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Abstract

In this thesis the transport in organic semiconductors is investigated at the nanoscale.
For this, organic thin film transistors with channel thickness in the limit of a few mono-
layers have been successfully fabricated and characterized in-situ in vacuum. The elec-
tronic properties in such devices were tuned by the addition of guest molecules onto
the surface of the device-active semiconductor layer (surface doping). Different dopant
molecules were used and the length scale of the doping induced charge transfer was
studied to get further insight into the doping mechanism in organic semiconductors. An
improved understanding of the doping process enables the design of a variety of organic
devices, which can contribute to the future of ubiquitous computing by their low cost
and flexibility. Further, the addition of guest molecules on the semiconductor surface
provides a simple and effective, as well as flexible, doping method: both local variations
of the concentration and of the type of guest molecules can be readily controlled. The
here presented results can contribute to the design of organic chemical sensor devices
where the analyte either takes the role of a surface dopant or reacts with the function-
alized guest molecules. Possible applications of such sensors could comprise their use in

future lab on a chip devices.

As a key parameter to study the transport in such thin devices, controlled film
growth of the active material was achieved. High quality films of pentacene, the organic
semiconductor studied in this thesis, were deposited in the channel of the organic thin
film transistors, on the gate dielectric SiO,. With molybdenum oxide (MoO,) as the
electrode material in the bottom contact thin film transistors, the high quality pentacene
film also extends across the contact edge and establishes good electrical contact. In
transport measurements even the completion of each pentacene monolayer was detected

during the deposition of these high quality films.

Subsequent surface doping of these pentacene thin film transistors was demonstrated
to be efficient to increase or decrease the charge carrier density depending on the na-

ture of the guest molecule. Especially the strong electron acceptor F,TCNQ (2,3,5,6-
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tetrafluoro-7,7,8,8-tetracyanoquinodimethane) increased the hole concentration, as rec-
ognized by a shift of the transfer curves towards positive voltage, whereas the porphyrin
MnTPPCIl (manganese(III)-tetraphenylporphyrin-chloride) decreased the hole concen-
tration. Interestingly, surface doping with a second and similar porphyrin CoTPP
(cobalt(IT)-tetraphenylporphyrin) did not induce a change in the carrier concentration.
Complementary to the transport measurements, the doping mechanism was further in-
vestigated by photoelectron spectroscopy: The surface doping induced variation of the
charge carrier density can be associated to a charge transfer with pentacene in the
case of F,TCNQ, whereas in the case of MnTPPCI it is tentatively associated to the

molecular dipole moment in MnTPPCI.

Furthermore, the length scale of the surface doping induced charge transfer was
found to be in the order of one monolayer. This was investigated by measuring the
F,TCNQ surface doping efficiency for a series of transistors with increasing pentacene
film thickness. The results show that the surface doping induced charge carriers are es-
sentially confined within the top pentacene monolayer and that the F,TCNQ molecules
do not diffuse through the different monolayers. These results are compared to calcula-
tions and to the presence (or absence) of a saturation in the source-drain current with

increasing channel thickness.

These results show that surface doping is effective to change the charge carrier
density in organic thin film transistors at the nanometer scale. Moreover, surface doping
provides an interesting tool to investigate the effect of different guest molecules, where
the detailed molecular structure crucially determines the resulting doping effect, and to
gain further insight into the doping mechanism in organic semiconductors such as the

demonstrated strong localization of the doping induced charge carriers.
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CHAPTER 1

Introduction

Use of electronic devices is constantly increasing. Today most people do not only possess
a simple cell-phone but rather a smart phone including also many different additional
functionalities. Also the different devices are more and more interconnected and to-
day there exists for example the possibility to control remotely the temperature or the
position of the blinds at home. So far most of these devices are based on inorganic semi-
conductor devices. In particular transistors are present in large numbers in such devices.
On the way to ubiquitous computing inorganic semiconductors are complemented by
organic semiconductors. Organic semiconductors have a few advantages over inorganic
semiconductors and allow for applications which are difficult to be realized with inor-
ganic semiconductors. More specifically organic semiconductor devices are interesting
because of their low price and their mechanical flexibility. Low temperature processing
makes them suitable for flexible substrates such as plastics and solution processing as
e.g. printing technologies allow for the fabrication of large area devices. These proper-
ties open the path to ubiquitous and low-cost organic electronic appliances on plastic
[1] as well as for disposable electronics. Three main devices are fabricated from organic
semiconductor materials: organic light emitting diodes (OLEDs), organic photovoltaic
cells and organic thin-film transistors (OTFTs). OLEDs are currently well established in
commercial products (e.g. in cell phones but also in TVs) and are in significant aspects
performing better in displays than liquid crystal displays. Applications of OTFTs in-
clude flexible integrated circuits, simple low-cost radio-frequency identification (RFID)

tags (e.g. to replace the optical bar code), sensing devices, but also back planes for
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flexible displaysﬂ Flexible displays allow the fabrication of electronic paper displays
and roll-up displays. Sony demonstrated in 2010 an OTFT-driven OLED display which
could be rolled up onto a pen [6]. But also more sophisticated products such as elec-
tronic artificial skins (e-skin) are envisaged, where among others pressure sensors could

provide touch recognition for next-generation robots.

For organic semiconductor materials both small molecules and polymers are used.
Polymers can provide a good stability in air, in moisture and when exposed to light.
This provides the advantage that no encapsulation is needed. Solution-based processing
opens the way to a roll-to-roll processing and finally to ultra-low cost electronics. On the
down side, however, polymers exhibit rather low mobilities due to the larger molecular
disorder. Here organic semiconductor materials consisting of small molecules provide an
advantage as more ordered films and thus higher mobilities are more readily obtained.
Also purification of small molecules is generally easier. However, solution processing of
small molecules is a greater challenge for small molecules because of the generally low

solubility.
Since the first OTFT in 1986 [7] with a mobility of ~ 107° ¢cm?/Vs large techno-

logical progress was made. Today OTFT with mobilities comparable to amorphous
silicon in the order of ~ 0.5 —1 ¢cm?/Vs can be produced. This mobility range is consid-
ered as a benchmark for more demanding applications. Such improvements have been
brought along by new, tunable organic semiconductor materials and the tailoring of
their characteristics and structure [8, 9], but also by improved dielectrics, circuit design

and processing techniques (See e.g. the review by Klauk [10]).

The main difference between organic semiconductors and inorganic semiconductors
lies in their different electronic structure. In inorganic semiconductors the atoms are
covalently bonded whereas the molecules in organic semiconductors are held together
by the weak van der Waals forces. An organic semiconductor is therefore closer to an
insulator than to a semiconductor. These weak intermolecular forces lead to only weak
overlap of the electronic orbitals of the molecules and therefore to narrow electronic
bands (~ 0.1 e€V), which is two orders of magnitude lower than in silicon. Also this
characteristic difference leads to low mobilities y in the range of 0.01—10 cm?/Vs, which
is significantly lower than in inorganic semiconductors (u = 100 — 10* ecm?/Vs [I1]).
The individual molecules, polymers or small molecules, in the organic semiconductor
are largely composed of conjugated chemical bonds where the 7 orbitals are delocalized
across a large part of the molecule. The electron transport is therefore not limited by

the electron transport within an individual molecule but rather by the electron transfer

! Alternative to organic backplanes, flexible OLED displays with backplanes based on amorphous or
polycrystalline silicon, or based on transition metal oxides (TMO) are also investigated. (See Ref. [2] for
an overview on flexible electronics). Among the TMO, amorphous indium gallium zinc oxide (a-1GZO)
has gained interest due to its large mobility > 10 cm? /Vs and possible room temperature fabrication
making it suitable for plastic substrates [3H5].



between the molecules in the bulk organic semiconductor. Except for highly purified
single crystals at low temperatures, charge transport in organic semiconductors can
thus not be described by the band picture but is better described by a polaron hopping
transport. A hopping transport means that the charge carrier jumps from an ionized
molecule to an adjacent neutral molecule as schematically illustrated in Figure The
term polaron refers to the fact that a charge polarizes the neighboring region, which
means that not a "naked" charge moves through the organic semiconductor but rather
a "dressed" charge where the polarized cloud moves with the charge [I2]. Note that in
inorganic semiconductors the charge moves faster than the time needed for the formation
of such a cloud. In the general case of an organic semiconductor material the charge
transport properties depend on the packing of the molecules and the degree of ordering
in the organic semiconductor, and on the density of impurities and structural defects
[13]. This means that the mobility is related to the quality of the sample [I4]. For a
more detailed discussion the reader is referred to books treating the different aspects of

organic semiconductors especially for their application in OTFTs [12] [15].

Figure 1.1: Schematic illustration of hopping transport.

Similar to the case of inorganic semiconductor materials it is also desired to tune the
charge carrier density in organic semiconductors by doping. Only the controlled doping
of inorganic semiconductors, mainly of silicon, enabled the large variety of semiconduc-
tor devices. Doping in organic semiconductors was mostly studied in OLEDs. Doping
in OLEDs was shown to increase the conductivity by several orders of magnitude and to
make ohmic contacts by generation of narrow space charge regions at the contacts which
allow charge injection by tunneling. By doping, the driving voltage could therefore be
reduced. Additionally the formation of the ohmic contact allows for a wider choice of
electrode materials to be used as the work function has no more to be aligned with
the energy level of the semiconductor. The large conductivity of the doped material
also allows to tune the thickness of the OLED cavity for a better outcoupling efficiency
without introducing additional voltage losses. Similarly the controlled doping of organic
semiconductor materials in organic solar cells allows to adjust the thickness of the doped

window layer for efficient optical design. Likewise to OLEDs also here doping induced
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ohmic contacts which reduce undesired voltage drops across the contacting interfaces

(for a recent review of doping in OLED and organic solar cells see e.g. Ref. [16]).

Doping in organic semiconductor materials follows the same basic principles as they
are known in inorganic semiconductors: Electron donors or acceptors are introduced
into the organic semiconductor material and will increase the respective charge car-
rier density. For n-type doping the highest occupied molecular orbital (HOMO) of the
dopant should by at higher or comparable energy than the lowest unoccupied molecular
orbital (LUMO) of the host semiconductor to enable electron transfer from the HOMO
of the dopant to the LUMO of the semiconductor. Similar for p-type doping the LUMO
of the dopant should be at comparable or lower energy than the HOMO of the semicon-
ductor to extract electrons from the HOMO of the semiconductor. For p-type doping a
variety of dopant-semiconductor combinations have been studied [I7], where F,TCNQ
(2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane) is a strong electron acceptor and
thus a widely used p-dopant. N-type dopants are generally harder to find as the re-
quested high lying HOMO reduces their stability against oxidation. Here mainly three
approaches are used: (1) doping with alkali metals which raise the issue of uncontrolled
diffusion of the dopants, (2) doping by molecules with very high HOMO levels and (3)
doping by air-stable precursor molecules which will only donate an electron after acti-
vation by e.g. heat or illumination [16]. Molecular dopants are generally introduced in
the semiconductor matrix by co-evaporation of the dopants and the matrix material,

but also by solution-based doping [18].

Similar to OLEDs, doping in OTFTs is applied to reduce the contact resistance.
The contact resistance in OTFTs is often relatively large with respect to the channel
resistance and thereby limits the down-scaling of the channel dimensions because at
small dimensions the contact resistance may become the dominating resistance (see
e.g. Ref. [19]). Comparable to OLEDs, it is thus desirable to obtain ohmic contacts
in OTFTs, meaning the contact resistance should be much smaller than the channel
resistance. In principle low contact resistances should be reached by choosing the elec-
trode material such that its work function aligns with the HOMO (p-type) or LUMO
(n-type) level of the organic semiconductor. The formation of an interface dipole, how-
ever, shifts the vacuum level of the organic semiconductor with respect to the metal and
makes thus the appropriate choice of the electrode material difficult [20]. Also Struc-
tural disorder in the organic semiconductor near the contacting interface can contribute
to an increased contact resistance (see Chapter 2.4 in Ref. [12]). To reduce the contact
resistance, several groups studied the selective doping of the contact interface; this was
either done by introduction of a thin layer of the dopant molecules at the interface
between the semiconductor and the electrodes [21H23], or by a doped layer, obtained by
co-evaporation of the dopant and the semiconductor, at the electrode-semiconductor in-

terface [24), 25]. A reduction of the contact resistance was also observed by Vanoni et al.



in OTFT where the complete organic semiconductor, in this case pentacene, was bulk
doped with F,TCNQ), i.e. by co-evaporation of the pentacene and F,TCNQ [26]. This
reduction of the contact resistance is associated to a reduction of the charge injection
barrier height [27].

Doping the complete OTFT channel with F,TCNQ not only modifies the contact
resistance but also the charge carrier density in the channel as observed by a shift of
the transfer curves [26]. Temperature dependent measurements revealed also a modified
density of state (DOS) for F,TCNQ doped pentacene; an additional peak in the DOS
was observed at ~ 140 meV above the HOMO level of pentacene [27]. In addition,
Abe et al. observed an increased conductance as well as a shifted transfer curve for
pentacene OTFT with top contacts containing a F,TCNQ layer on top of the channel
[28]. Wakatsuki et al. showed that placing F,TCNQ doped pentacene layers 10 nm
or 20 nm above the source and drain electrodes enhances the transistor characteristics
of pentacene OTFT, i.e. larger source-drain currents were observed without shifting of
the transfer curves [29]. An additional method to modify the charge carrier density in
the channel, respectively the threshold voltage of OTFTs, is the use of self-assembled
monolayers (SAM) on the insulator surface [30H32]. This effect is generally associated
to the electric dipole of the molecules forming the SAM [30H32]. Due to the same dipole,
these effects are also observed when the SAMs are placed in between gate electrode and
insulator [33], which does therefore not correspond to a doping in the sense of a charge
transfer between dopant and organic semiconductor. However, also some degree of weak

charge transfer between the organic semiconductor and SAMs has been observed [30].

A different approach for doping will be used in this thesis: surface doping, also
named surface transfer doping. By surface doping the dopants are not imbedded into
the host matrix but placed on the surface of the semiconductor [34]. Surface doping does
therefore not modify the structure of the semiconductor and can be applied for a variety
of dopants (see Ref. [35] for a review on surface doping of semiconductors). Surface
doping was mostly applied to diamond [36H3§], but also to silicon [39], germanium
[40] and silicon [4I] nanowires, carbon nanotubes [42] and graphene [43] 44]. Also
the above mentioned use of SAMs, usually applied at the interface between the organic
semiconductor and the insulator, can be considered as surface doping if a charge transfer
occurs. In this thesis surface doping will be performed on pentacene OTFT with bottom

contacts by deposition of molecular dopants such as F,TCNQ on top of the channel.

Even though doping was successfully applied for a number of dopants and organic
semiconductors, the understanding of the doping mechanism is still rudimentary. The
models describing doping in inorganic semiconductors cannot be applied to doping in
organic semiconductors; the dielectric constant € of organic semiconductors is low com-
pared to inorganic semiconductors, giving rise to increased electrostatic interactions

between electrons and holes but also between charge carriers and fixed ions, and the
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usually larger effective mass in organic semiconductors reflects the more localized wave
functions [16), 45]. These differences lead to the fact that the interaction of the doping
induced charge carriers with the dopant ion is enhanced by the Coulomb interaction.
Additionally molecular dopants and organic semiconductor molecules are not symmet-
ric, which may also lead to anisotropic doping. In a few recent studies the doping in the
model semiconductor pentacene with the widely used acceptor molecule F,TCNQ was
studied: Salzmann et al. provide evidence for a hybridization between the electronic
states in the molecular dopant and in the organic semiconductor. Instead of an integer
electron transfer from the HOMO of the organic semiconductor to the LUMO of the
dopant, this hybridization is suggested to reduce the doping efficiency [46]. Theoreti-
cal studies by Mityashin et al. show that the interaction between dopant molecules is
important to overcome the Coulomb potential associated with the parental dopant ion,
indicating that there should be a threshold doping concentration below which doping
efficiency will be small or zero [47]. An STM study of pentacene with subsequent de-
position of a small amount of F,TCNQ by Ha and Kahn revealed that the F,TCNQ
molecules preferentially diffuse to pentacene vacancies and that the donated hole re-

mains localized near the dopant [48].

In this thesis doping of pentacene OTFTs is studied in progress of the work by
Vanoni et al. who studied pentacene OTFT bulk doped with F,TCNQ and observed an
increase of the charge carrier density, reflected by a shift of the transfer curves and by
additional states in the DOS. Also they observed a reduction of the contact resistance
related to the lowering of the charge injection barrier at the gold-pentacene interface
[26, 27]. Instead of bulk doping of the channel materials used by Vanoni, here surface
doping is used which easily allows to control the gradual increase of doping concentration
in one single device as well as the study of different molecular dopants. Initial work from
Vanoni already demonstrated that surface doping on pentacene OTFT is feasible [49].
Pentacene was chosen as the organic semiconductor due to its model character [50] and
its high mobility of up to 3 ecm?/Vs in OTFT [51]. Surface doping on pentacene OTFTs
is applied to study the effect of different molecular dopants in transport experiments.
The results are compared with photoelectron spectroscopy measurements to clarify the
different nature and effect of the doping by the molecules. To study the length scale
of the charge transfer induced by surface doping, F,TCNQ surface doping is studied
on pentacene OTFT with different channel thickness. Due to the confinement of the
current to a narrow layer next to the insulator surface in OTFT devices [52H54], surface
doping will only affect the transport characteristics when the charge transfer extends
down to this narrow layer. Consequently the doping efficiency as a function of the
channel thickness will provide a measure of the charge transfer length. Additionally the
effect of different film morphologies, both in the channel and next to the contact regions,

is discussed with respect to contact resistance, mobility and surface doping efficiency.



In this thesis I will first, in Chapter [2| introduce the working principle of the thin
film transistor and explain how important device performance characteristics such as
the mobility, the threshold voltage and the contact resistance can be extracted from
transport measurements. Further, the fabrication procedure of the pentacene OTFT

will be presented, as well as the methods to characterize the film morphology.

In Chapter [3] the morphology of the pentacene films produced under different growth
conditions is studied both in the OTFT channel and in proximity of the electrodes.
The morphology of the device active layer is then discussed with respect to their con-
tact resistance and mobility. Additionally, the confinement of the current next to the
bottom of the channel, close to the insulating gate-oxide is investigated by measur-
ing the evolution of the current during pentacene evaporation. Next, surface doping
with different molecular dopants is discussed in Chapter [4] on the basis of transport
measurements performed with pentacene OTFTs and then, in Chapter [5] compared to
photoelectron spectroscopy measurements. In Chapter [6] we study surface doping with
F,TCNQ on pentacene OTFT with different channel thickness to investigate the di-
mension of the charge transfer layer induced by the surface dopant. These results are
compared to calculations of the charge carrier density with respect to the distance from

the semiconductor-insulator and semiconductor-dopant interface respectively.

Besides the research on the doping mechanism in pentacene OTFT, I was involved
in on-surface magnetochemistry experiments performed at the SIM beamline at the
Swiss Light Source (SLS) in the Paul Scherrer Institute. These experiments, where
I was mainly responsible for the sample fabrication during the synchrotron beamtime
sessions, resulted in several papers. A brief overview of these experiments is described
in Appendix [A]






CHAPTER 2

Fabrication and characterization of organic thin film transistors

This thesis explores the effect of surface doping on Pentacene thin film transistors
(TFT). In this chapter the basic functionality of organic TFTs is explained as well
as the parameters which can be obtained from transport measurement on such TFTs.

The fabrication of the TFTs as well as the experimental setup are described.

2.1 Organic thin film transistor

An organic TFT, as an inorganic TFT, is an active device with three contacts; source,
drain and gate. The active part of the device consists of a thin organic semiconduc-
tor layer in contact with the two electrodes denominated source and drain. The third
electrode, the gate, is situated parallel to the active layer, electrically isolated from the
organic semiconductor by a thin insulator layer. By applying a gate voltage (V;) between
the gate and source electrode, an accumulation layer is induced at the semiconductor-
insulator interface, thus leading to a conductive channel between the source and drain
electrodes. The gate voltage thus controls the charge carrier density in the active ma-
terial and therefore, for a given applied drain-source voltage (Vys), the current between

the two electrodes (I45) depends on the applied V.

