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Organic field effect transistors (OFETs) have the potential to reach commercialization for a
wide variety of applications such as active matrix display circuitry, chemical and biological
sensing, radio-frequency identification devices and flexible electronics. In order to be
commercially competitive with already at-market amorphous silicon devices, OFETs need to
approach similar performance levels. Significant progress has been made in developing high
performance organic semiconductors and dielectric materials. Additionally, a common route to
improve the performance metric of OFETs is via interface modification at the critical
dielectric/semiconductor and electrode/semiconductor interface which often play a significant role
in charge transport properties. These metal oxide interfaces are typically modified with rationally

designed multifunctional self-assembled monolayers.



As means toward improving the performance metrics of OFETs, rationally designed
multifunctional self-assembled monolayers are used to explore the relationship between surface
energy, SAM order, and SAM dipole on OFET performance. The studies presented within are (1)
development of a multifunctional SAM capable of simultaneously modifying dielectric and metal
surface while maintaining compatibility with solution processed techniques (2) exploration of the
relationship between SAM dipole and anchor group on graphene transistors, and (3) development
of self-assembled monolayer field-effect transistor in which the traditional thick organic
semiconductor is replaced by a rationally designed self-assembled monolayer semiconductor. The
findings presented within represent advancement in the understanding of the influence of self-
assembled monolayers on OFETs as well as progress towards rationally designed monolayer

transistors.
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Chapter 1. INTRODUCTION

Organic electronics show potential to replace many traditional inorganic electronic
counterparts ranging from photovoltaic cells, light-emitting diodes, and in certain cases transistors.
This potential stems from advantages of organic devices due to cheaper processing conditions,
such as low temperature requirements, rapid, scalable processing techniques like inkjet printing,
and the ability to tailor device properties based on molecular and structural design. However, one
of the key challenges is controlling the interfaces between differing device layers in order to
maximize performance. Interfaces of different materials are commonly not compatible with each
other due to but not limited to a differences in surface energy, electrostatic interactions, electronic
structure, or morphology. This degradation of compatibility between different interfaces can
significantly hinder device performance and in particular and disrupt charge transport by creating
interface trap states. This interface incompatibility is particularly disruptive when an organic
device layer meets an inorganic one which is common for most organic electronic device
architectures as an inorganic dielectric is typically used. Additionally, metals such as gold, silver,
and aluminum are commonly used as electrodes to facilitate charge transport. These typical
inorganic materials clash with the organic semiconducting materials used to achieve the designed
electronic effect such as charge separation and recombination in photovoltaics and field-effect
charge transport in transistors.

Self-assembled monolayers are now ubiquitously used to modify these organic/inorganic
interfaces in order to limit or even control their detrimental effects on charge transport. Recent
progress has also expanded the role of SAMs from a passive interfacial modifier to potentially
serve as an active device layer to replace traditional dielectrics and semiconductors in organic
field-effect transistors (OFETs). For example, the development of hybrid dielectrics, which are
comprised of an ultra thin high-k metal oxide layer in conjunction with a SAM, enables low-
voltage high-performance operation of organic transistors. Self-assembled monolayer field-effect
transistors (SAMFETs) are a promising concept that uses rationally designed n-conjugated SAMs
as the semiconductor of a transistor. This concept works in principle because charge transport in
an organic semiconductor based FET occurs in the first few monolayers closest to the dielectric.

SAMFETs are believed to have a broad appeal for organic semiconductor device applications due
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to their low-cost processing, reduced material quantity needed compared to tradition organic thin
film transistors and ability to be used toward flexible electronics and sensing applications. This
dissertation will discuss the use of self-assembled monolayers to control the interfacial properties,
and ultimately device properties of organic field-effect transistors and the use of SAMs as a
semiconductor replacement for OFETs.

This dissertation is divided into four chapters. Chapter 2 aims to introduce the reader to
organic field-effect transistors (OFET) and self-assembled monolayers (SAM). The working
principles of OFETs and charge transport are briefly described. In addition the use of SAMs and
their applications as interfacial materials are discussed. Chapter 3 presents the results and
development of a SAM compatible with bottom-contact n-type OFETs that are both solution
processed and thermally deposited. Chapter 4 presents the results of several projects looking at the
influence of SAMs on graphene transistors. The first project shows that the dipole and order of the
SAM binding group can play a critical role on the position of the charge neutrality point. The
second project is a systematic study of the influence of SAM dipole on the position of graphene
charge neutrality point. It is found that the total doping environment from both the SAM dipole
and also metal electrode must be considered in order to predict the position of graphene charge
neutrality point. Chapter 5 presents a series of processing and molecular design steps to
significantly enhance the performance of a self-assembled monolayer field-effect transistor. The

mobility performance metric for this SAMFET is improved by over 3 orders of magnitude.



Chapter 2. INTRODUCTION TO ORGANIC FIELD-EFFECT
TRANSISTORS AND SELF-ASSEMBLED
MONOLAYERS

2.1  INTRODUCTION TO ORGANIC FIELD-EFFECT TRANSISTORS

2.1.1 OFET Device Architecture

An organic field-effect transistor can be described as a three-terminal voltage controlled
current source. This consists of highly conductive source, drain, and gate electrodes, an organic
semiconductor layer, and a gate dielectric. Superficially, the device architecture can be simplified
and described as a “metal/insulator/metal” capacitor in which the source electrode, semiconductor
layer, and drain electrode can be considered as one of the “metal” layers, while the gate dielectric
and gate electrode could be described as the insulator and other metal respectively. This means
that, so long as the gate dielectric is sandwiched between the two “metal” layers a field-effect
transistor can be formed. This gives rise to four different possible device architectures for an OFET
as seen in Figure 2.1 which each have their own respective advantages and disadvantages.

The four main variants of organic field-effect transistors device architectures are bottom-gate
top-contact (BG-TC), bottom-gate bottom-contact (BG-BC), top-gate top-contact (TG-TC), and
top-gate bottom-contact (TG-BC). For BG-TC architecture, the gate electrode is first deposited on
the substrate or a global gate electrode, such as degenerately doped silicon, is used which acts as
both the gate electrode and substrate. Subsequently, the dielectric, semiconductor, and source/drain
electrodes are consecutively deposited. The difference between BG-TC and BG-BC is that the
source/drain electrodes for TC electrodes are deposited on top of the semiconductor while for BC
electrodes the source/drain electrodes are deposited on top of the dielectric. For TG-TC
architecture, the semiconductor is first deposited on a substrate which is consecutively followed

by the source/drain electrodes, gate dielectric, and gate electrode. The difference between TG-TC
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and TG-BC is similar for the bottom-gate variant in which the TC electrodes are deposited on top
of the semiconductor while BC electrodes are first deposited on the substrate followed by the
semiconductor. The specific architecture chosen is usually decided after careful consideration of a

variety of factors such as material limitation, cost, and application.

A ) B Semiconductor
Semiconductor
. Source Drain
Drain
Insulator Gate Insulator Gate
Bottom Gate/Bottom Contact Bottom Gate/Top Contact

C Insulator D Insulator
Gate

Semiconductor Semiconductor
Top Gate/Top Contact Top Gate/Bottom Contact

Figure 2.1. Different Device Architectures of Organic Field-Effect Transistors. (a) Bottom
gate, bottom contact (BG-BC) (b) bottom gate, top contact (BG-TC) (c¢) top gate, top
contact (TG-TC) and (d) top gate, bottom contact (TG-BC). Reprinted with permission
from [1]. Copyright 2010, American Chemical Society.

The OFET device architecture is chosen based on a variety of factors such as its impact on
transistor performance, the material system used, compatibility with existing processing
infrastructure, and stability in ambient conditions. For example, the inherent instability of organic
anions in the presence of air or water [2-4] makes many n-type OFETs unstable when operating
under ambient conditions. This instability can be alleviated with a top-gate device architecture as

the dielectric on top of the semiconductor will act as an encapsulating layer of the semiconductor.
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However, it is important to note that this type restricts the material systems available for use since
usually both the organic semiconductor and dielectric are deposited by solution processing. In this
case, the dielectric/semiconductor layers would need to use orthogonal solvents which dissolve
one material and not the other [5].

The performance of the OFET can also be significantly affected by the chosen device
architecture. For example, the morphology of the semiconductor layer may be affected by the
morphological and/or surface energy difference at source/drain electrode and dielectric interface.
The morphological step height may lead to the addition of defects within the semiconductor at the
electrode, semiconductor, and dielectric triple interface by disrupting the order and crystallinity of
the semiconductor. Additionally, semiconductor defects may be generated by the differing surface
energy of electrode and dielectric due to its influence on the morphology of the semiconductor.
Furthermore, the surface dipole of the metal electrode may also have an effect at the
semiconductor/electrode interface. These factors can contribute to a charge injection barrier that
can impede the exchange of charge carriers between the source/drain electrodes and
semiconductor. This charge injection barrier is exacerbated by coplanar device architectures, BG-
BC and TG-TC, which have metal electrodes directly in line with the first few layers of the
semiconductor closest to the dielectric. Thus coplanar device architectures change the
semiconductor morphology at the electrode/semiconductor interface closest to the dielectric which
is primarily where charge carrier transport in OFETs occurs. On the other hand, staggered OFET
device structures BG-TC and TG-BC are less affected by these factors due to either the
semiconductor being deposited before the electrodes (BG-TC) or there being a significant distance
between the electrodes and the semiconductor/dielectric interface (TG-BC) [6-8]. Overall, the

chosen device architecture is based on a compromise of various factors.

