. grain boundaries [40] , organic — dielectric
interface [41]) and/or to defect-attracted impurities (e.g. water or oxygen) [42]. Nevertheless,
the physical localization (e.g. at the interface with dielectric [41], in the film bulk or at the
contact regions near the Source-Drain electrodes [43] [44]) and the basic mechanism behind the
bias stress phenomenon in organic field effect transistors has been not completely clarified yet.

The origin of the trapping phenomenon is under discussion; for p-type semiconductors,
Sharma et al. [45] [46] invoke a proton migration mechanism involving water, whereas Lee et
al. [47] assume direct drift/diffusion of holes into the dielectric.

The mechanism proposed by Sharma is based on the observation of the production of Hs
ions for electrolisys from water on SiOs. Scanning kelvin probe measurements on bare SiO9
substrates provided of gold electrodes (i.e. the basic structure of an OFET device but without
the organic semiconductor) have indeed demonstrated the arising of a potential profile after the
application of a drain bias; the time evolution of the potential profile is independent from the
sign of the drain voltage, suggesting that always the same type of charge carriers are involved
[48]. Furthermore, the potential increases with the level of humidity while decreasing using
hexametyldisilazane (HMDS) surface treatment. This result can be explained accounting for a

motion of protons, present on the surface of SiOs because of the reaction
SiOH & SiO™ + HT (1.6)

When a positive voltage is applied to the drain, oxidation of water occurs in the proximity of
the electrodes

1
HyO = 2H' 4 2¢™ + 502(9) (1.7)

provoking a diffusion/drift of protons toward the source and a positive potential profile. Con-

19



versely, when a negative voltage is applied a deficit of protons arises
2HY +2¢” = Hs(g) (1.8)

which causes the motion of protons from the source and a negative potential.
When a p-type semiconductor is deposited on the SiOs substrate, the protons present on
SiOy surface and moved by the application of a drain bias react with holes (OS™) producing

neutral species (OS) following the reaction
2H50 +40S™ & 4H T + O(g) +40S (1.9)

This last equation, with the production of neutral species from holes corresponds indeed to a
trapping phenomenon. In the SiOg, protons in the bulk are naturally present, which concentra-
tion is in equilibrium with that on the surface. Once the concentration on the surface increase
by consequence of the 1.9, a diffusion of protons in the dielectric arises. The proton migration
can explain the exponential behaviour exposed above, following the derivation reported in [45]
and neglecting the protons drift contribution.

The model proposed by Lee et al. instead, does not involve the presence of water and as an
"intrinsic" bias stress effect is cosidered. They study the bias stress effect in single crystals, in
transistors realized with a polymeric dielectric (parylene); in this case, a migration of holes from
the conduction channel of the OFET into the localized states of the dielectric is involved. The
rate of trapping results consequently to be directely dependent on the energetic overlap between
the tail of the semiconductor HOMO and the localized states in the insulator (indicated by the
parameter dg). When the diffusion of holes into the insulator dominates over the drift, the bias
strass is proportional to n.;, (the density of mobile holes present in the channel) or Vi and the
current decay is described by an exponential relation identical to the one reported above (1.5).

T is Vg independent and is given by

AofB

1
_ |8 1.1
X0D0507'ms] (1.10)

T:Tins.[

where 7;,s is the characteristic trapping time in the insulator, Ag is a characteristic width of

the spatial distribution of holes in the insulator near the interface, x, is a cross section of the
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charge tranfer process in square centimeters. Conversely, if the drift dominates over diffusion,

the rate will be proportional to nzh or V2G and the phenomenon is described by a stretched

hyperbola
Lop(t) = — 20 (1.11)
YT Iy ‘
where 7 is instead Vg dependent
T ="Tins ® [ bd ]% (112)
VaXotodoTins

where d is the insulator thickness.

1.2.3 Schottky contact and Metal Semiconductor FET

The surface carrier density can be tuned by the application of an electric field in devices with
different configurations and using different principles of operation to induce charges at the
interface between two different material layers.

In the previous section, we have seen that in the most common FET configuration this goal
is achieved by means of a capacitive architecture. In a Metal Semiconductor FET (MESFET),
instead, the carrier density is regulated by extending or reducing the depletion layers that forms
at a metal-semiconductor interface (Schottky contact) by the application of an external voltage.
The basic architecture of the device (n.b. with an organic semiconductor) is illustrated in Fig.
1-11 a).

A Schottky contact differs from a conventional ohmic contact in that the current magnitude
depends on the polarity of the voltage applied and the contact is consequently recifying. Due
to the Fermi level difference between the semiconductor and the metal, a barrier forms (i.e. see
Fig.1-12). The barrier length equals the difference between the Fermi level of the metal and
the conduction band edge for a n-type semiconductor, while it is given by the gap minus the
difference between the Fermi level and the valence band edge for a p-type one. In the first case,
the contact is rectifying for positive voltage applied to the semiconductor, conversely we have
the opposite.

As a consequence of the alignment of the Fermi levels at the interface, also a depletion

region arises. When a voltage is applied, its width can either increase or decrease, depending if
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Figure 1-11: Schematic of the device structure and of the working principle of a MESFET [49]
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Figure 1-12: Schematic of the energetics before and after the formation of the contact for an
n-type semiconductor.
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a forward or a backward potential is applied. The barrier height, as we have discussed before,
only depends on the energetic of the materials involved, thus is supposed to be independent by
the applied voltage. Actually the situation is different, since a barrier lowering effect due to an
image force effect is noticed. Also the interfacial impurities play a striking role in the effective
value of the Schottky barrier height, in that they form an interface dipole which became an
additional unexpected contribute.

After the application of a reverse bias the Schottky barrier hinders the conduction. Nev-
ertheless, also in this last case a conduction is observed, due to several contributes, such as
tunnelling or thermoionic emission.

These concepts turn out useful in the description of the principle of operation of a MESFET,
which is the main purpose of this section. The basic configuration of a MESFET is (in order)
a metal layer, a doped semiconductor layer and source and drain contacts. The metal and the
semiconductor are chosen in such a way that a Schottky contact forms at the interface.

Basically we know that varying the potential applied to the metal, the width of the depletion
layer can be varied, and so the density of carrier on the surface of the semiconductor. It is worth
to mention that the semiconductor has to have free carriers, and has to be necessarily doped.
Consequently, the MESFET results to be an always on transistor, depleting carriers rather
than accumulating them. Apart from that, the current voltage characteristic are completely

the same than in a traditional MOSFET.

1.3 Heterostructures

Heterojunctions are combinations of two or more semiconductors with different gap; the com-
bination of two semiconductors offer several advantages, since the novel electrical properties
arising from the alignment of the Fermi levels at the interface can be exploited as the operation
principle of innovative electronic devices.

Diodes, for instance, but also lasers, light emitting diodes (LEDs), solar cells, are based
on heterostructures [18]. The alignment of the energy level at the interface has been used
to engineer the electronic properties of the devices, in that carriers are driven and eventually
accelerated from the field arising at the heterointerfaces in order to improve the performances

of lasers and transistors [50] [51] [52].
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Organic semiconductors are narrow band materials as the electronic interaction and long-
range coupling between the molecules is much weaker than those between atoms in inorganic
semiconductors. Due also to the strong localization of charges [53] [54], the application of stan-
dard theoretical frameworks, usually employed for the inorganic semiconductors, may reveal to
be somewhat inadequate to describe the electronic properties of organic semiconductors. Indeed,
in many cases, the Fermi level alignment between two organic compounds (which represents
the basic process characterizing the properties of semiconductor heterojunctions at equilibrium)
can be hindered by the strong localization of charges and by the lack of sufficient number of
mobile charges [26].

On the other hand, the results discussed in the recent literature give instead a clear in-
dication that the ‘classical’ picture based on the Fermi level alignment can work, such as in
phenomena of charge transfer, band bending, interface reconstruction (electronic as well as
structural) and surface transfer doping [24], which represents a tool for the controlled and non-
destructive doping of organic semiconductors. It was experimentally found that these processes
can induce a noticeable enhancement of the electrical conductivity in the investigated systems
and even insulator to metal transitions, as remarkably shown in the case of the interface be-
tween Tetrathiofulvalene (TTF) and 7,7,8,8-tetracyanoquinodimethane (TCNQ) single crystals
[55] [56].

On the other hand, the alignment of Fermi levels at organic interfaces reveals to be not
expectable neither easily explainable. Indeed, several examples of heterostructure field-effect
transistors which do not exhibit interface charge transfer signatures have been reported [57]
[58], such as the absence of molecular level bending upon metal deposition on a para-sexiphenil
film [59] and flat band condition after contact between materials with different work functions
[60] [61]. Several attempts to clarify the charge transfer physics [62] [63] and mechanisms [64]

at the organic-organic interface have been made, but the overall picture is not clear yet [65].

1.3.1 Ambipolar transistor

The ambipolar or bipolar FET (n.b. the definition of the term results quite misleading, see for
instance [66]), is basically a device in which both electrons and holes can be accumulated by
field effect in the operation channel, thanks to particular properties of the semiconductor or to

a specific architecture of the device (i.e. a p-n heterostructure composing the active channel of
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Figure 1-13: The ideal transcaracteristic of an ambipolar FET [66].

the device). Consequently, an ambipolar FET can operate in both n- and p- channel mode [7].
Complementary logic circuitry leads to less power consumption [7] and is usually built using
two separated unipolar transistors (such as in [67] [68] [69]); in this framework ambipolar FETs
are interesting from the applicative point of view since just one transistor type is needed [70]
[71].

The ideal transcaracteristic of an ambipolar transistor is shown in Fig.1-13 [66]. It is possible
to observe that the overall behaviour is a combination of a p- and an n- channel operation mode,
since for positive gate applied electrons are accumulated while holes for negative ones. Moreover,
depending on the threshold voltage for both n- and p- channel operation a bipolar channel can
arise, since both the carriers type are present in the operation channel.

The architecture of the device offers also different possibilities, depending on the position of
the electrodes; the three typical configurations realized are shown in Fig. 1-14(a), (b), (c) [72].

The electrodes can be positioned: a) below the heterostructure, in contact with the insu-
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Figure 1-14: Different configurations for ambipolar field effect transistors [72].

lator (indicated as bottom contact/bottom gate or coplanar configuration); b) in the middle
between the two semiconductor layers (middle contact); c) above the heterostructure (labelled
as top contact/ botton gate or staggered). The configuration greatly influences the electronic
properties: for instance, a staggered geometry reduces the contact resistances and facilitate the
injection of charges respect to a coplanar. Kuwahara et al. [72] have instead demonstrated
that for C60 — pentacene field effect transistors, the middle contact configuration was the most
preferable to gain a balanced ambipolar behaviour.

This bipolar channel condition has been widely explained in the papers from Dodabalapur
et al. [58] and from Paasch et al. [73]. At low gate voltages (lower than the majority carriers
threshold voltage) and only when Vps>Vsg, injection from the source of the minority carriers
can happen (see also Fig. 1-15(a), (b)). As a consequence, the device can never been switched
off; moreover, the transfer and output curves can exhibit a “non ideal” shape, as shown in the
Fig.1-15 (c), (d) (modified from [58] and [7]). The output curves does not saturate when both
charge carriers are present (see curves indicated with 1, 2, 3 in the picture (c)) while the transfer
curves show a characteristic v-shape indicating that at low gate voltages minority charge carries
are depleting.

The term organic heterostructure field effect transistor was introduced for the first time
referring to a C60 — T6 heterostructure behaving as an ambipolar FET, as shown in the Fig.1-
16 [57].

The performances of n-type organic semiconductors have been optimized (see for instance
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Figure 1-15: a) a schematic of the charge accumulation in an ambipolar FET, b) bipolar channel,
¢) output curves illustrating the condition of bipolar channel, d) transfer curves with the typical
v-shape (modified from [58] and [7]).
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[3] [74] and further) through several strategies, depending on the characteristic of the active
layer, the electrodes and the architecture of the device. The active layer, indeed, can be realized
with a bilayer but also a coevaporated layer. In this way blend ambipolar transistors have been
easily fabricated. although the electrical properties usually suffer from a reduction due to an
increase of structural disorder (see for instance [75]).

The issue of the high contact resistances revealed to be the most serious obstacle for the
realization of ambipolar devices, since the injection of one charge carrier, mostly electrons, was
hindered. A solution resides into the use of asymmetric electrodes, in the sense that different
metals were used to fabricate electrodes. This approach revealed to be a successful strategy to
induce bipolar transport in an unipolar semiconductor [76].

Another interesting application of ambipolar transistors resides in the realization of light
emitting devices. The so- called Light Emitting Field Effect Transistors (LFETSs) offer an
interesting technological advantage, residing in the possibility to combine the transistor and
the light emitting operations in the same device. This phenomenon has been observed both in
blends and in heterostructure transistors; even the position of the recombination zone in the

channel has been detected and observed [77].

1.3.2 Accumulation heterojunction

The combination between a p-type and n- type semiconductors can form a depletion or an ac-
cumulation junction at both sides, depending on the relation existing between the workfunction
of the two semiconductors [78]. If ¢ , < ¢, a traditional p-n depletion junction is realized. The
valence band bends downward, while the conduction band upward; the built-in potential points
toward the p-type semiconductor, provoking a rectifying behaviour. It is formed by immobile
ions and, consequently, exhibits a high resistance.

The only possibility to increase the performances of the devices, such as carrier density at
the interface and conductivity, consequently resides in the accumulation heterojunction (Fig.
1-17) . Indeed, only in this case (i.e. when ¢, > ¢ ) the alignment of the Femi levels implies
the transfer of electrons from the p-type to the n-type material and vice versa, consequently
leading to an accumulation of the majority charge carriers in both the semiconductors and
to an increase of the density of charges. The band bending, the built-in potential sign and

the rectifying behaviour are reversed. The main features of field effect devices realized with
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Figure 1-17: a) Accumulation Heterojunction; b) table comparing silicon p-n junctions with
organic accumulation heterojunctions [78].

accumulation heterojunctions are an increased conductivity, even at gate zero, respect to the
single layers composing the heterostructure, a normally on behaviour and consequently a shift
of the threshold voltage.