2.1.1 Threshold voltage and mobility

As stated above, the drain-source current I55 depends on both the gate voltage V;; and

the source-drain voltage Vjs. This dependency on the two voltages can be measured
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in two ways: either by measuring the output characteristics, where I;; as a function of
Vs is plotted for different fixed V; values, or by measuring the transfer characteristics,
where I, is plotted as a function of Vj at a given Vys. In the output characteristics one
distinguishes two regions; the linear regime at low Vs, where I;; varies linearly with
Vis, and the saturation regime at large Vs, where Ij is no longer controlled by Vi
but only by V,. In those two regimes the currents can be expressed by the following
equations [T}, 55):

Isd,lm = Coxﬂ(vg - Vg,th)vds (2'1)

w
L
W

Isd,sat = Ecox,u(‘/g_‘/g,th)z (22)

where: L — the channel length,
W — the channel width,
Cow = 230F/ cm? — gate capacitance,
 — mobility in the semiconductor [cm?/Vs], and

Vy,th — threshold voltage.

The threshold voltage V;, is the on-set voltage for which a conductive channel is
formed between source and drain electrodes. With those equations we can therefore
extract both the mobility of the semiconductor as well as the threshold voltage. In this
thesis the values are extracted from the transfer characteristics in the linear regime, with
generally Vg = —5V. In this case V;, follows from a linear fit to the transfer curve
and its intersection with the Vj axis at I;, = 0. The mobility purpr can be extracted

from the slope of the same linear fit:

L 1 0l

2.3
W Cop Vs 0V (2:3)

WTFT =

Due to charge neutrality, the amount of induced charges per area p for an applied Vj

can be expressed as
p(Vy) = ==V, (24)

However, the amount of charge contributing to the charge transport depends on the

threshold voltage V, 1 and thus equation [2.4] becomes

p(Vy) = S (Vy — V) (2.5

The threshold voltage V,;, can be modified by doping to induce additional charge
carriers in the channel, which will result in a shift of V4. This shift AV, ;, is directly
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related to the doping induced charge carriers pqoping by

C
Pdoping = %A‘/g,th (2'6)

For more details see Refs. [11], [12] [55]

2.1.2 Contact resistance

Contact resistance in organic TFTs is often quite large and can even, especially for short
channel devices, dominate over the channel resistance. It is thus interesting and relevant
to determine the contact resistance of TF'T devices. This can be done by applying the so
called transmission line method (TLM) [19} 56H59]. For this the total device resistance
Ryt = OVys /01,5 of series of TFTs with different channel length is measured. The total

device resistance is the sum of the channel resistance R, and the contact resistance R..
Rtot = 557 — RC + Rch(L) (27)
In the linear regime, the channel resistance R, is proportional to the channel length L,

see equation and equation [2.7] can thus be expressed as

OVis L

Riot = = = R,
0 Bl T Wl (Vy — Viyan)

(2.8)

The contact resistance is evaluated by extrapolating the total resistance R;, to zero
channel length (L = 0)
R. = Rie(L =0) (2.9)

Further, equation allows for the evaluation of the contact free mobility p.; by

1 O [ORor\
1
tef Cow OV, ( oL ) (2.10)

2.2 Organic thin film transistor fabrication

This section first describes the fabrication of the organic TFTs, including a description
of the vacuum chamber where both the organic semiconductor i.e. pentacene and the
dopant molecules are evaporated and where the electrical measurements are performed.
In a second part, the methods used for the characterisation of the film morphology are

presented.
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2.2.1 Vacuum chamber for deposition and in-situ measurement

The organic TFTs are produced by evaporating the organic semiconductor material on
top of pre-patterned TF'T template chips and are subsequently electrically characterized.
Organic semiconductor deposition, doping as well as the electrical characterization are
performed in the same ultra high vacuum (UHV) system without breaking the vacuum.
The UHV system enables us to study the doping of organic TFT with channel thickness
of only a few ML. Exposure of pentacene TFT to air leads to an increase of the charge
carrier concentration while reducing the mobility [49], thus the UHV strongly reduces

such unintentional doping effects.

The chamber (see Figure consists of two parts, a load lock, where the sample is
introduced into the system and temporarily stored, and the main chamber, where the
deposition of the molecules is performed. The load lock was in a first stage open to
the main chamber, so that the complete chamber had to be vented for sample loading
(Figure and has been later complemented by a gate valve, such that only the load
lock has now to be vented (Figure . The sample is placed in a chip holder at the end
of a linear feedthrough, which allows to move the sample from the load-lock into the
main chamber for the deposition of either pentacene or the dopant molecules, while the
default sample position is in the load lock, hidden from the molecular evaporators. The
chip holder, and thus the sample, is connected with an electrical feedthrough enabling
the in-situ electrical characterization of the 2 x 14 TFTs on one chip. The deposition
is performed by physical vapor deposition (evaporation) in the main chamber, where
up to four different organic materials can be evaporated. The molecules are filled into
crucibles equipped with a resistive heating stage. Water cooling of the evaporators
ensures that the operation of one evaporator does not heat the others in order to avoid
the contamination of the to be deposited layer by a second compound. The different
crucibles are separated by small aluminium walls to reduce cross-contamination of the

different organic materials.

A water cooled quartz crystal microbalance is used to monitor the amount of
molecules deposited. The calibration is performed by measuring the film thickness by
atomic force microscopy. The evaporation rate of the organic materials was adjusted
for values between 0.02 ML/min and 0.5 ML/min. The sample is kept at room

temperature during evaporation.

After each refill of an evaporator, for which the main chamber has to be vented, a
bake-out cycle is performed first. Then the molecules are carefully degassed at a very
low evaporation rate to remove low molecular weight impurities. The base pressure of
the chamber was below 2.5 x 10~? mbar after bake-out. After sample loading it raised
to a higher value of the order of (4 — 6) x 10~® mbar without and below 2 x 10~% mbar
with load-lock gate. The load-lock chamber, separated by a gate, is first pumped with a
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Figure 2.1: (a) Vacuum chamber with the load-lock on the left, separated from the main
chamber on the right by the gate valve. (b) Evaporation chamber with the molecule evaporators
on the bottom. In the center the quartz crystal microbalance and the sample can be seen.
(c) Sample on the linear feed through with the Kapton cover (red colour). (d) Bonded sample.
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Figure 2.2: Schematic drawing of the UHV system with the load-lock open to the main
chamber. (a) Position of sample during molecule deposition. (b) Storage position of the sample.

prevacuum membrane pump to ~ 1x 10~ mbar before slowly opening the load-lock gate
to the main chamber. The pressure in the main chamber does not exceed 1 x 10~* mbar

during this process.

2.2.2 Sample layout and fabrication

There are four main different TFT layouts; bottom or top gate in combination with
bottom or top source and drain contacts. The TFT layout used in this thesis is a
bottom gate, bottom contact device as illustrated in Fig. The TFTs are fabricated
on highly p-doped silicon substrates equipped with a 150 nm thermal oxide layer on top
and a back-side metallation consisting of 250 nm Al and 50 nm Ti capping layer, serving
as the gate electrode. The source and drain electrodes consist of 100 nm Au with 10 nm
Ti as a sticking layer between the Au and the SiO, (see also Appendix for the detailed
process steps). On one chip 2 x 14 transistors are fabricated with a channel length L,
i.e. the distance between the source and gate electrode, between 5 ym and 200 pm

(Fig. (a)). The device active organic semiconductor material, 7.e. the pentacene, is
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Figure 2.3: Schematic drawing of the UHV system with a gate valve between main chamber
and load-lock. (a) Position of sample during molecule deposition and with the gate open. (b)
Storage position of the sample with the gate almost closed to act as shutter.

evaporated at a later stage on top of the patterned silicon substrates equipped with the
gold electrodes. When the organic semiconductor is evaporated on the chip, a double
layer resist, serving as a mask, ensures the electrical isolation of the different TFTs on

the same chip and at the same time defines the channel width W of 400 pym (see Fig.

23).

pentacene channel length (L)

l

i)
= source drain V
Sio, ] Vs
p* Si =

Vg

-

Figure 2.4: Schematic drawing of the thin film transistor device structure used in this thesis.

Before the organic semiconductor is deposited on the TFT template, an O,-plasma
is applied to clean the surface, e.g. to remove organic residues. The O,-plasma cleaning
is performed in Oxford RIE 80+ with an O, flow of 10 sccm, a pressure of 100 mtorr
and 100 W plasma power applied for 60 seconds. After the O,-plasma cleaning the
sample chip is glued into a chip carrier with a conductive epoxy and bonded by an
aluminium wedge bonder (see Figure [2.1(d)). Afterwards the sample is transferred to
the vacuum chamber, where both the organic semiconductor and dopant evaporation,
as well as the in-situ electrical measurements are performed. A Kapton cover is used to
shadow the contacts of the chip carrier from the deposited molecules in order to avoid
parasitic conductance (see Figure 2.1c)). The transfer time is minimized to achieve
good organic semiconductor film growth which is essential to obtain good electrical TFT
characteristics. Otherwise island growth is observed and/or low or no conductance is

measured. After sample loading, the chamber is pumped over night to reach the base
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Figure 2.5: (a) Layout of one chip with 2 x 14 TFTs with channel lengths between 5 pm and
200 pm and the resist mask (red) is seen, (b) cross section showing the double layer resist mask
defining the channel width.

pressure before both the deposition of the molecules and the electrical measurements

are performed on the next day.

We fabricated also TFT samples with MoO, electrodes by replacing the Ti/Au
electrode material by Mo. The oxidation of the Mo electrodes to MoO,, occurs during the
O,-plasma cleaning (see Refs. [60, [61]). The sample preparation remained otherwise the
same as described above for the TFTs equipped with Au contacts. X-ray photoelectron
spectroscopy confirmed that the O,-plasma oxidizes the Mo as can be seen in Figure@
Whereas before O,-plasma the Mo film consists mostly of metallic Mo with contributions
of MoO, and MoQOg, after the O,-plasma treatment the main contribution comes from
the MoOg (see also Table . Using a simple substrate-overlayer model [62] and a
mean free path of 2.1 nm, the thickness of the MoOj film is estimated to about 3.5 nm.

(a) T T T T T T T T T T T T T T (b) T T T T T T T T T T T T T T
Mo MoO,
5 5 /
@© @© -
= MoO, = Mo
2] 2]
5 5
£ MaO, £ MoQ,
— 1 r 1 r T r T ' 1 r T ' 1 — 1 r 1 r T r T ' 1 r T ' 1
240 238 236 234 232 230 228 226 240 238 236 234 232 230 228 226

binding energy (eV) binding energy (eV)

Figure 2.6: Mo3d XP spectra of the sputter deposited Mo film (a) before and (b) after the
O,-plasma. The green curve shows the contribution of the metallic Mo, the blue curve the one
of MoO, and the red curve the contribution of MoO4. The black line is the sum of the different
contributions.

Samples showing a large positive threshold voltage in the pristine state have been
excluded from further experiments. Contamination of the pentacene with one of the
studied dopant molecules F,TCNQ can lead to unintentional doping in some occasions.

This may lead to the large threshold voltages observed for some of our samples.
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Before O,-plasma  After O,y-plasma

Mo - metallic ~60 % ~15%
MoO, ~14% ~ 4%
MoO, ~26 % ~81%

Table 2.1: Relative concentrations of metallic Mo, MoO, and MoO4 in sputter deposited Mo
film before and after the O,-plasma as measured by XPS.

2.2.3 Characterization of film morphology

After all measurements on one sample have been performed, the samples are removed
from the UHV system to investigate the film morphology both by scanning electron
microscopy (SEM) and by atomic force microscopy (AFM). SEM gives a nice overview
of the sample morphology: islands of pentacene on the electrode and on SiO9 are well
recognized as well as the local variation of film thickness is visualized. In order to achieve
a good contrast a low acceleration voltage of 1 keV was used: a low acceleration voltage
reduces charging of the sample (especially on SiO3) and gives good surface contrast for
our only few monolayer thick pentacene films. The in-lense detector of the SEM and a
working distance between 2 and 3 mm were used. Tapping-mode AFM is used both to
calibrate the quartz crystal microbalance, by measuring the average pentacene thickness
for a series of samples, and for a more detailed analysis of the morphology and the local,
absolute thickness. SEM, on one hand, gives a good overview of the homogeneity of
the pentacene films both on the electrodes and on the SiO9 as well as at the edge of
the electrodes. However, it does not provide information about the local and absolute
thickness of the film as only relative changes in the thickness can be observed. AFM,
on the other hand, reveals good information about the local thickness but is limited
in the resolution of the morphology at the edge of the electrodes due to the surface
roughness and large thickness of 100 nm of the electrodes compared to the pentacene
ML thickness of 1.5 nm. The complementary combination of SEM and AFM gives thus
a good understanding of the film morphology.

2.2.4 Photoelectron spectroscopy

Complementary to the charge transport measurements, X-ray photoelectron
spectroscopy (XPS) and UV-photoelectron spectroscopy (UPS) experiments were
undertaken for pentacene films deposited on Au(111) single-crystal substrates with
pentacene thickness comparable to the 2.5 ML on SiOy. The Au(111) substrate was
chosen to provide a conducting support for the pentacene film. In photoelectron
spectroscopy the kinetic energy Ej;, of excited photoelectrons (photoelectric effect

[63, [64]) is measured. The binding energy Ep of the electron, referenced to the Fermi



2.2. Organic thin film transistor fabrication 17

level Er, can be calculated from the kinetic energy by
Ep = hv — Epin, — ¢sp (2.11)

where  hr — the energy of the photon, and

¢sp — the work function of the spectrometer.

XP spectra are measured using monochromatized X-rays from an Al anode (hv =
1486.7 eV) giving a full width half-maximum of 0.8 eV. XPS measures the binding
energy of the core levels which depends primarily on the specific element but also on its

chemical environment which gives rise to chemical shifts AEp.[62]

UP spectra were acquired by electron excitation with UV-light with a photon energy
of 21.218 eV (He I line). UPS provides information on the binding energy of the valence
electrons but also on the sample work function. A sample bias of ~ —9 V was applied

to observe the secondary electron cut-off.






CHAPTER 3

Pentacene thin film growth and morphology

In this chapter the film morphology in pentacene TFTs is discussed. Both the morphol-
ogy in the TFT channel as well as at the edge of the electrodes is investigated. The
morphologies, obtained under modified evaporation conditions and for different elec-
trode materials, are compared as well as their contact resistance and mobility. Further
the evolution of the current during pentacene film growth is investigated: the occurrence
of a saturation of the current (or its absence) can be observed and in the best case even

completion of the monolayers can be detected.

3.1 Pentacene - background

Amongst a large variety of both small molecules and polymers used for organic thin film
transistors, pentacene, a small molecule (see Figure , is often considered as a model
organic semiconductor [8,[50]. Pentacene is generally used as a p-type semiconductor for
which large hole mobilities up to 35 cm?/Vs for single crystals [I3] and up to 3 cm?/Vs
for thin films [51] could be achieved. See the review of J.E. Anthony [65].

20066

Pentacene

Figure 3.1: Illustration of the chemical structure of pentacene.
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Pentacene is known to grow in the so called thin film phase on oxide and organic
surfaces. In this thin-film phase the pentacene molecules are stacking on the substrate
in an upright position, standing almost perpendicular to the substrate (see Figure [3.2]).
The height of one monolayer therefore corresponds to about 1.55 nm. [66-70] On metal

i T

Figure 3.2: Illustration of the thin film phase of pentacene. (a) presents the upright position of
the pentacene molecules and the relative stacking of subsequent layers. (b) shows the molecular
ordering within one monolayer. Reprinted with permission from Appl. Phys. Lett., 90, 181930
(2007) [70]. Copyright 2007, AIP Publishing LLC.

surfaces, such as Au(111), the pentacene grows different than on the oxide surfaces;
here the pentacene molecules lie flat on the substrate with their long axis parallel to the
surface [71], [72]. On polycrystalline Au only the first monolayer of pentacene molecules
seem to lie flat on the substrate (wetting layer) and for higher monolayer the molecules

are nearly standing upright [73].

3.2 Pentacene morphology

The morphology of the pentacene films was characterized both by SEM and by AFM
(see section . Film edges obtained through shadowing from the bond wires are
used to calibrate the film thickness by AFM. Figure [3.3|shows a SEM micrograph of such
an edge both for a sample equipped with Au contacts and a channel thickness of 1.5 ML
and for a sample equipped with MoQO,, electrodes and a channel thickness of 2.5 ML.
The image has been taken on a spot outside the bond pads, next to the edge of the

sample which is again uncovered by the resist. The spot is thus situated just above of
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the position of the contact patterns as they are illustrated in Figure The uncovered
substrate can be seen on the left side of the image. Here no pentacene was deposited
due to the bond wire which served as a shadow mask. The SiO, surface is situated at
the top of the figures and the metal surface at the bottom. The film thickness gradually
increases from left to right from 0 ML to 1.5 ML and 2.5 ML respectively. Especially
in Figure b) the increase from 0 ML to 1 ML and 2 MLs and finally the on-set of
the third monolayer can be observed, visible as layers with increasingly darker shades
of grey. It can be observed that the film morphology on Au differs from the morphology
observed on SiO,. On MoO, patterns, the observed morphology is comparable on the
clectrode and on the SiO, (See discussion below in section [3.2.2)).

Figure 3.3: Edge of pentacene film caused by shadowing from the bond wires. The pentacene
grows at the top of both images on SiO, and at the bottom of both images on the electrode
material consisting of (a) Au and (b) MoQO,, respectively. On the left side the uncovered
substrate can be seen. The film thickness gradually increases in each image from left to right,
from 0 ML to (a) 1.5 ML and to (b) 2.5 ML, respectively. Different morphology of the pentacene
film on Au and on SiO, can also be observed.

In Figure AFM micrographs of the edge of pentacene films grown on SiO, are
presented for devices with a channel thickness of 2.5 ML, both on a sample with Au and
one with MoO,, electrodes. The uncovered SiO, can be again observed on the left and
the pentacene thickness increases gradually from 0 ML at the left to 2.5 ML at the right
of the imaged frame. The line-profiles taken along the blue line show the monolayer
steps. The height of the monolayer corresponds roughly to 1.5 nm which is in agreement
with the thin film phase [66]. The thickness calibration was performed from such AFM
figures by measuring the average thickness at the right part of the figure, where the film
thickness is highest. The uncovered SiO, surface serves as a reference corresponding
to 0 ML pentacene coverage. The average thickness is divided by 1.5 nm to get the
number of monolayers. The final calibration is averaged from a series of samples with
different channel thickness. Note that this method might lead to an underestimation of
the effective channel thickness if the pentacene thickness at the edge of the sample is

slightly lower than in the center.
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X[pm]

Figure 3.4: (a) and (c): Edge of pentacene film on SiO, caused by shadowing from the bond
wires. On the left hand side the uncovered substrate can be seen. The film thickness gradually
increases from the left to the right from 0 ML to 2.5 ML. (b) and (d) show the profile along the
blue line in figures (a) and (c) respectively. The monolayer steps can be well recognized; one
monolayer step height corresponds to ~ 1.5 nm.

3.2.1 Pentacene growth in the channel

Figure[3.5]shows AFM figures of pentacene films grown on SiO,, i.e. in the TFT channel,
with the thickness between 0.8 ML and 10 ML and for films showing different film
morphologies. The rough films correspond to the first series of pentacene TFTs (used
for the studies in Chapter. It can be observed that the pentacene islands are relatively
small and that, even for thin films such as the 2.5 ML film, pentacene grows in an island
growth mode instead of a layer-by-layer growth mode. Those films show therefore a
relatively large film roughness, which also implies that the 5 ML and 10 ML films have
regions where the local thickness is below 2 ML or where even the SiO, surface remains
uncovered. This can be best seen in Figure [3.6] which shows a smaller scale AFM image
as well as SEM images of those rough films. The bright spots in the SEM images are
associated to patches of the uncovered SiO,, surface (compare also to Figure . Even
though those films showed nice TFT characteristics (see also Chapter @), the large film
roughness will render the interpretation difficult when studying the relation of surface
doping efficiency and channel thickness (see Chapter @ For such studies the film

morphology should be improved to achieve a more uniform layer structure.