2.1.2 OFET Working Principle

In principle, an organic field-effect transistor is voltage controlled current source. As shown
in Figure 2.1 an OFET is a three terminal device in which the amount of current that flows between
the source and drain electrodes (drain-source current, Iss) can be controlled by an applied bias
between the gate and source (gate-source voltage, Vgs) and drain and source (drain-source voltage,

Vs). While the mechanism of charge transport in the organic semiconductor is different than that
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of an inorganic semiconductor, the working principle of an OFET is generally described similarly
to that of an inorganic MOSFET due to the similar device architecture. The exact operation
principle will be briefly described here in context of OFETs, however a more detailed analysis is
available from the authoritative text on semiconductor devices by Sze and Ng. Additionally, it is
important to note here that generally OFETs, unlike most MOSFETS, operate in accumulation
mode. This means that for OFETs there typically exists little to no mobile charge intrinsically
available in the organic semiconductor. Thus these devices are described as “normally off” and the
drain-source current is in the OFF, or low-current-state, when a small or zero drain-source and
gate-source bias is applied.

The operation of an OFET is simplistically described in Figure 2.2 and is directly related to
the applied drain-source and gate-source bias [9]. For n-channel (p-channel) operation a gate-
source voltage greater (less than) zero is applied which causes the accumulation of a sheet of
mobile electrons (holes) at the semiconductor/dielectric interface. This sheet of mobile charge
carriers is generated by the electric field from the gate-source potential and causes the
semiconductor LUMO (HOMO) to shift down (up) in energy and align with the Fermi level of the
source/drain electrode. Once the LUMO of the organic semiconductor is aligned with the metal
Fermi level electrons are able to flow from the source contact into the LUMO thus generating a
sheet of mobile charge carriers. Conversely, for p-type operation, after Fermi level alignment
electrons flow from the semiconductor into the source-contact leaving positively charged holes in
the semiconductor. Upon application of an appropriate drain-source voltage, the electric field
generated causes the respective charge carriers to flow from source to drain and drain-source
current increases linearly until pinch-off occurs which will be described in greater detail in section

2.1.5.



V=
LUMO
n-channel p-channel
. o -
operation _"‘0” operation
organic
source s drain
V<0
b. V>0 C. s
electron IE: hole e
sccumuistion VD=0 accumulation Vp=0
E=——=3 [Ex=xx2]

Figure 2.2. Idealized energy level diagram of an organic field-effect transistor at (a) Vg =
0 and Vp = 0. Demonstrates the principle of field-effect transistor operation for the case of
electron accumulation (b) and transport (d) and hole accumulation (c) and transport ().

Reprinted with permission from [9]. Copyright 2004, American Chemical Society.



2.13 Charge Transport in Organic Semiconductors

Performance as determined by charge carrier mobility of organic field-effect transistors has
steadily increased since the 1980’s polythiophenee based OFET hole mobility of 10 cm? V-! s!
[10] to more recent values ranging from 43 cm? V! s! for single crystal rubrene [11] and 31.3 cm?
V157! for benzothieno[3,2-b][1]benzothiophene [12] based OFETs. These significant performance
improvements are a result of a multipronged approach by the scientific community to develop
novel organic semiconductors, optimize device fabrication and processing conditions, interface
engineering at the device level, improvements in material purity, and advancements in testing
conditions [13]. This section will briefly cover the basic principles of charge transport in organic
semiconductors. However, more detailed analysis and review of design rules for high performance
organic semiconductors are detailed elsewhere [1, 13-16].

At the most basic level, organic semiconductors can be described as a molecule or polymer
backbone with alternating single and double carbon-carbon bonds known as conjugation. The
carbon double bonds form sp? hybrid oribtals which produce three covalent 6 bonds within a plane
and leaves a nonhybridized out-of-plane p, orbital. Overlap of p, orbitals with adjacent carbons
can form 7w orbitals which become delocalized over the molecule or portions of the polymer
backbone. The filled © bonding orbitals form the valence states, more commonly known as the
highest occupied molecular orbital (HOMO), and the empty n* antibonding orbitals form the
conduction states, more commonly known as the lowest unoccupied molecular orbital (LUMO)
[17].

At room temperature charge carrier mobility of organic materials is determined by a thermally
activated polaronic hopping transport process [18]. Charge carriers are believed to be localized
over a single molecular unit due to strong electron-phonon coupling [19, 20]. The two key
parameters that determine the effectiveness of this transport process are known as the transfer
integral (t) and the reorganization energy (A). The transfer integral is related to the electronic
coupling between adjacent molecules and is dependent on molecular packing contributions such
as 1 orbital overlap, n-n stacking distance, and intermolecular interactions. Figure 2.3 shows the
results of theoretical calculation to determine the evolution of the transfer integral with relationship

to molecular spacing, tilt angle, and displacement. The reorganization energy is related to internal
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and external contributions. Internal reorganization energy is related to molecular deformations

upon charging and is dependent on molecular rigidity, conjugation length, etc. External

reorganization energy is related to changes in the surrounding media related to charge transfer. In

order to achieve the highest charge carrier mobility it is necessary to have both a large transfer

integral and a small reorganization energy.
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Figure 2.3. Theoretical calculations of relationship between transfer integral of tetracene

and molecular packing. Evolution of transfer integral with relationship between (a) d

spacing (b) molecule tilt angle base calculated by SEC (site-energy correction) and DE

(direct evaluation) and (c) long axis displacement. Reprinted with permission from [13].

Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA.
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2.1.4 OFET Transfer and Output Characteristics and Key Parameter Determination

Organic field-effect transistors have several figures of merit used to describe their
performance. The most often compared value is that of the charge carrier mobility (n). Charge
carrier mobility is described as the velocity of a charge carrier (hole or electron) in response to an
applied electric field with units of measurements typically expressed as cm? V! 57!, The mobility
of OFETs is most commonly compared to that of amorphous silicon (~1 cm? V! s7') which is now
commonly surpassed by benchmark OFETs [15]. The threshold voltage (V) is the gate-source
voltage at which mobile charge carriers can be injected into the semiconductor. This value is
influenced by several factors such as the energy mismatch between metal electrode and
semiconductor which causes the generation of a dipole and band bending in the organic
semiconductor, hole or electron traps at the electrode/semiconductor or semiconductor/dielectric
interface, impurities, etc [9]. The on/off current ratio (Ion/Iorr) is the difference in drain-source
current of the OFET comparing on and off states. Finally, the subthreshold swing, S is a measure
of the exponential behavior of the drain-source current as a function of gate-source voltage.
Subthreshold swing is expressed in units of mV dec! and essentially describes how quickly, or

rather over what voltage range, the device turns on.
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Figure 2.4. Representative transfer and output characteristic electrical curves of a standard
pentacene OFET. (a) Transfer and (b) output series of electrical curves for pentacene based

OFET with 300 nm SiO; dielectric.
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Electrical measurements of OFETs typically follow a standard sequence of events in order to
properly determine the performance parameters. Firstly, the capacitance and voltage limitations of
the gate dielectric must be determined. This is typically done by measuring the capacitance-voltage
(C-V) characteristics of a metal-insulator-metal (MIM) device where the insulator is the same
insulator used in the OFET device architecture. The C-V characteristics will measure the
capacitance of the dielectric used which will be necessary for determination of the OFET mobility.
Additionally, current density versus voltage measurements will allow for one to determine the
general voltage range that has minimal leakage current for the OFET device. Once the C-V
measurement has been completed, the measurement can be compared to the expected value based
on known parameters of the dielectric. For a parallel plate capacitor (MIM) the capacitance is

related as followed:

&

d

Cox = (Eq.2.1)

where Cox is the capacitance per unit area (F cm™), & is the relative dielectric constant (3.9 for
Si0»), gois the permittivity of free space, and d is the thickness of the dielectric. From this equation
we can see that Cox can be controlled by either changing the relative dielectric constant by using a
different insulator or by reducing the thickness of the dielectric. The operating voltage of the OFET
can be decreased by increasing the capacitance as shown by the next equation.

One the capacitance is known, the output series of electrical characteristic curves are
determined by holding Vg constant and varying Vg4s while measuring lgs as seen in Figure 2.4b.
This measurement is done consecutively with Vg changing over the voltage range measured
previously that allows for minimal leakage current (Ig). Once this measurement is completed, Vs
is chosen based on the voltage at which Iys is saturated for every Vg value. In the case of Figure
2.4b, this would be at a Vg value of -100 V. The transfer electrical measurement can then be
performed by holding Vg4s constant and measuring the drain-source current in response to a
changing gate-source voltage as seen in Figure 2.4a. The mobility of the OFET can be determined
in either the linear or saturation regimes of the electrical measurements. The device operation

equations can be described in the same manner of inorganic MOSFETs described elsewhere [21].
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The relationship between lgs, Vs, and Vs in the linear regime can be described as follows:

w v,
lasiin = 7 Cox tin | gs = Vo) = 2| Vas  (B.2.2)

The relationship between lgs, Vs, and Vs in the saturation regime can be described as follows:

w 2
Ids,sat = z Cox .usat(Vgs - Vth) (Eq- 2'3)

Where W is the channel width, L is the channel length, Cox is the capacitance per unit area of the
dielectric, pin is the charge carrier mobility in the linear regime, and psa is the charge carrier
mobility in the saturation regime of the electrical measurements. The charge carrier mobility can
thus be determined in the saturation regime from the slope of the (|Lussal)? vs. Vgs. Additionally,
the threshold voltage can be determine as the x-intercept of the linear region in the (|Idssat)"? vs.

Vg plot.
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2.2 INTRODUCTION TO SELF-ASSEMBLED MONOLAYERS

2.2.1 Archetype of a Self-Assembled Monolayer

A self-assembled monolayer (SAM) is a rationally designed molecular system that is typically
comprised of three parts: (1) a reactive binding site, or anchor group, that will adhere to a particular
surface via chemisorption, (2) a middle spacer unit that is generally composed of an alkyl group,
and (3) a functional head group. Each element of a SAM provides a specific, designed purpose

which together create the multifunctional properties of the completed self-assembled monolayer.