The first system exhibiting this behaviour was the heterostructure formed by the combina-
tion of p-type copper phthalocyanine (CuPc) and n-type hexadecafluorophthalocyaninatocopper
(F16CuPc) [79]. It exhibited almost doubled conductivity and four times higher mobility re-
spect to the single layers, while the threshold voltage shifts from -17 to -19 V, and of course
implies normally on behaviour (see Fig. 1-18).

Since then, the proposed explanation for this phenomena was the presence of an accumu-
lation heterojunction, which was later actually verified through UPS [80], Hall effect [81] and
transverse (i.e. diode — like measurements) [79].

UPS measurements have been performed on samples with increasing thicknesses on one of
the semiconductor layers, for both the two possible configurations (see Fig.1-19 in which the
electronic structure is shown). Measurements clearly indicate the shift of the CuPc HOMO

towards lower energy while F16CuPc LUMO shifts towards higher energy. The shift results to
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Figure 1-18: a) output and b) transfer curves evidencing the heterojunction effect [79].

be composed by a contribution due to the formation of an interface dipole (which is the same
in both the configurations) and another due to band bending. From the solution of Poisson
equation, a carrier density of 10'® ¢cm™3 has been calculated, which is 6 order of magnitudes
higher than the upper limit of the intrinsic carrier concentration for pure organic films.

Hall effect measurements were performed also in this case on samples in two different con-
figurations. Hall effect has been observed at room temperature in both, and the mobilities of
the carriers has been determined. The manifestation of the Hall effect at room temperature
indicates the presence of free carriers in delocalized states of both signs. Measurements at
lowering temperature indicates a decreasing conductivity due to the lowered density of carriers;
the exponential decrease is agreement with the Multiple Trapping and Release Model (MTR).

The same heterostructure has been further investigated by transversal measurements, real-
izing a diode-like configuration a) The transversal measurement revealing the sign of the built
in field, b) the extraction of the accumulation width [79] (see Fig. 1-20). The current flowing
in the direction perpendicular to the interface was measured and the direction of the built-in
field arising at the heterointerface due to the accumulation of charges. The result indicates a
reverse rectifying behaviour, completely opposed sign respect to a p-n junction. A large current
is indeed observed for a forward bias, while the current is greatly reduced in the reverse bias.
This suggest that in the first case the applied field is in the same direction of the built-in field
and the potential barrier for carrier flowing is increased and vice versa.

In the same paper, a method to determine the length of the accumulation region through
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Figure 1-19: a) the energetic and b),c) the UPS measurements for a CuPc - F16CuPc [80].

the threshold voltage shift is also proposed, considering that the threshold shift is a consequence
of the formation of the accumulation junction due to trap filling from the accumulated charges.
Different devices in the same configuration have been realized with an increasing thickness of
one of the two layers, and the transfer curves have been measured, experiencing an increase of
the shift with the thickness which ends with a saturation; the thickness corresponding to the
saturation should be equal to the width of the accumulation region, as a consequence of the
above reported considerations .

As a conclusion, we have to mention that in addition to the CuPc/F16CuPc heterostructure,
also other systems have shown the heterojunction effect, such as the heterojunction formed
by a poly-p-phenylene vinylene derivative (MEH-PPV) hole injection layer with a poly (9,9
-dioctylfluorene ) (PFO) hole accepting [82]. A “sandwich-type” and a “lateral” configurations
with 4,4’,4”-tris [3-methylphenyl (phenyl) amino] triphenylamine (m-MTDATA) organic donor
and a hexadecafluoro-copper-phthalocyanine (F16CuPc) acceptor have been also realized and
compared in [83] with the purpose of demonstrating the presence of a double layer of carriers.
Moreover, measurements in situ during the heterojunction realization, have been performed,

clearly indicating an increase of the current flowing in the device with increasing thickness of
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Figure 1-20: a) The transversal measurement revealing the sign of the built in field, b) the
extraction of the accumulation width [79].

the upper semiconductor layer.

1.3.3 The influence of the morphology

The attention to the growth of organic films, especially by vacuum evaporation, has been moti-
vated by the strict relation established between the morphological and the electrical properties.
It has to be pointed out that organic semiconducting molecules are strongly anisotropic, which
has important consequences in the growth mode and also in the electronic properties; the
ionization energy of the molecule also depends on the orientation [84].

A direct correlation has been established by Shi et al. [85] between the morphological
properties of the lower layer of a 2,5-bis (4-biphenylyl) -bithiophene /copper hexadecafluoroph-
thalocyanine (BP2T/F16CuPc) heterostructure and the mobility of the resulting device. As
shown in the Fig. 1-21 the devices exhibit two transitions from unipolar to ambipolar transport
depending on the thickness of the lower layer; a proposed explanation resides in the continuity
of the film. Analysis by Atomic Force Microscopy (AFM) of the lower layer suggest that a
continuous film represents the unavoidable condition to gain ambipolar transport.

It is widely known that, improving the conditions of the deposition surface, higher quality
films and devices with better performaces are obtained; self assembled monolayers (SAMs),
already mentioned in the paragraph about doping, can serve to this aim, without affecting the

electronic properties of the upper layer [86] [87]. Weak Epitaxy Growth (WEG) introduces an
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Figure 1-21: The influence of the morphology on a) the ambipolarity, b) the charge transport
at the interface [85].

highly ordered ultrathin film (e.g. p- 6P) with the aim of inducing, on his turn, the formation
of a highly ordered film which is comparable to single crystals [88]. The heterostructure also
exhibits ambipolar transport depending on the thickness of p-6P [89]. Ambipolar transport has
been also obtained by Wang et al. [90] and Zhu et al. [91]. It is worth to mention that a high
control of the morphological properties represents also the building block for the realization of

superlattices [92] [93].

1.4 Tuning the carrier density at organic single crystals surfaces

and interfaces

Single crystals are ideal systems for studying the intrinsic physics and improving the electrical
performances of organic semiconductors [94] [95]. Band-like transport and a weaker localization
of charges have been observed repeatedly in different materials and configurations and have been
also theoretically described [53]. Even if the electrical performances are much better than those
of thin films, the crystal intrinsic fragility makes difficult their use in applications, although
efforts in this directions have been done [96].

Due to the weaker localization of the charges, a high level of reproducibility is achieved
and the traditional physical frameworks can be successfully applied to model theoretically the

behaviour of single crystals and of the devices realized. In this regard, several studies have been
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Figure 1-22: Assembly of TTF-TCNQ charge transfer interfaces. a) a TCNQ single crystal is
placed onto a PDMS substrate; b) a thin TTF crystal positioned on top spontaneously adheres
to the TCNQ crystal; ¢) result of crystal bonding process; d) electrical contacts to the interface
fabricated using a carbon paste. Modified from [55].

performed in order to clarify the injection of charges into organic semiconductors from metal
electrodes, exhibiting a surprising agreement between theory and experiments.

Field-effect transistors have been obtained with single crystals of pentacene [97], tetracene
[98] and rubrene [99]. The comparison between the performances of rubrene FETSs on insulators
with different dielectric constants [100] has paved the way for a novel interpretation for the
origins of the transport properties at the interface between the semiconductor and the dielectric.
The decrease of the mobility with increasing dielectric constant has indeed suggested that
Frohlich polarons can play a role in the conduction in organic semiconductors [101]. The use
of an air-gap configuration, which does not account for the presence of a solid insulator at all,
represents, in this framework, an interesting case study and has indeed made possible to observe
the intrinsic transport in single crystal FETs [102].

Scaling experiments on rubrene FETs with different channel lengths have demonstrated that
the contact resistances vary linearly with the channel length and are weakly depending on the
gate voltage [103]. Schottky barriers have been realized with different metals and the electrical

behaviour was successfully described through the classical Schottky theory [104].
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Figure 1-23: for both systems. The resistivity of TMTSF-TCNQ is thermally activated. [56].

The demonstration of the reliability of organic Schottky barriers paved the way to the
realization of organic MESFETs [49] [105]. The use of single crystals, in particular, allowed a
quantitative analysis of Schottky diodes; the determination of the depletion width in rubrene
(2 pm) was achieved simply from transfer curves in linear region [49].

Even more interesting results have been obtained combining two insulators, TTF-TCNQ,
and TMTSF-TCNQ), since in this case the transport phenomena arising can be in both cases
easily explained in the framework of a simple band alignment picture.

Current-voltage measurements at the interface between TTF and TCNQ evidence the pres-
ence of a high density of carriers, an unexpected result taking into account that the two materials
are basically insulators [55]. The characterization at different temperatures demonstrates that
the resistance stays almost constant with temperature or even increase in the case of the best
samples, indicating a metallic-like behaviour. These findings can be explained accounting for
an interfacial charge transfer phenomenon.

Once the two crystals are put into contact, the requirement of the uniformity of the chemical
potential through the whole structure, basically causes an electron transfer from TCNQ to TTF.
An electric dipole consequently arises at the interface, along with the formation of two interfacial

layers of accumulated charges, holes in TCNQ and of electrons in TTF. The presence of the
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dipole at the interface causes an upward shift in the HOMO level in TCNQ, while an upward
one of the LUMO in TTF. As a consequence, an overlapping region between the two bands
arises, and the electronic behaviour at the interface basically results metallic.

On the other hand, while combining TMTSF and TCNQ a semiconductive behaviour is
obtained. In this case the resistivity increases exponentially at decreasing temperature, indi-
cating the presence of a gap and thermally activated transport [56]. The density of carrier at
the interface results lower than the case of TTF-TCNQ), even if higher than that of the single
materials composing the interface. These results can be basically rationalized accounting for an
interfacial charge transfer phenomenon also in this case, even thou this time the charge trans-
ferred results way lower and not sufficient to induce a band overlap; a gap remains between
the LUMO level of TCNQ and the HOMO level of TMTSF and a semiconductive behaviour is

obtained.
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Chapter 2

Perylene diimide field effect

transistors

The choice of the most suitable n-type semiconductor for the realization of OFET heterostruc-
tures represents even nowadays a delicate and not trivial step. Electron conducting organic
semiconductors are indeed more prone to electrical instability and to charge trapping phenom-
ena respect to hole conducting compounds. This issue has limited until recently the realization
of n-type devices and of p-n heterojunctions, which represents the building block for a wide
class of devices.

I have consequently dedicated the first part of the research work to the study of field effect
transistors realized with innovative and high-performance perylene diimide organic semicon-
ductors, both in thin film and single crystal form.The electrical study was performed also in
combination with structural and morphological analysis. Concerning the thin films, careful
attention was used in the cleaning and in the (chemical) treatment of the substrates, since the
strong influence of the surface conditions on the film growth has been widely demonstrated, as

it will be shown in the following.

2.1 Field-effect devices realization and characterization

In this paragraph, the fabrication procedure of organic transistors will be reported. It is devided

into two sections, the first one devoted to the fabrication of thin film transistors and will
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consequently deal with the thin film growth. Analogously, the second one is focused on the
single crystal FETs and the growth of single crystal will be described as the first step for the

realization of the devices.

2.1.1 Thin film transistors
Thin film growth

Organic thin films were deposited by Joule deposition with Knudsen cells in a high vacuum
system, (Fig.2-1 a) (base pressure 10~7 mbar). Structural and morphological properties are
deeply correlated with the electrical performances [106]. The sublimation temperature, the
temperature of the substrate and the deposition rate are the key parameters influencing the
morphology of the films; a higher substrate temperature and a lower deposition rate indeed
facilitate a more efficient packing of the molecules which tend consequently to occupy the
position related to the most favorable energetic minimum [107].

In this regard, also surface treatments exhibit several beneficial functions, like changing
of surface energy, improving of the texture of the films, reducing the probability of trapping
and degradation of the electrical properties. Among the different surface treatments available,
the application of a hydrophobic hexamethyldisilazane (HMDS) substitutes the hydroxyl groups
present on SiO9 surface (which are polar groups) with methyl groups (which are instead apolar)
[106]. The hydrophobic nature of the compound reduces the concentration of water molecules
on the surface, while the apolar nature of the methyl groups has demonstrated to play an
important role in controlling the molecular assembly, attracting for instance the hexyl side
chains in poly(3-hexylthiophene) (P3HT), a regioregular polymer [106].

Several techniques are available to check the quality of the films obtained; the most wide-
spread is the analysis of the film surface texture through Atomic Force Microscopy (AFM),
which probes the surface of the films and the growth mode can be studied. It cannot give
information about the dielectric — organic interface, which instead represents the place where
the transport of carriers occurs. AFM measurements are consequently particularly useful in
the study of the morphology of thin layers with different thicknesses, with particular attention
to the sub-monolayer regimes.

In our work, morphological AFM characterization was performed at room temperature in
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air ambient by means of XE100 Park instrument, operating in non-contact mode (amplitude
modulation, silicon nitride cantilever from Nanosensor). Film thickness were measured by AFM,
scratching the film with a thin hard plastic tip. Root Mean Square Roughness (Rq) values have
been obtained through XEI software (Park Systems). Furthermore, the Correlation Length
(&) and the Root Mean Square Roughness (044¢) have been extracted through the Gwyddion
Scanning Probe Image Processor, by fitting the Power Spectrum Density Function [108]:

L
PSD(f) = % / da - h(z) - €27I (2.1)
0

where h(x) is the apparent topographical height with respect to the mean height, calculated
on images of size L, x is the fast scan direction and f the spatial frequency. Palasantzas et
al. [109] have demonstrated that & is directly correlated to the effective radius of the surface
domains of the film under study, highlighting characteristic features of the film growth mode.

The structural characterization of all the samples have been performed by means of X-
ray diffraction (XRD), performed in symmetrical reflection mode at the Cu K\ wavelength
radiation. X-ray measurements result particularly useful to assess the quality of the out-of-
plane growth and the molecular arrangement. 6/260 diffraction scans, for instance, provide
the spacings in the films, which allows determination of the molecular orientations relative to
the substrate surface. The eventual presence of multiple Bragg reflections and Laue oscillations
around the first-order diffraction peak indicates a high long-range film order, and, consequently,
a high crystalline quality of the polycrystalline organic thin films. Finally, the broadening of
the rocking curves is directly related to a good out-of-plane texturing in the films [17].

