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ABSTRACT

Within this work we present the synthesis and applications of a novel material designed for n-type self-assembled
monolayer field-effect transistors (SAMFETs). Our novel perylene bisimide based molecule was obtained in six steps
and is functionalized with a phosphonic acid linker which enables a covalent fixation on aluminum oxide dielectrics. The
organic field-effect transistors (OFETs) were fabricated by submerging predefined transistor substrates in a dilute
solution of the molecule under ambient conditions. Investigations showed a thickness of about 3 nm for the organic layer
which is coincides to the molecular length. The transistors showed bulk-like electron mobilities up to 10~ cm*/Vs. Due to
the absence of bulk current high on/off-ratios were achieved. An increase of the electron mobility with the channel
length and XPS investigations point to a complete coverage of the dielectric with a dense monolayer. In addition, a
p-type SAMFET based on a thiophene derivative and our new n-type SAMFET were combined to the first CMOS bias
inverter based solely on SAMFETs.

Keywords: Self-assembled monolayer, n-type field-effect transistor, perylene bisimide, organic circuits, complementary
inverter

1. INTRODUCTION

Self-assembly is the spontaneous and autonomous organization of molecules into patterns'. Self-assembling molecules
usually contain an organic tail with one reactive group which is able to bind covalently to a surface. Dense and complete
coverage can be achieved over large areas on a short time scale. The organic tails passivate the surface so that in many
cases only one single monolayer is formed. Depending on the surface different anchor groups are used. The best known
monolayers are thiols on gold. Organic acids or chlorosilanes are often used to modify inorganic oxides whereas silicon
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can be modified with materials having terminal double bonds by hydrosilylation®. In such a way a monolayer is able to
change the reactivity or polarity in order to passivate or protect the material surface.

Because the formation of self-assembled monolayers (SAMs) is a simple and quick method to achieve new material
properties this technique arrived early in the broad field of organic semiconducting devices. In organic solar cells
monolayers of dye molecules on titanium dioxide are used for the absorption of light and an efficient charge transfer’. In
organic light emitting diodes monolayers are used to modify indium tin oxide®. Also in organic field effect transistors
(OFETs) SAMs are used to improve the performance. Common transistor substrates are based on silicon with a layer of
silicon dioxide on top which is used as the dielectric. On this surface polar hydroxyl groups are present which have a
negative influence on the charge transport especially for electrons’. In order to get rid of the polar groups, SAMs, for
example chlorosilanes with long alkyl chains, are often used which react with the hydroxyl groups to create a non polar
surface™. The surface energy is also changing so that the monolayer can change the morphology of the semiconductor
too®. It also has been shown that monolayers can be used as a thin dielectric resulting in transistors with very low
operating voltages’. Because charge injection from the source electrode into the organic semiconductor plays a crucial
role the electrodes, typically made of gold, can be covered with thiols in order to match the energy levels of the electrode
and the organic semiconductor®.

It is known that charge transport in p- and n-type field-effect transistors occurs in an ultrathin accumulation layer close to
the dielectric™'’. This finding spurred interest in having a transistor with only one layer of a semiconducting molecule
fixed to the dielectric surface by simple self-assembly (see Figure 1). A so called self-assembled monolayer field-effect
transistor (SAMFET) was first demonstrated by Tulevski et al.''. They attached a functionalized tetracene onto an
aluminum oxide dielectric to form sub micron transistors. Meanwhile different other groups realized SAMFETs.
Probably the best working SAMFETs are made from a thiophene derivative self-assembled onto a silicon dioxide
surface'?. A dense, highly crystalline and well packed monolayer was formed to enable transistors with channel length
up to 40 pm and hole mobilities of 10 cm?/Vs. Additionally the first integrated circuits such as a 15 bit code generator
were demonstrated using this bottom-up approach. Because the active channel in SAMFETs is only a single layer no
bulk current occurs, which results in high on/off ratios up to 10°.

State of the art integrated circuits are mostly based on the well-established complementary metal oxide semiconductor
(CMOS) technique, where pairs of p- and n-type transistors are combined in one device. The main advantages of CMOS-
circuits are high noise immunity and low power consumption. Compared to p-type materials electron transporting
transistors are more difficult to realize because of the high reactivity towards oxygen and water">. For CMOS circuits
based on SAMFETs suitable n-type materials are needed. So far only Novak et al. showed n-type SAMFETSs using a
fullerene derivative'* with electron mobilities of 10 cm?*/Vs. However, no SAMFET based complimentary circuit has
been demonstrated so far.

Figure 1: Schematic illustration of a self-assembled monolayer field effect transistor (SAMFET).