As can be seen in Figure for the flat films such an improvement of the film
morphology has been achieved; by changing the deposition parameters, layer-by-layer
growth is observed up to a pentacene thickness of 2 ML. To improve the thin film
morphology, we modified the pentacene deposition chamber used in the previous ex-
periments [26], 27] and the preparation of the rough films (see Figure by introduc-
ing a load-lock gate between the sample load-lock chamber and the main evaporation
chamber (see Figure . This way, we were able to minimize the exposure of the,

previously degassed, pentacene and dopant molecules to ambient air during sample
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Figure 3.5: AFM micrographs of pentacene films on SiO, with different thickness. The rough
films from TFTs with Au contacts show small islands. The average observed island size is much
larger for the flat films from TFTs with Au contacts and the pentacene films from TFTs with
MoO,, contacts. The film growth mode of the rough films is island-like whereas the flat films and
the films grown on the devices with MoO, contacts grow in a layer by layer mode for coverages
below 2 ML and 3 ML respectively. At higher coverages the growth mode changes to dendritic.

loading. The maximum pressure in the main chamber just after sample loading was
below 1 x 10~* mbar. We also reduced the background pressure to below 2 x 10~8 mbar
after loading the TFT-template chips. This pressure is a factor of ~ 3 lower than in
the previous system without load-lock gate. The evaporation rate of pentacene was also
reduced to a rate of 0.05 — 0.09 ML/min, which is a factor of ~ 5 slower than the rate
used for the rough films.

We consider that the improved film morphology is a consequence of the increased
surface migration length of the pentacene molecules on the device surface, due to the
deposition at a low deposition rate [74H77] assisted by the slightly reduced background
pressure. Also the molecules might be cleaner as they are not exposed to air with every
use of the load-lock e.g. to load a sample. This could lead to an overall cleaner source
— similar to an improved outgasing procedure for the pentacene source and thereby
also influence the pentacene film morphology. Other factors which influence the film
morphology, such as the substrate temperature [68, [74] [75] [78], [79], the surface properties
of the dielectrics [80H83] and the gas ambience conditions [84], have been also reported

in literature, suggesting that further improvement of the film morphology is possible.
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Figure 3.6: SEM (top) and AFM (bottom) data for (a) 2.5 ML, (b) 5 ML, and (c) 10 ML
thick pentacene on SiO,.

If we have a closer look at the flat films in Figure 3.5 we see that the 0.8 ML-thick
film shows partly connected islands exhibiting a height of 1.5 nm, corresponding to the
1 ML step height of pentacene molecules aligned in upright direction perpendicular to
the substrate (thin film phase [66]). The homogeneity of the film manifests itself in
the small proportion of second layer pentacene islands observed for the 0.8 ML and
1 ML-thick films. The 0.8 ML-film did not (yet) form a complete first monolayer.
We observed, however, a clear TFT characteristic for this film (see Chapter @ which
indicates that this thickness is above the percolation limit. For the film with the average
thickness of 1 ML, a homogeneous pentacene monolayer is observed. The 1.5 ML-thick
film shows that about one half of the surface was covered by the second monolayer.
Three and higher monolayer coverages are also observed, mostly aggregated at defects
centers, but they cover only a small percentage (~ 6%) of the surface area. Defect
centers are generally characterized by island consisting of the local stacking of several
monolayers surrounded by depressions where the SiO, locally remains uncovered (seen
best in Figurefor the 1 ML of the flat films). For pentacene films of 2.3 ML thickness
and above, dendritic growth is observed in agreement with literature reports [85]. We

thus observe a layer-by-layer growth up to 2 ML thick films.

To quantify the film morphology, we evaluated the RMS surface roughness and the
lateral correlation length for these films (flat films), and the differently produced rough
films, using the software WSxM [86] (see Figure . The spatial correlation length
is equal to /2 times the standard deviation obtained from a Gaussian fit to the auto-
correlation function along the scan direction. The improved morphology of the flat
films is evident from the reduced roughness by a factor of 2 — 5 in comparison to the
rough films. The lateral correlation length also increased for the flat films by a factor
of 2.5 — 3.5.

The samples with MoO,, contacts (see in Figure are fabricated under the same

conditions as the flat films, i.e. the same low evaporation rate, in the modified chamber
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Figure 3.7: Comparison of the RMS roughness and the lateral correlation length of the rough
films (red open symbols), flat films (blue filled symbols) and those with MoO, contacts (black
half-filled symbols).

with load-lock gate and at the same pressure. The 1.3 ML film shows a completed first
ML film with roughly a third of the film covered with the second ML. The nominal
2.5 ML film shows almost completion of the third monolayer. The effective thickness
is thus slightly larger than its nominal thickness of 2.5 ML. We thus observe layer-by-
layer growth almost up to the completion of the third monolayer. For thicker films as
the 5.1 ML film, dendritic growth is again observed as for the flat films. The 5.1 ML
thick film showed a large threshold voltage (probably due to unintentional doping) and is
thus not considered for performing doping experiments. However the film morphology is
likely not affected by this unintentional doping. The RMS roughness (see Figure[3.7(a))
for the 1.3 ML and the 5.1 ML films is comparable to the flat films. The RMS roughness
of the 2.5 ML film is lower, which could be direct consequence of the still observed layer-
by-layer growth for the samples with MoO,, contacts whereas for the flat film dendritic
growth starts at ~ 2 ML. The correlation length of the samples with MoO, contacts is
comparable or slightly larger than the thin films (see Figure [3.7|(b))

3.2.2 Contact region

Not only the morphology in the TFT channel is important but also the morphology at
the edges of the electrodes. For good electrical contact between the electrodes and the
pentacene channel a good coverage of the electrode edge should be achieved. Figure[3.8
shows AFM figures of the contact region from the different films described in the previous
section. Due to the relatively large thickness of the electrodes compared to the thickness
of one ML of pentacene, the detailed structure of the pentacene film at the edge of the
contacts is sometimes hard to see. The AFM images are thus complemented by SEM

micrographs (Figure (3.9).

It can be seen in Figures and that the film morphology in pentacene TFTs
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Figure 3.8: AFM micrographs of the pentacene coverage at the electrode edge for Au and
MoO, contacts and different channel thickness. The channel with the SiO, is situated on the
left and the electrode on the right side.

with Au contacts is discontinuous at the electrode edge. This applied both for the
rough films as well as for the flat films, even though the morphology in the channel was
substantially different (see section [3.2.1). The contact between the electrode and the
channel seems only to be achieved through small, elongated pentacene islands which
stretch across the electrode edge. It can also be observed that the morphology in
the channel differs from the morphology on the Au electrodes. This is best seen for
the flat films where the pentacene forms a continuous film in the channel whereas on
the electrode only partially connected islands are formed. This difference in the film
morphology is in agreement with the different growth mode on SiO, and on Au (see
section [3.1)). This difference in the film growth might also be the origin for the film
discontinuity at the electrode edge. Different morphologies of the pentacene film in the

channel and near the electrodes have also been observed by Kymissis et al. [87].

The morphology on MoO,, electrodes differs from the one on Au electrodes as can be
seen in Figures[3.§ and [3.9] The morphology in the channel and on the MoO,, electrodes
are comparable. The pentacene forms a continuous film both in the channel and on the
electrodes as well as over the electrode edge. It can even be observed that pentacene
islands grow across the electrode edge. This is best illustrated in Figure [3.9] for the
1.3 ML film where a pentacene island, forming the beginning of the second monolayer,
grows continuously across the electrode edge. The layer-by-layer growth continues thus
from the channel to the electrode. This observation can be understood by the fact that
pentacene grows on MoO,, in the thin film phase [61] in the same way as observed on

Si0,. This implies that the crystal structure of pentacene is the same in the channel
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Figure 3.9: SEM micrographs of the pentacene coverage at the electrode edge for Au and
MoO,, contacts and different channel thickness. The channel with the SiO, is situated on the
left and the electrode on the right side.

and on the MoO, electrodes favoring the growth of continuous film even across the

electrode edge.

3.2.3 Self assembled monolayer

As a parallel approach to obtain smooth pentacene films, the SiO, surface was surface
treated by self assembled monolayers (SAM). Such SAMs have been shown in the lit-
erature to improve the performance of pentacene TFT, e.g. by increasing the mobility
[88-91]. Such SAM can be formed either by dip-coating, where the sample is immersed
in a solution containing the respective molecule for the SAM, or by vapor deposition.
A widely used SAM in conjunction with pentacene TFT is octadecyltrichlorosilane
(OTS), for which increased mobilities in pentacene TFTs were observed [81], [83], [90H92].
We deposited OTS on TFT template chips by dip-coating of OTS i.e. by immersing
the sample for ~1 hour in a 2%-solution of OTS in toluene. Afterwards the sample was
rinsed with toluene to remove excess OTS and transferred to the vacuum chamber for
the pentacene deposition. Even if this process was successfully applied for pentacene
TFT in literature [32) [83], the pentacene grew in islands and non-uniformly, probably
due to a non-uniform SAM-film, as can be seen in Fig. [3.10] This method did thus not
provide conductive films in the thickness range of a few monolayer which provides the

focus of the present studies.

Another batch of samples were covered with SAM by the vapor deposition

technique. We selected a mixture of fluorinated mono- and trichlorosilanes
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Figure 3.10: SEM image of a 1.3 ML pentacene film grown on SiO, surface treated with
OTS. The SAM was formed immersing the SiO, surface to a 2%-solution of OTS in toluene for
~1 hour.

((Tridecafluoro-1,1,2,2-tetrahydrooctyl)-dimethylchlorosilane  and  trichloro(1H,1H,
2H,2H-perfluorooctyl)silane), which has been used in the lab as dense antiadhesive
coating for nanoimprinting [93]. The SAM was applied by inducing 5 ul of a
1:1-mixture of the two silanes into the exposure chamber which has previously
been pumped by a membrane pump. Figure shows AFM and SEM images of
a 1.3 ML pentacene film grown on the modified SiO, surface. Even though the
pentacene grows in small elongated islands leaving part of the SiO, surface uncovered,
the pentacene films deposited on top of these SAM layers are conductive. However
large threshold voltages > 50 V have been measured in the TFT setup. These large
threshold voltages could be caused by a charge transfer between the fluorinated silanes
and pentacene. Such a charge transfer has been observed between rubrene and the
fluorinated monochlorosilane [94]. Large threshold voltages combined with a possible

doping effect are not suitable for the doping experiments studied in this thesis. We

Figure 3.11: (a) SEM and (b) AFM image of a 1.3 ML pentacene film grown on SiO, surface
treated with a mixture of mono- and trichlorosilane. The SAM was formed by vapor deposition.

therefore applied the vapor deposition with OTS. For this the sample has been placed
in a round-bottom flask which is subsequently pumped with a simple prevacuum
pump. After evacuation of this flask the pump is disconnected and 5 ul of OTS is
introduced in the flask with a syringe. After ~ 10 minutes the vapor deposition is
stopped by evacuating the flask again. Figure shows SEM and AFM images of
four conductive samples with 1.3 ML of pentacene grown on SiO, with an OTS film.

The pentacene grows in islands and in the best case a continuous first monolayer was
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observed. The island size seems generally smaller than what was observed for the flat
films (see Fig. 3.5]). Such smaller islands of pentacene on SiO, with OTS compared to
clean SiO, has also been observed in literature [83, 90]. The TFT performances were
comparable to the TFTs without OTS treatment and the morphology of the flat films
is comparable or better to those on SiO, modified by OTS. Therefore pentacene TFTs

with OTS treatment were not further studied in this thesis.

Figure 3.12: SEM and AFM image (inset) of four samples with a 1.3 ML pentacene film grown
on SiO, surface treated with OTS. The SAM was formed by vapor deposition.

3.3 Source-drain current for increasing pentacene thick-

ness

During pentacene film deposition we measured the drain-source current Iz for the
drain-source bias Vgs of —1 V and the gate-source bias Vj of either —5 V or —20 V
and for the TFT with a channel length of 150 um. Figures [3.14[(a) and (c) show the
relation between I, and the channel thickness for TFTs with MoO,,. electrodes. The final
channel thickness were 2.5 ML and 5.1 ML and the evaporation rates were 0.04 Hz/min
and 0.06 Hz/min respectively. The applied gate bias V; was —20 V. Because of the
formation of a continuous first monolayer, i.e. the first connected percolation path
between drain and source electrodes, I increased abruptly when the channel thickness
reached ~0.7 ML. When the film thickness was further increased, 1, increased gradually
in agreement with the continuation of percolation in the first monolayer. At a nominal
channel thickness of ~ 0.9 ML an inflection point is observed where the slope of the
increase of I as a function of the channel thickness is suddenly reduced. We associate
this effect to the completion of the first monolayer with an additional conductance

channel opening via the second monolayer: The different monolayers can be considered
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as independent channels for the charge transport, due to the more than two orders of
magnitude lower coupling between the different monolayers with respect to the coupling
between the molecules of the same monolayer [95]. These different coupling strengths
for ‘in-plane’ and ‘out-of-plane’ directions have been observed in direction dependent
mobility measurements. [96]. A similar inflection point like the one discussed above
is observed at a channel thickness of ~ 1.8 ML. The changing slope is best seen when
looking at the derivative of Ij; versus the channel thickness 6. Here even a third
inflection point can be observed at ~ 2.6 ML. These values are close to the nominal
thickness of 1 ML, 2 ML and 3 ML respectively. Beyond the inflection points I

increases further to reach saturation at around 5 MLs.

1 ML 2 ML 1 ML 2 ML
(a) 0.07 (b) 4.0

0.06 4 / ] 35 .
0.051 ] 3.0 ]

—

5 25 p

z ] ]
= 0.041 1 & 20 ]
—° 0.031 Vi=-1V 1] 15 i

0.02 V=-20V] 810 \“*MW .
0.014 b 0.5 ]
0-00<=/ . . . ] 0.0 . : . - ]

/do

dl

0 1 2 0 1 2
6=Pentacene, nominal (ML) 6=Pentacene, nominal (ML)
1ML 2ML 3 ML 1ML 2ML 3 ML
(c) - 1 (d) |
0.20- T 1 .
0.15- /

0.10- / =1 i
1 / V=20V 1
0.05 4 g 4

1, (hA)

4R

e

dl,_/do (a.u.)

o.oo-—/_ L A o.|=l,_ _ i _""1-
0 1 2 3 4 5 0 ; é é ‘l‘ é
6=Pentacene, nominal (ML) 6=Pentacene, nominal (ML)

Figure 3.13: The source-drain current I;; was measured during the pentacene evaporation
on TFT with MoO, contact with the final pentacene thickness of (a) 2.5 ML and (c¢) 5.1 ML
respectively. The applied gate voltage V,;, was —20 V and a source-drain voltage Vg5 was —1 V.
The top scale and the vertical lines indicate changes in the slope of I;5 as a function of pentacene
thickness, which is best seen in the derivatives shown in figures (b) and (d).

Similar inflection points have been reported by Muck et al. in mobility measure-
ments as function of the channel thickness for dihexylquaterthiophene (DH4T) TFTs
where they observed two peaks at 1 ML and 2 ML respectively [97] and by Liscio et
al. for N,N’-bis(n-octyl)-dicyanoperylene-3,4:9,10-bis(dicarboximide) (PDI8-CN2) TFTs
where inflection points at ~1 ML and ~2 ML are observed for films exhibiting a layer-
by-layer growth for a substrate temperature of 120°C [98]. If the threshold voltage
remains constant during film evaporation the mobility and I;; should be proportional
(see equation . Shehu et al. [54] reported the variation of I, in pentacene TFTs
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as function of the channel thickness and for different evaporation rates where they also
observed peaks in the derivatives without however exhibiting the clear inflection points
reported here. In comparison with these results, the observed layer-by-layer growth
up to completion of the third ML of the pentacene film (see Figure and the un-
derstanding of independent transport channels of the different monolayers as described
above, we can associate the inflection points to completion of the respective first, second
and third monolayer (indicated by the top scale in Figure . The discrepancy of
the position of the inflection points and the nominal thickness by ~10% could arise
from errors in the thickness calibration by AFM which is performed at the edge of the

sample.

The observed saturation of 14, is in agreement with literature reports where satura-
tion of the current in pentacene TFEF'Ts have been reported for channel thickness in the
range of 2-7 MLs [52154], [99]. It is understood that the current flows in the first few
monolayers of the pentacene film next to the gate oxide interface and that thus the field

induced charge carriers are confined within these few monolayers.

Figure shows the evolution of I of the TFTs with the flat films for increasing
channel thickness and an applied gate voltage of —5 V. The onset of the current was
observed at a channel thickness of ~ 0.8 ML. For those films, the first inflection point
at ~1 ML can still be relatively easy seen whereas the second at ~2 ML can only be
observed when looking at the derivative 01;5/060 (see top scale in Figure . Beyond
the second monolayer no further inflection points were observed and the ;s further
increased. Saturation is not observed within the first 5 MLs. This could be issued
by the reduction of the contact resistance with increasing channel thickness and thus
increasing current (see Section or partially by the lower applied gate voltage closer
to the threshold voltage around 0 V where Iz, might not yet vary fully linearly with
the applied gate voltage. A saturation of the contact free mobility could however be
observed at a channel thickness of ~ 5 ML (see Section [3.4.2)). The observation of the
two inflection points are in agreement with the observation of the layer-by-layer growth
up to the second monolayer (see Figure .

In Figure |3.15] we show the relation between the channel thickness and the drain-
source current Is of TFTs with the rough films for the gate-source bias V, of =5 V. Iy,
increased abruptly when the channel thickness reached ~1 ML. We can again observe
two inflection points at 1.3 ML and at 2.6 ML. When the film thickness was further
increased, I4s increased gradually in agreement with the observation that contact resis-
tance reduces for thicker films (see Section [3.4.1). The drain-source current saturated
only beyond the shown first 5 MLs at around 9 ML.

The first and second inflection point could thus be observed for all films. It was

always observed at regular spacing and for the flat films and the TFTs with MoO,
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Figure 3.14: The source-drain current I;; was measured during the pentacene evaporation
on TFT with Au contact with the final pentacene thickness of (a) 2.5 ML and (c) 5.1 ML
respectively corresponding to the flat films. The applied gate voltage V,; was —5 V and a source-
drain voltage Vg5 was —1 V. The vertical lines indicate changes in the slope of I, as a function
of pentacene thickness, which is best seen in the derivatives shown in figures (b) and (d).

electrodes ~ 10% below the nominal completion of a monolayer. For those films the
onset of the current was at 0.7 — 0.8 ML. The rough films show the onset of the current
only at 1 ML and also the inflection points at 1.3 ML and at 2.6 ML are at larger values.
This could be a direct consequence of the large film roughness which implies that more
pentacene has to be deposited for the completion of one monolayer due to the island
growth. Saturation of the current was only observed for the TFTs with MoO,, electrodes
which also show the best morphology at the electrode edge. The non-saturation for the
TFTs with Au electrodes could be a consequence of the non-continuous pentacene film
at the electrode edge so that an increase of the average channel thickness also increases
the contact area between pentacene channel and electrode and thus lowers the contact
resistance which implies an increase of the current. The area under the peaks in the
derivative 0l45/00 is proportional to the current flowing in the respective monolayer and
therefore most of the charge transport occurs within the second monolayer in our TFTs.
If the mobility is independent from the charge carrier density, 01;5/96 would scale as the
charge density in the respective monolayer [54]. However, it was found that the mobility
is related by a power law to the charge carrier density [I00]. Therefore both mobility
and charge carrier density vary for the different monolayers. The fact that most of the
current flows in the second and not in the first monolayer can thus be explained either

by a lower charge carrier density in the first monolayer, i.e. trapping might reduce the
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Figure 3.15: (a) The source-drain current Iy, was measured during the pentacene evaporation
on TFT with Au contact with the final pentacene thickness of 2.5 ML corresponding to the
rough films. The applied gate voltage V; was —5 V and a source-drain voltage Vg5 was —1 V.
The vertical lines indicate changes in the slope of I as a function of pentacene thickness, which
is best seen in the derivative shown in figure (b).

free charge carrier density, or by a lower mobility in the first monolayer, e.g. induced

by grain boundaries, or likely a combination of both effects.

3.4 Contact resistance and mobility for different films

In Section [3:2] we discussed the different morphologies both in the channel and on the
electrode edges. In this section we compare the contact resistance and mobility of the
pentacene TFT with different film morphology, i.e. the rough films and flat films with
Au electrodes and the TFTs with MoO,, electrodes.