A complete analysis of several arylene derivatives including also x-ray analysis and AFM
measurements [17] has for instance been developed in order to clarify the reasons behind a
higher stability of the electrical response and to individuate the most suitable compound for
applications. The relationship between the arylene derivatives thin film growth conditions and
the electrical performances of the devices realized has been also analyzed in details [12]. In this
paper, the influence of the surface treatment (polystyrene, octadecyltrichlorosilane (OTS) and
hexamethyldisilazane (HMDS)) and of the growth conditions on the electrical performances of

PDI-8CNy and PDI-FCNy has been also investigated. The morphology of PDI-8CNjy results
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a) b)

Figure 2-1: a) Organic Molecular Beam Deposition (OMBD) system used for the evaporation
of the organic thin film and the realization of thin film transistors; b) a Knudsen evaporation
cell.

more affected by the surface treatments than in the case of PDI-FCNjy, exhibiting a change
in the size and shape of the grains. The treatments result instead crucial in obtaining high
crystalline order in PDI-FCNg, as the more and narrower peaks in the x-ray measurements
suggest, while it is almost not influent for PDI-8CNas.

For each material, an optimization procedure of the evaporation conditions, namely, the
substrate temperature and the evaporation rate, has been consequently developed: several thin
films have been realized in different evaporation conditions and their structural, morphological
and electrical properties subsequently assessed and compared. For all the depositions, the
entire vacuum chamber was warmed for 24 hours at the same temperature in order to assure
uniform warming of the evaporation ambient and of the substrate (fixed to ~100°C'). During
the evaporation, the substrate temperature and evaporation rate was maintained constant [110]

[111].

Device fabrication procedure

The devices used for this study are hybrid organic — inorganic bottom contact bottom gate thin
film field-effect transistors.
The substrates are composed by a heavily n-doped silicon substrate (working as the gate

electrode) covered by a thermally grown 200 nm thick SiOg (the dielectric) with multi fingered
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Figure 2-2: Schematic of the substrate used for the realization of the devices; a) cross section,b)
top view.

gold source and drain contacts. These electrodes define channel length L = 40 pm and channel
width W = 22 mm. Four adjacent devices are realized on the same substrate, two sharing the
source contact (see Fig. 2-2). The devices have been finalized by depositing organic semicon-
ductor films. It is worth to mention that the deposition system allows charging two samples
during the same evaporation route.

Before the deposition, all Sit*/SiOy/Au substrates were cleaned with a basic procedure
consisting of three steps: ultrasonic bath of acetone (5 min), ultrasonic bath of ethanol (5
min), a drying in pure No gas. While some substrates were used without any further treat-
ment (Bare), others were chemically functionalized by the coverage of a hexamethyldisilazane
(HMDS) monolayer. Before HMDS vapour treatment, the substrates were further cleaned by
placing them in a hot (120°C) Piranha solution (H2SO4-H209 — 50%-50%) for 15 min. Then,
they were washed with deionized H2O, sonicated for 5 min in MeOH (Methyl Alcohol), rinsed
in DCM (dichloromethane) and finally dried with Ny. After, substrates (up to 15 for each
treatment run) were located on a plastic sample-holder positioned in a home-made glass reac-
tor which was evacuated and filled with Nitrogen (three times) before the addition of 1 mL of
HMDS. Substrates were then stored in the glass reactor for 7 days. After the treatment, sub-
strate surface was found to be highly hydrophobic with a water contact angle ©. of 108-109°.

For un-treated (bare) substrates, ©. was about 60°.

42



Reactor fube  Source tube Crystal growth fube
% i \ \

Gas Preheating Source Crystal Growth Zone Impurity Deposition
Zone

e
&

2
s
S

(
|
l
|
|
|

Distanca

Figure 2-3: A scheme of the crystal growth technique used in this work. Modified from [112].

2.1.2 Single crystal transistors
Organic single crystal growth

The growth of organic single crystals was extensively studied by Laudise et al. [112]. They
proposed the use of an horizontal glass reactor tube for the material transport and growth. A
gradient of temperature is induced by a resistance wire wounding the tube and the temperature
itself regulated by the distance between the spirels. Inner shorter tubes contain the initial
powder and the grown crystals.

The ideal gradient of temperature is shown in Fig. 2-3. As can be seen, it firstly experiences
a fast increase, reaching the sublimation temperature of the organic powder, then it slowly
decreases. Where the grandient reaches the condensation temperature single crystals start to
grow. An inert gas flow, in our case Argon, transports the evaporated molecules from the higher
temperature region to the lower temperature one. The gas is trapped outside in an oil trap.

The optimal temperature gradient for the growth has to be determined empirically for
each furnace and each material, adjusting the shape and the distance between the spirals.
The fundamental parameters in the growth are the sublimation temperature and the difference
between the sublimation and the condensation temperature, which regulates the dimension, the
density and the quality of the crystals obtained.The flow rate can be used to set the transfer
rate of the molecules from the sublimation to the condensation zone, and, consequently, can be
used to determine the shape, the dimension and the quality of the crystals.

It has been demonstrated that the mobility of the single crystals can be highly improved

recycling and re-growing the crystals several times, even if this represents a time-consuming
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Figure 2-4: Comparison between the result of the growth of a) material as purchased, b)
regrowth of the obtained crystals. Only in the first case impurities are present in correspondence
of the section were the purchased powder was. This indicates that the growth procedure causes
a purification of the crystals[95].

procedure. This seems to reduce the concentration of impurities that are present in the crystals
[95], as also shown in Fig.2-4. In our case, even four generation rubrene crystals have been
obtained.

Fig. 2-4 the figure illustrates the difference between first generation and second growth in
term of the purity of the source material, which, in a second generation growth, is obtained

smashing the first generation grown crystals [95].

Device fabrication procedure

Single crystals are free standing and can be manipulated and collocated on a substrate; par-
ticular care has to be used since the crystals are extremely fragile and their surface can be
easily damaged, thus affecting the electronic properties. There are several strategies for the
realization of devices [95]. The free standing single crystals can be collocated on a structure
already provided of gate, dielectric and contacts; conversely, the gate can be instead deposited
on the surface of the crystal, such as for a thin layer of parylene [99]. Opportunely shaped
PDMS stamps can allow the realization of air gap field effect transistors, in which the insulator
basically consists of air or a ionic liquid and which have given the highest mobility in n-type
single crystals [113].

In our case, the chosen substrate was silicon with a thermally grown SiOs layer, in analogy
with thin film devices (Fig. 2-5). Nevertheless, given the high environmentally sensitivity of
PDI-FCNaq, in this case the oxide was covered by an ultrathin fluoropolymer (Cytop) layer
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Figure 2-5: Single crystal transistors used for our study. a) a detail of single device, with
a PDIF-CNs single crystal efficiently sticking on both SiOy and gold electrodes, b) a SiOs
substrate with several gold stripes and devices.

(equivalent dielectric capacitance per unit area: Cop ~5.29 nF/cm?), which is widely known
to reduce the presence of hydroxyl groups at the interface with the dielectric and improve the
electrical performances [114]. The interdigitated geometry resulted not suitable for sticking
organic single crystals, since the thickness of the electrodes hindered an uniform sticking to
the oxide, eventually even causing the cracking of the crystals. The electrode geometry has
consequently been greatly simplifyied, with simply parallel gold stripes; the single crystals have

been sticked on the gold and on the oxide with the long axis perpendicular to the electrodes.

2.2 Study and comparison of PDI-8, PDI-8CN, and PDI-FCN,

thin film transistors

Among the air-stable organic semiconductors, the class of compounds which exhibits the highest
electrical performances is that of the arylene (or either rylene) diimides, which building block
is the arylene group, formed by two benzene rings linked together.

This class includes imides substituted oligo naphtalenes, and in particular naphthalene and
perylene diimides derivatives [17], such as N,N’- bis (n-octyl) -2- cyanonaphthalene -1,4,5,8- bis
(dicarboximide) (NDI-8CN), N,N’- bis (n-octyl) -2,6- dicyanonaphthalene -1,4,5,8-bis (dicar-
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boximide) (NDI-8CN3) , N,N’-bis (n-octyl) -1,7- and N,N’- bis (n-octyl) -1,6- dibromoperylene
-3,4:9,10-bis -(dicarboximide) (PDI-8Brg), N,N’- bis( n-octyl) - 1,6,7,12 -tetrachloroperylene
-3,4:9,10- bis( dicarboximide) (PDI-8Cly).

Among these compounds, we have focused the attention on N,N’- bis (n-octyl) perylene-
3,4:9,10- bis (dicarboximide) (PDI-8), N,N’- bis (n-octyl) -1,6- dicyanoperylene-3,4:9,10- bis-
(dicarboximide) (PDI-8CNg2) and N,N’-1H,1H- perfluorobutyl dicyanoperylenediimide (PDI-
FCNs). They have the same core, perylene, but different substituent groups. The cyano core
substituent group, in particular, is present only in the last two materials, and is responsible for
the environmental stability of these two compounds. PDI-8 and PDI-8CNs have in common
the same end-substituent group, n-octyl dicarboximide, while PDI-FCNy presents a fluorinated
end group. The choice of these three similar compounds, consequently, allowed the study
of the influence of core and end-substituents on the morphological, structural, electrical and

environmental stability of perylene diimide n-type organic semiconductors.

2.2.1 Structural an morphological analysis

Atomic force microscopy (AFM) images in Fig.2-6 1 a) and b ) show, respectively, the surface
morphology of 30 nm thick PDI-8 and PDI-8CNy films on bare SiOy substrates [115]. Both
films are polycrystalline with the crystallites organized in a ribbon-like grain structure, in good
agreement with previous studies [17] [12]. For both PDI-8 and PDI-8CNj films, the terrace
heights are around 19.5 + 0.5 A. This result is consistent with a film microstructure where the
semiconductor molecules grow with the long c axis almost perpendicular to the substrate surface
and a molecular tilt angle of \~40° , independently from the substrate treatment. The terrace
edges of PDI-8 films are preferentially faceted and more elongated in one preferential direction,
while PDI-8CNj, films exhibit more rounded grains. The root-mean-squared-roughness of these
films is similar, i.e., 1.7 & 0.1 nm for PDI-8 and 1.8 + 0.1 nm for PDI-8CNy. The semiconductor
surface is characterized by only 3-4 atomically flat terraces for a 30 nm thick film.

The growth mode of PDI-8CNy has been analyzed in details [116]. The evolution of PDI-
8CNy thin-film morphology as a function of the film thickness has been studied by atomic
force microscopy on four samples characterized by different thicknesses. The thinnest film
shows quasi-two-dimensional well connected islands, uniformly distributed on the surface. On

increasing the film thickness, the molecular solid starts to grow by creating elongated three-
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Figure 2-6: 10 nm x10 nm AFM images of a) PDI8; b) PDI-8CNgy; ¢) PDI-FCN2 without HMDS
surface treatment; d) PDI-FCNy with HMDS surface treatment. All the films were grown in
the same conditions.

dimensional (3D) islands. The morphology differences exhibited by thin and thick films point
out a continuous transition from two-dimensional to three-dimensional growth at increasing
thickness.

The growth of PDI-FCNy exhibits specific properties in comparison with PDI8 and PDI-
8CNyg, because in this case the film structural and electrical (see next paragraph) features result
to be strongly affected by the surface treatment. In the following the comparison between the
characteristics of PDI-FCNy films both grown on a treated and an untreated substrate will be
consequently presented. Atomic force microscopy (AFM) images in Fig. 2-6 ¢ and d show the
surface morphology of 30 nm thick PDI-FCNy both on bare and HMDS treated substrates,
respectively. The PDI-FCNjy film morphology results to be composed by an analogous granular
structure, both for films grown on SiOs and HMDS. However, in films on SiO», the structures
protruding from the surface are rounded and smaller, while on HMDS the protruding features

become larger and more irregularly shaped. The root-mean-squared-roughness varies from 2.951
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Figure 2-7: 0/20 x-ray spectra of PDI-FCNy on HMDS treated substrate (in red) and of PDI-
8CN3 on a bare substrate (in green).

nm on SiOz to 1.769 nm on HMDS; in agreement with the increased the dimension of the grains
[17] [12].

The increased grain dimension suggests the possibility of an improvement of the quality of
the film. In order to verify this assessment , X-ray analysis has been also performed. X-ray
characterization of PDI-FCNy films deposited on untreated substrate and of PDI-8 has not
given any considerable result, since the 8-260 diffraction spectra are basically flat and no peak
can be clearly distinguished. This indicates that the z-axis molecular order is very poor, or
that the percentage of disordered regions (such as grain boundaries) is much higher than the
crystalline domains. In Fig.2-7, we consequently report the X-ray 6§ — 260 diffraction patterns of
PDI-FCNy on HMDS treated substrates and of PDI-8CNs. 0-26 patterns clearly exhibit several
(00h) reflections. This result indicates that the layers are well structured, differently from the
case of PDI-FCNsy grown on bare SiOs and of PDI-8.

2.2.2 Electrical analysis

Electrical measurements were carried out always in darkness, both in vacuum (about 10~* mbar)
and in air, by using a cryogenic probe station, connected to a Keithley 487 picoammeter and
a Keithley 2400 voltmeter (Fig. 2-8). The charge transport properties of the fabricated FETs
have been assessed by measuring the output (Ips vs Vpg at different Vgg) and transfer- (Ipg
vs Vg at different Vpg) curves. This analysis was mainly devoted to the determination of the

charge carrier mobility p value. Unless otherwise stated, all electrical tests were performed in
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Figure 2-8: a) The cryogenic probe station used for the electrical measurements; b) detail of
the probe station.

vacuum (10~% mbar) and in the dark, immediately after the transistor fabrication.The output
curves in Fig.2-9a reveal that the electrical response of the PDI-8 transistors is significantly
affected by the contact resistance (R.) contribution, since for drain-source (Vpg) voltages lower
than 10 V, Ipg current displays a marked sublinear behavior, very far from the predictions of
the ideal MOSFET model [18]. The charge carrier mobility (u) of these FETSs, evaluated in
the saturation region (see the corresponding transfer-curve in the inset of Fig. 2-9 a), is «~0.1
cm?/(V s), being one order of magnitude higher than that extracted in linear region. For PDI-8
transistors, the onset voltage V,,, defined here as the voltage where the device current exceeds
the lower limit of the experimental setup (1 nA), is very close to 0 V.