Here we present a promising n-type material for the use in self-assembled monolayer field-effect transistors. The novel
material we used is based on a perylene bisimide (PBI) which is well known for thin film transistor applications'”. For
our purpose we synthesized a heterosubstituted perylene bisimide where a phosphonic acid is attached at one side of the
molecule in order to enables a covalent fixation to an aluminum oxide dielectric.
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2. SYNTHESIS

Perylene bisimides (PBIs) are well known for their good performance in field effect transistors!'®). Typically homo
substituted perylene bisimides are used where the perylene molecule has the same linear tail at both sides. The
disadvantage of homo substituted perylene bisimides with linear tails are their low solubility in almost all solvents. To
fabricate organic transistors with those perylene bisimides the physical vapor deposition technique is commonly used.
High evaporation temperatures in a vacuum chamber are needed to sublime the material. Also the transistor substrates
must be heated up to about 130°C to get high crystallinity for a good charge transport. In order to circumvent those high
temperatures we synthesized a perylene bisimide with a branched alkyl tail on one side which increases the solubility and
allows a solution based SAMFET preparation. To enable the fixation to an aluminum oxide dielectric a phosphonic acid
group is introduced to the perylene bisimide. Whereas homosubstituted PBIs can be synthesized in high yield in only one
step from perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA), heterosubstituted PBIs are more difficult to realize.
In principle two synthetic strategies are known'® to synthesize heterosubstituted PBIs. One of these routes was used for
our synthesis and will be described in detail in the following chapter'”.

PTCDA 1 is used as the starting material which is refluxed in a potassium hydroxide solution. During this reaction both
anhydride groups are cleaved. Titration with acetic acid leads to the monopottassium salt 2.

1. KOH 2M solution, 3 h reflux

2. AcOH conc., 6h reflux

Figure 2: Synthetic strategy towards perylene monoimide anhydride.

The potassium salt 2 acts as a protective group so that in the following step ammonia reacts with the anhydride to form
an imide group (Figure 2). After acidic workup the potassium group is transferred back into the anhydride to yield the
asymmetric monoimide anhydride 3.

NaBH,CN, 48 h, MeOH, RT 3, 72 h, Imidazole, 130°C Oe

o> "o
H
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4 5 6

Figure 3: Synthetic strategy towards a heterosubstituted perylene bisimide.

Dihexylketone 4 reacts with sodium cyanoborohydride during a reductive amination reaction to the branched amine 5
(Figure 3)'®. In the following step the amine 5 reacts with the previously synthesized perylene monoimide anhydride 3 to
the heterosubstituted perylene bisimide 6. Due to the electron withdrawing character of the perylene core the proton of
the bisimide 6 directly attached to the nitrogen can be removed with sodium hydride (Figure 4). The resulting anion
reacts in an Sy2-reaction with an excess of 1,11-dibromoundecane to form bisimide 7.
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Figure 4: Synthetic strategy towards the target molecule PBI-PA 9.

The Michaelis-Arbuzow reaction was used to transform bromide 7 into the phosphonic ester 8. The phosphonic ester is
cleaved using bromotrimethylsilane. After adding some water to the reaction mixture the phosphonic acid is generated
and the target molecule PBI-PA 9 precipitates. Nuclear magnetic resonance (NMR) showed a complete conversion of the
phosphonic ester 8 into the phosphonic acid PBI-PA 9. The overall yield of the reaction sequence from 1 to 9 is 17 %.

UV-vis absorption and fluorescence measurements of PBI-PA in THF solution are depicted in figure 5. The absorption
spectrum shows a maximum at 519 nm. Two additional blue-shifted vibrational satellites appear at 484 and 459 nm. The
absorption edge is at 539 nm from which a band gap of 2.30 eV is calculated. After excitation at 484 nm the fluorescence
spectrum shows an emission maximum at 529 nm. A second red-shifted peak appears at 568 nm with a shoulder at

611 nm.
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Figure 5: UV-vis absorption (solid line) and fluorescence (dotted line) spectra of PBI-PA in THF at room temperature.
Concentration: 10™° mol/L.
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3. DEVICE FABRICATION AND MEASUREMENTS

For the device fabrication bottom gate/bottom contact transistor substrates were used having an aluminum oxide layer as
dielectric and patterned gold source and drain electrodes. After a UV-ozone treatment the substrates were immersed into
a 10” mol/L solution of PBI-PA in tetrahydrofuran (THF) under ambient conditions at room temperature. After 24 hours
the substrates were rinsed with THF and baked on a hotplate at 110°C for 20 minutes to remove residual solvent. In
Figure 6 an AFM height image captured inside a channel of a transistor is shown. A smooth surface comparable to the
bare substrate is measured which is expected for a dense and homogenous monolayer. Some high islands of
approximately 20 nm are also found which are supposed to be PBI-PA aggregates.
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Figure 6: a) AFM height image of a PBI-PA SAMFET and b) the corresponding cross section.