222  SAM Anchor Group

In order to functionalize a chosen surface with a SAM, it is critical to select an appropriate
anchor group which allows for chemisorption of the SAM to the intended surface. The mechanism
and kinetics of chemisorption is of course dependent on this chosen moiety and plays a critical
role in determining the quality of the assembled monolayer. For example, SAMs with a phosphonic
acid based anchor group readily assemble on activated AloO3 [22] while the formation of a
reasonably dense monolayer on SiOx requires the use of a specialized assembly technique [23] due
to the limited reaction kinetics. In the same manner, Ting et al. showed that the quality of SAM on
HfO, depends strongly on the chosen anchor group. In their study, assembly of
octadecyclphosphonic acid (ODPA) and steric acid (SA) were compared using the same
processing conditions [24]. The results showed that ODPA was significantly denser due to its
higher static water contact angle even though morphology measured by atomic force microscopy
was comparable. This difference in SAM quality most likely stems from the difference in acidity
between phosphonic acid (pKa ~2) and carboxylic acid (pKa ~4) which will be further elaborated
later in this section. Thus, in order to form a dense monolayer it is critical to select a proper anchor

group for the surface that is desired to be modified.
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2.2.2.1 Thiol-based SAMs for Assembly on Transition Metals

One of the most common electrode materials, gold, is typically functionalized by SAMs with
a thiol anchor group which is chosen due to sulfur’s strong affinity towards transition metal
surfaces. This affinity most likely derives from sulfurs ability to form multiple bonds with a
transition metal surface [25]. The chemical binding mechanism for a thiol-based SAM to gold can
be considered as an oxidative reaction followed by a reductive elimination of hydrogen as
described in detail elsewhere [26]. This reaction results in the binding of the thiolate to the gold
surface with a strength of approximately 40 kcal mol™! with a byproduct of most likely hydrogen
gas [27]. In addition to gold, thiol-based SAMs have been shown to functionalize other transition
metal surfaces such as Ag [28], Cu [29], Pt [30], Hg [31], and Fe [32]. However, typically for
OFETs thiol-based SAMs are limited to the functionalization of Au electrodes as more suitable
systems such as phosphonic acid are available for the modification of the metal oxide dielectric

and native oxide present at the surface of common metal electrodes such as Al, Ag, and Cu.
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2.2.2.2  Silane-based SAMs for Assembly on Silicon Dioxide
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Figure 2.5. Mechanism for formation of silane-based SAM on a metal oxide surface. Step
3 condensation reaction shows the results of water content or poor SAM assembly
conditions. Reprinted with permission from [33]. Copyright 2014, Wiley-VCH Verlag
GmbH & Co. KGaA.

Silane-based SAMs are the most common anchor group used to bind to the most common
dielectric surface, Si0, used in field-effect transistors. The main driving force for silanes is the
formation of polysiloxane which is formed at the inorganic/organic interface and links each SAM
molecule to its adjoining neighbor as well as linking the molecule to the metal oxide surface. This
is characterized as a three step procedure as seen in Figure 2.5. Firstly, the silane-based SAM
molecule is hydrolyzed by the water present at the silicon oxide surface which results in the
molecule being hydrogen bonded to the polar oxide surface. At this stage, since the entire surface

is hydroxylated, the SAM is able to freely move on the substrate surface and as such aggregation
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driven by intermolecular forces such as van der Waals, hydrogen-bonding, or dipole-dipole occurs.
Once aggregated the molecule is significantly less mobile and a final condensation reaction occurs
in which Si-OH groups become Si-O-Si. This reaction occurs not only at the substrate/SAM
interface but also between individual SAM molecules [33].

One of the downsides to this type of chemical reaction is that it makes the SAM very sensitive
to water and subsequently any moisture present in ambient conditions. The presence of moisture
makes it possible for these silane-based SAMs to react with each other causing issues with
homocondensation [34] subsequently, that makes it difficult to reliably reproduce results in
ambient conditions due to the ever changing environmental conditions. Another factor that limits
the uses of silane-based SAM molecules is that the driving force is limited by the amount of surface
hydroxyl groups present on the metal oxide surface [35]. A lack of hydroxyl groups will directly
impact the quality of the silane-based SAM and can significantly hinder SAM packing density.
Due to these drawbacks, attention from silane-based SAMs has shifted towards phosphonic acid
based SAMs for the purpose of metal oxides intended to be used in OFETs which will be discussed

in the next section.

2.2.2.3 Phosphonic Acid-based SAMs for Assembly on Metal Oxide Surfaces

On the other hand, phosphonic acid (PA) based SAMs are able to modify most metal oxides
without the limitation that stifles silane-based SAMs. PA SAM molecules moisture stability and
lack of homocondensation [34] makes them ideal molecular system for reliably producing high
quality densely packed SAMs. The assembly mechanism of PA SAM molecules is dependent on
the characteristics of the metal oxide surface. The two routes are described in detail in Figure 2.6.
However, since most PA-based SAMs result in bidentate binding on metal oxides and metal oxide
substrates for OFETs are typically pre-treated by air plasma or UV/O3 to clean and hydroxylate
the substrate surface, focus will be paid to route 2 which is substrates of low Lewis acidity. For
surfaces of low Lewis acidity, PA based SAMs are expected to initially coordinate via hydrogen
bonding between surface M-OH groups and P-OH. This is then followed by an acid-base
condensation reaction. The acidic SAM will react with the basic surface to form a chemically
bound molecule to the surface with water as a byproduct. The P-O groups of the SAM molecule

will bond with the surface to form, for example, Al-O-P. Typically, phosphoric acids form via
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bidentate [23] due to both of the OH groups binding with the metal oxide surface. A strength of
this type of interaction is the fact that since phosphoric acid SAMs supply their own OH moieties
they are not limited by the surface hydroxyl group, however the reaction rate is strongly dependent

on the metal surface hydroxyl count [36].
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Figure 2.6. Mechanism for formation of phosphonic acid based SAM on a metal oxide
surface with varying Lewis acidity. 1) Route for Lewis acidic metal oxides and 2) route for
poorly Lewis acidic metal oxides. Reprinted with permission from [33]. Copyright 2014,
Wiley-VCH Verlag GmbH & Co. KGaA.

One drawback to phosphoric acid based SAMs is that the relative basicity of a metal oxide
surface plays a role in assembly conditions. For example, silanol (Si-OH) present on the surface
of Si0; is contains mixed acidic and basic surface hydroxyl orientations with pK, of approximately
4.5 and 8.5 respectively [37] making the reaction between phosphonic acid based SAMs and Si-
OH unfavorable. Due to this fact phosphoric acid based SAMs are generally unable to form dense
monolayers on silicon oxide surfaces. However, other typical dielectric systems such as aluminum
oxide and hafnium oxide readily form monolayers these acid based SAMs. Table 2.1 summarizes

the expected pKa of various acidic SAMs used for assembly as well as expected pKa of different
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metal oxide surfaces. Understanding the chemical interactions for chemisorption to different
surfaces is important as it will allow for tailoring of molecular design to form a densely packed

monolayer based on desired device structure.

223  SAM Alkyl Spacer Unit

While not all SAMs are designed with a spacer unit, the majority of SAMs whose intention is
to achieve as dense and well-ordered monolayer as possible typically utilize some length alkyl
group. The most ordered SAMs forego the functional head group and solely consist of an anchor
group and long chain alkyl group. Such design choices are made due to the additive nature of the
van der Waals interaction between alkyl groups. The expected interaction energy between adjacent
CH2z groups is between 1-2 kcal mol™! [38]. While individually miniscule compared to the SAM
anchor group interaction with the modified surface, the additive nature of the van der Waals forces
are able to reach a near equivalent strength dependent on the SAM molecule design. For example,
the total contribution of van der Waals forces for the entire chain of decanethiol on Au(111) was
found to be comparable to the Au-S functionalization which binds the SAM to the Au surface [39].
Furthermore, it has been found by Hotchkiss et al. that the binding energy of octylphosphonic acid
(C8) and octyldecylphosphonic acid (C18) to an ITO surface was about 20 kcal mol™! and 40 kcal
mol ! respectively indicating the significant role that the length of alkyl spacer group plays on total
adhesion energy [40]. Due to this strong additive interaction, as the length of the alkyl group
increases, the relative SAM order also increases. This is particularly important to note for SAMs
which are to be used in a hybrid dielectric platform which require well-ordered SAMs for minimal
leakage current. A hybrid dielectric platform is a low-voltage platform consisting of an ultra-thin
high-k dielectric combined with a SAM. Acton et al. found that as the SAM alkyl group increased,
the relative SAM order also increased as determined by the CH; vibrational peaks measured by
ATR-FTIR [41] while Jedaa et al. showed that current density improved as alkyl length increased
when used in a hybrid dielectric platform [42]. Additionally, Bao et al. showed the assembly of a
near crystalline silane based SAM with an 18 carbon alkyl group [43] which resulted in high
performance OFETs. While the SAM spacer unit is an important element to enhance SAM order

and packing density, it is critical to keep in mind the intended application of the SAM. For
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example, as the SAM order increases, its ability to serve as a functional component of a hybrid
dielectric system increases. However, as the length of the SAM increases from additional CH»
groups, the insulating alkyl group will act as a charge injection barrier due should the SAM be
intended to be a metal electrode modifier. Such an effect has been well studied by the Jen group

where an acceptable trade off limit between SAM order and added resistance has been found to be

around 1 nm thick [44, 45].

224  SAM Functional Head Group

SAMs provide a valuable tool of being able to control the surface energy of a modified
surface. This can be useful not only to enable solution processing of materials such as the organic
semiconductors, but also for controlling the morphology of the material system used. For example,
Acton et al. showed that it is possible to selectively pattern the organic semiconductor by using
SAMs to create one region which is hydrophobic and another which is hydrophilic. Upon spin-
casting the organic semiconductor, a thin film would only be present on the area with a hydrophilic
SAM This is enabled by using a fluorinated alkyl group to create an area of low surface energy
and a phenoxy head group for a high surface energy area. The resulting effect is a pre-patterned
organic semiconductor upon spin-casting [46]. Additionally, it has been found that the orientation
of certain organic semiconductor material systems are dependent on surface energy of which they
are deposited. Novak et al. found that SAMs with high and low surface energy respectively induced
a face-on or edge-on growth of dihexylquaterthiophene semiconductor respectively [47]. Such
different growth modes influenced OFET mobility with the low surface energy resulting in slightly
enhanced mobility.