3.4.1 Contact resistance

The contact resistance was extracted with the transmission line method (TLM) de-
scribed in Section 2.1.2] The total TFT resistance R, was measured as the inverse of
the average slope of the output curve between Vi = —2 V and Vyz; = 2 'V for an applied
gate voltage V; of —20 V. For better comparison of the data, the resistance has been
calibrated to the channel width. Figure shows the evolution of Ry, as function of
the channel length for different channel thickness. It can be observed that R, varies
quite linearly with the channel length and that with increasing channel thickness Ry
decreases. The fitting to Ry, was performed for channel length between 5 ym and 80 ym
as indicated by the straight line. For comparison the fit is extended to larger channel
length as a dashed line. Ry, of the 5 um was often comparable or even slightly larger
than Ry for the 10 pm channel. It can be seen that Ry is relatively large compared
to the contact resistance R. at L = 0 pym. The extracted R, is thus subject to large
variation depending on the fitting range which had to be chosen carefully in order to

get non-negative R..
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Figure 3.16: Total resistance Ry,: as function of the channel length L for different channel
thickness for the undoped rough films. Extrapolating R;,: to L = 0 gives the contact resistance
R, (see lines). A zoom-in for low L is shown on the right.

Figure[3.17 summarizes Ry of the flat films for different channel length and channel
thickness. For channel thickness between 1 ML and 2.5 ML, Ry, varies linearly with the
channel length. For the 0.8 ML film a slower variation of R, with the channel length
is observed for L > 50 um compared to L < 50 pm. The opposite was observed for the
5.1 ML film where a large slope for L > 50 pym was observed compared to L < 50 pm.
Ryot for the 5 pm channel was substantially larger than what would be expected from
the linear fit (best seen in the zoom in of Figure . The fitting for the extraction of
R, has been performed for channel length between 10 ym and 50 ym. The substantially
larger Ryo for the 5 um channel and the often observed saturation of Ry for L < 20 pym
for the flat films and in smaller extend also for the rough film could be in relation with
different morphology at the edge of the Au electrode leading to a non-zero width of the

contact region.

o oMl oo 5 500 —
) . V= _20V/ ® 1.0My A 1
_ 2000 A 13MY Te T - A am] g brd
v 1.5MU , u —~ 400+ thickness | - i
£ v 1.5M] " E
© 1€ 25my - | 1 5} ] - -]
i n . i
\—% 15004 € SAMY thickness S
g .
8 1000 |H z S 8
S - —’,’. ©
® 1 __--ZF- )
@ Pt >
@ 5004 a--- 8" i 2
--@-- - - & [0)
4 79 cce T - o
0 ;:‘:_-_- == ===‘7=:-
M J M ) M T M )
0 50 100 150 200
Channel length (um) Channel length (um)

Figure 3.17: Total resistance Ry;,; as function of the channel length L for different channel
thickness for the undoped flat films. Extrapolating R;,; to L = 0 gives the contact resistance
R, (see lines). A zoom-in for low L is shown on the right, except for the thinnest channel of
0.8 ML due to the larger resistance compared to the thicker films.

Ript of the TFT with MoO, contacts for different channel length and thickness is
shown in Figure Ryot varies linearly with L for all channel length between 10 pm
and 200 gm. The 5 pm channel could not be measured as the lift-off failed for this
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smallest channel leaving no gap between the electrodes.

The fit to extract R,

performed on the values of Ry, for L between 10 pm and 80 pm.
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Figure 3.18: Total resistance R;,; as function of the channel length L for different channel
thickness for the undoped films with MoO, contacts. Extrapolating R;,; to L = 0 gives the
contact resistance R, (see lines). A zoom-in for low L is shown on the right.

Figure [3.19] summarizes the contact resistance of the TFTs for the rough films and
the flat films with Au contacts and the TFTs with MoO, contacts as function of the
channel thickness. The error bars indicate the standard variation of R. obtained from
different fits, i.e. by taking slightly different range for the fit used to extract R.. All
contact resistance have been normalized by the channel width. The contact resistance of
the TFTs with MoO,, contacts is clearly lower than the contact resistance of the flat films
for channel thickness below 3 ML, while it is comparable for a channel thickness of 5 ML.
The contact resistance of the rough films is comparable or even lower than of the TFTs
with MoO, contacts, however, the error bar of the contact resistance measurements of
the rough films is relatively large due to the difficult fitting explained above and might
thus be underestimated. Low contact resistance for MoQO,, electrodes have been reported
in literature [I0IHI05]. Also the insertion of a MoO, doped pentacene layer between
electrode and pentacene semiconductor leads to a low contact resistance [T06H108]. This
low R, is a consequence of the effective energy alignment between the transition-metal
oxide MoO, and the molecules [I09]. The general observed trend of a reduction of R,
with increasing channel thickness in TFTs with Au electrodes can be attributed to an
increased pentacene coverage of the edge of the Au electrodes [26]. This trend was not
observed for TFTs with MoO,, electrodes. In contrast to TFTs with Au electrodes,
an increase of the channel thickness does not increase the contact area between the
pentacene channel and the MoO, electrode as the pentacene grows in a continuous film
across the electrode edge. This improved morphology might also partially cause the

observed low contact resistance for the TFTs with MoO,, electrodes.
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Figure 3.19: Contact resistance R, of undoped pentacene TFTs for different channel thick-
ness and films, i.e. the rough films (red diamonds) and the flat films (blue triangles) with Au
electrodes, and the films with MoO,, contacts (green circles).

3.4.2 Mobility

Figure summarizes the mobility of the TFTs of the rough films and the flat films
with Au electrodes and the TFTs with MoO,, contacts. The mobility was extracted using
equation for a channel length of 60 pym for the rough films and for L = 50 pm for
the flat films and the TFTs with MoO,, electrodes (see Figure a)). Equation
was used to extract the contact free mobility (see Figure [3.20(b)). We can see that the
mobilities of the different TFTs are comparable. The film morphology seems therefore
not to have a substantial influence on the mobility. An initial increase of the mobility
with channel thickness can be observed which seems to saturate around 3 —5 ML (best
observed for the flat films). Generally the contact-free mobility pi.¢ is larger than the
mobility urpr extracted directly from the transfer curve. This is not the case for
the TFTs with MoO, electrodes, probably due to the low contact resistance which
does therefore less affect the extracted TFT mobility. It is worth to note here that
the extracted mobility correspond to the field effect mobility and not to the intrinsic
mobility which might be substantially larger: Measurements on field-effect transistors
on single-crystal pentacene implied that the intrinsic mobility is in the range of tens of
cm?/Vs, two orders of magnitude larger than the measured mobility, as the number of

free charges was only in the order of ~ 0.4% of the total number of injected carriers

[T10].
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Figure 3.20: (a) Mobility prpr and (b) contact free mobility fi.¢ of undoped pentacene TFT
for different channel thickness and different films, i.e. the rough films (red diamonds) and the
flat films (blue triangles) with Au electrodes, and the films with MoO,, contacts (green circles).
The mobility purpr was measured for a channel length L of 60 um for the rough films and for
L =50 pm for the flat films and those with MoO,, electrodes.

3.5 Summary and Conclusions

We could show that by adapting the evaporation parameters controlled pentacene film
growth can be achieved. Thin and smooth pentacene films were obtained where the
pentacene grows in a layer-by-layer growth mode at least up to the second or third
monolayer. In TFTs with MoO,, instead of Au contacts, the morphology at the contact
edge could be further improved where the pentacene now forms a continuous film in the
channel, on the electrodes and across the electrode edge. Additionally MoO, contacts
also provide low contact resistances. In these TFTs with MoQO, electrodes with the
corresponding high quality pentacene films, the completion of the first few monolayers
could even be detected in transport measurements. The results show the influence of the
evaporation parameters as well as the choice of the electrode material on the pentacene

film morphology.






CHAPTER 4

Surface doping on thin pentacene TFTs

In this chapter we will discuss the surface doping with a variety of molecules on pen-
tacene TFTs with a channel thickness of only 2.5 MLs. It has been shown that in
pentacene TFT the current saturates at pentacene channel thickness in the range of 2-7
MLs [52H54], from which follows that the charge transport occurs in the first few MLs
next to the gate oxide interface. Our pentacene TFTs have therefore a channel thick-
ness in the range of the observed dimension for the charge transport layer. Figure
shows the transfer and the output characteristics of such an intrinsic pentacene TFT
with a channel thickness of 2.5 ML. The measured threshold voltage was ~ —1 V and
the mobility was ~ 0.05 cm?/Vs. In this chapter we will investigate how the output and
mainly the transfer curves are modified when the pentacene TFT is surface doped with

different molecules.

The results of this chapter have been published in: TATIANA HAHLEN, CLAUDIO
VANONI, CHRISTIAN WACKERLIN, THOMAS A. JUNG and SOICHIRO TSUJINO. [Surface
doping in pentacene thin-film transistors with few monolayer thick channels. Applied
Physics Letters, 101, 3, 033305-033305-4 (2012). DOI:doi:10.1063/1.4737214

4.1 Principle of surface doping

In this chapter we will discuss the surface doping of pentacene TFTs with different
molecules. Here the dopants are not incorporated into the crystal as for standard
inorganic semiconductor doping but the dopants are placed on the surface of the semi-

conductor. Surface doping therefore differs from the bulk doping where the organic
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Figure 4.1: (a) transfer and (b) output characteristics of an undoped pentacene TFT with a
channel thickness of 2.5 ML. The channel length is 60 pm.

semiconductor and the dopant molecules are co-deposited. Surface doping has the ad-
vantage that no modification of the crystal structure is needed. Surface doping has been
mostly applied on hydrogen terminated diamond [36], 37, [112], but also on graphene [43],
carbon nanotubes [42} [44], silicon [41] and germanium [40] nanowires, 2-methylpropene
chemisorbed Si(100)(2x1) [I13], and organic semiconductors using functionalized self-
assembled monolayers (SAMs) [94, 114]. A nice review of surface doping on semicon-
ductors can be found in Ref. [35].

For surface doping of the here presented organic TFTs, first the pentacene as a
channel material is deposited to complete the pentacene TF'T and is subsequently surface
doped by deposition of a submonolayer film of the dopant molecules on the channel
surface (see Figure . This method allows to study the influence of different surface
doping concentration on one single sample by gradually increasing the coverage by the
dopant molecules. Surface doping can also be applied with a variety of dopant molecules
as the pentacene morphology will not be altered as it might occur with bulk doping due
to the incorporation of the dopant molecules. The small channel thickness of the here
studied pentacene TFT of only 2.5 ML is expected to be important for effective surface
doping. A thin pentacene channel ensures that the dopant molecules are in proximity to
the first few monolayers at the gate oxide surface interface where the carrier transport
occurs. A study on the correlation of surface doping efficiency and the channel thickness

will be discussed in chapter [6]

We studied surface doping of pentacene TFT with the following molecules:
2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane ~ (F,TCNQ),  manganese(III)-
tetraphenylporphyrin-chloride (MnTPPCI), cobalt(II)-tetraphenylporphyrin (CoTPP),
and fullerene (Cgp) (Fig. 4.3). F,TCNQ is known to be a strong electron acceptor
due to its low lying lowest unoccupied molecular orbital (LUMO) at —5.2 eV.
Doping of pentacene with F,TCNQ has been applied in a number of experiments,
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Figure 4.2: Illustration of surface doping: First the channel material, pentacene, is deposited
(left) and subsequent surface doping is performed by deposition of submonolayer of dopant
molecules (right).

mainly to increase the carrier concentration or to reduce the contact resistance

The surface coverage of these doping molecules expressed in ML depends on the size
and the packing of the molecules. Assuming the least packed case (i.e. with the dopants
lying flat), we estimated that the doping coverage was less than a complete monolayer
for concentrations below ~0.6 nm~2 of MnTPPCI and CoTPP and below ~1 nm~? of
F,TCNQ and Cgg. The surface doping concentration was estimated from the pentacene
thickness, the number of pentacene molecules in the monolayer per unit area in the
thin film phase [70], and the molecular weight ratio of the dopant and pentacene as
the frequency shift measured by the quartz crystal microbalance is proportional to the

deposited mass.

4.2 Change of threshold voltage upon surface doping

We studied the variation of the output and mainly the transfer characteristics of pen-
tacene TFTs surface doped with the different molecules presented above. An increase
or decrease of the charge carrier density induced by surface doping will reflect in a
shift of the transfer curve towards positive or negative gate voltages, respectively. This
shift of the transfer curve with respect to the undoped pentacene TFT is monitored
by the threshold voltage and its variation upon surface doping. The threshold voltage
shift AV, 4, as stated in section is proportional to the number of doping induced
charge carriers. Thus the threshold shift indicates the occurrence of doping and its
efficiency. The sign of the threshold shift gives us information about the nature of the

doping i.e. an increase or decrease of the charge carrier density.
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Figure 4.3: Scheme of the molecules used for surface doping.

Figure [£.4] shows the evolution of the output and transfer characteristics of a pen-
tacene TFT with increasing F,TCNQ surface doping concentration. These data were
measured at a fixed V, of =20V for the output characteristics and at a Vg of =5V for
the transfer characteristics. The channel length of this TFT was 60 um, the channel
width was 400 pm and the channel thickness was 2.5 ML. The output and transfer
characteristics of the undoped pentacene TFT were depicted in Figure [£.1] Increas-
ing the F,TCNQ surface doping concentration increases the drain-source current I,
in the output characteristics for the applied V, of —20 V as indicated by the arrow in
Figure (a). More importantly surface doping with increasing coverage of F,TCNQ
shifted the transfer curves towards positive gate voltages (indicated by the arrow in
Figure [£.4[b)) in agreement with the acceptor doping of F,TCNQ i.e. an increase of
the charge carrier density. Similar shift of the transfer curves has been observed by
Vanoni et al. [26] for pentacene TFTs which have been bulk doped with F,TCNQ by

coevaporation of pentacene and F,TCNQ.

Surface doping with MnTPPCI has opposite effects on the output and transfer char-
acteristics compared to surface doping with F,TCNQ as illustrated in Figure for
the same Vj, V4 and channel length as for the F,TCNQ doped TFT. Increasing the
MnTPPCI surface doping concentration decreased the drain-source current I;s in the
output characteristics for the applied V;; of —20 V (see Figure . The transfer curves
were shifted towards negative gate voltages with increasing MnTPPCI surface doping
as indicated by the arrow in Figure [£.5(b). The negative shift of the transfer curves
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Figure 4.4: (a) output and (b) transfer characteristics of 2.5 ML pentacene TFT with increasing
F,TCNQ surface doping concentration (as indicated by the arrow). F,TCNQ surface doping
leads to increased Ig, for a given V; and shifts the transfer curves towards positive voltages.

indicates a decrease of the hole concentration in the TFT channel.

For a better quantification of the shifts of the transfer curves induced by F,TCNQ
and MnTPPCI surface doping, the evolution of the threshold voltage Vj 4, for increasing
surface doping concentration of F,TCNQ and MnTPPCI, respectively, is illustrated in
Fig. @ The threshold voltage V4, is extracted in the linear regime according to
equation by taking the intercept between the fit to the transfer curve (see lines
in Fig. H(b) and Fig. and the Vj-axis. The corresponding results obtained for
CoTPP and Cgg surface doping are also presented in Fig.

For F,TCNQ concentrations pmolecules below ~0.1 nm~2, Vy,tn increased proportion-
ally with the increase of prolecules and then gradually saturated at higher surface doping
concentrations. According to equation we can determine from the threshold volt-
age shift AV, the charge carrier concentration pqoping induced by the doping. The
ratio between the doping induced charge carriers pyoping and the F,TCNQ concentration
Nmolecules gives us the number of induced charges per dopant molecule i.e. the doping
efficiency 7.

n= Pdoping _ ComA%,th 1 (41)

TN'molecules € TNmolecules

For surface doping concentrations below ~0.1 nm~2, where the shift AVy 41, increases
proportionally to the F,TCNQ surface doping concentration (illustrated by the straight
line in Fig. [4.6)), the surface doping efficiency n amounts to ~0.25. Similar the thresh-

old voltage V4, varies linearly with the MnTPPCI surface doping concentrations for
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Figure 4.5: (a) output and (b) transfer characteristics of 2.5 ML pentacene TFT with increasing
MnTPPCI surface doping concentration (as indicated by the arrow). MnTPPCI surface doping
leads to decreased Iy, for a given V; and shifts the transfer curves towards negative voltages.

concentrations below ~0.05 nm~? as indicated by the straight line in Figure In-
terestingly the doping efficiency for MnTPPCI surface doping was found to be in the
same order of magnitude as for the F,TCNQ surface doping (Fig. . At higher
MnTPPCI surface doping concentrations Vs, gradually saturated. We note that the
activation ratio for a F,TCNQ acceptor molecule to supply a hole into pentacene is
equal to ~ exp(—E,/(kgT)), where E, = 0.14 €V is the energy of the acceptor level of
F,TCNQ with respect to the center of the pentacene HOMO in the density of states
(Ref. [27]), kp is the Boltzmann constant, and 7" is the temperature. This activation
ratio is equal to 4x1073 and therefore a factor of ~60 lower than the observed surface

doping efficiency 7.

No significant Vs, shift was observed when instead of MnTPPCI a second and
similar porphyrin molecule, CoTPP, or an n-type semiconductor Cgy [I16] were used
for surface doping, Fig. [f.6] A recent study by Noever et al. on pentacene TFT in a
top-contact geometry with subsequent deposition of Cgy, showed that at a coverage of
about 6 ML of Cg, (~ 6nm~2) both a small shift of the threshold voltage by 2.1 V as
well as the onset of electron conduction in the Cg, layer could be observed [I17]. This
effect was observed at a larger coverage of Cg, than the maximum amount of ~ 1.5 nm ™2

of Cy, deposited during surface doping (see Figure .

As a follow up of these successful experiments, where we showed that the surface dop-

ing can be highly efficient to modify the performance of organic semiconductor devices
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Figure 4.6: Evolution of threshold voltage Vj ., of pentacene TFT upon surface doping with
the molecules F,TCNQ, MnTPPC], Cg, and CoTPP.

in the nanoscale, we investigated the effect of NO and NH; on transport measurement
in TFTs. This was motivated by the observation in our group that coordination of met-
allo porphyrins or phthalocyanines with NO or NH; can modify the substrate induced
molecular magnetic moments and the magnetic exchange interaction between molecule
and substrate [II8HI2I] (see also Appendix . The results of these, non-conclusive,
transport experiments are briefly described in Appendix

4.3 Surface doping effect on mobility

Also from the slope of the above linear fit to the transfer curve (see Fig. [4.4(b) and
Fig. 4.5(b)), we found that the field-effect mobility was (4.3 £ 0.9) x 10~2cm?/(Vs)
for pristine pentacene TFTs. To investigate the effect of surface doping on the mobil-
ity, the slope was taken at comparable source-drain current 4, for all surface doping
concentrations. This way the mobility is measured at comparable gate voltage V, com-
pared to the threshold voltage V ;. This is important as the transfer curve varies not
completely linear with V, as seen in the deviation from the linear fit in Figure [4.4{(b)
and Figure [£.5] From this carefully defined mobility we found that surface doping with
F,TCNQ or MnTPPCI did not substantially change the mobility. This shows that the

change of the film quality by the surface doping was minimal.

4.4 Scanning electron microscopy

Figure shows scanning electron microscopy (SEM) figures of 2.5 ML thick pentacene
films on SiO, in its pristine state (a) and surface doped with F,TCNQ(b), MnTPPCl
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(c), CoTPP (d) and Cg, (e). The SEM pictures were taken in the channel of the above
presented surface doped TFTs. The pentacene films surface doped with F,TCNQ and
with CoTPP are not distinguishable from the pristine pentacene films. This can mean
that either the dopants are homogeneously distributed over the pentacene film or that
the dopants provide only little contrast and those even clusters can not be recognized
by SEM. For pentacene surface doped with MnTPPCI we observed dark edges along
the borders of the pentacene islands and a few dark dots distributed over the surface,
mostly on the uncovered (?) SiO,. It seems therefore that MnTPPCI preferentially
aggregates at the edges of the pentacene islands. These different observations of the
pentacene films surface doped with CoTPP and MnTPPCL underline the differences of
these two molecules as observed in the surface doping transport measurements. On the
pentacene film surface doped with Cg, also dark dots, mostly on the uncovered SiO,
surface, can be observed. Along the terraces of the pentacene islands we can observe
series of bright dots. Cg, seems thus to aggregate on the edges of the monolayer steps

in the pentacene film.