The electrical response of the PDI-8CNg devices (see Fig. 2-9 b) presents quite different
features. Here, the contact resistance R, at low biases is lower and the output curves follow the
predicted linear behavior at small Vpg values. Since the values of the onset voltage V,, are
largely negative (V,, < -20 V), the drain current is not null even when the gate-source voltage
(Vgs) is zero. Mobility values for PDI-8CNy (see the inset in Fig. 2-9 b for a typical transfer-
curve in saturation) are similar in the linear and saturation regions, being about 0.02-0.03
em?/(V*s), in good agreement with the results reported by Yoo et al. for PDI-8CNy bottom-
contact transistors on bare SiO9 substrates. The gate voltage dependence of the conductivity
(o) extracted from the data reveals, at Vgg = Vpg = 50 V, that PDI-8 o is about four
times higher than that of the core-cyanated perylene. This discrepancy is very similar to the

value observed for mobility, and consequently, a contribution coming from different densities of
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Figure 2-9: The electrical response of typical a) PDI-8, b) PDI-8CNy ,c) PDI-FCN2 on bare
Si0g substrate, d) PDI-FCNy device on HMDS treated substrate field effect transistors.

50



induced charge carriers should be excluded. Electrical tests performed in air confirm that the
PDI-8CN3 devices are stable in ambient conditions. For this compound, the difference between
the mobility values extracted in air and vacuum is in the range of 20-30%. Conversely, PDI-8
FETs are inactive after a few seconds of air exposure, and no detectable Ipg current is recorded
at any Vgg by our experimental setup.

Fig. 2-9 ¢ and 2-9 d report the electrical responses of PDI-FCNy on bare and HMDS
treated SiOg, respectively. The maximum drain source current in saturation region increases
from 3.37*107° A for the film on the bare substrate to 0.01 A for the HMDS treated one. The
mobility, extracted from the transfer curves reported in the insets, respectively increases instead
from 2.31*1073 cm?/Vs to 0.59 cm?/Vs, which is the highest value obtainable in polycristalline
thin films [14]. The onset voltage also experiences a variation, being largely negative for the
film on the bare substrate (-50 V or -30 V, depending on the device), while getting closer to zero
(ranging between -35 V and -25 V) for those on treated substrates, suggesting an inferior density
of traps at the semiconductor - insulator interface. Electrical response is consequently largely
improved by the treatment with HMDS, which can be simply explained by the higher structural
quality of the films, as proved by the x-ray measurements and by the increased dimensions of
the grains.

The table below summarizes the electrical response of the devices realized with the four

perylene diimide compound investigated:

PDI-8 PDI-8CNy | PDI-FCNy | PDI-FCN2

saturation region | bare SiO2 | bare SiOs2 | bare SiOg | treated SiOg

Ips max [A] 4.62*=4 | 1.51%107% | 9.91*10°6 0.011
p [em? /Vs] 0.01 0.03 0.002 0.6
Von [V] -20 0 -50 -35

2.3 Bias stress experiments on PDI-8CN; thin film and PDI-

FCN; single crystal transistors

In the previous paragraph, PDI-8CNy emerged as the best candidate for the realization of thin

film heterostructure field effect transistors, since its morphology and electrical response resulted
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less dependent from the substrate treatment. Nevertheless, PDI-FCN2 remains the compound
which exhibits the best electrical performances, and it is consequently the most suitable n-type
semiconductor for single crystal heterostructures, where the morphology of the semiconductor
do not represent an issue, as widely discussed in the previous chapter.

We have consequently focused our attention on PDI-8CNy thin film transistor and on PDI-
FCNjy single crystal FET. We have analyzed the basic electrical behaviour and the instability,
which reveals to be the major issue for electron transporting organic semiconductors, as dis-
cussed in the paragraph 1.1.1. Bias Stress effects on OFET operation have been studied by
recording the Ipg time decay curves upon static polarization (i.e. Vgs=40 V, Vpg=-5V). The

experimental curves (Ipg vs time) have been fitted by the stretched exponential function:

I =1 +1Iyexp [— (j)ﬁl (2.2)

Since the equation 2.2 is rigorously valid only if any contact resistance effect can be excluded,
the aforementioned approach has to be considered suitable to describe the BSE dynamics only

in first approximation.

2.3.1 PDI-FCN; single crystal transistors

The last study of instability has been led on transistors realized with PDI-FCNj single crystals
on silicon dioxide substrates covered with a layer of Cytop. This polymer dielectric has been
demonstrated to reduce almost to zero the bias stress in p-type single crystals transistors; the
findings have been explained suggesting that the hydrophobicity of the Cytop layer avoid the
presence of water molecules at the interface with the organic semiconductor [117]. Given the
high sensitivity of PDI-FCNjy to the dielectric substrate, the choice of Cytop as a dielectric was
the more indicated (n.d.r. the transistors realized with PDI-FCNy single crystals on bare silicon
dioxide substrates did not show measurable currents). In the Fig. 2-10 the typical electrical
response of a PDI-FCNy single crystal transistor is shown, even before and after the bias
stress experiment. The maximum mobility results 2.91 cm?/volt*s, without any significative
variation after the application of the bias stress. The onset voltage is about -4 V and shifts
towards positive voltages after the application of the bias stress (Fig. 2-10).

In Fig. 2-11 are instead exhibited the drain source current vesus time. After 5000 sec, I(t)
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Figure 2-12: Normalized drain source current curve versus time fitted with the stretched expo-
nential relation until 10°s.

curves in vacuum display a decrease of much less than 1% in comparison with the maximum
current. We were not able to observe a clear correlation between the amount of decrease and
the Vg value applied during the stress experiment. Transfer-curves recorded before and after
any I(t) curve confirm that the bias stress effect is very small.

The curves have been fitted as well, with the stretched exponential function until 10° sec

(Fig. 2-12). As a result 8= 0. 3540.05 while 7=(34844)*107 s with a normalized x? of 4.

2.3.2 PDI-8CNj; thin film transistors

The devices have been realized depositing PDI-8CNs on HMDS treated substrates have ana-
lyzed. In Fig. 2-13, the transfer curves and mobility in saturation region are reported. The
maximum mobility results 0.026 cm? /volt*s and the V,, -4 V.From the transfer curve recorded
after the bias stress experiment, it is possible to extract both the V,, and the mobility and
compare with the values above reported (Fig. 2-13). The V,, shifts towards more positive
values, while the maximum value of the mobility does not seem to be deeply affected by the
bias stress, as expected.

The instability behaviour after a prolonged application of a gate bias is instead analyzed
recording several curves at different gate bias values (Fig. 2-14). In order to clarify the issue,
the curves have been fitted through the above reported stretched exponential function and the

parameters 3 and 7 have been extracted, resulting, respectively, 0.2340.05 and 1943*10%s (
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Figure 2-13: Electrical response of PDI-8CNjy thin film transistor before and after the bias
stress experiment. a) Transfer curves in logarithmic scale illustrating the shift of the onset
voltage after the bias stress experiment; in the inset, the transfer curves in linear scale. b) The
respective variation in the mobility extracted.
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55



0.280 1

0.910
0.840 1

I(t)1(0)

0.770 1
0.700 1

0.630 S
10 10° 10° 10° 10°
TIME [s]
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nential relation (Vg = 50 V).

Fig. 2-15).

2.4 Conclusion

The morphological and electrical properties of different types of Perylene Diimide films have
been reported, deposited by evaporation with Knudsen cells on SiOy substrates. N’-bis (n-
octyl) -perylene-3,4:9,10-bis (dicarboximide) (PDI-8), N, N’-bis (n-octyl) -1,6- dicyanoperylene
-3,4:9,10-bis (dicarboximide) (PDI-8CN32) and N, NO-1H, 1H- perfluorobutyl dicyanoperylenedi-
imide (PDI-FCN32) molecules have been considered. The structural properties of these films have
been investigated by AFM and XRD characterizations, while the electrical response of the re-
lated transistors has been analyzed by dc transfer and output curves. Our results demonstrate
clearly how the presence of specific chemical groups (i.e alkyl, cyano and perfluoroalkyl groups)
in the Perylene molecular core is able to strongly modify the final self-assembling properties
on both bare and chemically functionalized SiOs substrates. At the same time, the different
energetics of the frontier molecular orbitals mainly affect the capability of Perylene films to
effectively transport electrons even in ambient conditions. The optimization of the growth
conditions of the PDI-FCNj films on hexamethyldisilazane (HMDS) functionalized substrates
allowed the fabrication of bottom-contact transistors displaying charge carrier mobility up to

0.6 cm?/volt*sec. These values are comparable with the best results ever obtained with this
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type of molecule.

The experimental findings above reported suggest that the presence of HMDS is indispens-
able to obtain outstanding performances of PDI-FCNy. It indeed guarantees an high molecular
order and, as a consequence, increased electrical performances. Heterostructures are although
realized depositing an organic semiconductor on another; considering also that the morphology
of organic thin films greatly varies with every external condition and with the thickness of the
layer, a compound less sensitive to the substrate conditions was needed. On the other hand, the
electrical performances and stability of PDI-8 resulted poorer as compared with the other two
compounds. PDI-8CNy consequently was considered as the best candidate for the realization

of heterostructure thin film field effect transistors.
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Chapter 3

Thin film heterostructure field effect

transistors

In this chapter, sexithiophene (T6)/N,N’-bis (n octyl)-dicyanoperylenediimide (PDI-8CN3) het-
erostructures, composing the active channels of field-effect transistors, are presented. The elec-
trical and structural characterization of these heterostructures as a function of the T6 layer
thickness was performed in a systematic way and by employing different device configurations.
The experimental data evidence both the presence of ambipolar charge transport and a large
enhancement of the channel conductance, suggesting accumulation of exchanged charge carriers
at the T6/PDI-8CNy interface.

Moreover, with the application of the gate, ambipolar transport and Negative Transconduc-
tance (NTC) phenomena (i.e. a decrease followed by an eventual nullification of the drain-source
current at increasing gate voltages) have been observed.

A model has been proposed as a possible explanation of these phenomena describing the
energetic levels at the heterointerface at the equilibrium and in presence of a field-effect, and
accounting for the band bending promoted by the charge transfer at the interface. In this
scenario, the NTC effect can be explained in terms of a further shift of the energetic levels at
the interface due to the application of a gate voltage, which in favourable conditions, leads to

recombination of charges.
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Figure 3-1: (a) The energy levels of the two semiconductors, compared with gold Fermi Level;
(b) the double-layered configuration device.

3.1 Device fabrication procedure

T6/PDI-8CNy double-layered heterostructures have been fabricated using the same sub-
strates and following an analogous procedure to that exposed in 2.1.1. In this case, a sequential
deposition of both organic layer was performed and two samples were deposited simultaneously
during the same evaporation run. In this work, we fabricated up to 18 devices which exhibited
very reproducible experimental results [119].

The choice of T6 (Sigma Aldrich) and PDI-8CNy (Polyera Corporation Inc.) as hole
and electron transport type materials for OFETs is justified by the good match between the
work function of the electrode material (gold), the highest occupied molecular orbital (HOMO)
of the hole-transporting T6 [118] and the lowest unoccupied molecular orbital (LUMO) level of
electron-doped PDI-8CNjy [17] (see Fig. 3-1). Such condition assures a good injection of both
holes and electrons from the electrodes, thus allowing ambipolar transport in OFETs [120].

Before the deposition of the organic layers, the substrates were cleaned in ultrasonic
baths of acetone and ethanol, followed by drying in pure No gas. The evaporation rate was 2
nm/min for T6 and 1 nm/min for PDI-8CNj. The deposition rates and the thickness of each

layer were controlled by a quartz-balance thickness monitor carefully calibrated by atomic force
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microscopy (AFM, XE100 (Park instruments)) measurements, by ex-situ ellipsometry and by
x-ray diffraction (performed on the Pendellosung finite size effect on the (001) reflection showed
by PDI-8CNjy films). Some care about the effective thickness of T6 is necessary in the case of
ultra-thin films for which, as shown below, a complete coverage is achieved only for thickness
higher than 2 nm [121].

Three different device configurations have been realized. Referring to Fig.3-1b, in the first
configuration (labelled as configuration A), the T6 layer was directly deposited on the substrate
and PDI-8CNy was grown on the T6 film. On the contrary, in the latter configuration (indicated
as configuration B), the PDI-8CNjy film was used as the bottom layer. Finally, blend structures
(configuration C) based on co-evaporated T6 and PDI-8CNj films were also fabricated and char-
acterized in order to evidence phenomena relying only on the presence of bulk heterojunction
regions without structural order. In the configuration A, the T6 thickness was changed between
1 nm (incomplete T6 films) and 15 nm, while that of the PDI-8CNy layer was fixed at 24 nm;
in the configuration B, only samples with 5 nm thick PDI-8CNy bottom layers and 22 nm thick
T6 top layers were analyzed. In the configuration C, the volume percentages of PDI-8CNy and

T6 have been found to be approximately the same, by ellipsometry measurements [121].

3.2 Experimental results

3.2.1 Film structural and morphological characterization

In order to achieve an accurate control of the T6/PDI-8CNsy heterostructures fabrication, we
have performed systematic structural and morphological characterizations of the single and
double layer structures. In the Fig. 3-2 we report the x-ray 6-260 diffraction spectra of all the
heterostructures, the coevaporated film and also the spectra of the single layers as reference
[121]. At lower T6 thickness, 6-20 spectra clearly exhibit several PDI-8CNy (00h) reflections
with a d-spacing of 1.98 nm in agreement with the single layer spectrum and with the data
reported by Jones et al. [17] regarding PDI-8CNy deposited on SiOs. This occurrence indicates
that PDI-8CNy layers deposited on T6, well structured way. At high T6 thicknesses, further
reflections are evident which have been instead addressed to T6, as confirmed by the spectrum
of T6 10 nm thick layer and by previous results [111].