In addition to controlling surface energy, the functional head group of SAMs can be designed
to influence the work function of metals and the position of the threshold voltage of an OFET
based on a built-in electric field generated by the SAM dipole. Bert de Boer et al. has shown that
the work function of gold and silver electrodes can be tuned over a range of 1.7 eV using aliphatic
and perfluorinated alkane thiol based SAMs. Such control over work function allowed not only
for the reduction of charge carrier injection, but additionally allowed for the ability to completely
suppress conduction of one type of charge carrier [48]. More recently, SAMs have been used to

modify the work function of the semimetal graphene which is a promising transparent electrode
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material for OFETs amongst other applications. Park et al. has shown the ability to tune the work
function of monolayer graphene on top of a SAM by 0.6 eV when enabled enhanced charge carrier
injection and resulted in increased transistor mobility [49]. Additionally, within this dissertation,
it shown that simple aromatic phosphonic acid based SAMs can systematically control the work
function of graphene [50].

The dipole of the SAM functional head group is additionally able to control the position of
the threshold voltage of OFETs. Such control is important for the integration of OFETs in digital
circuits which require precise control of input voltage. Zschieschang et al. has shown that using a
two different SAMs with opposing dipoles blended in different ratios allows for extremely
précising tuning of threshold voltage in OFETs [51]. A more comprehensive study by Salinas et
al. has shown using density functional theory to calculate the individual dipole components of each
SAM that the SAM dipole component is directly and linearly related to the shift in threshold
voltage. The dipole of the SAM generates a built-in voltage whose relationship is found to be as

follows:

Nu,

€o€sam

Where N is the packing density of the SAM, p is the dipole moment along the molecular axis, €o
is the permittivity of free space, and esam is the relative permittivity of the SAM. The total shift in
threshold voltage is then related to the number of charge carriers induced by the SAM which is

dependent on the total capacitance of the dielectric stack and can be described as follows:

Qsam _ Csam

AVrpsam = Vsam (Eq.2.5)

Ctotal Ctotal

Where Qsawm is the number of charge carriers induced by the SAM, Cioral 1s the total capacitance of
the dielectric stack and Csawm is the capacitance of the SAM itself.

While dipolar SAMs are commonly used to control the threshold of OFETs, the origin of this
voltage shift is still debated. Yoonyoung Chung et al. argues that the SAM dipole can cause band
bending of the organic semiconductors’ HOMO and LUMO levels making it easier or more

difficult for charge transport to occur by effectively adjusting the electron affinity of the
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semiconductor. Such a potential, induced by the SAM dipole must therefore be overcome which
results in the shift of threshold voltage [52]. It is important to note that such a relationship between
self-assembled monolayers and the threshold voltage shift only holds true for a certain limited low
voltage range of operation. Once the capacitance of the system starts playing a larger role, it is
argued that the mechanism of shift in threshold voltage is different. Gholamrezaie et al. recently
showed using scanning kelvin probe microscopy that charge trapping induced by the dipolar SAMs
at the SAM/semiconductor interface is responsible for the shift in threshold voltage [53]. However,
the exact relationship between SAM dipole and trapped interface charges remain unstudied.
Overall, the SAM functional head group can be designed for precise control of the metal work
function and transistor threshold voltage.

More recently, researchers have taken high performance small molecule organic
semiconductors and used them as a functional head group. After overcoming the difficulty of
processing such a material system, this allows for the fabrication of self-assembled monolayer
field-effect transistors (SAMFETs). SAMFETs are a promising concept that uses rationally
designed n-conjugated SAMs as the semiconductor of a transistor. This concept works in principle
because charge transport in an organic semiconductor based FET occurs in the first few
monolayers closest to the dielectric [54, 55]. SAMFETs are believed to have a broad appeal for
organic semiconductor device applications due to their low-cost processing, reduced material
quantity needed compared to tradition organic thin film transistors and ability to be used toward
flexible electronics and sensing applications. Significant progress has been made through
molecular design and novel device architecture to achieve a state-of-the-art hole mobility of around
10-2 cm? V! s, In this case, the functional head group serves as a semiconducting core of the
molecular system. The most well studied systems are oligothiophene based SAMs which have
been shown to reach hole mobility as high as 102 cm? V! 5! [56, 57]. Other material systems such
as Ceo [58-60] and perylene [61, 62] derivatives for n-type SAMFET performance and BTBT
([1]benzothieno3,2-b][1]benzothiophene) [63] and phenylene-thiophene [64] derivatives for p-
type SAMFET performance have been studied. However, the performance of SAMFETs is not
just limited to molecular design as processing can play a critical role. This is elaborated further in
this dissertation where the impact of SAM assembly conditions and post-assembly conditions
account for a difference in SAMFET mobility by up to three orders of magnitude [57]. While still

in its infancy, semiconducting SAMs offer a promising application of SAMs for use as a
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semiconductor replacement. The ultimate goal of a SAMFET would be to have a functional group
semiconductor and a long spacer unit that is capable of acting as the device dielectric. In this
manner, the majority of device layers for a monolayer transistor could be fabricated in a single

step which would significantly reduce cost and processing time.

2.2.5  Assembly of Phosphonic Acid Based SAMs

The assembly conditions of self-assembled monolayers can vary significantly based on the
type of system and molecule used, but herein the discussion will be limited to phosphonic acid
(PA) based SAMs as they are the focus of this dissertation. The most commonly used assembly
method for PA-based SAMs is known as immersion assembly. Typically a relatively low
concentration of SAM (~0.1 mM) is dissolved in an organic solvent such as ethanol or
tetrahydrafuran. The solution is then filtered and a clean hydroxylated substrate is placed within
the solution. The substrate is then allowed to sit in the solution for 16-48 hours as the chemical
reaction is allowed to proceed. Daniel K. Schwartz et al. has characterized the growth mechanism
of octadecylphosphonic acid (ODPA) on sapphire which is described as nucleation and growth of
islands until complete coverage is obtained [65]. Substrates are then cleaned to remove any non-
covalently bound aggregate via rinsing or sonication in fresh solvent used for the initial dissolution.
Depending on the SAM, sometimes a more vigorous cleaning procedure is needed for the removal
of unbound surface aggregates. In this case, a mixture of the initial solvent and a slightly basic
solvent such as trimethylamine (TEA) are mixed in a volume ratio of around 95:5 (main solvent:
TEA) and the substrates are sonicated in said solution [66]. In this case, the basic TEA will interact
with the unbound phosphonic acid anchor groups and allow for the removal of unbound aggregate.

One major disadvantage of immersion procedure is the extended assembly time which is
generally not considered compatible with scalable operations. In order to alleviate this issue a
higher concentration (> 1 mM) rapid assembly technique has been developed which utilizes either
spin-casting or micro-contact printing. A spin-cast process procedure involves placing a SAM in
solution, usually an order of magnitude or higher concentration than that used for immersion
assembly, followed by spin-coating the SAM onto the substrate. The substrate is then annealed
which allows the thin film SAM layer to fill in any voids or pin poles present [66]. The film is then

cleaned leaving only behind the SAM that is chemically bound to the surface for the creation of a



23
uniform, densely packed monolayer. Stamping involves drop-casting SAM material onto a
patterned PDMS stamp and then firmly pressing said stamp onto a substrate. The SAM then makes
contact with only the areas which touch the substrate allowing for patterned SAM formation. A
similar annealing/cleaning procedure used for spin-cast SAMs is then used to complete the
monolayer formation [46]. The development of rapid, low-cost, high throughput methods of SAM
assembly greatly enhances the potential for SAMs to be used as a medium of interface modification
for commercial organic electronic devices.

While immersion, spin-casting, and micro-contact printing have been developed for the
assembly of PA-based SAMs on typical metal oxides, an alternative technique has been developed
for the assembly of such SAMs on SiO». As discussed previously, PA-based SAMs have limited
reactivity with the surface silanol groups due to the mixed acidity of Si-OH (pK. of about 4.5 and
8.5) [37]. The ratio of acidic and basic silanol groups is about 1:4 respectively [37] which explains
the poor PA-based monolayer formation on SiO; surfaces. The exact origin of this bimodal acidity
in silanol surfaces is still debated [67, 68], but recent theoretical calculations suggest one possible
origin is related to the planarity of the silanol group which dictates whether it accepts or donates a
hydrogen bond [69]. In order to assemble a PA-based SAM on SiO2, an alternative approach
known as tethering by aggregation and growth (T-BAG) has been developed by the Schwartz
group [23]. This process involves suspending a substrate vertically in a high concentration (1 mM)
solution of SAM in THF and allowing the solvent to solvent evaporate over 3 hours. The SAM
then physisorbs to the substrate which is then annealed at 140 °C for 48 hours to induce
chemisorption. After this process the substrate is cleaned in a similar manner as other methods
with sonication to remove any unbound aggregates. This process has been further optimized and
it has been found that the reaction depends highly on the relative humidity of the environment.
According to Thissen et al. the reaction to form Si-O-P bidentate bonds between silanol and PA-
based SAMs can occur in as little as 1 sec so long as relative humidity is kept below 16% [70].
This advancement in processing to allow for the rapid formation of PA-based SAMs on the most
widely used oxide (SiO2) in the electronics industry is invaluable towards progressing their

commercial use.
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2.2.6  Importance of Solvent on SAM Assembly