- -3 x 1 AR

Pn only Pn+F,TCNQ Pn+MnTPPCI Pn+ CoTPP Pn + Cg,
Figure 4.7: SEM images of the 2.5 ML pentacene (Pn) films with dimensions of 5 by 5 pm.
For F,TCNQ (b) and CoTPP (d) doping the dopant molecules are not observed by SEM and
there is no substantial difference with respect to the undoped Pn film (a). For MnTPPCI doped
Pn (c) dark edges at the boarders of the Pn islands as well as dark dots on the uncovered (?)

Si0, area could be observed. These dots also appear with Cg, doping (e) but with bright dots
at the edge of the monolayer steps.

4.5 Stacked surface doping

As a side experiment we deposited F,TCNQ on a 2.5 ML pentacene TFT (rough film)
which has previously already been surface doped with MnTPPCI. In Figure (a) the
evolution of the threshold voltage V; 4, with initial increasing MnTPPCI surface doping
and subsequent F,TCNQ deposition can be observed. The evolution of Vj, upon
MnTPPCI doping is similar to the results of a second sample presented in Fig.
The final MnTPPCI coverage corresponds to 1.5 nm™2 which is beyond the surface
doping concentration of MnTPPCI for which V, ;; saturates. Subsequent deposition
of F,TCNQ induces a shift of V4, towards positive values, comparable to the results
shown in Fig. on initially undoped pentacene TFT. For the F,TCNQ surface doping
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concentration of 0.6 nm™?2 Vy,tn increased beyond the value of V, ;, measured for the
undoped pentacene TFT. The decreased charge carrier density by MnTPPCI surface
doping could thus be again increased by F,TCNQ surface doping.
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Figure 4.8: Evolution of threshold voltage V4, for the following experiments: (a) A pen-
tacene TFT with a channel thickness of 2.5 ML is surface doped with an increasing amount of
MnTPPCI and subsequently surface doped with F,TCNQ. The point for zero F,TCNQ surface
concentration corresponds to the point of 1.5 nm~2 MnTPPCI surface doping. (b) A pentacene
TFT with a channel thickness of 1 ML is surface doped with F,TCNQ up to a concentration
of 0.18 nm~2, then a second monolayer of pentacene is deposited and subsequently doped with
MnTPPCI.

In a second experiment a 1 ML pentacene TFT was first surface doped with F,TCNQ
before a second monolayer of pentacene is deposited. Subsequently the TFT is surface
doped with MnTPPCI. Figure shows SEM and AFM image of the pentacene film on
Si0O,. The sample was prepared in the serie of the flat films, however, the morphology
is more island-like as for the rough films. Island-growth could be caused by increased
surface contaminations due to a longer transfer time between O,-plasma and sample
loading. The evolution of the threshold voltage for the different stages of surface dop-
ing is depicted in Fig. (b) Vy.,th increases with increasing F,TCNQ surface doping
concentration. The final F,TCNQ coverage was 0.18 nm~2. Subsequent deposition of a
second monolayer slightly increased Vj ;,. The reason for this increase could be further
unintentional F,TCNQ doping, but was not further studied. MnTPPCI surface doping
of this stacked pentacene TFT decreased V4, similar to MnTPPCI surface doping on
undoped pentacene TFT (Fig. . Therefore the initial increase of the charge carrier
density by F,TCNQ surface doping could be again reduced by MnTPPCI surface dop-
ing. The initial large value of V4, of the undoped TF'T may be caused by unintentional
F,TCNQ doping or by surface contamination due to the longer transfer time. This large
positive V, ;, should not alter the observed result of an increase of Vs with F,TCNQ

surface doping and again a decrease of V; ;5 with subsequent MnTPPCI surface doping.
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Figure 4.9: (a) AFM and (b) SEM figure showing the morphology of pentacene(l ML)/
F,TCNQ(0.18 nm~2)/pentacene(1 ML)/MnTPPCI(0.07 nm~2) presented in Figure [£.§b)

4.6 Summary and conclusions

Surface doping was demonstrated to by highly efficient to modify the charge carrier
concentration in pentacene TFTs. Depending on the nature of the guest molecule
both an increase and a decrease of the charge carrier concentration can be obtained.
Furthermore a surface doping induced increase (decrease) of the carrier concentration
can be again decreased (increase) by addition of a second surface dopant having the
opposite doping effect to the first dopant molecule. Interestingly only surface doping
with one of the two, similar, porphyrins showed a change in the carrier concentration.
This result indicates that the detailed molecular structure is important and will be

further investigated in Chapter [5] by photoelectron spectroscopy.



CHAPTER b

Photoelectron spectroscopy to investigate the doping mechanism

In chapter [ the surface doping of pentacene TFTs with different molecules was studied
by transport measurements where positive (negative) shift of the threshold voltage indi-
cates the increase (decrease) of the charge carrier density. In this chapter the transport
measurements are compared with photoelectron spectroscopy studies on surface doped
pentacene to get further insight into the doping mechanism. Especially the occurrence

of a charge transfer between surface dopants and pentacene is investigated.

The results of this chapter have been published in the following publication and the
corresponding supplementary material: TATJANA HAHLEN, CLAUDIO VANONI, CHRIS-
TIAN WACKERLIN, THOMAS A. JUNG and SOICHIRO T'SUJINO. Surface doping in pen-
tacene thin-film transistors with few monolayer thick channels. Applied Physics Letters,
101, 3, 033305-033305—4 (2012). DOI:doi:10.1063/1.4737214

5.1 Comparison of molecular orbitals of pentacene and

dopants

The F,TCNQ molecule is known to be a strong electron acceptor and to therefore
undergo a charge transfer with pentacene. The mechanism of the charge transfer can
be well understood by considering the energy levels of the molecular orbitals for both
molecules. The highest occupied molecular orbital (HOMO) of pentacene is situated
at —5.0eV and the lowest unoccupied molecular orbital (LUMO) at —2.8¢V [20]. For
F,TCNQ the respective orbitals are at —8.3 eV and at —5.2 eV [122]. The LUMO level of
F,TCNQ is therefore at lower energy than the HOMO level of pentacene, which favors

49
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an electron transfer from the HOMO level of pentacene to the LUMO level of F,TCNQ.
This electron transfer is manifested in the previously shown transfer measurement by
a shift of the threshold voltage towards positive voltage due to an increase of the hole
concentration in pentacene. The acceptor level, manifested as a modified density of
states (DOS) in bulk-doped pentacene TFT, is, however, situated 140 meV above the
HOMO level of pentacene [27].

In contrast, it is not apparent from the above HOMO/LUMO considerations why
a negative threshold voltage shift was observed for MnTPPCI but not for the similar
porphyrin CoTPP (see Chapter : the HOMO of CoTPP at —6.5eV and the LUMO
at —3.4eV [123] suggest that no charge transfer between pentacene and CoTPP is
possible, which is in agreement with the absence of any shift of the threshold voltage.
The HOMO level of MnTPPCI was found to be at —5.91€V (see section [5.3.1)), which
is similar to the HOMO level of CoTPP. The transfer of an electron from MnTPPCl
HOMO to pentacene LUMO, expected from the observed negative threshold voltage
shift, is therefore difficult. It is therefore even less apparent why only surface doping
with one of the porphyrins leads to a negative threshold voltage shift. This issue is now

further investigated by X-ray and UV photoelectron spectroscopy.

5.2 X-ray photoelectron spectroscopy

To elucidate the occurrence or non-occurence of a charge transfer between pentacene
and MnTPPCI, we complemented the transport measurements by X-ray photoelec-
tron spectroscopy (XPS) of pentacene films doped with MnTPPCI or, as a reference,
F,TCNQ. These were done for pentacene films deposited on Au(111) single-crystal
substrates with pentacene thickness comparable to the 2.5 ML on SiO,. Although the
pentacene molecular stacking and film morphology of the pentacene films on Au(111)
[22, [124] 125] differs from the pentacene TFT channels deposited on the SiO2 [66, [68],
we expect XPS to give a qualitative indication for the presence or absence of the charge

transfer between pentacene and the molecular dopants.

5.2.1 XPS of F,TCNQ doped pentacene

To investigate the charge transfer between pentacene and F,TCNQ we first compared
a monolayer of F,;TCNQ with a multilayer film of F,TCNQ on Au(111) (Fig. (a—
d)). It can be observed that F,TCNQ/Au(111) in the monolayer undergoes charge
transfer with Au(111) as evidenced by the strongly modified Cls peak shape (b) with
respect to the multilayer (d) and in the Nls signal (a) which is shifted towards lower
binding energy compared to the multilayer (c) (c.f. also Ref. [126]). In the multilayer
of F,TCNQ (c+d) the first monolayer undergoing charge transfer with Au(111) is still
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Figure 5.1: Nlsand Cls XPS on monolayer and multilayer of F,TCNQ, multilayer of pentacene
(Pn) and multilayer of pentacene with a monolayer of F,TCNQ on top.

probed by XPS due to the island-like growth of F,TCNQ on Au(111) (shoulders at
lower binding energies in Cls and N1s). The Cls peaks at 286.5 ¢V and 287.8 ¢V (d)
and the N1s peak at 399.1 eV (c) are ascribed to neutral F,TCNQ. The signals at
higher binding energy are energy loss features (e.g. m — 7* transitions, peak fits in
gray color). The multilayer of pentacene (f) yields a single Cls signal at 284.2 eV and a
small energy loss feature at higher binding energy. In case of the pentacene multilayer
with an additional monolayer of F,TCNQ evaporated on top (g+h), the signal at low
binding energy in the N1s spectra is ascribed to F,TCNQ which has undergone charge
transfer with pentacene. Notably, the binding energy in this case is even lower than
for the monolayer of F,TCNQ on Au(111). The second peak in the Nls spectrum
belongs (presumably) to excess F,TCNQ which has not undergone charge transfer with
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pentacene.

The charge transfer of F,TCNQ with pentacene is therefore observed in our XPS
experiments (Figure as a peak of the N1s core-level signal at lower binding energies,
evidencing the presence of negatively charged F,TCNQ.

5.2.2 XPS of MnTPPCI doped pentacene

To observe the occurence or the absence of a potential charge transfer between
MnTPPCI and pentacene, we have taken XPS spectra on a multilayer of MnTPPCI
and on ~ 1 : 1 molar mixture of MnTPPCI and pentacene obtained by co-evaporation.
We find that the Mn2p core-level remains unmodified in the MnTPPCI 4 pentacene
mixture (c.f. Figure . Furthermore, the Cl and N signals of the MnTPPCI
multilayer (C12p3/2: 197.7 eV; Nls: 399.1 e€V) and of the MnTPPCl + pentacene
mixture (CI12p3/2: 197.7 eV; Nls: 399.1 eV) are also found at the same binding
energies. The absence of a chemical shift for Mn2p, Cl2p and N1s core levels, strongly
suggests that the Mn(III)TPPCI does not undergo charge transfer or chemical reaction
with pentacene. This is in contrast to the case when MnTPPCI is evaporated
on certain bare metal surfaces. For example, MnTPPCl deposited on Co becomes
Mn(II)TPP by losing its Cl ligand, as evidenced by the X-ray absorption spectroscopy
(XAS) observation of Mn?* instead of Mn3* and the chemical shift of the Cl2p core
level. [127]

4 MnTPPCI multilayer
o MnTPPCI + Pn multilayer

£

Norm. Intensity (arb. u.)

660 655 650 645 640 635 630
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Figure 5.2: Mn2p XP spectra of a multilayer of MnTPPCl/Au(111) and a ~ 1 : 1 molar
mixture of MnTPPCI and pentacene (Pn). The Mn2p binding energy and peak shape remains
unmodified.
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5.3 UV photoelectron spectroscopy

UV photoelectron spectroscopy (UPS) is performed both to determine the HOMO level
of MnTPPCI and to investigate the work function of pentacene before and after surface

doping.

5.3.1 HOMO level of MnTPPCI1

Since we are not aware of UPS data and especially data on the HOMO level of MnTPPCl
in the literature, we present UV photoemission spectra (UPS) of a multilayer (50 ML)
of MnTPPCl/Au(111) in Figure Of particular interest is the position of the on-set
of the MnTPPCl HOMO, which is found at 1.72 eV below the Fermi level Ep. The
work function is 4.19 eV, as determined by the difference between the secondary electron
cutoff (Fse) and the photon energy hv of 21.218 eV (He I line). This results in a HOMO

level position at 5.91 eV with respect to the vacuum level Fyq.
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Figure 5.3: UP spectra of a 50 ML MnTPPCl on Au(111). The work function (difference
between the secondary electron cutoff (Fse.) and the photon energy) is 4.19 ¢V. The MnTPPCIl
HOMO onset (see inset) is found at 1.72 eV binding energy (i.e. with respect to the Fermi level
Er). This results in a HOMO level position at 5.91 eV (with respect to the vacuum level E, )

5.3.2 Shifted work function after surface doping

We have investigated the effects of surface doping with ~ 1 ML F,TCNQ, MnTPPCI
and CoTPP onto the work function of a multilayer of pentacene on Au(111) (Figure[5.4).
The thickness of the pentacene multilayer was comparable to the 2.5 ML of pentacene
on Si0O, in the transport measurement in Chapter The surface doping of ~ 1 ML

corresponds to a doping concentration of ~ 0.75 nm~2 for F,TCNQ and of ~ 0.45 nm 2
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for the porphyrins MnTPPCI and CoTPP, where the 1 ML refers to the case where the

molecules lay flat.

The work function is defined by the position of the secondary-electron cutoff with
respect to the initial kinetic energy of the photoelectrons (the photon energy), see
also above in section It yields information on potential charge transfer between
the molecular ad-layer and the supporting pentacene multilayer due to formation of
an additional electric dipole influencing the vacuum-level at the surface. Also, the
presence of ordered molecular electric dipole moments leads to a modification of the

work function, c.f. Ishii et al. [128] for a detailed discussion.

The work function of the pristine pentacene multilayer is determined to be 4.64 eV
(see Figure . Surface doping with ~ 1 ML F,TCNQ is found to increase the work
function by 590 meV, which is fully consistent with the expected formation of a dipole
moment due to a charge transfer from pentacene to F,TCNQ. For ~ 1 ML MnTPPCl
surface doping, a reduction of the work function by 240 meV is observed. Addition of
~ 1 ML CoTPP to the pentacene multilayer does not result in a visible modification of
the work function. It is interesting to note that upon F,TCNQ and MnTPPCI doping
the ratio between the work function shifts (~2.46) is comparable to the ratio of the
maximum shifts of V, 4, (~2.4). The unchanged work function in case of CoTPP surface
doping excludes charge transfer and is fully consistent with the transport measurements
where no shift in V4, is observed. In case of MnTPPCI, where the above energy level
considerations and XPS data do not support a charge transfer with pentacene, the
observed work function shift seems not to have its origin in a charge transfer, as in the
case of F,TCNQ doping, but in other dipole formation e.g. from the dipole moment of
the MnTPPCI molecule (see discussion below).

5.4 Conclusions from photoelectron spectroscopy

From the XPS data of the F,TCNQ doped pentacene, we observed the emergence
of a peak of the nitrogen core level at low binding energies, providing evidence for
charge transfer between F,TCNQ and pentacene. Also from UPS measurement we could
observe a increase of the work function which is in agreement with a the formation of a
surface dipole through charge transfer between pentacene and F,TCNQ. However, the
XPS data of the MnTPPCl-doped pentacene exhibited no chemical shift for Mn2p, C12p
and N1s core levels, indicating the absence of the charge transfer and chemical reaction
between MnTPPCI and pentacene. This even though a “doping effect” in terms of a
negative shift of V4, could be observed. UPS measurements of surface doped pentacene
revealed a reduction of the work function, indicating thus the formation of a surface

dipole with opposite sign compared to F,TCNQ surface doping. The similar porphyrin
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Figure 5.4: Work function changes deduced from UV photoelectron spectra (UPS) of multi-
layers of pentacene on Au(111) with subsequently sublimed monolayers of F,TCNQ, MnTPPCI
and CoTPP. The work function of the pentacene multilayer (black) is determined to be 4.64 V.
The energy scale is displayed as binding energy and as work function shift relative to the value
of the pentacene multilayer. Surface doping with ~ 1 ML F,TCNQ (red) is found to increase
the work function by 590 meV. For ~ 1 ML MnTPPCI (blue) surface doping, a reduction of the
work function by 240 meV is observed. Addition of ~ 1 ML CoTPP (green) does not result in
a visible modification of the work function.

CoTPP did not show any shift of the work function upon surface doping as it didn’t
show any shift of V,;,. We therefore tentatively ascribe the origin of the apparent n-
type doping of MnTPPCI in absence of charge transfer to the molecular dipole moment
and its ordering on the pentacene. Such an ordering of the molecular dipole moments
of MnTPPCI could explain the observed shift of the work function. Notably, CoTPP

does not possess a molecular dipole moment due to the absence of the axial CI ligand.






CHAPTER O

Dimension of surface doping induced charge transfer layer

Different from the doping of inorganic semiconductors, the length scale attributed to
the charge transfer between the molecular dopant and the pentacene host matrix is
likely to be limited to less than a few monolayers because of the weak van der Waals
forces governing the inter-molecular coupling in comparison to the covalent bonding in
inorganic semiconductors. To provide deeper insight into the length scale of such inter-
molecular charge transfer, we studied the surface-doping of the field-induced electrical
transport of few MLs-thick pentacene TFTs. Accordingly this chapter presents a study
of the charge transfer length between F,TCNQ guest molecules and a few-ML-thick

pentacene films.

6.1 Sharp decay of surface doping efficiency with increased

channel thickness

In Chapter [] we investigated the effect of surface doping on the transfer characteristics,
namely on the threshold voltage. In this Section we investigate how the surface doping
efficiency depends on the TFT channel thickness. The TFTs presented in this Section
correspond to the flat films already presented in Chapter [3| which, due to the layer-by-
layer growth, are suitable for this study. Figure[6.1]shows the transfer characteristics of
pentacene TFTs with a channel thickness between 0.8 ML and 2.5 ML with increasing
F,TCNQ doping concentration up to 0.5 nm~2. As described in Chapter {4/ it can again
be observed that an increasing F,TCNQ surface doping concentration induces a shift of

the transfer curve towards positive gate voltages. This shift is strongest for the thinnest
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Figure 6.1: Transfer curves of pentacene TFT with the flat films for different surface doping
concentrations and channel thickness. The applied source-drain voltage Vs is —5 V and the
channel length is 50 pm.

pentacene film of 0.8 ML and diminished with increasing channel thickness. The shift
of the transfer curve for the 1.5 ML is only about half of the shift of the 0.8 ML film.
The TFT with a channel thickness of 2.5 ML pentacene shows almost no shift of the
transfer curve upon surface doping. Similar the surface doping induced increase of the

current 14, in the output characteristics is diminished with increasing channel thickness
(see Fig. [6.2)).
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Figure 6.2: Output curves of pentacene TFT with the flat films for
concentrations and channel thickness. The applied gate voltage V; is
length is 50 pm.

For a better illustration of the induced shift of the transfer curve, Figure sum-
marizes the shift of the threshold voltage AV, for the TFTs with different channel
thickness and increasing surface doping concentration. It can be clearly seen that the
induced shift AV, ;;, increases with increasing doping concentration but is reduced for a

given doping concentration when the channel thickness is increased. The TFTs with a



6.1. Sharp decay of surface doping efficiency with increased channel thickness 59

channel thickness of 2.5 ML and 5.1 ML show almost no shift upon surface doping even

for the highest deposited surface doping concentration of 0.54 nm™2.
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Figure 6.3: Evolution of threshold voltage shift AV, as a function of the surface doping
concentration for TFTs with the flat films.