The high crystal quality of the PDI-8CNjy films is confirmed by the presence of the Laue
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Figure 3-2: Spectra of the heterostructures with T6 thickness ranging between 1 nm and 15 nm
and PDI8-CN2 of 24 nm.

oscillations around the first order diffraction, although at increasing T6 thicknesses peaks and
reflections are less defined and more rare, indicating a worsening in the structural molecular
packing. X-ray diffraction spectra have been also reported for the coevaporated film (configura-
tion B); the reflection peaks present (both addressable to PDI-8CNy and T6) result less intense
and broad and the Laue oscillations at low angles are absent, suggesting a lower crystallographic
order compared to the heterostructure one. Nevertheless, the presence of the same peaks as
measured in configuration A, indicates that the molecules are still oriented perpendicularly

respect to the substrate.
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Figure 3-3: (a)-(c) 10 ym x 10 pum? non contact AFM images of T6 films deposited on SiOg
and (e)-(f) of T6/PDI-8CNy at increasing thickness of T6 bottom layer. From left to right (a)
Inm, (b) 2 nm (c) 15 nm thick T6; 24 nm thick PDI8-CN3 on (d)1 nm , (f) 4.5 nm, (g) 15 nm
thick T6.

T6 thickness | T6 ogqi(nm) | T6 £ (nm) | PDI-8CNy 044 (nm) | PDI-8CNg £ (nm)
0 1.87+0.01 20141
1 1.2940.01 133£1 1.60+0.01 168+1
2 0.984+0.01 1071 1.60+0.01 233+1
4.5 3.1840.01 141+1 2.33£0.01 165+1
7.5 3.35+0.01 145+1 2.7340.01 163+1
15 2.44+0.01 185+1 2.75+0.01 195+1

The surface morphology of the samples was analyzed by a XKE100 Park AFM microscope
operating in air. Images were acquired using silicon-doped cantilevers (resonance frequency
around 300 KHz) provided by NanosensorTM, in non-contact mode. Focusing the attention on
the AFM images, it is possible to note that the T6 morphology (Fig.3-3 (a), (b), (c) ) is generally
characterized by a disk-shaped island growth. In Fig.3-3, we show the evolution of the AFM
morphology of T6 and T6/PDI-8CNjy (configuration A) films deposited on Si/SiO4 as a function
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of the T6 thickness. In the table, we report the root mean square deviation (RMSD) and the
correlation length determined by fitting the power spectrum density distribution, obtained
from data acquired on 10 x 10 pgm? area. It is worth noting that a direct observation of the T6
morphology in T6/PDI-8CNy double layer structure was achieved by covering, with suitable
shadow masks, selected regions of the substrate surface during the deposition of the PDI-8CNy.
This method allows to investigate the variances in the growth mode of PDI-8CNy on T6.

T6 ultrathin films exhibit a 2D-island growth forming one unit cell (uc) high terraces (1
uc = 2.4 nm), as reported also by Dinelli et al. [122]. At low nominal thicknesses (below 2
nm), the 2D islands are not completely connected. The data analysis shows that the critical
percolation threshold in T6 island coalescence corresponds to a 70% covering of the substrate
surface. In particular, the 1 nm thick T6 film Fig. 3-3 a) is characterized by a sub-monolayer
coverage, where the islands do not form a continuous percolating path and, as it will be also
pointed out in the following discussion, the T6 layer cannot support the transport of charges.

Conversely, at increasing T6 coverage, islands start to coalesce forming a continuous layer
on the surface. T6 films with nominal thickness of 2 and 4.5 nm Fig. 3-3 b) considered in
this study correspond approximately to one and two complete T6 molecular monolayers (ML).
Above 2 ML. Fig. 3-3 ¢), T6 growth begins to occur mainly through the formation of 3D islands
and the films are characterized by a slight increased roughness.

PDI-8CNj, films with fixed 24 nm thickness Fig. 3-3 d), e), ) exhibit a needle-like surface
and two-dimensional, well connected, few unit cells (1 uc of PDI-8CNy = 1.9 nm [17]) thick
islands, uniformly distributed on the surface. Despite their relatively large thickness, these
heterostructures display a quite smooth surface with a lower roughness with respect to the one
of a single T6 layer. The morphology of PDI-8CNj top layers is not dramatically affected by the
underlying T6 morphology and, as confirmed by X-ray analysis [121], the molecular assembly
retains the same structure of the one deposited on SiO9 substrates, with the molecules growing
with the long c-axis almost perpendicular to the surface of the bottom layer. From this analysis
we conclude that the changes in the electrical response of T6/PDI-8CNy field-effect devices, as

discussed below, cannot be simply associated to differences in PDI-8CNy morphological features.

63



E 1073 E 3zt
=z . . .
- "l '1':' N .

1078 s -
i E E | [ .
E 107 £ e I A
3 ] gm 1"
o 107% w . 1] i 1] 4
% 1078 AU B
F 103 —8— PLHECH, g 5 £
= E TE=INMPDI-ECN, —&— TE 2NmiP -ECHN, @ g

10 Te 4 SAMIPDNSCH, —— TS 7.5nmIPDIECH =

1 a1 15nmiP D-5CH, —— TE&=15nm T T T T T
wr——— 40 0 4
o 10 20 30 40 50
GATE VOLTAGE [V
a) DRAIN- SOURCE VOLT AGE[V] b) vl

Figure 3-4: a) Output curves (Vgs = 0 V) measured for heterostructure devices (configuration
A) with different T6 thicknesses. b) Transfer-curves (Vpg = 5V) measured for heterostructure
devices (configuration A) with different T6 thicknesses (T'6 1 nm open brown circles, A, T6 2nm
open orange diamonds, B, T6 4.5 nm green circles, C, T6 7.5 nm open black triangles, D, T6 15
nm filled violet triangles, E) compared with the ones of unipolar transistors based on PDI-8CNjy
(filled blue squares) and T6 (filled red circles ) single layers. In the inset, the transfer-curves of
three of the devices realized in the configuration A, evidencing the NTC effect.

3.2.2 Electrical response of T6/PDI-8CN, heterostructure transistors

The electrical characterizations were performed in vacuum (10~° mbar) and in dark conditions,
using a Janis probe station. Ipg vs Vpg (drain-source current vs drain-source voltage at fixed
gate-source voltages) output curves and Ipg vs Vg (drain-source current vs gate-source voltage
at fixed drain-source voltages) transfer-curves were recorded using a Keithley 487 picoammeter
and a Keithley 2400 voltmeter.

Fig. 3-4 a reports the output characteristics (Ips vs Vpg) of the T6/PDI-8CNy heterostruc-
tures in field-effect transistor configuration A, as a function of T6 layer thickness (from 1 nm
to 15nm) and with fixed PDI-8CNgy thickness (24 nm). For comparison, the electrical response
of single layer PDI-8CNy (24 nm thick) and T6 (15 nm thick) devices are also reported. The
output curves have been recorded with Vag=0 V and V pg sweeping from 0 to 50 V; the main
feature observed in each of these curves are discussed in detail in the following.

The single layer PDI-8CNy device and the double layer T6 (1 nm)/PDI-8CNy heterostruc-
tures display a typical n-type behaviour, with unipolar electron current saturating at high Vpg

voltages. This behaviour is expected, since a nominal 1 nm thin T6 film is unable to carry a
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current (of hole carriers), since the islands are physically disconnected.

In the single layer (p-type) T6 device, we observe that the output curve does not saturate
at high positive Vpg; this occurrence indicates the injection of mobile holes from the drain
electrode at high positive Vpg, when the voltage between gate and drain becomes negative. In
this case, a maximum current of about 70 pA is achieved.

Finally, the output current of all the other devices, the T6/PDI-8CNy heterostructures
having T6 thickness higher than 1 nm, increases at high Vpg without saturation. This ex-
perimental occurrence confirms the capability of these devices (being based on continuous T6
films) to support the flow of holes from source to drain. Moreover, the maximum current values
at Vpg=5b0V ranged between 300 and 400 pA, values much higher than those supported by a
single layer T6 transistor. This current enhancement (in an operation region of the transistors
where the electron currents saturate, getting values not higher than few pA, as shown above)
can be justified only by considering an increase of mobile hole conductivity, promoted by the
presence of T6/PDI-8CNy interface.

The specific features of the electrical response of these devices are further analyzed in Fig. 3-
4 b, where their transfer-curves recorded in linear regime (Vpg=>5 V) are presented. A mobility
value was extracted from the MOSFET equations in the Vgg driven accumulation regions,
where the carrier density is modified by the field-effect with respect to the basic equilibrium
configuration. We followed the procedure used in [79] and [24], with the goal to allow the reader
to compare, on the base of mobility values, the performances of our devices with the one of
other transistors discussed in literature.

The n-type single layer PDI-8CNj transistor exhibits a mobility of 0.03 cm? /volt*sec in good
agreement with the performances reported for similar bottom-contact devices [111]. The onset
voltage V,, (defined as the voltage where the drain-source current starts to increase, exceeding
the lower limit of our experimental set-up) is largely negative (V,, -13 V). As already observed
from the output curves, the T6 (1 nm) / PDI-8CNjy heterostructure behaves exclusively as a n-
type transistor and only the electron accumulation region can be detected. Despite the inability
of the 1 nm thick T6 bottom layer to support the hole current, its presence affects deeply the
overall transistor operation. Indeed, in this case, the extracted mobility and the onset voltage
are equal to about 0.015 cm? /volt*sec and -17 V, respectively.

The occurrence of the negative Von voltage in the single layer PDI-8CNs device is due
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to the large electron affinity of the cyanated perylene derivatives, providing an unintentional
material doping due to the interaction with the chemical functional groups (i.e. silanol and
carbonyl) present on the bare SiOy surface [115].

In the T6(1nm)/PDI-8CNy(24nm) heterostructure, Voun has a tendency to shift (of about
-4V) towards more and more negative values, even if the contact area between PDI-8CNy
film and SiO2 surface is reduced. These experimental finding seems to suggest again that the
formation of the organic-organic interface is able to provide a not negligible increase of the free
charges density in the transistor channel.

The T6(15 nm)/PDI-8CNy device operates basically as a p-type transistor with a mo-
bility of 0.015 cm2/volt*sec [123]. If compared with the single layer (15 nm thick) T6 transistor,
a considerable enhancement of the mobility and of the overall current is detected. Indeed, the
mobility of a single layer T6 transistor is about 0.005 cm?/volt*sec (three times lower than the
T6(15 nm)/PDI-8CNy device one) and the minimum current at Vgg=0 in the transfer-curve of
T6(15 nm)/PDI-8CNy device is 4 pA, i.e. three order of magnitude higher than the off-current
values measured for the single layer T6 transistor. This current enhancement is also present by
considering different thicknesses of T6, and it is almost gate independent.

The T6(7.5nm)/PDI-8CNy device displays instead very clear evidences of ambipolar
transport, since well defined accumulation regions are achieved for both charge carrier types
[7]. Hence, the best balance for the electron and hole mobility, equal to 0.0035 and 0.0095
cm? /volt*sec, respectively, is found. However, in the transfer curve of this device, a peculiar
electrical feature is observed at large negative Vg values, where the current (dominated by the
hole contribution) unexpectedly begins to decrease and gives rise to a peak. This phenomenon,
usually named negative transconductance (NTC) effect, is still more evident in T6/PDI-8CN,
heterostructures with T6 thickness of 2 and 4.5 nm as magnified in the inset of Fig. 3-4.
Here, the device current seems almost to cancel out at highly negative Vg and the overall
transfer-curves are strongly affected by the NTC effect.

From our experiments, we conclude that the NTC occurrence is unambiguously related
to the T6 thickness, since its gate voltage position depends on the T6 thickness and increases
when this thickness increase from 2 nm to 7.5 nm. For thicker T6 films, the position of the NTC
peak could eventually exceed the value of Vgg = -50 V, which is the maximum gate voltage

investigated (in order to avoid dielectric breakdown phenomena in our devices). This is the
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Figure 3-5: a) Transfer-curves recorded in linear region (Vpgs=5 V) for the PDI-8CN3 5 nm/
T6 22 nm bilayer device (configuration B). b) Transfer-curves recorded in linear region (Vpg=>5
V) for the co-evaporated (configuration C ).

reason why the NTC effect is not observed in T6(15nm)/PDI-8CNy heterostructures.

To gain further insights about the physical origins of the NTC phenomena, we fabricated
and characterized electrically field-effect transistors in configuration B (T6 and PDI-8CNs as
top and bottom layer, respectively) and configuration C (co-evaporated).The transfer-curves of
the PDI-8CNy (5 nm)/T6(22 nm) bilayer (Fig. 3-5 a) also exhibits a NTC effect which, very
interestingly, occurs again for negative gate voltages. On the other hand, the transistor with
the co-evaporated active channel (Fig. 3-5 b) displays mainly a n-type behaviour with only a
moderate current modulation as a function of the gate voltage (ON/OFF current ratio is lower
than 4). Moreover, no NTC effect can be observed in this case.

Transfer (Fig. 3-6) and output (Fig. 3-7) curves at different temperatures have been also
recorded in order to deepen the effect of current decrease; the attention has been focused on
four samples: a device with a layer of PDI-8CNjy alone; a 2 nm T6/ 24 nm PDI-8CNy bilayer
exhibiting the above exposed effect; a 7.5 nm T6/ 24 nm PDI-8CNy bilayer which substantially
shows an ambipolar behaviour, a 15nm T6/ 24 nm PDI-8CNy bilayer with a predominantly a
hole transport. In Fig. 3-8 mobility and conductance are extracted from the data in Fig. 3-6
and 3-7.

In the case of PDI-8CNys, n-type transfer curves exhibit a shift versus lower negative voltages,

such as the 15nm T6/ 24 nm PDI-8CNy bilayer, while for the 7.5nm T6/ 24 nm PDI-8CN,
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Figure 3-6: Transfer curves recorded at different temperatures for the four samples considered:
a) PDISCN2, b) 2 nm T6/ 15 nm PDISCN2 bilayer, d) 7.5nm T6/ 15 nm PDISCN2 bilayer, c)
15nm T6/ 15 nm PDISCN2 bilayer.
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Figure 3-7: Output curves recorded at different temperatures for the four samples considered:
a) PDISCN2, b) 2 nm T6/ 15 nm PDISCN2 bilayer, d) 7.5nm T6/ 15 nm PDISCNZ2 bilayer, c)
15nm T6/ 15 nm PDISCN2 bilayer.
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Figure 3-8: a) Mobility and b) conductance versus temperature extracted from the data in 3-7
and 3-6.

bilayer the v-shaped curve shows a downward shift, and the minimum of the curve becomes
more and more evident at decreasing temperature. The 2 nm T6/ 24 nm PDISCN; bilayer
exhibits the more peculiar features. At decreasing temperatures the decreasing of the hole
current at high negative voltages become more and more evident, accompanied by a shift of the
maximum of the peak toward less negative voltages, such as in the case of the sole PDI-8CNs.