It i1s important to note that one critical factor for the assembly of SAMs is the solvent
environment in which it is assembled. It has been reported that in order to form dense full coverage
monolayers via spin-coating on an oxide surface the SAM solution should consist of a nonpolar
solvent with a dielectric constant between 3 and 5 [43, 71]. It is argued that the polar phosphonic
acid anchor group will become concentrated at the interface of the nonpolar solvent and
hydrophilic substrate surface which allows for the assembly of a full coverage monolayer given a
sufficiently high SAM concentration. It is speculated that when the chosen solvent has too high of
a polarity the SAM will start to interact with the solvent and thus prevent the PA anchor group
from interacting with the substrate surface. Alternatively it is suggested if the polarity is too low
the polar anchor groups will interact with each other and form reverse micelles [43]. This has been
further elaborated by Chen et al. who showed that the solvent interaction with the substrate surface
plays a major role in determining the quality of the SAM formed [72]. However, while sufficiently
important for the spin-casting technique of SAM assembly, it has recently been shown and is
further described in this dissertation that the negative consequences of a polar solvent such as

dimethyl sulfoxide can be overcome with the application of heat during assembly [57].
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Chapter 3. BOTTOM-CONTACT N-TYPE ORGANIC FIELD EFFECT
TRANSISTORS ACHIEVED VIA SIMULTANEOUS
MODIFICATION OF ELECTRODE AND DIELECTRIC
SURFACES

Low-voltage, n-type organic field effect transistors (OFETs) with simultaneously modified
bottom-contact (BC) electrodes and dielectric were compared to their top-contact (TC)
counterparts. The devices modified with 6-phenoxyhexylphosphonic acid (Ph6PA) self-assembled
monolayer (SAM) showed similar performance, morphology, and contact resistance. Electron
mobility of Ceo devices were 0.21 and 0.32 cm? V! s! and [6,6]-phenyl-C61-butyric acid methyl
ester (PCBM) devices were 0.04 and 0.06 cm? V! s7! for TC and BC devices, respectively. Low
contact resistance between 11 and 45 kQ cm was found regardless of device architecture or n-type
semiconductor used. This work shows it is possible to fabricate solution processable low-voltage
bottom-contact devices with performance that is similar or better than their top-contact
counterparts without the addition of complex and time-consuming processing steps. A modified
version of this chapter can be found published as a peer-reviewed article in Organic Electronics
[44].
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3.1 INTRODUCTION

Organic field effect transistors (OFETs) have the potential to reach commercialization for a
wide variety of applications such as active matrix display circuitry [73-75], chemical and
biological sensing [76, 77], radio-frequency identification (RFID) devices [78] and flexible
electronics [79]. In order to be commercially competitive with already at-market amorphous
silicon devices, OFETs need to approach similar performance levels by achieving mobility greater
than 1 cm? V! s while under low voltage operation. Significant process has been made in
developing high performance organic semiconductors (OSCs) [80, 81] and dielectric materials
[82-84]. However, these devices usually employ top-contact (TC) geometry, which is not
compatible with conventional photolithography typically due to the incompatibility between the
photoresist developer and stripper which can cause degradation of the OSCs. Bottom-contact (BC)
organic devices are generally not used due to diminished performance compared to TC devices
resulting from the incompatibility between the OSC and the metal electrode and dielectric
interfaces [85, 86]. Using self-assembled monolayers (SAMs), one is able to enhance BC OFET
device performance by controlling OSC morphology [87-89] or modifying the electronic structure
at the metal/semiconductor interface [90-92].

Recently it has been shown that through a simple spin-cast procedure one is able to
simultaneously modify the source/drain metal electrodes and metal oxide dielectric with simple
alkyl phosphonic acid SAMs [45]. This dual modification allows for the passivation of surface
hydroxyl groups that can act as electron traps at the dielectric interface [93], a reduction of Frolic
polaron formation between charge carriers in the OSCs [94] caused by the SAM acting as a
physical buffer against the induced ionic polarization from a high-k material used for low-voltage
applications [41] as well as reduction of the source/drain contact resistance due to SAM-modified
metal/OSC interface [95]. However, alkylphosphonic acid SAMs are not compatible with solution-
processable small-molecule OSCs due to the low surface energy of methyl-terminated SAMs
which causes limited surface wettability. In particular, soluble small-molecule OSCs, such as
[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), are typically unable to form thin films on
low surface energy substrates resulting in significantly reduced or no device performance [41].

In this chapter we investigate the effect of 6-phenoxylhexylphosphonic acid (Ph6PA) SAM

on top- and bottom-contact low-voltage n-type organic OFETs. Cso and PCBM were chosen as the
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semiconductors in order to compare the effect that Ph6PA SAM plays on OFET device
performance, morphology, and contact resistance on solution-processed and thermally evaporated

small-molecule n-type materials.

3.2 EXPERIMENTAL

3.2.1 Synthesis of 6-phenoxyhexylphosphonic acid (Ph6PA)

K,COj3, THF P(OEt)s 1) Me5SiBr, CH,Cl,
_— —_—
150 °C 2) H,0

OH BI’(C HQ)GBI‘ o) o) 0]
1a
Br /P(’O /P(/O
Et0 OEt HO OH
1b 1c 1 (Ph6PA)

Figure 3.1. Synthesis of 6-phenoxyexylphosphonic acid. Reprinted with permission from

[44]. Copyright 2012, Elsevier Limited.

Synthesis of Ph6PA was completed by Professor Hong Ma. All chemicals were purchased
from Aldrich or TCI America, and used as received unless otherwise specified. Tetrahydrofuran
(THF) was distilled under nitrogen from sodium with benzophenone as the indicator. Methylene
chloride was distilled over P,Os. 'H NMR spectra (300 MHz) were taken on a Bruker-300 FT
NMR spectrometer with tetramethylsilane (TMS) as internal reference. Elemental analysis was
determined at QTT (Whitehouse, NJ). ESI-MS spectra were obtained on a Bruker Daltonics Esquire
Ion Trap Mass Spectrometer.

6-Bromohexoxybenzene (1b): To a solution of phenol (1.88 g, 20.0 mmol) and 1,6-
dibromohexane (4.88 g, 20.0 mmol) in dry THF (50 mL) under nitrogen was added potassium

carbonate (4.15 g, 30.0 mmol). The mixture was stirred for 20 h under reflux, cooled down to
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room temperature and filtered to remove insoluble salts. The filtrate was concentrated by rotary
evaporation under reduced pressure. The crude product was purified over silica gel column
chromatography with hexane/methylene chloride (3:1) as the eluent to afford a colorless liquid
(2.89 g, 56%). '"H NMR (300 MHz, CDCl3): & 7.24-7.31 (m, 2H), 6.87-6.94 (m, 3H), 3.96 (t, 2H,
J =63 Hz), 3.42 (t, 2H, J = 6.6 Hz), 1.47-1.93 (m, 8H). C12H17BrO: Calcd C 56.04, H 6.66, Br
31.07; Found C 55.91, H 6.74, Br 31.18. ESI-MS (m/z): Calcd. 256.1; Found 256.0.

Diethyl 6-phenoxyhexylphosphonate (1c): A mixture of 1b (1.29 g, 5.0 mmol) and triethyl
phosphite (9.55 g, 53.5 mmol, 10.0 mL) was heated under nitrogen at 150 °C for 17 h. The excess
of triethyl phosphite was removed by distillation under vacuum. The crude product was purified
over silica gel column chromatography with methylene chloride to methylene chloride/ethyl
acetate (1:1) as the eluents to afford a colorless liquid (1.28 g, 82%). 'H NMR (300 MHz, CDCl;):
0 7.24-7.31 (m, 2H), 6.86-6.94 (m, 3H), 4.05-4.13 (m, 4H), 3.95 (t, 2H, J = 6.3 Hz), 1.44-1.82 (m,
10H), 1.32 (t, 6H, J = 6.9 Hz). C16H2704P: Calcd C 61.13, H 8.66, P 9.85; Found C 61.01, H 8.79,
P 9.74. ESI-MS (m/z): Calcd. 315.2; Found 315.2.

6-Phenoxyhexylphosphonic acid (1, Ph6PA): To a solution of 1c (0.629 g, 2.0 mmol) in dry
methylene chloride (15 mL) under nitrogen was dropwise added bromotrimethylsilane (1.84 g,
1.55 mL, 12.0 mmol). The mixture was stirred overnight at room temperature. The reaction
mixture was poured into water (200 mL), filtered and washed with large amount of water to collect
a white solid (0.453 g, 88%). 'H NMR (300 MHz, CDCl3): & 7.24-7.32 (m, 2H), 6.85-6.94 (m,
3H), 3.95 (t, 2H, J = 6.3 Hz), 1.45-1.84 (m, 10H). C12H19O4P: Caled C 55.81, H 7.42, P 11.99;
Found C 55.67, H 7.59, P 11.82. ESI-MS (m/z): Calcd. 258.3; Found 258.3.
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322 Device Fabrication

(@)

0O
Ph6PA SAM
~ 10 nm HfO, / Nat. Oxide
Heavily doped p-Si
P=

Ag
~ 10 nm HfO, / Nat. Oxide

Heavily doped p-Si

Figure 3.2. Device architecture and molecular structure of Ph6PA SAM (a) Top- and (b)
bottom-contact bottom-gate device architectures used in this study and (c) 6-
phenoxyhexylphosphonic acid (Ph6PA) self-assembled monolayer molecule. Reprinted
with permission from [44]. Copyright 2012, Elsevier Limited.

OFETs were fabricated with device architectures indicated in Fig. 3.2. Hafnium oxide (HfO,)
sol-gel dielectric was prepared on cleaned heavily p-doped silicon with a native oxide layer as
described by our group previously [41]. Source and drain electrodes were patterned with shadow
masks via thermal deposition of 40 nm thick silver at a rate of 0.4 A/s under a vacuum of 5E-7
Torr. A spin-coating assembly process for Ph6PA was developed from an adapted procedure by
Nie et al [71]. A 3 mM Ph6PA solution was prepared in dry and degassed chloroform and
tetrahydrofuran (THF) in a 1:4 by volume solvent ratio. The solution was subsequently sonicated

for 10 minutes, filtered with a 0.2 pm PTFE filter, dispensed onto prepared substrates in air, left
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to sit for 10 seconds, then spun at 3000 rpm for 30 seconds. Substrates were then annealed at 120
°C for 10 minutes in a dry N> environment, cooled to room temperature, then rinsed extensively
with anhydrous dimethylformamide:triethylamine (95:5 by volume), THF, and hexanes. [6,6]-
Phenyl-Cei1-butyric acid methyl ester > 99% (Sigma-Aldrich) was dissolved in anhydrous
dichlorobenzene at 0.1 wt%, filtered with a 0.2 um PTFE filter, and then spun-cast at 1200 rpm
with a 500 rpm/s ramp rate for 60 seconds. 40 nm thick Cso 99.9% sublimed (Sigma-Aldrich) was
thermally evaporated in a quartz crucible at a rate of 0.2 A/s at SE-7 Torr through patterned shadow
masks onto prepared substrates maintained at a temperature of 50° C. HfO2, SAM, and OSC
deposition and assembly were completed at the same time using the same solution batches
regardless of the device architecture in order to minimize experimental errors due to small

variations in individual batches.