Figure summarizes the relation between AV, ;, and the pentacene thickness
for the above presented flat films and for the TFTs equipped with MoO, electrodes
described in Chapter When both were surface-doped by F,TCNQ with a concentration
of 0.18 nm~2. The shift AV 41, is according to equation proportional to the amount
of induced charge carriers in the pentacene channel contribution to the charge transport
and thus indicates the efficiency of the surface doping. No significant difference in the
measured threshold voltage shifts was observed for the TFTs with their channel lengths
between 50 and 125 um. We observed that AV, of the flat films with the channel
thickness of 0.8 ML is 26.2 + 2.5 V and that AV}, decreased to 2.75 &1 V with the
increase of the channel thickness to 2.5 ML. From this sharp decrease of the doping
efficiency, we conclude that the transferred charges from the sub-monolayer F,TCNQ
to the pentacene film are limited within ~ 1 ML at the surface of the pentacene film.
This confinement for the doping induced holes within the one monolayer pentacene film
in contact with the dopant is also confirmed by the measurements on pentacene TFTs
with similar film morphology as the flat films but equipped with the MoO,, instead of the
Au electrodes; essentially no shift of V4, was observed for the 2.5 ML film whereas V, ;5
shifted by 20.6 V for the 1.3 ML film and a F,TCNQ surface doping concentration of
0.18 nm~2. The shifts AV, 1, measured for TF'Ts with MoO,, contacts overlap therefore
well with those TFTs with the flat films equipped with Au contacts.

The surface doping range of 1 ML is comparable to results from photoelectron spec-

troscopy measurements on CF3-SAM/Au(111) with increasing CuPc coverage where
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Figure 6.4: Evolution of the surface doping efficiency expressed in the threshold voltage shift

AVy 4 as function of the channel thickness of pentacene TFT. The F,TCNQ surface doping

concentration is 0.18 nm~—2.

CF;-SAM acts as the dopant and CuPc is the organic semiconductor [114]. These re-
sults found the thickness of the doping region to be 30 A, which corresponds to about
2.3 ML of CuPc with the molecules being in an upright position (standing).

6.2 Influence of morphology on surface doping efficiency

The results above were presented for TFTs with the flat films equipped with Au elec-
trodes and for TFTs equipped with the MoQO,, electrodes. In both TFFs the pentacene
films show layer by layer growth at least up to the second monolayer (see Chapter [3)
which corresponds to the range within which the sharp decay of the surface doping
efficiency was observed. The TFTs with the rough films were, however, the first ones to
be produced and thus the surface doping efficiency as a function of the channel thick-
ness has been first studied for those rough films. Figure [6.5] shows the transfer curves
and Figure the output characteristics of the pentacene TFTs with the rough films
for different channel thickness and F,TCNQ surface doping concentrations. Figure
summarizes AV, for channel thickness between 2.5 ML and 10 ML and for different
F,TCNQ surface doping concentration. The results for the 2.5 ML pentacene TFT
correspond to those already presented in Figure Comparable to results from the
flat films, the shift AV, ;, is largest for the thinnest pentacene film (here 2.5 ML) and
AVy 4, drops by more than a factor of two upon increasing the channel thickness to
5 ML for a surface doping concentration of ~0.4nm~2 F,TCNQ. However, non-zero
shift AV, are observed for the 5 ML and even the 10 ML films after surface doping
and AV 4, is comparable for both thickness.
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Figure 6.5: Transfer curves of pentacene TFT with the rough films for different surface doping
concentrations and channel thickness. The applied source-drain voltage V;s is —5 V and the
channel length is 60 pm.
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Figure 6.6: Output curves of pentacene TFT with the rough films for different surface doping
concentrations and channel thickness. The applied gate voltage V, is —20 V and the channel
length is 60 pm.

Figure shows the evolution of AV, for the rough films together with the results
from the above presented TFTs with flat films and the TFTs equipped with MoO,
contacts at a surface doping concentration of 0.18 nm~™2. The AV, values of the
rough films at a surface doping concentration of 0.18 nm~2 have been calculated by
performing a linear interpolation between the next lowest and highest concentration
for which AV} ;; has been measured (see Figure and its spread is shown as error
bars in Figure AV of the 2.5 ML rough film is comparable to the values of
the 0.8 ML flat films and the 1.2 ML in TFTs with MoO, electrodes. For the 5 — 10
ML-thick rough films AVy 4y, still reached more than 5 V at the F,TCNQ concentration
of 0.18 nm~2 and ~ 10 V at saturating doping concentration of ~ 1 nm~2. These
values are substantially larger than the observed AV, ;, of the 2.3 ML-thick flat films.
We consider that this fact is caused by the diffusibility of the F,TCNQ and the spatial
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Figure 6.7: Evolution of threshold voltage shift AV, as a function of the surface doping
concentration for pentacene TFT with rough films.

thickness variation of the pentacene channel. In fact, SEM and AFM inspection of these

rough films (see Figure showed a strong non-uniformity of the films; ensembles of

~(0.5 pm-scale grains were clearly visible. In particular, at some grain boundaries, the

AFM measurement showed zones with pentacene thickness of 0 — 2 ML to which the

F,TCNQ dopant molecules can migrate and thereby influence the charge carriers. This

interpretation is consistent with the experiment on TFTs with the flat films and on
TFTs equipped with MoO,. electrodes.
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This result highlights the importance of the film morphology affecting charge transfer



6.3. Effect of surface doping on the contact resistance 63

and carrier generation in organic semiconductors. The surface roughness (in particular
its absence) of the organic semiconductor directly affects the interpretation of literature
reported experiments on the spatial confinement of the field-induced carriers at the
insulator-semiconductor interface of organic TFTs [53], [129) 130] as well as on the doping
induced creation of holes at the interface between fluorinated self-assembled monolayer

and organic semiconductor layers [30, [94) 114].

6.3 Effect of surface doping on the contact resistance

Next we discuss the effect of both the surface doping and the channel thickness on the
contact resistance. In Figure we summarized the variation of the contact resis-
tance with the increase of the surface doping concentration for TFTs with the channel
thickness of 0.8 ML (blue squares), 1 ML (green circles), and 1.5 ML (red triangles),
respectively. The values were normalized to the maximum value of the undoped case
for each thickness. We observed that the contact resistance decreased with increasing
surface doping concentration. The magnitude of the contact resistance decrease was
however in the order of 10 —50% for all these films, in contrast to the bulk-doping case,
in which the contact resistance of 6 ML-film decreased more than an order of magnitude
[26] (see Figure[6.10). The diminishing fraction of the doping-induced contact resistance
decrease with the increase of the pentacene channel thickness is in agreement with the

above observed decrease of the doping efficiency with increased channel thickness.
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Figure 6.9: Contact resistance R, vs. surface doping concentration for pentacene TFTs with
the channel thickness of 0.8 ML (blue squares), 1 ML (green circles), and 1.5 ML (red triangles)
with the abscissa in the respective color on the right. The reduction of the contact resistance
by doping amounts to a factor of two for the thinnest film of 0.8 ML pentacene and diminishes
for thicker films, as seen on the left abscissa representing the normalized contact resistances by
the respective undoped one.
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The rather small decrease of the contact resistance with surface doping compared
to the more than one order of magnitude decrease for pentacene TFTs bulk doped with
F,TCNQ [26] could be understood by two possible explanations; First R. of the 1 ML
and 1.5 ML flat films in its pristine state were ~ 3 times lower than the R, measured by
Vanoni et al. [26] and those of the TFTs with MoO, were even comparable to the R, of
the bulk doped TFTs (see Figure . It is thus possible that due to the already lower
R, not much further improvement can be achieved by doping. Second it is possible that
the contact resistance reduction by doping requires that the dopant molecules reside in
close proximity to the contact metal surface. This means that mere charge transfer from
F,TCNQ to pentacene seems insufficient to reduce the injection barrier height unless

the dopant molecule directly resides on the contact metal surface.
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Figure 6.10: Contact resistance R, for different channel thickness and for both TFTs with
flat films equipped with Au electrodes (blue triangles) and TFTs equipped with MoO,, contacts
(green circles). The large filled symbols correspond to the R. measured on undoped TFTs
and the small empty symbols to the TFTs surface doped by 0.54 nm~2 F,TCNQ (0.18 nm 2
F,TCNQ for the 2.5 ML flat film). For comparison the R, from Vanoni et al. [26] are shown for
undoped TFTs (filled black squares) and the TFTs bulk doped with 1.5 mol% F,TCNQ (empty
black squares).

Further investigation e.g. by scanning tunneling microscopy and spectroscopy will
be needed to elucidate the microscopic nature of these processes. Also from tempera-
ture dependent transport measurement the barrier height for the hole injection at the
pentacene-electrode interface can be measured to investigate a possible reduction of the
barrier height induced by surface doping as well as to compare the barrier height with
those of Vanoni et al. [27].
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6.4 Confinement of charges: comparison with calculations

In this section we compare the above presented results on the strong dependence of the

surface doping efficiency on the channel thickness with calculations.

6.4.1 Calculations based on bulk pentacene

Starting from the Poisson equation (equation [6.1) we want to calculate the charge
distribution in pentacene TFTs in order to estimate the width of the gate induced

accumulation layer and of the F,TCNQ surface doping induced charge transfer region.

d?v . ep
dz?2  eoey

(6.1)

where: V' — electric potential, i.e. the position of the pentacene HOMO level,
x — the axis normal to the insulator-semiconductor, respectively the dopant-
semiconductor interface,
p — the density of charge carriers ,
e — the elementary charge ,
€o — the vacuum permittivity, and

€, = 4 — the relative dielectric constant of pentacene.

The electrical potential is defined to be zero for z at infinity. Thus the zero potential
correspond to the position of the HOMO level in the bulk infinitely away from the surface
(see also Figure[6.11)) and the semiconductor is supposed to be of infinite thickness.

Following the arguments of Refs. [L00} I3I] we can calculate the electric field F; as

e[| ]

and the potential distribution as function of the distance x follows from

\%4
/ ep(V"dV’
0

Vo qv’
\4 Fx(vl)

xr =

(6.3)
where: Vj — surface potential of the semiconductor at the interface.

For gate induced charge carriers (see Figure[6.11{(a)) the gate voltage is related to the
total induced charge carriers per unit area ;4 due to charge neutrality and supposing

flat band condition as
- ‘/gcom = ante ind. = EOGTFw(O) (64)

where: C,, — gate capacitance, and
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F,(0) = Fy(V = Vp) — the electric field at the semiconductor-insulator inter-

face.

From those equations it is thus possible to calculate the potential V(x) and the density
of hole p(x) at different distances from the semiconductor-insulator interface for a given

applied gate voltage V.
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Figure 6.11: Illustration of the induced band bending and subsequent charge accumulation
(a) at the pentacene-insulator interface due to an applied negative gate voltage V, or (b) at the
pentacene-dopant interface due to a charge transfer.

For surface doped pentacene we need to have charge neutrality between the doping
induced charge carriers and the ionized dopants (see Figure [6.11|(b)). Here we can
follow the arguments of Ristein et al. [37, [112] who performed similar calculations for
surface doped diamond. For an averaged areal density of dopant molecules nyoleculess
the number of electrons in the molecule’s LUMO level is given by Fermi-Dirac statistics

as 1
n(%) = Mmolecules Atevo—En, (65)

o FBT 41

where: Vj — the surface potential of pentacene i.e. the Pentacene HOMO level at the
semiconductor-dopant interface,
A — the energy difference between the LUMO level of the dopant and the
HOMO level of pentacene,
Er — the Fermi level,
kp — the Boltzmann constant, and

T — the temperature.
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Therefore equation [6.4] in case of surface doping modifies to

nmoleculesﬁ = Qdoping ind. = €0€rF(0). (6.6)
e kT + 1
The value of A is —0.2 eV when considering the difference between the LUMO level of
F,TCNQ and the HOMO level of pentacene (see Chapter [5)) and 0.138 eV when consid-
ering the position of the acceptor states observed in the density of states of pentacene
bulk doped with F,TCNQ [27].

To adapt the calculations to pentacene we use a gaussian density of states (DOS)
with an exponential tail into the band gap [132), 133]. This is different from the above
citations where a DOS based on the effective mass approximation (D(E) o< /Ey — E)
has been used. The gaussian DOS Dgauss(E) can be described as

DGauss(E) = &e_(}zg\/) (6.7)

2o

where: Ny — the total density of states,
Ey = eV — the center of the Gaussian, i.e. the position of the HOMO level,
and

o — the Gaussian width (variance)

and the exponential tail Deyy(E) as

_E-By
Noe F8T0 | if (E— Ey) >0
Dezp(E) = ( ) (6.8)

0, otherwise

where: Ny — the trap density, and

Ty — an effective temperature.

Ny is set to the density of pentacene molecules (see also Refs. [49, 132]) which corre-
sponds to 2.9 x 102! cm™3 [70] and o was set to 0.035 eV, which fits relatively well the
DOS reported by Vanoni et al. [27]. Tp is 1330 K as stated by Vanoni [49] and Ny was
taken as 3.6 x 10'® eV~lcm™2 which is one order of magnitude smaller than the cited
value by Vanoni but fits the reported DOS much better. The Fermi energy was set to
1 eV, which correspond to the mid-gap position. The exact position of the Fermi level
has however minor influence on the results and using the Boltzmann approximation
instead of the Fermi distribution and D(E) «x /Ey — E for the DOS, the Fermi level
falls out of the calculations (see Refs. [112, 129]). The calculations were performed with
Mathematica [134] (see Appendix [B|for the Mathematica code).
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Figure[6.12]shows the evolution of the potential V', the carrier density p and the inte-
grated carrier density in each monolayer for increasing distance from the semiconductor-
insulator interface and for an applied gate voltage of —10 V and —30 V respectively.
It can be observed, that the carrier density decreases by about one order of mag-
nitude within the first ML. Calculating the thickness of the accumulation layer as
stated by Horowitz; “a layer of uniform charge density that would contain the same
amount of charge than that obtained by integrating the charge distribution” [129] i.e.
(2 p(x)dz)/p(z = 0), we get a thickness of the accumulation layer of 0.82 nm and
0.29 nm for Vj; of =10 V and —30 V respectively, which is below the thickness of 1 ML
(1.5 nm).
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Figure 6.12: (a) Calculated evolution of the potential, (b) the carrier density and (c) the
carrier density in each monolayer in undoped pentacene with distance x from the semiconductor-
insulator interface for an applied gate voltage V, of —10 V (black) and —30 V (red) respectively.

In Figure|6.13|we summarize the potential V', the carrier density p and the integrated
carrier density in each monolayer for different positions from the semiconductor-dopant
interface, 4.e. the surface, with a F,TCNQ surface doping concentration of 0.18 nm~2
both for A = —0.2 eV and A = 0.138 eV. For both values of A we see that the carrier
density decreases by at least one order of magnitude within the first monolayer from
the surface. The thickness of the accumulation, or rather of the charge transfer region,
is found, according to the above definition, to be 0.15 nm and 0.63 nm for A = —0.2 eV
and A = 0.138 eV respectively. Those values are comparable to the accumulation layer

induced by a gate voltage and are again below the thickness of 1 ML.

a) T T T b . T T T c) T T T
”s N R
-, 0:951 —— A= 0.138eV | E . —=— A= 0.138eV S = A= 0.138eV
= ~ 1074 E >
o > =
>I 0.90 % g 1012< | ]
S < 10" () u
2 0.851 g3 j © H
3] =018 2 104 |
E 0.80 GE) 1074 E % ] .
8 10" j 10 n 1
0.75 T T - = 10 T - ;
0 2 4 6 0 2 4 6 0 2 4 6
Distance x (ML of Pentacene) Distance x (ML of Pentacene) Distance x (ML of Pentacene)

Figure 6.13: (a) Evolution of the potential, (b) the carrier density and (c) the carrier density
in each monolayer in pentacene with distance x from the semiconductor surface, calculated for
an F,TCNQ surface doping concentration of 0.18 nm~2 and with A = —0.2 eV (black) and
A =0.138 eV (red) respectively.
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The monolayer carrier density in the respective first four monolayers from the surface
and for different surface doping concentrations is displayed in Figure [6.14] It can be
observed, that at low doping concentrations the carrier density strongly increases with
increasing doping concentrations and saturates at larger surface doping concentrations.

This is in agreement with the observed threshold voltage shifts for increasing doping

concentrations (see Figures and .
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Figure 6.14: Calculated carrier density in the 15* ML (black squares), 2"¢ ML (red circles),
3'4 ML (blue triangles) and 4" ML (green diamonds) from the pentacene-dopant interface for
different F,TCNQ doping concentrations and for (a) A = —0.2 eV and (b) A = 0.138 V. The
insets show a zoom-in for n'" monolayer with n > 2.

In Figure @ we calculate the gate voltage V, to apply to induce the same total
areal charge density as induced by surface doping with 0.18 nm~2 F,TCNQ i.e. by
charge transfer (CT). These gate voltages can be compared to the experimentally mea-
sured surface doping induced gate voltage shifts. The largest experimentally measured
threshold shift for a surface doping concentration of 0.18 nm~2 was 26.2 4+ 2.5 V, corre-
sponding to the 0.8 ML thick channels. This value is between the V, values calculated
with A = —0.2 eV and A = 0.138 eV. The calculated V, might be larger than the
effectively measured threshold voltage shift as not all induced charge carriers will con-
tribute to the charge transport. However, the results for A = 0.138 eV, corresponding
to the position of the additional peak observed in the DOS [27], describe better the

experimental results.

6.4.2 Pentacene as a stack of dielectric layers

An alternative calculation is presented by Horowitz [129] where the semiconductor is
treated like a stack of dielectric layers of thickness d = 1.5 nm, i.e. the monolayers: The
(areal) charge density in the ith layer is o; and by applying the Gauss law at layer i we

get,
d

€0€r

Vicn =Vi=o0; (6.9)
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Figure 6.15: Gate voltage V; which would be needed to apply to induce the same number of
charge carriers as by charge transfer with 0.18 nm~=2 F,TCNQ surface doping.

where Vi — the surface potential at the semiconductor-insulator respectively the
semiconductor-dopant interface,

Vi — the potential at the interface between the ¢th and the i 4+ 1th monolayer,
and

o; — the (areal) charge density in the ith layer.

o; follows from the above described DOS for Ey = €eVj as

o0 1
g; = / Ep—F (DGauss(E) + De:vp<E)) (610)
— o k5T 41 Ey=cV,
Charge neutrality gives
n
Zai = ‘/gcox (611)
i=1
respectively for surface doping
n
1
Z 0i = Nmolecules “A7evy—Bp (6.12)
i=1 e FBT 41

where n is the total number of monolayers and V;, is set to zero, so that the complete
potential falls off within the monolayer. From these equations the charge density and

potential for each layer can be numerically calculated (see also Appendix @ for the
detailed calculations).

Figure shows the carrier density in the different monolayers for an applied
gate voltage V, of —10 V and —30 V respectively. The total thickness of pentacene
corresponds to 3 MLs (n = 3). For V; = —30 V clearly most of the charge carriers are in
the first monolayer. This decay is less pronounced but still visible for V, = —10 V. This
dependence on the gate voltage is also observed in Ref. [129]. Monte-Carlo simulations

in Ref. [135] show comparable results for the charge carrier density with distance from
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Figure 6.16: Carrier density in each ML in undoped pentacene with increasing distance x from
the semiconductor-insulator interface for a gate voltage V,; of —10 V (black) and —30 V (red)
respectively. The total semiconductor pentacene thickness corresponds to 3 MLs.

the insulator.