As mentioned in the experimental section, the evaluation of the field effect mobility was
not possible in all cases, such in the case of the 2 nm thick T6 bilayer. The mobility of the
heterostructures exhibits thermally activated behaviour, which implies a conduction mechanism
dominated by hopping transport defect states.

Only in two cases the mobility temperature behaviour obeys to the so called Arrhenius
law, as predicted by the Multiple Trapping and Release (MTR) model, for the sole PDI-8CNj,
and for the 15 nm T6/ 24 nm PDI-8CNjy bilayer, which behaviour is almost unipolar. They
consequently follow the subsequent relation

For PDI-8CNj, the activation energy (E,) results to be equal to 91 meV in the linear regime.
On the other hand, in saturation there are two regimes, the first, between 90 and 160 K,
corresponding to an activation energy of 95.7 meV, while the other, between 160 and 320 K,
giving an activation energy of 77 meV.

In the case of T6, in linear region two different regimes have been found, one comprised
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between 78 K and 160 K and the other between 160 K and 320 K with activation energies

respectively equal to 52 meV and 37 meV, both quite lower than the case of PDI-8CNy.

3.3 Heterojunction band alignment model and discussion

3.3.1 Equilibrium heterojunction properties

Summarizing the results reported in the previous sections, we have observed that the for-
mation of the interface between T6 and PDI-8CNj films produces a considerable enhancement
of the hole current flowing into those heterostructures comprising continuous T6 films. More-
over, in comparison with the single layer T6 device, the values of holes field-effect mobility are
largely improved in the T6/PDI-8CNy heterostructures (with T6 thickness of 7.5 and 15 nm)
exhibiting well-defined hole-accumulation regions in the transfer-curves. This can occur in the
case of heterostructures, as a consequence of the trap filling due to the accumulation of charges
(see [79] for instance). Furthermore, even a T6 layer formed by disconnected islands (sub-
monolayer coverage) has revealed to modify the density of free charge carriers in an unipolar
n-type device.

All these experimental findings are likely to indicate an enrichment of the mobile charges
in the organic double layer heterostructures, which can be explained taking into account the
presence of an accumulation heterojunction. Indeed, a chemical reaction between T6 and
PDI-8CNy, like a formation of an intermixing layer, can be excluded by electrical and optical
measurements. First of all, the current and the mobility of transistors with the co-evaporated
active channel are lower than that one of the double-layer structures; moreover, even if the
output curves reveal the presence of ambipolar transport, the blend structure exhibits a very
poor current modulation driven by the field-effect, indicating that the density of free carriers
(eventually due to the charge transfer effects) cannot be increased by the application of a gate
voltage.

These results are very interesting since they remark the deep differences between the prop-
erties of the blend and the layered devices; the former, indeed, are expected to be much more
disordered systems, with a wider Gaussian distribution of localized electronic states which can
act as trapping centres being able to completely localize the charges [124]. The ambipolar be-

haviour suggests that the semiconductors form distinct percolative paths, while the non-zero
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current at zero gate, and its slight variation with the gate-voltage, can be explained only by
supposing that the density of carriers is increased by charge transfer, but that these charges
are characterized by low mobility due to high degree of structural disorder. On the other hand,
since in the layered heterostructures the electric behaviour is strongly gate-dependent, this
excludes the presence of an intermixing layer at the interface.

The phenomena above discussed are consequently originated by a purely interfacial phe-
nomenon, which can be explained only taking into account the presence of an accumulation
heterojunction. Indeed, an increase in the density of, respectively, free holes at the HOMO and
free electrons at LUMO level can justify the increase in current and mobility. Following a clas-
sical band structure picture, in an accumulation heterojunction the alignment of Fermi levels,
which is simply a manifestation of a charge transfer at the organic/organic interface, implies
the electron transfer from the maximum of the conduction band of the p-type semiconductor
to the minimum of the valence band of the n-type one.

On the basis of our experimental results and on data reported in the literature (partly from
measurements on the single molecules and partly from transport data) we can infer that the
Fermi level of the two semiconductors before the formation of the interface lies in the centre
of the forbidden gap for T6 and, due to its intrinsically doped nature [17], near the LUMO for
PDI-8CNj, respectively, We can consequently conclude that the T6 work-function (¢p) is lower
than the PDI-8CN3y one (¢ ), even admitting that it is closer to the LUMO. As a consequence,
the alignment of the Fermi levels implies the transfer of an electron from the HOMO level of the
p-type semiconductor to the LUMO level of the n-type compound; this motion is accompanied
by the formation of built-in local electric field which bends the electron and hole band (LUMO
and HOMO levels) at organic/organic interface.

This mechanism in our case has been illustrated in the Fig. 3-9a, which reports the energy
levels of the two semiconductors, while the picture described above is sketched in Fig. 3-9 b,
where the equilibrium configuration of relevant energy levels of both T6 and PDI-8CNs2 has
been depicted. For simplicity eventual contributions from interface dipole have been neglected,
using the values reported in Fig. 3-9 a for electron affinity () and ionization potential (I); the
suffix “1” and “2” refer to T6 and PDI-8CNys, respectively. In the figure, the z-axis is oriented
normally to the interface, the SiO2/T6 interface occurs at position z=0, while the thickness of

T6 layer is indicated by L. For the sake of simplicity, the Fermi level position was assumed to
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Figure 3-9: a) Charge transfer effect and band diagrams for T6/PDI-8CN2 heterostructures.
b) Energy configuration at thermal equilibrium, where electron affinities (x) and ionization
potentials (I) indicated in Fig. 6A have been used. c¢) Energy configuration under applied
negative gate, for T6 thickness larger than electric field penetration depth 0, d) Same but for
the case of T6 thickness of the order of 4.
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be at middle of HOMO-LUMO gap.

3.3.2 Gate voltage effect on heterostructure energetics: the NTC phenom-

enomn

As already mentioned in the previous section, in the transfer curves at large negative
Vs values, the hole - dominated current unexpectedly begins to decrease and gives rise to
a peak as magnified in the inset of fig. 3(b). This phenomenon is usually named negative
transconductance (NTC) effect and is well known for inorganic devices based on semiconducting
heterostructures [125] [126], while has been reported and discussed very rarely for organic based
devices. A peculiar electrical behaviour with some similarities to our experimental findings
has been recently observed in the transfer current—voltage characteristics of double-layered
field-effect polymer transistors [127]. Indeed, it was shown that F8BT/TFB heterostructures
exhibit an unusual plateau in the forward scan of the corresponding transfer-curve. Both the
eventual presence and the magnitude of the transport current in the plateau regions were
found to be dependent on the starting voltage of the forward gate voltage sweeping cycle.
However, differently from Liu et al. [127], in our case no current plateau is observed, while
instead a maximum current (i.e. a peak in transfer curve) followed by a net decrease in channel
conductance at increasing negative values of gate voltage. We did not observe evident differences
in the forward and backward scans of the transfer-curves. This excludes the possibility of a
simply trapping and a subsequent de-trapping of charges at high gate voltages.

We consequently propose a different explanation for the NTC effect, according to the
accumulation heterojunction picture, instead of trapping. The NTC effect is a phenomenon
strongly gate-dependent, since the gate bias at which occurs varies monotonically with the T6
thickness; the absence of this effect in the coevaporated transfer curves, while instead is present
in the reversed configuration device, represents consequently a further indication that this is
basically an interfacial phenomenon, as discussed in the previous section.

The charge accumulation layers across the interface, sketched in Fig. 3-9 b, can be
invoked from both electrical and optical characterization evidences. After the application of a
negative gate voltage at Si electrode (Fig. 3-9 c¢) a transverse voltage profile builds up along the

z direction. In figure 3-9 c, the voltage value at z = 0 is indicated by Vg, thus associated to an
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additional (positive) potential energy -eV( , corresponding to an upward bending of molecular
levels in T6. Hole accumulation thus takes place at SiO2/T6 interface, giving rise to the hole
channel in the OFET.

Assuming that the thickness of the T6 layer (L) is larger than the hole accumulation
length (indicated by ¢ in Fig. 3-9 ¢, so that the T6 film is able to accommodate the amount of
charge needed to fully screen the external voltage (Vy), the molecular levels can be depicted as
flat in the “bulk” of T6 (as in Fig. 3-9 c) and the electric field does not reach the interface. In the
depicted condition, we can consequently infer that the application of the gate has no influence
on the electronic structure of the region near to the interface between the two semiconductors.

The last statement holds no more once very thin T6 layers are considered, since the
situation is here completely reversed. Indeed, in the case of L «~ A or L<A the electric field
penetrates inside the T6 up to the interface and hole accumulation extends throughout the whole
T6 layer, resulting in a redistribution of both voltage profile and hole density also in the region
close to the T6/PDI-8CNy interface. The redistribution implies that at largely negative Vg
the holes accumulated (due to the heterojunction effect) at the organic/organic interface spread
indeed toward the SiOq interface, as shown in Fig. 3-9 d. In other words, the holes previously
accumulated in the region close to the T6/PDI-8CNy interface are thus redistributed toward
the SiO2/T6 interfacial region in order to screen the external voltage. Consequently we have a
flattening of the molecular bending of T6 levels at the heterojunction interface.

The application of a negative gate voltage consequently determines a decrease in the
interface built-in field; the effective potential barrier confining the excess electrons in PDI-
8CNjy is lowered, facilitating the migration of electrons from PDI-8CNg to T6 where they
can recombine with free holes, thus decreasing the density of mobile charge and the channel
conductance. The phenomenon is schematically shown in Fig 3-9d, describing a T6 layer whose
thickness is close to the hole accumulation length; here, the dashed lines indicate the band
profile without any bias applied, in order to evidence the reduction of the band bending after
the application of the gate.

This interpretation of NTC effect allows to qualitatively explain why the current drop in
transfer curves occurs at larger gate voltages once the T6 thickness is increased. The results
also indicate that charge accumulation in T6 occurs up to the third monolayer, in agreement

with the findings of Dinelli et al. [122].
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Interestingly enough, in similar heterostructures field-effect transistors in which charge
transfer has been also observed [85] the NTC phenomenon is not present, even for thin bottom
layer thicknesses. The explanation of this striking difference can reside in the peculiar electronic
structure of PDI-8CN3y, which electrical behaviour resembles a doped semiconductor, showing
for instance a negative threshold voltage [120] (n.d.r. in addition, our experimental findings
on PDI-8, an n-type organic semiconductor with the same chemical structure except for the

absence of the cyano groups, have not given the same results).

3.4 Conclusions

Sexithiophene (T6)/ N,N’-bis (n octyl)-dicyanoperylenediimide (PDI-8CNj) heterostructures
have been realized and studied as the active channel of field-effect transistors. Both layered,
also with various layer thicknesses, and blend configurations have been fabricated through high
vacuum evaporation. A complete electrical characterization and a morphological study have
been performed in the different cases, highlighting interesting phenomena arising solely with
the presence of an homogeneous interface between the two semiconductors.

Moreover, with the application of the gate, ambipolar transport and Negative Transconduc-
tance (NTC) phenomena (i.e. a decrease followed by an eventual nullification of the drain-source
current at increasing gate voltages) have been observed.

A model has been proposed as a possible explanation of these phenomena describing the
energetic levels at the heterointerface at the equilibrium and in presence of a field-effect, and
accounting for the band bending promoted by the charge transfer at the interface. In this
scenario, the NTC effect can be explained in terms of a further shift of the energetic levels at
the interface due to the application of a gate voltage, which in favourable conditions, leads to

recombination of charges.
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Chapter 4

Schottky Gated Organic

Heterostructures

Organic single crystals exhibit more reproducible and stable electrical performances, and con-
sequently are the subject for an intense study devoted to the clarification of the fundamental
issues of the charge transport in organic semiconductors. Here Schottky-gated heterostruc-
tures are used to probe the conducting layer that spontaneously forms at the interface between
rubrene and PDI-FCN3 single crystals, the materials that perform best in p- and n-channel
organic single-crystal Field Effect Transistors (FETs). The resulting configuration resembles
the one of a High Electron Mobility FET (HEMFET), which has been introduced in the first
chapter and actually the physical response of the device reminds it in several aspects, such as
for the formation of a 2D electron gas at the interface.

In this chapter I am presenting the electrical characterization on the samples I have made,
but the conclusion take into account the results obtained from the whole group. The relization
of the devices has been totally developed at the University of Geneva and the experimental

results will be the subject of a scientific publication.

4.1 Device realization

Organic heterostructure devices can be realized accounting for different fabrication techniques

and device architectures. The realization of a single crystal heterostructure can be accomplished
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only through a delicate procedure which depends on the operator precision. Indeed, once the
fragile organic single crystals are separately grown, they have to be laminated, aligned and
assembled into micrometric devices by hand. Every damage in the crystals or in the metal used
as a gate reduces or nullifies the performances of the devices.

Nevertheless, even if handling organic single crystals reveals to be a delicate task, focusing
the attention on organic single crystals brings about several advantages. First of all, the intrinsic
higher molecular ordering is responsible for the more reproducible performances, rendering them
a perfect case study for the deepening of the physical mechanisms behind electronic conduction
in organic semiconductors [53].

As discussed also in the previous chapters, the morphology and crystalline order of the
organic thin films are instead very poorly reproducible, and so are the electrical properties
[85]. This leads to a further complication in the realization of organic heterostructures, since
it is expected that the molecular arrangement at the heterointerface, which cannot be easily
controlled, will play a fundamental role into the transport properties at the interface. Separating
the contribution of the morphology to that of the charge transfer at the heterointerface reveals
a hard task which cannot be easily overcome.