3.3 RESULTS AND DISCUSSION

In order to reduce the barrier to commercialization of organic electronics it is necessary to
find processes that are compatible with current manufacturing standards such as photolithography
while still being able to take advantage of the inherent strengths of organic electronics such as roll-
to-roll processing. Top-contact organic transistors are generally not compatible with
photolithography due to the incompatibility between the organic semiconductor and photoresist
used for patterning. Although bottom-contact transistors are compatible with photolithographic
processing, their device performance is significantly reduced because of the incompatibility
between the metal electrode and organic semiconductor. Control of the metal/organic interface of
organic transistors is needed in order to overcome the challenges presented in bottom-contact
devices. Equally important is limiting the resistance at the source and drain electrodes in order to
achieve high performance while maintaining compatibility with solution-processed organic

semiconductors and using minimal processing steps.

3.3.1 Rationale of SAM Molecular Design

Ph6PA was designed by carefully selecting each individual component of the SAM in order
to achieve desirable properties. The SAM can be divided into three functional parts: binding group,
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spacer unit, and terminal group (Fig. 3.2¢). Phosphonic acid was chosen as the binding moiety due
to its ability to react with a wide range of metal oxides [96]. Further advantages such as higher
thermal stability [97], not being limited by surface hydroxyl content [23], and a lack of
homocondensation between phosphonic acids [34] make it an ideal binding group over the more
traditionally used chlorosilanes. A short alkyl chain was used as a spacer to act as a relatively
flexible core and allow the SAM to compensate for variations in surface roughness [98]. Finally,
the phenoxy terminal group acts to control the surface energy due to more polarizable phenyl ring
and polar ether compared to methyl terminal group, and result in suitable surface energy allowing
for compatibility with solution-processed small-organic semiconductors because of better surface
energy matching [99]. The combination of van der Waals interactions between alkyl chains and n-
n stacking of phenyl rings should allow for the formation of a densely packed monolayer.
Additionally, the overall length of the molecule was limited in order to reduce the added resistance
that occurs when long-chain SAMs treat the metal electrodes [45, 95]. Theoretical calculations
using Jmol 13.0.4 show Ph6PA SAM to be comparable in length at 1.084 nm to octyl-phoshonic
acid, a molecule that has previously been shown to not add significant contact resistance when

modifying electrodes [45].

3.3.2 Characterization of SAM Treated Surfaces (AFM and Contact Angle)

The morphology of Ph6PA SAM modified HfO, dielectric surface and Ag source/drain
electrodes were characterized via tapping mode atomic force microscopy (AFM). Ph6PA treated
HfO; surface resulted in a smooth, uniform film with an average RMS roughness of 0.22 nm which
is comparable to untreated HfO; and the underlying SiO, substrate. The smooth Ph6PA-treated
surface is indicative of monolayer formation. Untreated bottom-contact Ag source/drain electrodes
had an RMS roughness of about 7 nm and did not change with SAM treatment. A contact angle
goniometer was used to determine the water contact angles of Ph6PA treated surfaces. Both Ph6PA
SAM treated HfO, and Ag yielded similar water contact angles of 83° and 85° respectively.
Untreated Ag and HfO» films had water contact angles of 55° and less than 10° respectively. All
contact angle measurements results are averages of at least three different water droplets and are

within 3° of each other indicating uniform film coverage.
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333 Spectral Characterization of SAM Treated Surfaces (NEXAF'S)

PhEPA on HfO, PhG6PA on Ag

B0° 80"
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Normalized Intensity (Arb. Units)

290 300 310 320
Photon Energy (eV)

Figure 3.3. NEXAFS carbon K-edge spectra acquired at 30° and 80° from Ph6PA

assembled on HfO2 (left panel) and Ag (right panel). The difference spectra between the

80° and 30° data is also shown. Reprinted with permission from [44]. Copyright 2012,

Elsevier Limited.

In order to determine information related to Ph6PA SAM order, near edge x-ray absorption
fine structure (NEXAFS) spectroscopy was obtained. All NEXAFS spectra, taken from Ph6PA on
Ag and HfO2, were collected at the U7A beamline at the National Synchrotron Light Source
(NSLS, Brookhaven National Laboratory, Upton, NY). The beamline is equipped with a
monochromator and a 600 I/mm grating that provides a full-width at half maximum energy
resolution of ~ 0.15 eV at the carbon K-edge (285 eV). A detector with bias voltages set at -150 V
for the C K-edge, monitored partial electron yields which were divided by the beam flux during
data acquisition [100]. All samples were mounted to allow rotation about the vertical axis, thus,
allowing the NEXAFS angle, the angle between the incident X-ray beam and the sample surface,

to change.
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Pre- and post-edge normalized NEXAFS spectra, collected at x-ray incidence angles of 30°

and 80°, can be found in Fig. 3.3. The spectra collected from the monolayer assembled on both
Ag and HfO> contain identical spectral features. The pre-edge m* resonance at 285.3 eV is
representative of aromatic C=C bonds stemming from the monolayer’s phenyl rings [101, 102].
Moving to higher photon energies we observe resonances at 288 eV and 293 eV related to R*/C—
H * and C—C *, respectively [101-103]. The orientation or ordered molecular bonds are determined
by tracking the change in the x-ray absorption as we vary the x-ray incident angle. Then based on
the observed polarization dependence can be used to calculate tilt angles of specific bonds within
the monolayer [104]. However, for the Ph6PA monolayers on Ag and HfO,, we observe no
polarization dependence (Fig. 3.3, 80-30), demonstrating no ordering or unique tilt angle of either

the hydrocarbon chains or the phenyl rings.

334 Top- and Bottom-Contact OFET Device Performance

HfO, dielectric properties were determined by fabricating metal/insulator/metal (MIM)
junctions using the bottom degenerately doped p-type Si as a global contact and patterned Au as a
top contact. An Agilent 4284A LCR meter was used to characterize untreated HfO> MIM junctions
which had an average capacitance of 636 nF cm™ while Ph6PA treated HfO; yielded an average
value of 590 nF cm™. Current density versus voltage at £2 V for SAM treated and untreated MIM

junctions were comparable at 4E-9 A cm™.



Table 3.1. Averaged performance data of C¢o and PCBM OFETs with top-contact (TC) and

bottom-contact (BC) device architecture OFETs using spin-cast HfO, dielectric and Ag

source/drain electrodes. Ph6PA SAM modification is done on the electrodes and dielectric

for BC devices while just the dielectric is modified for TC devices. Data are from an

average of 8 measured transistors for each channel length per device architecture over two

separate batches.

Vth S [on/loff de
[em®V's']  [V] [mV dec™'] [kQ cm]
Ceo TC 0.212+0.081 2.06+0.03 135+13 10° 34.5
BC 0.320+0.081 1.85+0.06 146+23 10° 11.6
PCBM TC 0.040+0.003 2.32+0.02 150+17 10° 14.9
BC 0.063+0.007 2.20+0.01 129+13 10° 45.5

34

Top and bottom contact transistors with the structures listed in Fig. 3.2 were characterized

with an Agilent 4155B semiconductor parameter analyzer in a dry N2 environment. C¢o and PCBM

transistors yielded comparable performance between their respective top- and bottom-contact

device architectures (Fig. 3.4). The field effect mobility was determined from the slope of a linear

fit of (1s5)"? vs. Vs while the threshold voltage (V) was estimated as the intercept at the x-axis of

the same linear fit. All devices exhibited little to no hysteresis, subthreshold swing values between

120-180 mV decade™!, and I,»/I,5 ratios between 10° and 10°. Averaged device data is tabulated in

Table 3.1. It is important to note that devices were also fabricated without SAM modification

which resulted in no measureable device performance. This lack of performance may be attributed

to the strong ionization potential of hafhium oxide [41] or the sensitive nature of n-type materials

to charge traps present on the dielectric surface [93, 105].
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Figure 3.4. Electrical characteristics of OFETs fabricated in this study. Representative
output (left) and transfer (right) curves for Ph6PA modified (a) BC Ceo and (b) TC Ceo
devices (L = 80 um, W = 1000 pm) and (¢) BC PCBM and (d) TC PCBM devices (L =
100 um, W = 1000 pm). Reprinted with permission from [44]. Copyright 2012, Elsevier
Limited.
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AFM was used to characterize the semiconductor morphology of tested devices and better
understand the underlying effect of Ph6PA on small molecule OSC morphology (Fig. 3.5). Ceo
SAM-treated devices have similar grain size regardless of architecture, while untreated HfO>
surfaces resulted in significantly smaller grains. RMS roughness of C¢o for BC SAM-treated, TC
SAM-treated, and untreated HfO» are comparable at 1.86 nm, 1.97 nm, and 1.96 nm respectively.

15 nm

5nm

0 nm

Figure 3.5. AFM Morphology of C¢o and PCBM based on SAM treatment and device
architecture. Cso (a) and PCBM (d) semiconductor morphology on untreated HfO».
Bottom- and top-contact semiconductor morphology of Ceo devices (b and ¢) and PCBM
devices (e and f) on Ph6PA treated HfO,. Reprinted with permission from [44]. Copyright
2012, Elsevier Limited.