In Figure the carrier density in the different pentacene monolayers next to
the surface is shown for a F,TCNQ surface doping concentration of 0.18 nm~2. The
total pentacene thickness is 3 MLs. No matter which value is chosen for A, most
of the induced charge carriers reside in the first monolayer next to the surface. The
decrease of charge carrier density with increasing pentacene thickness is shaper than
found for the continuous calculations presented in Figure[6.13|(c). Figure illustrates
the carrier density in the monolayer furthest away from the surface-doping interface
for increasing surface doping concentration and for a total thickness of the pentacene
of 1 ML, 2 ML and 3 ML. The result does not significantly differ from the carrier
distribution in the different monolayers of the 3 ML thin pentacene as presented in
Figure We see again at low surface doping concentration a strong increase in the
carrier density with increasing surface doping concentration and a saturation at larger

surface doping concentration as in Figure [6.14]

6.5 Summary and conclusion

In summary, we studied the charge transfer between the molecular dopant F,TCNQ and
a highly smooth pentacene film of different thickness. Our result, the sharp decrease
of the doping efficiency upon increasing the channel thickness to ~ 2 MLs, indicates
that the doping induced holes are confined within the one monolayer pentacene film in

contact with the dopant. Additionally the sharp drop-off of the surface doping efficiency
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Figure 6.17: Carrier density in each ML with increasing distance = from the pentacene-dopant
interface for a F,TCNQ doping concentration of 0.18 nm~2. Calculated for A = —0.2 eV
(black) and (b) A =0.138 €V (red) under the assumption that the pentacene consists of a stack
of dielectric layers. The total semiconductor pentacene thickness corresponds to 3 MLs.

with increasing channel thickness indicates that the F,TCNQ molecules remain on top
or within the top monolayer of the pentacene film and do not interdiffuse through the
different monolayers. Such interdiffusion of F,TCNQ through the organic layers have
been observed in the organic semiconductor 4,4’-bis(N-carbazolyl)biphenyl (CBP) [136].
Interdiffusion would lead to a slower decrease of the doping efficiency. The confinement
of the doping induced holes within the top monolayer is confirmed by calculations both
for continuous calculations on bulk pentacene and on discrete stacks of pentacene layers.
This result also implies that for pentacene TFT with channel thickness above 2 MLs
the doping induced charge carriers in the top pentacene monolayer do not contribute
to the charge transport and that therefore the charge transport is essentially confined
to the first 1 — 2 MLs next to the pentacene-insulator interface. This confinement of
the charge carrier at the pentacene-insulator interface, ¢.e. the accumulation thickness,
is confirmed by the above calculations. Shehu et al. reported such confinement in the
first 1 — 2 ML also in transport measurements of pentacene TFTs when pentacene is
deposited at low rates of 0.1 ML /min [54], which is comparable to the evaporation rate
of 0.05 — 0.09 ML/min for the flat films and the film in TFTs with MoO,, electrodes.
These results imply that we have confinement of the gate induced charge carriers within
the first monolayer next to the pentacene-SiO, interface and confinement of the surface
doping induced charge carries in the top monolayer in contact with the dopants. If the
electrodes provide no contact to the top monolayer, the current will flow essentially in
the first monolayer and the doping induced charge carriers will not contribute to the

current. Only when the channel thickness is below 2 MLs the charge density in the first
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Figure 6.18: Carrier density in the lowest monolayer when surface doped with F,TCNQ for a
total pentacene thickness of 1 ML, 2 ML and 3 ML respectively. Calculated for (a) A = —0.2 eV
and (b) A = 0.138 eV under the assumption that the pentacene consists of a stack of dielectric
layers.

monolayer is sufficiently increased by the dopants to contribute to the current and thus
to observe a shift of the threshold voltage V. However the current in pentacene TFTs
with MoO, electrodes was only observed to saturate at a thickness of ~5 MLs and no
saturations was observed for TFTs with Au electrodes (see Section . Whereas the
non-saturation for TFTs with Au electrodes can be understood by an increasing coverage
of the electrode edge with increasing pentacene film thickness and thus a lowering of
the contact resistance, this should not be an issue for the MoQO, electrodes where the
pentacene forms a continuous film across the electrode edge (see Section . The
results of the current for increasing channel thickness even indicate that most of the
charge transport occurs within the second monolayer away from the SiO, interface.
From calculations the first monolayer would be expected to be most important for the
charge transport, however, traps at the SiO, interface can both reduce the mobility and
the amount of free charge carriers which again both can lead to a decrease of the charge
transport in the first monolayer. A possible explanation of this discrepancy of the second
monolayer being most important for the charge transport but not sensitive to surface
doping, could be a less efficient charge transfer between pentacene and F,TCNQ for
larger thickness due to a possible different conformational alignment between pentacene
and F,TCNQ. However Abe et al. reported an increased conductance in pentacene
TFTs with the top contact geometry and a channel thickness of ~30 ML when depositing
F,TCNQ on top of the channel [28]. Therefore, the discrepancy between the observed
sharp decrease of the surface doping efficiency and the saturation of the current not
before 5 ML indicates that the interpretation of literature reported experiments on the
spatial confinement of the field-induced carriers at the insulator-semiconductor interface
of organic TFTs [52H54], [99] have to be considered with care.






CHAPTER [

Summary and Outlook

In this thesis the deposition of guest molecules to the surface of pentacene thin film tran-
sistors (TFTs) has been employed to control the charge carrier density and to investigate
the length scale of the doping induced charge transfer. For this study pentacene TFTs
with channel thickness of only a few monolayers (MLs) have been successfully fabri-
cated and characterized in-situ in vacuum. These thin devices enable to study and to
manipulate the charge density directly in the layer where the charge transport occurs
which corresponds to the first few monolayers next to the dielectric interface. The mod-
ification of the charge carrier density by simple addition of guest molecules provides a
tool to investigate the charge transfer mechanism between organic semiconductors and

the guest molecules.

The basis for investigating the charge transport and the effect of guest molecules in
TFTs with such thin channels is controlled film growth. Smooth pentacene films on SiO,
were achieved with a layer-by-layer growth at least up to the second monolayer when the
pentacene film is deposited at low evaporation rates and the outgassed molecules are kept
in vacuum during sample loading. Despite the layer-by-layer growth of pentacene on
SiO, in the TFT channel, no continuous pentacene film growth was obtained across the
edge of the Au bottom-contacts. An improved pentacene film morphology at the edge of
the contact electrodes was achieved by replacing the Au electrodes with MoO,. A simple
fabrication method was applied to produce MoO, electrodes: Mo contacts are deposited
and the surface is subsequently oxidized by an O,-plasma. Whereas with Au electrodes
the contact between the pentacene film in the channel and the electrode is only bridged

by elongated pentacene islands, the pentacene grows continuously across the MoO,
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electrode edge. This difference in the morphology is presumably the consequence of the
different film growth on Au with respect to SiO, and MoO,: the pentacene molecules
are standing in an upright position on SiO, and on MoO,, in the so-called thin film phase
whereas they are lying flat on Au. Pentacene TFTs with MoO,, contacts showed also, in
comparison to TFTs with Au contacts, low contact resistance. The contact resistance
values were comparable to the ones measured in F,TCNQ doped pentacene TFTs where
pentacene has been co-evaporated with the strong electron acceptor F,TCNQ [26]. The
layer-by-layer growth in pentacene TFTs with MoO,, contacts was clearly detected in the
evolution of the source-drain current for increasing channel thickness: After the onset
of the current at a nominal channel thickness of 0.7 ML, inflection points at completion
of the first, the second and the third monolayer were observed. These inflection points
directly reflect the high quality of the pentacene film and are a consequence of layer-by-
layer growth and the different monolayers acting as independent channels for the charge
transport due to the much lower coupling of the molecules across the monolayers than

within the same monolayer.

Surface doping by the addition of guest molecules on top of the channel surface has
been applied to pentacene TFTs with a channel thickness of 2.5 ML using the guest
molecules F,TCNQ, MnTPPCl, CoTPP and Cg,. Surface doping with the acceptor
molecule F,TCNQ was shown to be highly efficient to increase the hole concentration
in the pentacene TFT, manifested by a shift of the transfer curves towards positive
gate voltage. Doping with F,TCNQ is thus possible without the incorporation of the
dopants into the pentacene matrix. Surface doping with MnTPPCI decreased the hole
density and acted thus opposite to F,TCNQ. The guest molecules CoTPP and Cg,
did not modify the transport characteristics of the pentacene TFT. It is an interesting
finding that despite the similar electronic structure of the two porphyrins MnTPPCl
and CoTPP, only surface doping with MnTPPCl had an influence on the transport
characteristics. The observed doping effect of MnTPPCI is tentatively associated to
its dipole moment, due to the absence of any evidence for a charge transfer between
pentacene and MnTPPCI in X-ray photoelectron spectroscopy (XPS) measurements.
Notably, such a dipole moment is absent in CoTPP. In contrast to MnTPPCIl, XPS
measurements showed that a charge transfer occurs between pentacene and F,TCNQ
which leads to an increase of the hole density in the pentacene channel. The mobility
was not significantly altered by surface doping which shows that the change of the pen-
tacene film quality with surface doping is minimal. This property makes surface doping
a suitable tool to investigate the doping capabilities of various guest molecules. This is in
contrast to the case of bulk doping, by co-evaporation of the organic semiconductor and
the guest molecules, the guest molecules change the molecular arrangement within the
organic semiconductor. Such rearrangements are expected to affect the transport prop-

erties even without the occurrence of a doping induced modification of the charge carrier
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density. These experiments therefore showed that the surface doping can be highly ef-
ficient to modify the performance of organic semiconductor devices in the nanoscale.
The fact that the detailed molecular structure crucially determines the doping effect
highlights the enormous potential of realizing functional organic semiconductor devices

engineered by chemical tuning of guest molecules.

Whereas surface doping is highly efficient to modify the charge carrier density in the
pentacene channel, its effect on the contact resistance is minor. The contact resistance
decreased by a maximum of 50% after F,TCNQ surface doping of a pentacene TFT
with a channel thickness of only 0.8 ML. For channel thickness of 1 ML and above the
decrease is less than 20%. This effect is much smaller than the reduction by more than
one order of magnitude as observed in pentacene TEFT bulk doped with F,TCNQ [26].
This may indicate that the dopants have to be at the interface between the contacts and
the organic semiconductor to efficiently reduce the contact resistance. However, lower
contact resistances were measured for the pristine TFTs, especially for the TFT with
MoO, contacts, compared to the pristine TFTs of the bulk doping study. This might
indicate that the charge injection from the contacts to the pentacene channel in the here
presented TFTs is already efficient and little further reduction of the contact resistance
can be achieved by doping. Here, the barrier height, which can be extracted from
temperature dependent transport measurements, would provide further information: is
the observed smaller contact resistance with MoO, compared to Au electrodes due to
a better morphology or due to a better energy alignment and is the slightly reduced

contact resistance by surface doping the effect of a lowered injection barrier.

The method of surface doping also allows to study the length scale of the charge
transfer between the dopants and the organic semiconductor. As discussed in the in-
troduction, the models describing the doping process in inorganic semiconductors are
not necessarily valid for organic semiconductors due to the van der Waals interaction in
comparison to the covalent bonding. The doping induced charge carriers are therefore
expected to be more localized to the dopants. This length scale was investigated by
varying the channel thickness in F,TCNQ surface doped pentacene TFTs where the
above stated layer-by-layer growth of the pentacene is the basis for such a study. The
surface doping efficiency strongly drops when increasing the channel thickness from 1
to 2 monolayers and is only marginal for a channel thickness of 2.5 monolayers and
above. These results demonstrate that the surface doping induced charge carriers are
essentially localized to the top pentacene monolayer at the surface. Additionally these
results indicate that the F,TCNQ molecules remain at the surface and do not diffuse
through the pentacene monolayers. Notably, a slower decrease of the surface doping
efficiency was observed when the pentacene film grew in islands. In these rough films a
still finite surface doping efficiency is measured for channel thickness of 10 ML due to

0—2 ML regions within which surface doping can be effective. This indicates the impor-



78 Chapter 7: Summary and Outlook

tance of the film morphology for such studies. Calculations starting from the Poisson
equation and assuming a gaussian density of states with exponential tail, indicate that
both the surface doping and gate voltage induced charge carriers are confined within
the first monolayer next to the surface and to the dielectric interface, respectively. No-
tably, the source-drain current was only observed to saturate at a channel thickness of 5
monolayers for TFTs with MoOx electrodes and no saturation was observed up to this
thickness for TFTs with Au contacts. The non-saturation for TFTs with Au contacts
can be partially understood by a decreasing contact resistance due to an increasing cov-
erage at the Au-electrode edge. Further the measurements of the source-drain current
for increasing channel thickness indicate that most of the charge transport occurs in
the second monolayer from the dielectric / organic semiconductor interface. Notably,
traps at the SiO, interface can reduce the mobility and free charge carrier density in
the first monolayer and therefore make the second monolayer most important for the
charge transport. These results are in discrepancy with the observed sharp decay of
the surface doping efficiency after the first monolayer. Possible explanation for this
discrepancy could be a less efficient charge transfer between F,TCNQ and pentacene
due to a possibly different molecular arrangement between organic semiconductor and
the dopants deposited on two or more monolayer thick pentacene films with respect to
one monolayer thick films. Otherwise the interpretation of a confinement of the field
induced charge carrier within the first few monolayers based on measurements of the
current versus channel thickness might be reconsidered. The occurrence of a variation
of the charge transfer efficiency between F,TCN(Q and pentacene as function of the un-
derlying pentacene film thickness could be investigated by photoelectron spectroscopy

as a surface sensitive method.

By the controlled pentacene film growth both in the channel and at the MoO,, con-
tact edge, as developed in this PhD work, and also based on the low contact resistance,
it would be interesting to study charge transport in TFTs with channel lengths in the
order of 1 um which is smaller than the average pentacene grain size. The lack of
grain boundaries in such small channels might give rise to higher mobilities. The here
discussed surface doping both provides an alternative way for doping of organic semi-
conductors as well as a tool to study the processes underlying the doping in organic
semiconductors. The presented results, especially the localization of the surface dop-
ing induced charge carriers to the top surface layer, are of importance to the design of
doped organic semiconductor devices. For chemical sensors based on organic TFTs, in
particular where the analyte is in contact with the sensor only at its surface, the sensi-
tivity might also depend on the thickness of the active sensor material. The here gained
knowledge of surface doping in organic TFTs with channel thickness in the limit of a
few monolayers and the, by some of my colleagues and with my contribution, studied

influence of external ligands on the magnetic exchange interaction of transition-metal
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complexes on ferromagnetic substrates, might also be of importance for future spintronic
devices. In such devices the dopant/ligand might modify not only the charge but also

the spin current.






APPENDIX A

Beamtime experiments on “On-surface magnetochemistry”

Some of my colleagues in the research group investigate the magnetic exchange
interaction of paramagnetic transition-metal complexes, e.g. metallo-porphyrins and
-phthalocyanines (Pc), on ferromagnetic substrates. To explore the electronic and
magnetic properties in such systems, element specific X-ray absorption spectroscopy
(XAS) and X-ray magnetic circular dichroism (XMCD) [I37] measurements are
performed at the Surface/Interface: Microscopy (SIM) beamline of the Swiss Light
Source (SLS) [I38]. Such beamtime experiments involve the preparation of well
characterized multi-layer samples (typically during the day) before experiments
with synchrotron photons can be performed at the beamline (typically during the
night). This kind of research depends on the whole team interacting with each other.
In parallel to the main research topic of my PhD thesis I regularly contributed to
the sample preparation and characterisation during such beamtime sessions, typically

about three to four times a year for about 10 days.

In this coordinated effort, I was mostly responsible for the sample preparation which
includes in a first step the cleaning of the single crystal substrate by Argon sputtering
and thermal annealing. In a second preparation step, a ferromagnetic film, usually Co
or Ni, has been deposited by e-beam evaporation. As an alternative to clean ferromag-
netic substrates, oxygen reconstructed ferromagnetic films are sometimes used for the
characteristic modification of the exchange coupling they bring along [127]. The last
step in the sample preparation involves the deposition of one or more types of molecules
by sequential or co-deposition. After each step the sample is controlled by XPS for

its cleanliness, the thickness of the metal film, the presence and quality of the oxygen
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induced surface reconstruction (if applicable), and the molecular coverage as well as for
the correct stoichiometry. The samples are then transferred to the XMCD endstation
at the SLS-SIM beamline with a vacuum suitcase [118], [127].

Here typically my colleagues have performed photoabsorption and X-ray magnetic
dichroism experiments which focused at the relative magnetization of the spins of the
metallic center atom of the molecular complex and the different substrates. By dosing
gaseous ligands like NO and NH; magneto-chemical reactions were used to modify the
spin system. In complex series of experiments conclusions on these spin systems as
well as on their exchange coupling to the substrate could be drawn. Thereby I have
contributed to a significant number of research — on paramagnetic molecular semicon-
ductors — which nicely complemented to the core topic of my PhD work in Organic

Electronics.

Specifically, by NO dosing, the spin of CoTPP/Ni got quenched and the spin of
FeTPP/Ni and MnTPP/Co got significantly modified i.e. from ferromagnetic to an-
tiferromagnetic alignment to the substrate magnetization in the latter case. NHj
dosing of MnPc/Co reduced the exchange coupling strength [I19]. A self-assembled
molecular spin array has been demonstrated by co-evaporation of perfluorinated iron-
phthalocyanine (FeF;sPc) and MnPc on oxygen reconstructed Co. In the initial state
the spins in FeF4Pc and MnPc are antiferromagnetically aligned with the substrate cor-
responding to a so-called ON/ON state. Dosing of NH; quenches the spin in FeF,;Pc
while modifying the spin of MnPc which corresponds to a so called OFF/ON’ state.
The initial ON/ON state can be restored by thermal desorption of NH;. The spin states
could therefore be controlled by the ligand coordination reaction, selectively switching
off half of the spins in the chessboard lattice [120]. Besides switching the spin off with
external ligands such as NO or NHj;, we also demonstrated that in NiPc on Co the
initial spin-off state could be switched to spin-on by the external ligand NH4 [121]. A
magnetic moment can not only be induced for porphyrins and phthalocyanines, but we
could also demonstrate that a magnetic moment is induced in a non-planar and non-
aromatic Co(II)-complex adsorbed on a ferromagnetic Ni substrate [139]. Notably these
results were among the first to compare the well established magneto-chemistry as it
is known from liquid or gas chemistry with the ‘on-surface’ analogue. This comparison
revealed characteristic differences between those ligands, which are well established by
chemical sciences as e.g. NO, NH;, and the surface substrate which also takes the role
of a ligand here and sometimes acts in good agreement but also in complex modification

of what has been expected.



APPENDIX B

Gas exposure of pentacene thin film transistors

Following the successful surface doping with different molecules, the interest emerged to
see the effect of gases such as NO and NH; on phthalocyanine (Pc) or porphyrin in trans-
port measurements. In our group the magnetochemistry of different metallo-porphyrin
and -phthalocyanine monolayers on magnetic substrates was studied. Coordination of
the metallo-porphyrins or -phthalocyanines with NO or NH; can modify the substrate
induced molecular magnetic moments and the magnetic exchange interaction between
molecule and substrate [II8HI2I] (see also short summary above in Appendix . We
wanted therefore to investigate the effect of NO and NH; on transport measurements
in thin films measured via the thin film transistor set-up as it has been described in the
main part of this thesis. We fabricated TFTs with CoPc, MnPc and NiPc as the active
channel material. Mobilities in such TFTs were in the order of 1075 — 1073 ¢m?/Vs,
much lower than in pentacene TFT. NO dosing did not induce any shift of the thresh-
old voltage for these devices. The mobility of CoPc TFT remained constant up to
the maximum NO dosing of 10° Langmuir (16min 40sec at 1.4 x 1073 mbar). The
mobility (conductance) of MnPc decreased with increasing NO dosing and dropped to
almost zero at a dose of 5 x 10° Langmuir (8min 20sec at 1.4 x 1073 mbar). Dosing
5 x 10* Langmuir of NO (8min 20sec at 1.4 x 10~% mbar) on NiPc TFT decreased the
mobility by about a factor of two. This decrease of the mobility (or conductance) is
rather surprising as there are reports about an increase in conductance in NO gas sen-
sors based on metallo-phthalocyanine chemiresistors (among them also NiPc¢) upon NO
dosing [140H142]. An increased conductance would be expected due to the generation
of holes created by the adsorbed oxidizing molecules [140]. By measuring NiPc TFT

in NH; atmosphere at 10~* mbar, we observed a decreased mobility by about a factor
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of three. The threshold voltage shifted from —14 V to —22 V. Additionally we found
that F,TCNQ surface doping shifts also the threshold voltage of CoPc and NiPc TFTs
towards positive voltage. No conductive device could be obtained with the porphyrin
CoTPP. We therefore dosed NO on a pentacene TFT surface doped with MnTPPCI.
The NO dosing did not shift the threshold voltage. The mobility seemed to increase
slightly but only in the order of 10%.