Finally, in single crystals the effect of unintentionally present dopants in the bulk can be
in general safely neglected [128], while in thin films the conduction through the bulk results
more favored because of the high concentration of dopants. This renders more complicated in
organic thin films the individuation of the region in which the charge transport actually occurs,
since the conduction can equally arise at the interface or in the bulk.

Two device structures were realized, with two (Fig.4-1 a) or six probes (Fig.4-1 a). The
first configuration brought the advantage of a simpler fabrication procedure but allowed only
transfer and I-V curves measurements at low temperatures; the second one was instead purpose-
made just for Hall effect measurements but also gave the opportunity to measure the four probe
resistance, in order to investigate the possible effect of contact resistances on the behaviour of
the interface. The materials chosen for the interface are rubrene as the p-type semiconductor and
PDI-FCNj as the n-type one. Rubrene exhibits the highest mobility among p-type organic single
crystals [129] and results consequently in one of the most studied organic single crystals. Its bulk
[130] and surface [99] properties have been extensively studied; on different dielectrics, it exhibits

a dependence of the mobility on the dielectric constant of the insulator material [100]. In a field
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Figure 4-1: The Schottky Gated Organic Single Crystals Heterostructure: a) basic configura-
tion; b) Hall effect measurement configuration.

effect configuration a gate-electric-field-induced crossover from thermally activated to nearly
temperature-independent transport has been observed [131], while Hall effect measurements
have demonstrated a band like behavior, with an increase of the mobility at lower temperatures
[132]. Rubrene HOMO level is at 4.62 eV, while the LUMO at 1.14 eV, according to UPS
measurements [133] and knowing that the gap is 2.3 eV [134].

PDI-FCNy is one of the most air stable, high mobility n-type semiconductors [11] [120]
The best results with single crystals have been obtained in air gap field effect configurations,
exhibiting a mobility of 5 cm?/Vs [113] or even 6 cm?/Vs [14]. In field effect devices with air
gap configuration, a decreasing of the mobility until 175 K has been also observed [135]. The
LUMO level has been determined as 4.5 €V by cyclic voltammetry measurements, while the
HOMO level, 6.8 eV, has been obtained knowing that the optical gap of the material results to
be 2.3 eV [17].

Different metals [104] have been demonstrated the formation of a Schottky barrier at the
interface with rubrene or have been even used for the realization of organic MESFETs [49] [105].
In our case chromium has been chosen, since it was the simplest metal to handle, which exhibits
a Fermi level of 4.5 e€V; the formation of a Schottky barrier at the interface with rubrene is
verified by experimental measurements.

In the following, we will expose the device realization procedure.
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4.1.1 Device realization steps

The realization of the Schottky gated heterostructures was composed of several steps. The
organic single crystals have been grown according to the procedure reported in the previous
chapter, par. 2.1.2. The width of rubrene crystals used for the devices can vary between about
400 pm to more than 1 mm, in order to completely cover the underneath gate and avoid a
possible short circuit with the source and drain electrodes. The length can range in the order of
several hundreds of microns, sufficient to allocate the electrodes. The thickness of the crystals
can be regulated to more than a mm depending on the time of growth (between 15 minutes and
48 hours); the transparency of the crystal gives an indication of the thickness. In our case, we
used crystals about 2 um thick or less, in order to have a depletion region covering the whole
thickness of the crystal. Regarding instead the PDIFCNy crystals, the width was between 50
and 150 pm and the length between 100 and 400 pm. The time of growth was between 24 and
48 hours.

At first, the gate was evaporated by electron beam evaporation onto the substrate, a PDMS
stamp (see Fig. 4-2 a) and Fig. 4-3 a) ). Shadow masks were used to define a stripe of metal,
with a width ranging between 200 and 400 pgm. The continuity and uniformity of the layer were
found to be basic requisites to guarantee the conductivity of the metal and were provided by
deposition of four metal layers, in the following order and thicknesses: 3 nm of Ti, 22 nm of
Au, 3 nm of Ti, 22 nm of Cr.

The micrometric organic crystals were manipulated with the aid of a hair. The crystal
has been properly chosen without any optically visible defect and was then laminated through
electrostatic bonding. A complete adhesion of the crystal on the Cr stripe was the requisite
to fulfill in order to guarantee the formation of a Schottky barrier between the metal and the
rubrene crystal (see Fig. 4-2 b) and Fig. 4-3 b) ). The crystals adhere spontaneously on
the substrate through electrostatic bonding, even though the quality of the adhesion greatly
depends on the conditions of the substrate and of the crystal, and in several cases it was not
successful. In the Fig. 4-3 b), for instance, it is possible to observe the presence of reflections
on the surface of the crystal, which indicate an incomplete adhesion.

Au (15 nm) source and drain contacts were directly deposited on the rubrene crystal through

electron beam deposition (see Fig. 4-2 ¢ and e and Fig. 4-3 ¢ and e¢ ). Handmade shadow masks
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Figure 4-2: Panel showing the device fabrication steps both for a two (¢ and d) and a six (e and
f) probes configuration. a) Chromium stripe on PDMS stamp; b) rubrene crystal laminated
on the chromium stripe; c¢) and e) Au electrodes deposited on the rubrene crystal; d)and f)
PDI-FCNj5 crystal laminated on the rubrene crystal and on the Au electrodes.
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were used to shape the deposition areas in the case of a two probe configuration. For the six-
probe devices SU-8 masks were instead fabricated by optical litography (Fig. 4-4 a). SU-8
was spinned on a clean silicon substrate, baked, exposed to UV light, post-baked and finally
developed. The SU-8 was then lifted-off with an acqueous KOH solution. The alignment of the
mask was performed under an optical microscope in order to guarantee that the Hall probes
were perfectly aligned with the gate stripe (Fig. 4-4 b and c).

The PDI-FCNy crystal was chosen with criteria similar to those used for rubrene (see Fig.
4-2 d) 4-3 d) and 4-3 e) ) and was then laminated under an optical microscope on the top of
the rubrene crystal. The position of the crystal is very important especially in the fabrication
of the four probe devices, since it has to be perfectly aligned with the Hall probes.

Finally, 25 pm diameter gold wires have been used to contact the gold source and drain
electrodes, attached with about 250 - 300 nm diameter drops of solvent free silver epoxy paste
(see Fig. 4-3 d) ). Since the devices were extremely fragile, the devices had necessarily to be

manually bonded.

4.2 Experimental results

Organic Schottky gated heterostructures need to exhibit the following features in order to be
considered of good quality. The gate should be conductive, with a resistance lower than tens
of k) and the Schottky gate should be rectifying for positive voltages applied to the metal
gate (p-type semiconductor Schottky gate). The interface should be conductive even without
the gate connected as a signature of the charge transfer at the interface; the output curves
should exhibit a linear behavior, indicating a small effect of contact resistances. In the best
devices, for positive voltages applied to the gate (i.e. when the Schottky gate is rectifying), the
leakage current is at least an order of magnitude lower than the drain source voltage, with and
without a gate applied. The gate field-effect should manifests itself through the increasing of
the absolute drain source current with the absolute gate voltages more than the leakage current
does.

The results shown here are my contribution to a research project developed in the framework
of a collaboration with the prof. A.F. Morpurgo in the University of Geneva. The analysis and

the interpretation discussed in this work are based on the totality of the results which are
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Figure 4-3: Panel showing pictures of the devices in different fabrication steps for both a two
(¢, d) and a six (e, f) probes configuration. a) a 200 m Cr stripe on PDMS; b) a rubrene crystal
laminated on a Cr stripe (the waves indicate regions in which the adhesion is not good); c),e)
Au electrodes deposited on rubrene; d),f) PDIF-CNy crystal laminated on the rubrene crystal
and in the Au electrodes with a picture of a typical PDIF-CNjy crystal (between ¢ and e).
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Figure 4-4: a) The typical configuration of the mask used to define the electrodes for Hall effect
measurements with some typical sizes. Fig. b) and c¢) show the procedure of the SU-8 mask
alignment with the Cr gate (b focus on the gate, ¢ on the mask).
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presented in [136]. I will present and comment in the following the electrical characterization of
my best two devices realized; they have been indicated as "A" and "B", since they exhibit some
different features. The electrical characterization has been performed from room temperature
down to 50 K. The output curves and relative leakage currents have been recorded sweeping the
source drain voltage between -10 V and 10 V and for different gate voltages applied (included
zero). Transfer curves and relative leakage currents have been instead recorded sweeping the

gate between -10 V and 80 V and applying different source drain voltages (including zero).

4.2.1 Electrical characterization

In order to verify the correct functioning of the gate voltage, the leakage currents of the transfer
curves at zero source drain voltage have been considered. During the device operation they
indeed basically correspond to the current that flows across the rubrene crystal through the
Schottky barrier formed at the Cr — rubrene interface (Fig. 4-5). The device A does not show
a rectifying behaviour, since the leakage current for positive voltages applied to the gate is
higher than for negative ones (Fig. 4-5 a). Nevertheless, this does not affect dramatically the
performances of the device, since the leakage current remains still lower than the drain one
of three orders of magnitude. The occurrence simply implies that the leakage currents are
unexpectdly high, probably depending on the impurities concentration in the rubrene crystal.

For the device B, as expected, the curves clearly exhibit a rectifying behavior, since the
current magnitude depends on the bias polarity (Fig. 4-5 b). For positive voltages applied to
the gate the carriers have to overcome the Schottky barrier and the current results lower. For
negative voltage to the gate, the carriers do not encounter any barrier and the current flows
through the rubrene crystal.In the Fig. 4-5 ¢ the gate leakage current curves recorded at zero
drain source voltage at several different temperatures have been shown for the device B. The
current exhibits a quadratic dependence typical of a Space Charge Limited Current (SCLC)
regime and experiences an exponential decrease with decreasing temperature, even for negative
gate bias. This is characteristic of a thermally activated behavior of the carrier mobility, which
indicates that the SCLC conduction takes place through states in the band gap of rubrene
(traps) [137] [105].

From the curves reported in Fig. 4-5 ¢ the variation of the current versus the temperature

can be extracted (Fig. 4-5 d ). From a fitting procedure, it is possible to determine the
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Figure 4-5: Gate leakage current curves recorded at zero drain source voltage at room tem-
perature (a) for the device A and (b) for the device B several different temperatures. In ¢ are
instead reported gate leakage currents recorded at zero drain source voltage for the device B,
from which the activation energy of the current is determined (d).
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activation energy of the thermally activated mobility, which for the device under study results
to be about 200 meV. Obviously the same analysis cannot be applied in the case of the device
A, because of the absence of the rectifying behaviour.

The activation energy actually varies in a wide range depending on the specific device
considered (between 250 and 400 meV [136]). Since it roughly corresponds to the difference
between the Fermi level and the bottom of the valence band of rubrene, this suggest that the
variations are due to the uncontrollable concentration of dopants unintentionally present in the
rubrene crystal, different from device to device.

In Fig. 4-6 a and 4-6 b the output curves at room temperature are respectively reported for
the device A and B. Fig. 4-6 ¢ and 4-6 d show, instead, output at different temperatures for
the two devices. For the device B, a non linear trend for high drain source voltage is evident
and is typical of the presence of contact resistances. The non linearity is more evident at lower
temperatures and at higher gates.

The square resistance extracted from the data in Fig. 4-6 results about 1.5 M2 for the device
A and 0.8 MQ for the device B at room temperature (Fig. 4-7) ). The device A exhibits an
initial lowering of the resistance at high temperatures; the device B, instead first undergoes to
an unexpected behavior characterized by a peak which origin is not totally clear at the moment.
The other devices realized, indeed, only show a slight dependence on temperature, which can
be either a decrease or an increase, depending on the device [136]. From about 120 K, instead,
a further temperature decrease leads in all the cases to a rapid increase of the resistance.

The sign of the field in the transfer curves (Fig. 4-8) gives indication of an n-type behavior,
which indicates that the current is carried by electrons. In Fig. 4-8 d it is possible to observe
that the Von shifts versus more negative values at lowering temperatures.

The modulation of the current by the application of an electric field suggests the possibility
to apply the same analysis currently used for transistors. The conductivity is given by the

relation

o(Vy) =n(Vy)eprpr (4.1)
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Figure 4-6: Output curves at zero gate voltage recorded at a) 84 K for the device A and b) 59

K for the device B. Output curves at zero gate voltage recorded at different temperatures for
the c) device A and d) B.
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Figure 4-7: Square resistance versus temperature at zero gate voltage extracted from the output
curves recorded at different temperatures for the device a) A and b) B.

where n(V,) is the density of electrons at rubrene — PDIFCNj interface and is given by

n(Vy) =C(Vy — Vip)/e (4.2)

in the last relation, C = eeg¢/d is the capacitance per unit area between the interface and
the gate, with d being the thickness of the rubrene crystal, measured by AFM analysis.

From the previous relationships the mobility can be consequently determined as:

prpr = (L/CWVas)dI /dVy (4.3)

where L is the channel length, W the channel width. The thickness of the rubrene crystal
has been assumed 2 um for the device A, while measured by AFM as 800 nm for the device B;
inserting those values in the relation reported above, the mobilities can be easily evaluated. In
the Fig. 4-9 is indeed showed the variation of the mobility extracted from the transfer curves
at different temperatures for the two devices. We can observe that it increases down to about
120 K and then it decreases. For the device B, in the first region it undergoes to an atypical
behavior, which origin is unclear at the moment.

The mobility value and trend with temperature have been compared with the case of tran-

sistors realized with PMMA as a dielectric, having the same dielectric constant of rubrene.
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Figure 4-8: Transfer curves at different drain source voltages at a) 84 K for the device A and
b) 63 K for the device B.
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Figure 4-9: Mobility versus temperature extracted from the transfer curves at different tem-
peratures a) for the device A and b) for the device B.

The similar mobility values at room temperature indicate that the analysis reported above is
correct, also giving a further confirmation that the transport can be attributed to electrons.
Moreover, this also suggests that crystals are not damaged during the fabrication procedure.

It is worth to underline that a band like behavior is also observable in the devices real-
ized on air gap configuration, but that the range is less pronounced compared to the case of
heterostructures, since the decrease is evident only up to 175 K [135].