The significantly larger Ceo grain size for SAM-treated surfaces suggests an improved
compatibility between Cgo and the underlying SAM-treated dielectric. PCBM morphology is
characterized as smooth amorphous films for BC SAM-treated, TC SAM-treated, and untreated
HfO, surfaces with RMS roughness values of 0.34, 0.37, 0.29 nm respectively. It is important to
note that due to the limited interaction between PCBM and HfO,, PCBM would fail to form a thin-

film unless it was first drop-cast onto HfO» for 60 seconds followed by the spincoating procedure
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described previously. Such an issue does not occur for SAM-treated surfaces which may be
indicative of a m-m interaction between PCBM and the phenyl ring of Ph6PA SAM allowing for

enhanced adhesion.

3.3.5 Device Contact Resistance

In order to better understand the performance differences between top- and bottom-contact
devices the transmission line method (TLM) was used to determine contact resistance [105]. The
TLM calculates the series resistance of the source and drain electrodes across the channel length
of a set of transistors. One is able to determine contact resistance based on the change of slope in
the linear region of the output curve as the gate-source voltage is changed while the drain-source
voltage is held constant. In order to minimize experimental error and obtain the most accurate
measurement of total resistance a MATLAB ® script file was written which utilizes the least mean
squares method to determine the fit of the linear region of the output curve with an R? value greater

than 0.98 and containing at least 10 measured data points.
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Figure 3.6. Contact resistance and electron mobility of fabricated devices based on device
architecture and semiconductor. (a) Contact resistance as a function of gate-source voltage
for Ph6PA modified devices with varying geometry and (b) averaged mobility for each
tested channel length. Reprinted with permission from [44]. Copyright 2012, Elsevier
Limited.
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All devices exhibited expected contact resistance trends with an exponential increase towards
Vi while saturating when sufficiently far from the threshold voltage as the gate-source voltage
increased (Fig. 3.6). Additionally, the contact resistance for all device architectures were similar
and of the same order of magnitude ranging from 11 kQ cm to 45 kQ cm. Typically it is expected
that contact resistance between staggered (TC) and planar (BC) transistor device geometries is
significantly different when a charge injection barrier height is present. Theoretical calculations
show that contact resistance diverges by orders of magnitude between the two device architectures
when the injection barrier height is greater than 0.3 eV [106]. For this reason it is speculated that
one of the functions of the Ph6PA SAM is to help reduce the electron injection barrier height
present when using electrodes with relatively high work functions such as Ag.

A possible mechanism that caused this reduced electron injection barrier could be due to the
dipole effect of the Ph6PA SAM. Top-contact PCBM transistors using TiO; as a charge injection
layer between PCBM and Al source/drain electrodes have resulted in similar performance in terms
of mobility and contact resistance. The strong dipole present at the TiO, surface results in a
reduction of the electron injection barrier and allows for performance similar to devices utilizing
calcium electrodes [107]. Additionally, the constant surface energy across dielectric and
source/drain electrodes due to SAM treatment of BC devices helps to minimize defects. Different
semiconductor morphologies can result when the source/drain electrodes and dielectric material
have different surface energies and can cause significant defects at that interface [108]. This
control over the semiconductor morphology based on the underlying SAM present on both the
dielectric and electrode allows for enhanced performance.

Overall, a very limited difference is seen between Ph6PA treated devices with top- and
bottom-contact geometries. Similar performance, morphology, and contact resistance is indicative
that this particular SAM effectively serves to reduce the limitations caused by different device

architectures.
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3.4 CONCLUSION

In conclusion, through rational molecular design and process optimization a SAM has been
developed to simultaneously modify both source/drain electrodes and metal oxide dielectric
surfaces and be compatible with solution processable and thermally evaporated organic
semiconductors. Our results show comparable performance between top- and bottom-contact
device architectures with an average electron mobility of C¢o TC and BC devices of 0.212 and
0.320 cm? V! s7! respectively. PCBM devices yielded 0.04 and 0.06 cm? V! s7! for TC and BC
devices respectively. Low contact resistance between 11 and 45 kQ cm was found regardless of
device architecture or n-type semiconductor used. Through this simultaneous SAM modification
photolithography compatible and solution processed semiconductor-based OFET devices are
achievable without being inhibited by the performance degradation that typically accompanies the

bottom-contact device architecture.
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Chapter 4. UNDERSTANDING THE ROLE OF SELF-ASSEMBLED

MONOLAYERS ON GRAPHENE TRANSISTORS
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4.1 INFLUENCE OF SELF-ASSEMBLED MONOLAYER BINDING GROUP ON

GRAPHENE TRANSISTORS

Graphene transistors on self-assembled monolayer (SAM) modified dielectric substrates were
fabricated and characterized in order to determine the influence SAM binding group has on device
properties. It was found that silane based alkyl SAMs had little to no influence in doping graphene
transistors while phosphonic acid based ones caused n-type doping of graphene transistors with a
charge neutrality point shift of over ten volts. It was also discovered that alkyl SAM packing
density influenced the doping magnitude. Due to substrate surface charge trap quenching, these
SAMs independent of binding group enhanced charge mobility of graphene transistors compared
to ones on bare oxide substrates. A modified version of this section can be found published as a

peer-reviewed article in Applied Physics Letters [109].

4.1.1 Introduction

Graphene is a two-dimensional material with promising electrical and optical properties that
have been explored extensively [110, 111]. Electron mobility as high as 200,000 cm?*V-!s™! can be
achieved once extrinsic factors such as scattering centers form underlying substrates, adsorbates,
and defects within graphene itself are controlled [112-115]. However, in order to achieve
commercial viability it is necessary to have precise control over the electrical properties of
graphene to cater to the specific needs of device applications. Of particular interest is control of
graphene doping which directly influences the position of the charge neutrality point. Graphene
doping has been accomplished in a variety of ways such as surface chemical doping [116],
substitutional doping [117], electrical field modulation [118], and metal contact doping [119].
Recent reports have also shown that self-assembled monolayers (SAMs) are capable of doping
graphene as well as enhance graphene transistor charge mobility by limiting the interactions
between graphene and substrate surface trap states [49, 50, 120, 121].

While much emphasis has been placed on examining the influence of the SAM functional
group on the properties of graphene; the influence of SAM binding group is often overlooked. A
recent report [52] has elucidated the fact that the SAM binding group can play a considerable role

in influencing the properties of low voltage organic thin-film transistors. In this study we utilize
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the two most commonly used SAM binding groups to demonstrate their effect on the properties of

graphene-based transistors.

(a)

L

HO' OH CI' “CI HO' OH CI i
OPA OTS ODPA ODTS
Figure 4.1. SAM structure and representative morphology. (a) Chemical structures of the

SAMs used in this study. (b) Representative morphology of AlOy substrate without SAM
(top) and SAM modified AlOy substrate determined via atomic force microscopy. Image
z-scale is 5 nm. Reprinted with permission from [109]. Copyright 2015, AIP Publishing
LLC.

In order to understand the influence of the SAM binding group and minimize the effect of the
SAM functional group, carefully selected SAMs were used in this study. The SAM molecule
design can be separated into two parts: the binding group, which covalently bonds to a metal oxide
surface, and the functional group that can be designed to serve a variety of purposes. In this section,
we have chosen to use alkyl chains to minimize extrinsic effects caused by the SAM functional
group due to their lack of polarity. In addition, we have selected to utilize both 8- and 18-carbon
long alkyl chains since it is known that the SAM packing density increases as the number of carbon
molecules in an alkyl chain increases due to the additive nature of van der Waals interactions [122].

A schematic of the SAMs used can be seen in Figure 4.1, which are octadecylphosphonic acid
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(ODPA), octylphosphonic acid (OPA), octadecyl trichlorosilane (ODTS), and octyl trichlorosilane
(OTS).

4.1.2  Experimental

4.1.2.1 Preparation and Assembly of Phosphonic Acid and Silane Molecules

SAMs were assembled on 2-3 nm AlOx/300 nm SiOx/heavily p-doped Si substrates which
were cleaned as described previously [44]. The AlOx layer was used as an adhesion layer in order
to promote the covalent bonding between the phosphonic acid based SAMs and the substrate [46].
Assembly of phosphonic acid molecules occurred via immersion assembly in ambient conditions
with substrates being placed in a filtered 0.1 mM solution of tetrahydrofuran (THF) and ethanol
(EtOH) (1:1 ratio by volume) for 18 hours. Substrates were then annealed for 15 minutes at 110
°C in air, allowed to cool to room temperature, and sonicated in THF and EtOH for 15 minutes.
Silane based SAMs were assembled from a modified procedure [50] with substrates being
immersed for 3 hours in a filtered 5 mM solution of silane molecules in anhydrous
trichloroethylene while under an inert nitrogen environment. Substrates were then annealed for 10
minutes at 110 °C, allowed to cool to room temperature, removed from the nitrogen environment,

and cleaned via sonication in acetone and toluene for 15 minutes.

4.1.2.2 Device Fabrication

CVD monolayer graphene was grown on copper foil at 990 °C as described elsewhere [123].
Poly(methyl methacrylate) (PMMA) was then spun-cast on top of the graphene layer and the
copper film was etched away using an aqueous ammonium persulfate solution leaving only
graphene supported by PMMA floating in solution. Graphene/PMMA was then rinsed in several
baths of deionized water followed by the films being transferred to the SAM treated dielectrics.
PMMA was then removed from the graphene/SAM/dielectric substrates with extensive cleaning
in acetone and isopropyl alcohol. Devices were subsequently placed under high vacuum and top-
contact gold electrodes were evaporated through a shadow mask followed by annealing for 2 hours

under a dry nitrogen environment at 200 °C.