APPENDIX C

Runsheets

n°® Processes Description

A Thermal oxidation Provide 150 nm of thermal oxide

B PAD Photolithography Patterning of metallic pads

C  Metallization Deposition of metallic pads

D  Backside metallization Backside metallization for gate

E  Wafer sawing Saw wafer in 7x7 mm pieces

F  OPENING Photolithography Open windows on resist over channel+pads

G  Plasma cleaning Clean the channel surface

H Wire bonding Gluing of the chip on the chip carrier + wire-
bonding

I Deposition of molecules In-situ deposition and characterization
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Chapter C: Runsheets

A: Thermal oxidation

Process

Conditions

Parameters

0. Wafer cleaning and oxide removal

0.1 Piranha etch solution 2 H,SO, : 1 H,0,
time 10 min.
temperature 90°C

0.2 water flushing

0.3 oxide removal solution 5% HF
time 1 min.

0.4 water flushing

0.5 drying with nitrogen

1. Dry thermal oxidation

1.1 Dry thermal oxidation  temperature 1050°C
time (under O,)  150min

B: PAD Photolithography

Process Conditions Parameters

Wafer cleaning Ac, TP, spin drying

Pre-bake temp - time 160°C - 60 s

Primer primer TT prime
rpm - krpm/s 4000 - 1
time 60 s

4 Softbake temp - time 120°C - 1 min

5 spin coating resist LOR5B
rpm - krpm/s 3000 - 1
time 60 s

6 Softbake temp - time 160°C - 5 min

7 spin coating resist S1813
rpm - krpm/s 4000 - 3
time 30 s

Softbake temp - time 115°C - 90 sek
Align mask

10  Exposure mode soft-contact
time 11s

11 Development developer MF-24A
time 25s

12 Water flushing

13 Spin drying
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C: PAD metallization

Process Conditions

Parameters

0. Resist residues

0.1 O,-plasma O,-plasma

time

10sccm O4; 100W; 100 mTorr;

300 K
30 sec

1l.a Metall deposition (Au) - Balzers BAK 600

1.1 sticking layer metal
(without rotation) thickness
rate
1.2 contact layer metal
(with rotation) thickness
rate

Ti

10 nm
1 A/sec
Au

100 nm
4 A/sec

1.b Metall deposition (Mo) - sputter-deposition Nordiko

1.1 contact layer metal
thickness

Ar pressure

plasma
time

2. Lift-off

2.1 Lift-off remover

2.2 Water flushing
2.3 Spin drying spin drying

Mo

100 nm (measured: 70 nm)
2 mtorr

320V, 1.5 A

7 min 45 sec

NMP
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D: Backside metallization

Process Conditions Parameters

1. Frontside Protection

1.1 spin coating resist 51828
rpm - krpm/s 3000 - 4
time 30 s

1.2 Softbake temp - time 110°C - 90 s

1.3 Backside exposure mode no mask
time 30 - 60 sec

1.4 Development time 60 s

1.5 Water flushing

1.6 Spin drying

2. Oxide removal

2.1 Oxide removal BOE
time 3min

3. Backside metallization - Balzers BAK 600

3.1 Al metallization metal Al
thickness 250 nm
rate 7 A/sec

3.2 Ti metallization metal Ti
thickness 50 nm
rate 1-2 A/sec

Do not remove the resist (protection for sawing)
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F. OPENING Photolithography : in PROCESS LAB

Process Conditions Paremeters
chip cleaning Remover, water flush, N,
2 spin coating resist LOR5B
rpm - krpm/s 3000 - 1
time 60 s
3 Softbake temp - time 170°C - 60 s
spin coating resist 51828
rpm - krpm/s 3000 - 4
time 30 s
Softbake temp - time 95°C - 6 min
Backside Exposure no mask
time 60 s
7 Edge Exposure mask with 6x6 mm pieces
time 6-10 min
Align mask : OPENING
9 Exposure mode
time 20 s
10  Development time 30 s

11 Water flushing and N2 drying

G. Plasma cleaning

1 O,y-plasma O,-flow 10scem O,
power 100 W
pressure 100 mTorr
temperature 300 K

time 60 sec







APPENDIX D

Calculations - Details

D.1 Calculations on bulk pentacene

Here the Mathematica code used for the calculations on bulk pentacene based on the
Poisson equations is presented. The results of these calculations are discussed in Sec-
tion [6.4.1]

D.1.1 Gate induced charge carriers

The following Mathematica code is for an applied gate voltage V; of —10 V. The same
code was applied for V, = —30, with the corresponding parameter changed to —30 V.

2
Vx—Vv
. NEXP _(\/E sigma) :|
DOSgauss[Vx__,N_ ,Vv__ sigma_ |:= o ioma 1602176565

1019

fermi4[Vn_ , Vf ]:=1/(Exp[—(Vn — V{)/0.0265] + 1)

Vx—Vv
Nexp| —goirasTo

DOSexp2(Vx_,N_,T0_,Vv_ ):= SeTSELENAETo /;Vx—Vv >0

1051019

DOSexp2[Vx_ ,N_ ,T0_,Vv_]:=0/;(Vx—Vv) <0
Ngauss = 2.9*27

TO = 1330
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Nexp = 3.6*"24

sigma = 0.07

eps = 4 x 8.854 x 10" — 12
Vg =10

Ci = 2.3000 * 10" — 4

q = 1.602176565 x 10" — 19

efield[Vs__?NumericQ]:=Sqrt[2/eps * gxNIntegrate[fermid[x, Ef]x
(DOSgauss[x, NN, V. ss| + DOSexp2[x, Nexp, TO, V]) x q/.
{Ef — 1, NN — Ngauss,ss — 0.5sigma}, {V,0, Vs}, {x, —Infinity, V}]]

sol = FindRoot[Ci * Vg/eps == efield[Vs], { Vs, 0.9}]
Vs — 0.904678)}

Vss = Vs/.sol
0.904678

inv[f ,s_,x0_J:=Function[{t},s/.FindRoot[f — t, {s,x0}]]
potential2 = inv[NIntegrate[l/efield[VV], {VV,Vx, Vss}|, Vx,0.9]

Plot|potential2[x], {x, 0, 1*"-8}]

090\
088/
086
084
082}
080

078}
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density V[V__?NumericQ]:=NIntegrate[fermi4[vv, 1]x
(DOSgauss|vv, Ngauss, V, 0.5sigma| + DOSexp2|vv, Nexp, T0]) * q,
{vv, —Infinity, V}]

density[x__?NumericQ|:=NIntegrate[fermi4[vv, 1]«
(DOSgauss|vv, Ngauss, vvv, 0.5sigma| + DOSexp2|vv, Nexp, TO0]) x q,

{vv, —Infinity, vvv}]/.{vvv->potential2[x]|}
LogPlot[density[x], {x,0,20*"-9}, PlotPoints — 20, MaxRecursion — 0]

1x10%

5x10% F

1x10%F

5x10%

1x10%

5x 107

L L L L L L L L L L L L L L L Il
5.x107° 1.x1078 15x107° 2.x107°8

ListLogPlot[Table[{x, eps/q*
(efield[potential2[x x 1.5*"-9]] — efield [potential2[(x + 1) x 1.5*¥"-9]])},
{x,0,20}]](*difference of integrated carrier density from infinity

to xth resp. (x + 1)th monolayer — > total carrier density in xth ML *)

1x10% &

5x 10" [

1x10%

5x10% |

1x10%F

5x 108 F
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NIntegrate[density V[V]/efield[V],{V, 0, Vss}|/density|0]
(*total integrated carrier density over carrier density at the surface (x = 0)

— > thickness of the accumulation layer®)

8.228186041857557*-10

CixVg/q/density|[0]
(*total induced carrier density over carrier density at the surface (x = 0)
— > thickness of the accumulation layer*)

8.228176490960225*"-10

D.1.2 Doping induced charge carriers

The following Mathematica code is for doping induced charge carriers and an energy
difference A, between the LUMO level of the dopant and the HOMO of pentacene,
of 0.138 eV. The same code was applied for A = —0.2 eV, with the corresponding
parameter changed to —0.2 eV.

2
NExp [— () }

V27 sigma 1.602176565
1019

DOSgauss[Vx__,N__ ,Vv__ sigma_ |:=

fermi4[Vn__, Vf_]:=1/(Exp[—(Vn — V{)/0.0265] + 1)

Vx—Vv
Nexp| — goirasTo

DOS@XPZ(VX_> N_,To_, VV_):: 8A617331A60120158T0 ) /;VX -Vv2>0

1051019

DOSexp2[Vx_,N_ ,T0_,Vv_]:=0/;(Vx—Vv) <0
Ngauss = 2.9*"27

T0 =1330

Nexp = 3.6*"24

sigma = 0.07

eps = 4 x 8.854 x 10" — 12

q = 1.602176565 x 10" — 19
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Ci = 2.3000 10" — 4

nA = 1.8*¥"17

D2 =0.138

efield|Vs__?NumericQ|:=Sqrt[2/eps x qxNIntegrate|fermi4|x, Ef]x
(DOSgauss[x, NN, V, ss| + DOSexp2[x, Nexp, T0, V]) xq/.

{Ef — 1,NN— Ngauss,ss—0.5sigma}, {V,0, Vs} {x, —Infinity, V}]]

sol = FindRoot[nA x q * (1 — fermi4[Vs + D2,1])/eps == efield[Vs], { Vs, 0.9}]
{Vs — 0.919009}

Vss = Vs/.sol
0.919009

conc = {0.03,0.06,0.1,0.4,1, 3}

Vslist = Table[FindRoot[k « nA x q * (1 — fermi4[Vs + D2, 1]) /eps
==-efield[Vs], { Vs, 0.9}],{k, conc}]

{{Vs — 0.835859},{Vs — 0.857231}, {Vs — 0.870544}, {Vs — 0.901062},
{Vs — 0.919009}, {Vs — 0.939582}}

potentialb[x__?NumericQ, Vs__’NumericQ|:=

Vx/.FindRoot[NIntegrate[l/efield[VV], {VV,Vx, Vs}| == x,{Vx,0.9}]

inv[f | s_,x0_]:=Function[{t},s/.FindRoot|[f — t, {s,x0}]]

potential2 = inv[NIntegrate[l/efield[VV], {VV,Vx, Vss}|, Vx,0.9]

Plot|[potential2[x], {x, 0, 1*"-8}]
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0.92
0.90
0.83
0.86
084}
0.82

080}

078}

L | L L L | L L L | L L L | L L |
2.x107° 4.x10°° 6.x107° 8.x107° 1.x1078

density V[V__?NumericQ|:=NIntegrate[fermi4|vv, 1]
(DOSgauss|vv, Ngauss, V, 0.5sigma| + DOSexp2|vv, Nexp, TO0]) x q,
{vv, —Infinity, V}]

density[x__?NumericQ|:=NIntegrate[fermi4[vv, 1]
(DOSgauss|vv, Ngauss, potential2[x], 0.5sigma| + DOSexp2[vv, Nexp, T0]) % q,

{vv, —Infinity, potential2[x]}]

LogPlot[density[x], {x,0,20*"-9} PlotPoints — 20, MaxRecursion — 0]

1x10%
5x 10%

1x10%*
5x 102

1x10%

5x 107

L L L L L L L L L L L L L L L Il
5.x107° 1.x10°8 15x1078 2.x1078

ListLogPlot[Table[
{x,eps/q * (efield[potential2[x x 1.5*"-9]] — efield[potential2[(x + 1) * 1.5*"-9]])},
{x,0,20}]](*difference of integrated carrier density from infinity

to xth resp. (x + 1)th monolayer — > total carrier density in xth ML *)
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1x 10 b

5x 10" [

1x10% .

5x 10 [ .

1x10% .

5x 108 F

ListPlot|Table[Transpose[{conc,Table]

eps/q * (efield[potentialb[x x 1.5*"-9 Vs]]—

efield[potentialb[(x + 1) * 1.5*"-9, Vs]||), { Vs, Vs/.Vslist }]}], {x, 0, 3}]|

(*evolution of charge density in 1st,2nd,

3rd and 4th monolayer for different doping concentrations *)

6x10% |-
5><1015;
4><1015f—
3x10% ;
2x108 .

1x10% [

reg®
[ee

ListPlot[Transpose|

0.5 10 15

20 25 3.0

{conc, conc * q * nA x (1 — fermi4[Evaluate[Vs/.Vslist] + D2,1])/Ci}|]|

(*gate voltage to apply to get same charge density per area as with

surface doping *)
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10+

05 10 15 20 25 3.0

NIntegrate[density V[V]/efield[V], {V, 0, Vss}|/density|[0]
(*total area density over surface charge density gives thickness of
accumulation layer, eg x * (surface — density) = (total density per area )*)

6.333264271533345*-10

nA x (1 — fermi4[Vss + D2, 1]) /density|0]
(* same as above but different way to calculate *)

6.333257572874303*"-10

eps/q * efield[Vss]/density|[0]
(* same as above but different way to calculate *)

6.333257572874361*-10

D.2 Calculations on pentacene as a stack of dielectric

layers

Here the Mathematica code used for the calculations on pentacene as a stack of dielectric

layers is presented. The results of these calculations are discussed in Section [6.4.2]

2
NExp | — Vx—Vv
P V/2sigma
V2mwsigmal.602176565
1019

DOSgauss[Vx_ ,N__ ,Vv__ sigma_ |:=

Vx—Vv
Nexp| — goi7ssT0

DOSepo(Vx_, N_,To0_, VV_):: 8.617331.60120158T0 /;VX -Vv2>0

1051019
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DOSexp2[Vx_ ,N_,T0_,Vv_]:=0/;(Vx—Vv) <0
fermi4[Vn_ , Vf_|:=1/(Exp[—(Vn — V{)/0.0265] + 1)
Ngauss = 2.9*27

T0 =1330

Nexp = 3.6*"24

sigma = 0.07

eps =4 x 8.854 x 10" — 12

Vg =10

Ci = 2.3000 x 10" — 4

q = 1.602176565 x 10" — 19

d=1.5*"-9

kT = 0.0265

nA = 1.8*'17(*1.8nm" — 2, 1HzFATCNQ¥*)

D2 =0.138

For A = 0.138 eV, changed accordingly for A = —0.2 eV
conc = {0.03,0.06,0.1,0.4,1, 3}

densityExpEf[V__?NumericQ, eff ?NumericQ|:=NIntegrate[fermid[vv, eff]x
(DOSgauss|vv, Ngauss, V, 0.5sigma| + DOSexp2[vv, Nexp, T0, V])x

q,{vv, —Infinity, V}, MaxRecursion — 15|

For a total thickness of 3 monolayers, charge carriers induced by surface doping:
listD2 =Table[FindRoot|
{VO—-V1==s1lxd/eps,V1—-V2==s2xd/eps, V2 - V3 ==s3 xd/eps,
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sl +s2+s83==k+*nAxqx*(1—fermi4[VO0 + D2, eef]),

sl==q * densityExpEf[V1, eef],

s2==q * densityExpEf[V2, eef],s3==q * densityExpEf[V3, eef], V3 == 0},
{{s1,0.0023}, {52, 6.3*"-9}, {3, 6.3*"-9}, [V1,0.09}, {V2,0.09},
{V0,0.09},{V3,0.09}, {eef,0.76} }|, {k, conc}]

{{s1 — 0.000405424, s2 — 0.00026531, s3 — 0.000194442, V1 — 0.0194722, V2 —
0.00823533, VO — 0.0366434, V3 — 0., eef — 0.715561}, { s1 — 0.000974779, s2 —
0.000464196, s3 — 0.000291376, V1 — 0.0320013, V2 — 0.0123409, VO —
0.0732868, V3 — 0., eef — 0.704842},{ s1 — 0.00186403, s2 — 0.000654682, s3 —
0.000365205, V1 — 0.043196, V2 — 0.0154678, VO — 0.122145, V3 — 0., eef —
0.698857},{ sl — 0.00926414, s2 — 0.00125216, s3 — 0.000533644, V1 —
0.0756357, V2 — 0.0226018, VO — 0.468007, V3 — 0., eef — 0.688807},{ sl —
0.0112145, s2 — 0.0013327, s3 — 0.00055176, V1 ~— 0.079814, V2 —
0.0233691, VO — 0.55479, V3 — 0., eef — 0.687922},{ sl — 0.0120818, s2 —
0.00136454, s3 — 0.000558705, V1 — 0.0814566, V2 — 0.0236632, VO —
0.593166, V3 — 0., eef — 0.687591}}

For a total thickness of 2 monolayers, charge carriers induced by surface doping;:
listD2M2 =

Table[FindRoot[{V0 — V1 ==sl1 xd/eps, V1 — V2 == s2 x d/eps,

s1+s2 ==k xnA xqx* (1 — fermi4[V0 + D2, eef]), s1==q * densityExpEf[V1, eef],
s2==q * densityExpEf[V2, eef], V2 == 0},

{{s1,0.0023}, {s2, 6.3%"-9}, {V1,0.09}, {V2,0.09}, {V0,0.09}, {eef, 0.76  }],

{k, conc}]

{{s1 — 0.000541915, s2 — 0.00032326, V1 — 0.0136913, V2 — 0., VO —
0.0366434, eef — 0.70209},{ sl — 0.00120719, s2 — 0.000523165, V1 —
0.022158, V2 — 0., VO — 0.0732868, eef — 0.689332},{ s1 — 0.00217845, s2 —
0.000705465, V1 — 0.0298791, V2 — 0., VO — 0.122145, eef — 0.68141},{ s1 —
0.00952797, s2 — 0.0012639, V1 — 0.0535308, V2 — 0., VO — 0.457076, eef —
0.665958},{ sl — 0.0112568, s2 — 0.0013343, V1 — 0.0565128, V2 —
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0., VO — 0.533278, eef — 0.664521},{ sl — 0.0121091, s2 — 0.00136551, V1 —
0.0578344, V2 — 0., VO — 0.5707, eef — 0.663909}}

For a total thickness of 1 monolayer, charge carriers induced by surface doping:
listD2M1 =Table[FindRoot[{

V0 - V1 ==slxd/eps,sl ==k *nA xqx* (1 —fermi4[VO + D2, eef]),

sl1==q * densityExpEf[V1, eef], V1 == 0},

{{s1,0.0023},{V1,0.09},{V0,0.09}, {eef,0.76} }], {k, conc}]

{{s1 — 0.000865175, V1 — 0., VO — 0.0366434, eef — 0.676002},{ sl —
0.00173035, V1 — 0., VO — 0.0732868, eef — 0.657633},{ s1 — 0.00288392, V1 —
0., VO — 0.122145, eef — 0.644097},{sl — 0.00999934, V1 — 0., VO —
0.42351, eef — 0.611147} {sl — 0.011361, V1 — 0., VO — 0.48118, eef —
0.607764},{ s1 — 0.0121797, V1 — 0., VO — 0.515855, eef — 0.60592}}

For an applied gate voltage of V, = —10V and a total thickness of 3 monolayers:
FindRoot[{V0 — V1 == sl xd/eps, V1 — V2 == s2 x d/eps,

V2 - V3 ==s3xd/eps,sl +s2+s3 == Cix* (10— VO0),

sl==q * densityExpEf[V1, eef],s2==q * density ExpEf[V2, eef],

s3==q * densityExpEf[V 3, eef], V3 == 0},

{{s1,0.0023}, {s2, 6.3*"-9}, {s3,6.3*"-9} {V1,0.09}, {V2,0.09},
{V0,0.09},{V3,0.09}, {eef, 0.76}}]

{s1 — 0.00138379, s2 — 0.000562757, s3 — 0.000331263, V1 — 0.0378651, V2 —
0.0140302, VO — 0.0964738, V3 — 0., eef — 0.701442}

For an applied gate voltage of V, = —30V and a total thickness of 3 monolayers:
FindRoot[{V0 — V1 == sl «d/eps, V1 — V2 == s2 x d/eps,

V2 - V3 ==s3xd/eps,sl +s2+s3 == Cix* (30— VO0),

s1==q * densityExpEf[V1, eef],s2==q * densityExpEf[V 2, eef],

s3==q * densityExpEf[V 3, eef], V3 == 0},

{{s1,0.0023}, {s2, 6.3*"-9}, {s3,6.3*"-9}, {V1,0.09}, {V2,0.09},
{V0,0.09}, {V3,0.09}, {eef,0.76}}]
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{s1 — 0.00532621, s2 — 0.00102871, s3 — 0.000478506, V1 — 0.0638364, V2 —
0.0202665, VO — 0.289421, V3 — 0., eef — 0.691697}
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