Once determined the conductivity and the mobility, the density of carriers at zero gate can
easily extracted by n = o/(u * e), simply dividing the two quantities. We can observe that
it varies between 0.4 and 1.5 * 10" cm~2 for the device A, while between 5 and 12 * 10'3
cm ™2 for the device B. In the device A the variation of the carrier density with temperature
is minimal; the expected linear behaviour is verified only in the temperature range comprised
between 130 K and 190 K, with a slope of 7.4*¥10°%cm~'K~!. For the device B the slope results

instead 3.7%1010 cm 1K1,

4.2.2 Hall effect measurements

Hall effect measurements are used in this work as an independent analysis to investigate the
electrical behaviour of the devices realized, since the sign, the mobility and the density of charge
carriers can be determined as a function of the temperature in addiction to the quantities

extracted via field effect measurements. The configuration allowed the determination of both
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Figure 4-10: Carrier density determined from the square resistance at zero gate voltage and the
mobility a) for the device A and b) B.

four probe and two probe resistance, which can be compared in order to exclude possible
contact resistances effect. Hall effect measurements have been applied in the study of the
carrier transport in organic semiconductors [102] [138], although the low density of carriers
reduces the magnitude of the response to the application of the magnetic field and the high
level of noise, especially at low temperatures, can mask it. Hall effect measurements on rubrene
single crystals confirmed that charges can be highly delocalized in organic semiconductors, even
if the mean free path is higher than the lattice constant; the Hall coefficient Ry resulted indeed
equal to the induced surface charges estimated from the standard MOSFET model [138]. Also
from Hall measurements on rubrene single crystals, a discrepancy between the field effect and
the Hall mobility have been found between 175 and 250 K in rubrene single crystals. Since
Hall effect gives the intrinsic mobility (i.e. trap free) it has been argued that at lowering
temperatures the effect of the shallow traps underestimate the mobility values extracted by
field effect measurements [102].

The contact configuration is reported in Fig. 4-11 a. A voltage (10 V) is applied to the drain
in order to have current flowing in the channel, while the source is grounded. The magnetic
field (sweeping between -6 and 6 T) is applied parallel to the sample. The probes 1 and 3
form an open circuit and are defined Hall probes. The potential difference between the two
probes (V3 - Vq) is the trasversal (Hall) voltage (V). In principle, also the couple of contact

2 and 3 can be used to measure the Hall voltage, but actually misalignment of the contacts
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or disuniformities in the transistor channel can provoke the presence of voltage offsets. The
potential difference between the probes 1 and 2 (longitudinal voltage) can be instead used to
measure the four point resistance. The measured device clearly exhibits Hall effect, as can be
observed for instance in Fig. 4-11 b, where the applied magnetic field is compared with the of
the Hall voltage.

The extraction of the Hall voltage also requires the subtraction of the contribution due to
the drift of the signal. The difference between the voltage values at the beginning and at the
end of the measurement (both at zero magnetic field) gives an indication of the amount of
drift; shaping the drift as a straight line, the relative contribution can be consequently easily
calculated and subtracted.

The device was meaured down to 245 K; at lower temperatures the presence of a magne-
toresistance effect [139] masked the Hall effect, rendering impossible the extraction of the Hall
voltage and consequently of the other parameters. The origins of the magnetoresistance effect
are not clear at the moment; a possible cause is a temperature gradient arising in the sample,
such as in the case of the Nerst or the Righi-Leduc effects [140].

The sign of the Hall voltage confirms that the charge carriers are electrons. From the
transversal voltage, the four point resistance is determined (Fig. 4-12 a). Both the two probe
and the four probe resistance decrease with temperature, which indicates that the device is not
affected by contact resistances. From the data reported in Fig. 4-11, the Hall mobility and the
density of carriers are calculated (Fig. 4-12 b and c) from the following relationships [102]

1 Uy

= —— 4.4
Ry 51 (4.4)
1 Bl
f— fr— 4-
U= Ry T eRpUp (4.5)
1Uyg (L*
pi = Ryo = p== <H> (4.6)

nyg and py monotonously increase and decrease with temperature, respectively. The density
of carriers varies linearly with temperature, with a slope of 8%10%cm~'K~!. This confirms the
results obtained in the previous section, giving an independent measure of the same quantities

and excludes the possibility of in the mobility extraction.
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Figure 4-11: a) The contact geometry; S indicates the source while D the drain. The Hall
voltage is determined as the difference between the voltage measured in 1 and 3 (Hall contacts)
while 1 and 2 are the longitudinal contacts and are used to determine the four probe resistance.
b) Hall measurements results at 291 K: the applied magnetic field (in black) and the measured
Hall voltage (in red) versus time are plotted.

4.3 Band alignment in the Schottky Gated heterostructure

The extension of the range of band-like transport in PDI-FCNjy, the high density of carriers
and its linear variation allow to conclude that the introduction of a Schottky gate causes an
improvement of the charge transport properties of the devices, other than representing by itself
an useful tool to tune of the carrier density and for the investigate of the fundamental physical
properties at the heterointerface.

The slow variation of the carrier density with temperature suggest a completely different
behavior respect to the previous ungated interfaces realized. Indeed, the interface between
TTF-TCNQ exhibits a metallic behavior, with a constant or slightly decreasing resistance with
temperature, which is easily explainable accounting for the overlapping of the valence and
conduction band. A semiconducting behavior is instead attributed to the interface between
TMTSF-TCNQ), exhibiting an exponentially increasing resistivity which activation energy cor-
responds to the gap between the LUMO level of TMTSF and the HOMO level of TCNQ (see
Fig. 4-13).

The case of the Schottky gated heterostructures, with the slight dependence of the carrier

density on the temperature, presents features that are ascribable to none of the previous ones,
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Figure 4-13: The comparison of the energetics of three different systems: TTF-TCNQ, TMTSF-
TCNQ), rubrene-PDIF-CNs.

accounting for the absence of a gap or the presence of a very small one. A realistic scenario
explaining this occurrence can be easily depicted if we suppose that the HOMO level of rubrene
and the LUMO level of PDI-FCNy were aligned before the two were put into contact. The
scheme of the energy levels of the two semiconductors is reported in Fig. 4-13 in comparison
with also TTF-TCNQ and TMTSF-TCNQ systems. Subsequently to the formation of the
interface, a gap opens spontaneously as a consequence of the charge transfer, necessary to
guarantee the uniformity of the chemical potential at the interface. An equal amount of charge
carriers of both the charge types has to be transferred at the interface, in the first few layers of
molecules or even only in the first one. This causes a dipole to arise, the opening of the energy
gap being directly proportional to it.

Even if the presence of both electrons and holes is expected, only an n-type behavior has been
observed in the transfer curves; this occurrence can be explained accounting for the presence
of two contributes to the charge density, a surface and a bulk one. The first contribute is
responsible for the formation of the dipole, while the other one arises from the uniformity of
the chemical potential over the whole structure. The alignment of the chemical potential with
that of chromium causes a redistribution of the bulk charge density and in particular an electron

transfer from the PDI-FCNy to the rubrene, which fills the holes and reduces the hole density.
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Figure 4-14: a) The energy bands in the device; b) a detail of the band bending at the heteroint-
erface also reporting the dipole at the interface arising from the charge transfer (A = nge?d/ec).

The resulting band diagram across the whole structure is the following one. The valence
band of rubrene results to be far from the (common) Fermi level of a quantity that corresponds
to the Schottky barrier that forms at the interface with chromium (0.8 — 1 eV). Far from the
interface the distance between the conduction band in PDI-FCNy and the Fermi level reaches
the bulk value, which depends on the concentration of unintentionally present dopants and can
be estimated by measurements of the activation energy of the conductivity (about 100 — 120
eV).

The Fermi level of the structure will consequently result closer to the LUMO level of
PDIFCNs than to the HOMO level of rubrene, and the electron conduction will result favored
respect to the hole one.

At lowering temperatures, indeed, the carrier density transferred at the interface decreases
and so the gap, directly proportional to it. On the other hand, the electron density in PDI-FCNq
also decreases with temperature, pushing the LUMO level far from the chemical potential.

As a result, the LUMO level results close to the chemical potential even at lower temper-
atures, justifying the high mobility. The situation is different from the air gap FET, where a
much larger decrease in mobility is observed with temperature, since in Schottky gated het-
erostructure the favorable energy level alignment at the interface maintain the position of the
LUMO level in the region of shallow traps of PDI-FCNy even at low temperatures. The position
of the PDI-FCNy LUMO level actually results “pinned” respect to the chemical potential, as
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the high mobility at low temperatures suggests.

The conduction in the devices can be depicted in terms of the presence of an interface
dipole (A) at the heterointerface, neglecting the contribute of the bulk charges. From simple
electrostatic, the dipole at the interface is A = nge?d/eeg. The gap that forms after the two
materials put into contact is equal to the potential arising from the presence of the dipole at
the interface. Inserting this value into the expression of the charge carrier density as given in
[56]

o0
ng = / ONge P/ 4R (4.7)
AJ2

an equation for the charge carrier density is derived
ne = 2NgkTe "¢ d/e20kT (4.8)

where Ng is the density of states at the surface per unit energy (2*10'% cm~2eV 1) and
is almost the same for rubrene and PDI-FCN,. The equation reported can be solved self
consistently. Defining

y =ng/2NgkT (4.9)
we obtain an equation that is now independent by the temperature. Defining

y = engeQdy/eeo
if we now indicate with y* the solution of the previous equation, this gives the expression of
the carrier density with time

ns =y 2NgkT (4.10)

which actually predicts a linear temperature dependence of the carrier density. The equation
gives an estimation of the slope of the carrier density versus temperature ( y* = 0.029 ) which
is in good agreement with the experimental data (see the par. 4.2.1, in particular for the device
A, the par. 4.2.2 and [136]). This indicates also that the transport properties at the interface
are only determined by the band alignment.

The device B exhibits instead an atypical behavior respect to the other devices realized

during the experimental project, since the mobility results indeed lower while the carrier density

98



higher. This behavior is actually expected if the thickness of the rubrene single crystal is thin
enough to make the effect of the alignment with the cromium chemical potential more effective.
This is indeed the case, since the thickness of the rubrene crystal results to be 800 nm, while
in the other devices is closer to 2 pm [136].

The thinner the rubrene crystal, the lower is expected to lie the top of the rubrene valence
band at the interface with PDI-FCNg, since it falls deeper in the depletion region of the Schottky
barrier with chromium. As a consequence, at the heterointerface holes are for sure completely
depleted in the rubrene crystal, but a more pronounced band bending and a higher electron
density is consequently expected.

It cannot be excluded that in favorable conditions (i.e. depending on the level of dopants
unintentionally present in both the semiconductors) and with a thinner rubrene crystal, even a

metallic behavior can be achieved.

4.4 Conclusion

Tuning of the charge carrier density at the interface between two organic semiconductors was
achieved thanks to the realization of Schottky gated heterostructure transistors. My experi-
mental work consisted in the realization of micrometric scale devices by a sequence of steps,
including lamination of single crystals by hand on a flexible PDMS substrate, photolitography,
bonding. The devices showed n-type behaviour, indicating an accumulation of electrons at the
heterointerface which density have been modulated by applying a voltage to the Cr Schottky
gate. They also exhibited a metallic-like behaviour, with a decreasing of the field effect mobility
at lowering temperature; this suggests that the chemical potential of the structure is close to
the PDI-FCNo LUMO level. The carrier density exhibited instead a linear variation with the
temperature, which is an indication of the absence of the gap or the presence of a very small

one.
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Conclusive remarks

In this PhD work, the realization and characterization of organic thin film and single crystal
heterostructure field effect devices have been devepoled. Given the high electrical instability of
n-type semiconductors, a study of high performing perilene diimides compounds has been led,
mainly devoted to the individuation of the most suitable compound.

N,N’- bis (n-octyl) -2- cyanonaphthalene -1,4,5,8- bis (dicarboximide) (NDI-8CN), N,N’- bis
(n-octyl) -2,6- dicyanonaphthalene -1,4,5,8-bis (dicarboximide) (NDI-8CNy) , N,N’-bis (n-octyl)
-1,7- and N,N’- bis (n-octyl) -1,6- dibromoperylene -3,4:9,10-bis -(dicarboximide) (PDI-8Brs),
N,N’- bis( n-octyl) - 1,6,7,12 -tetrachloroperylene -3,4:9,10- bis( dicarboximide) (PDI-8Cly) have
been considered. PDI-8 exhibits high electrical performances in vacuum, but the environmental
conditions highly degrade the device response. PDI-8CNs and PDI-FCNjy are instead both air-
stable while also show high drain source current and mobility. PDI-FCN32 has been used for the
realization of thin film transistors with a mobility of 0.6 cm?/Vs (the highest value found in
the literature for top contact devices) and almost bias stress independent single crystal FETs (
experiencing a Ipg decrease of much less than 1% after 5000 s) have been realized. Even if the
best electrical performances belong to , it results affected by the substrate conditions (in thin
film form, mainly) regarding morphological and electrical properties, hindering its use for thin
film heterostructure, but not for single crystal interfaces.

Sexithiophene (T6)/N,N’-bis (n octyl)-dicyanoperylenediimide (PDI-8CNy) thin film het-
erostructures have been used as the active channel in field effect transistors. The devices
exhibited several interesting features, such as ambipolar behaviour and charge transfer at the
heterointerface with a consequent improvement in the electrical performances and in particular
in the conduction. A negative transconductance (NTC) effect consisting in a sudden decrease
of the drain current for high negative gate voltages have been found and deeply investigated
through different device configurations and varying the thickness of the lower layer of the het-
erostructure. The results have been corredated and confirmed by also X-ray and AFM analysis.

Schottky-gated heterostructures based on rubrene and PDI-FCNjy single crystal interfaces
have been fabricated. The formation of a depletion region due to the Schottky barrier covering
the while rubrene thickness allows the injections by field effect of one type of charge carriers

(electrons) at the interface. Evidences of band-like behaviour and a linear density of carrier
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have been found through electrical analysis and confirmed by Hall effect measurements. The
occurrence has been explained suggesting that a small gap forms as a consequence of the
transfer of charges at the heterointerface and the equilibration of the potential in the whole

device structure.
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