To get information about the thickness X-ray photoelectron spectroscopy (XPS) and X-ray reflectivity (XRR)
measurements were done. XPS studies show that a 3.1 nm thick organic layer is grown on top of the aluminum oxide
dielectric. Additionally the XPS measurements revealed that the phosphorus is present within the whole organic layer. It
is assumed that due to strong intermolecular n-n-stacking of the perylene cores not all phosphonic acid groups react with
the surface which suggests some kind of tilted configuration of the molecules. Further informations are given by XRR
investigations which also pointed out that a smooth and 3.0 nm thick organic layer is assembled on top of the dielectric.
For simulations of the XRR measurements, the layer is segmented into three different interlayer’s having a thickness
from top to the bottom of 0.71 nm, 0.98 nm and 1.32 nm. XRR analysis also showed an enhanced electron density in the
middle layer which suggests that here the aromatic core is present.
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Figure 7: Calculated intramolecular distances of PBI-PA and results of XRR measurements.
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Molecular modeling using Avogadro 1.0.3 software with the united force-field (UFF) was done to get informations about
the length of the different molecular units inside the PBI-PA molecule. As shown in figure 7 the result of the
experimental XRR investigations matches quite well with the theoretical thickness of the monolayer. The in-plane order
of the monolayer was investigated by grazing incidence X-ray (GIXD). A broad reflex at q., = 17.1 nm” was found
which revealed a perylene core-core distance of 0.36 nm. From the width of the diffraction peak (Aqyy) of 2 nm’', the
correlation length, or crystal size, was estimated to be 3.1 nm. This length corresponds to 9 perylene cores.

SAMFETs have been prepared by immersing predefined transistor substrates with an aluminum oxide dielectric and gold
electrodes into a solution of PBI-PA like described before. All measured transistors showed field-effect behavior.
Mobilities up to 107 cm?*/Vs and high on/off-ratios of 10° were obtained. SAMFETs with channel length up to 100 pm
were obtained for the first time. The mobility increases with the channel length and saturates at a channel length of
40 pm which is a fingerprint for SAMFETs with a completely covered surface!'”. Typical transfer and output
characteristics are shown in Figure 8. It is remarkable that all of the measured transistors worked (device yield = 100%).
Also the fact that working SAMFETSs can be prepared from a PBI-PA solution which has been stored for several weeks
under ambient conditions demonstrates that PBI-PA is a robust molecule for the preparation of n-type SAMFETs.
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Figure 8: a) Transistor characteristics of a SAMFET based on PBI-PA with a channel length of 40 um and a channel width of
1000 pm. a) Output characteristics: the drain voltage is swept from 0 V to 20 V, the gate voltage is varied starting from 0 V to
25V in 5 V per step. b) Transfer characteristics of the device in the saturation regime with a drain voltage of 20 V.

A bias inverter based on the complementary metal-oxide-semiconductor (CMOS) technology was build using a p-type
and an n-type SAMFET on two substrates. The p-type SAMFET is based on a thiophene derivative connected covalently
to silicon dioxide'2. PBI-PA on aluminum oxide was used for the n-type SAMFET. Both SAMFETSs were connected in a
complementary inverter configuration as depicted in figure 9b. The resulting inverter characteristics are shown in figure
9a. When the supply voltage (Vq44) was set at 30 V and the input voltage (Vi,) was swept from 30 V to 0 V, a high gain
value of ~ 15 with the “trip-point” at around 23 V of V;, and a noise margin of 7 V was obtained.

a 30 b Vdd

25

p-type SAMFET

I VOUt

Vout V]
gain

n-type SAMFET

Figure 9: SAMFET based complementary inverter. (a) Device characteristics: The supply voltage (V44) was varied starting from
10 Vto 30 Vin 5 V per step. The dashed lines present the gains. (b) Diagram of the bias inverter.
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4. SUMMARY

In summary we synthesized a new perylene bisimide, having a semiconducting perylene bisimide core, a branched alkyl
tail on one side to increase solubility and on the other side a linear alkyl tail with a phosphonic acid anchor group. The
phosphonic acid anchor group enables a covalent fixation of the perylene bisimide to aluminum oxide surfaces. With this
substance we were able to fabricate highly reproducible monolayer field-effect transistors by simple self-assembly under
ambient conditions. High on/off-ratios of 10° and mobilities up to 10~ cm?*/Vs were achieved. Besides the transistors a
CMOS bias inverter based solely on SAMFETs was realized for the first time and showed a large noise margin of 7 volts
and a high gain of 15.
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