44

4.1.3 Results and Discussion

4.13.1 AFM and Contact Angle Characterization of SAM Treated Surfaces

Atomic force microscopy (AFM) and contact angle goniometry were used to characterize each
SAM assembled on AlOx/Si0: surface. A Digital Instruments Multimode Nanoscope I1la scanning
probe microscope (Veeco Instruments, Plainview, NY) was used in AFM tapping mode to
characterize the topography of the SAMs used in this study. All SAMs show a similar smooth
morphology with an RMS roughness between 0.2 and 0.3 nm, which is comparable to the untreated
dielectric surface. A representative image of SAM topography compared to the unmodified
dielectric surface can be seen in Figure 4.1b. In order to ensure that the SAM had modified the
dielectric surface, aqueous static contact angle values were determined with a VCA Optima
Surface Analysis System (Adv. Surface Technology Products, Billerica, MA) which resulted in
contact angles of 109°, 104°, 106°, and 101° for ODPA, OPA, ODTS, and OTS respectively. This
is significantly different than the untreated dielectric which has an aqueous static contact angle of
less than 10°. These values are comparable to previously published reports [41, 52]. The standard
deviation of contact angle measurements for each SAM is less than 3°, indicating uniform and
continuous coverage across the entire dielectric surface. The low RMS roughness and preserved
contact angle after extensive sonication in organic solvents post-assembly indicates the formation
of'a dense and homogenous molecular monolayer that is chemically bound to the dielectric surface

and free of physisorbed aggregate.
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Figure 4.2. Raman spectrum for graphene on SAMs used in this study. (Insert) Schematic
of device structure used to characterize graphene. Reprinted with permission from [109].

Copyright 2015, AIP Publishing LLC.

4.1.3.2 Raman Spectroscopy for Determination of Graphene Quality

A Renishaw inVia Raman Microscope with 514 nm laser and resolution of 2.5 cm™ was used
to determine the quality of graphene on a SAM modified dielectric surface via its characteristic
phonon peaks. Figure 4.2 shows a representative Raman spectrum of graphene on the
SAM/dielectric. The minimal D peak at (~1350 cm™) implies high quality graphene with the
presence of minimal defects [124]. The 2D peak (~2685 cm™) is spectrally sharp and its intensity
is about four times greater than that of the G peak (~1585 cm™'), which are characteristics of

monolayer graphene [125].
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4.1.3.3 SAM-Modified Graphene Transistor Electrical Characterization

Gold electrode top-contact graphene on SAM-modified AlIOx/300 nm SiO> transistors were
fabricated. Transistor channel width was 1000 um while channel length varied between 12 um and
100 um. Typical transfer curves of the graphene devices can be seen in Figure 4.3 wherein devices
were characterized with a Agilent 4155B semiconductor parameter analyzer under a dry nitrogen
environment with a two-point measurement for source and drain electrodes. Graphene devices
show little to no hysteresis with the exception of the OTS SAM treated devices and the reference
devices without SAM treatment. It is thought that the hysteresis occurs from trapped impurities
between the graphene and SAM interface as recently adsorbed water and oxygen molecules have
been shown to be the origin of hysteresis in graphene via a redox reaction [126]. It is expected that
the reference devices without SAM treatment would have some amount of hysteresis due to the
presence of charge traps and impurities at the surface of the untreated dielectric. The hysteresis in
OTS may be due to a lower packing density compared to OPA as inferred via the slightly lower

water contact angle.
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Figure 4.3. Graphene transistor schematic and transfer characteristics. (a) Schematic of
graphene transistors fabricated. (b) Representative transfer curves of graphene transistors

with SAM on dielectric surface modification compared to an untreated (No SAM)
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dielectric graphene transistor. Reprinted with permission from [109]. Copyright 2015, AIP
Publishing LLC.
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Figure 4.4. Averaged charge neutrality point and mobility of graphene transistors. (a)
Averaged charge neutrality point and (b) averaged hole/electron mobility for graphene
transistors with (and without) SAM modification characterized in this study. Averaged data
are from approximately 30 transistors per device structure. Reprinted with permission from

[109]. Copyright 2015, AIP Publishing LLC.

The charge neutrality point (Vp) is defined as the conductivity minimum of the transfer curve.
Vp for each tested device was determined and averaged as seen in Figure 4.4a. V'p did not change
significantly with respect to tested transistor channel lengths of 12, 20, 30, 50, 80, and 100 um. A
clear trend can be determined from Vp between the different SAMs used and the properties of
graphene. In terms of doping, silane based SAMs appear to have little effect on Vp with values
comparable to the untreated dielectric. This is a reasonable effect given the chemical similarity of
the silane binding group and the underlying hydroxyl moieties present on the untreated device.
However, since ODTS has a slightly lower Vp compared to OTS there appears to be some element
of n-doping. This slight enhancement may be due to the higher packing density of ODTS, which
results in fewer defects within the SAM layer and thus less charge trap states. On the other hand,
phosphonic acid based SAMs show a clear n-type doping effect. There is an approximately 10-15
volt negative shift in V'p compared to the OTS, ODTS, and the reference devices. This n-doping
effect correlates well with previous reports that show a similar effect for low-voltage organic field-

effect transistors [52]. Interestingly, there is also a slight difference in doping effect between the
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18-carbon chain alkyl moiety and the shorter 8-carbon chain. Since longer alkyl SAMs have a
higher packing density [122] than shorter alkyl SAMs it is speculated that a stronger doping effect
will occur since the dopant is at a higher concentration comparatively. Alternatively, this shift
could also be due to the slightly higher water contact angle of 18-carbon alkyl SAMs (compared
to 8-carbon alkyl SAMs) making devices less susceptible to water or oxygen adsorbents which
tend to p-dope graphene. However, since these devices were stored overnight under vacuum
followed by annealing and electrical characterization in a dry nitrogen environment it is more
likely to be due to an increased dopant density.
The extrinsic mobility of the graphene transistors was determined in order to clarify the extent
of which the SAM binding group influences charge transport. The extrinsic field-effect mobility
was extracted from the maximum slope near the charge neutrality point with the following

equation:

_ Lch (dlds/dVgs)
HFET Wch CoxVDS

(Eq.4.1)

where L.» and Wy 1s the channel length and width respectively, dlu/dVys 1s determined from the
maximum slope near the charge neutrality point of the Lss vs. Vs transfer curve, Cox is the gate-
oxide capacitance per area, and Vps is the constant drain-source voltage of the same transfer curve
[127]. This methodology is comparable to previously reported methods of determining the
mobility of graphene transistors with a similar device architecture and two-point probe [121].
Figure 4.4b shows the averaged results of characterized devices. From the averaged data a clear
trend in regards to alkyl chain length is observed with mobility increasing as the SAM alkyl chain
length increases and with the reference devices without SAM treatment having the lowest
performance. This statement is verified via statistical analysis in which a two-sample two-tailed
student’s #-test comparing the hole/electron mobility to alkyl chain length (binding group held
constant) results in a P value of less than 0.002 at the 0.05 level. This indicates that the difference
in mobility related to SAM alkyl length (8 carbon vs. 18 carbon) is significant. From the similarity
in charge mobility of the same SAM alkyl chain length, regardless of binding group used, it
becomes apparent that the specific SAM binding group used does not play a significant role in

influencing device mobility.
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This relationship also verified via statistical analysis in which a two-sample two-tailed
student’s #-test comparing the hole/electron mobility to binding group (alkyl chain length held
constant) results in a P value greater than 0.05 at the 0.05 level. This indicates that the mobility
difference related to SAM binding group is not significant. An exception to this comparison is the
hole mobility of OTS and OPA which has a P value less than 0.002 at the 0.05 level indicating
that the difference in hole mobility for these two SAMs is statistically significant. This may
indicate a difference packing density between the two SAMs. In fact, the significant increase in
performance between the different alkyl chain lengths indicates that SAM packing density plays a
major role in graphene mobility. Since long alkyl chains have been shown to produce near
crystalline packing structure [128] compared to their more disordered shorter length counterparts,
it can be argued that the performance enhancement comes from the reduction in defects within the
SAM itself as well as due to enhanced quenching of hydroxyl groups present at the dielectric
surface which results in a reduction of charge trap states. This hypothesis correlates well with the
previously discussed difference between long and short chain alkyl groups in regards to Vp.
Additionally, the effect of quenching of hydroxyl groups at the dielectric surface by the SAM
is made further apparent by the fact that the electron mobility of untreated devices is significantly
lower than those of SAM treated substrates. The hole to electron mobility ratio (H/E) is 2.8 for
untreated substrates while the SAM treated devices maintain a consistent ratio of approximately
1.5 across all SAMs tested. This imbalance in H/E ratio for untreated substrates is due to electron
susceptibility to hydroxyl groups on the dielectric surface acting as charge trap sites [93]. From
these results we can ascertain that the quenching of hydroxyl groups by the SAM binding group
enhances graphene charge mobility, but that the specific binding group used does not play a
significant role. In order to achieve the highest mobility of CVD graphene transistors it becomes
apparent that SAM molecular design should incorporate a functional group that will enhance SAM

packing density in order to minimize charge trap states.
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4.1.4 Conclusion

In conclusion, we have shown that the chosen SAM binding group can make a significant
doping contribution to the properties of graphene transistors. In particular, phosphonic acid based
SAMs intrinsically n-doped graphene transistors. Additionally, we found that when using alkyl-
based molecules a SAM with a greater packing density has a stronger doping effect either due to
increased dopant density or a reduction in charge trap states. Conversely, we found that silane
based SAM molecules do not significantly dope graphene transistors due to their similarity to the
underlying dielectric layer. Furthermore, we have shown no significant difference between specific
SAM binding groups used in terms of the extrinsic charge mobility of graphene transistors. Rather,
it was found that the packing density and crystallinity of the molecular monolayer plays a key role

in enhancing charge mobility once extrinsic factors such as absorbed impurities are removed.
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4.2  SYSTEMATIC DOPING CONTROL OF CVD GRAPHENE TRANSISTORS WITH

FUNCTIONALIZED AROMATIC SELF-ASSEMBLED MONOLAYERS

Recent reports have shown that self-assembled monolayers (SAMs) can induce doping effects
in graphene transistors. However, a lack of understanding persists surrounding the quantitative
relationship between SAM molecular design and its effects on graphene. In order to facilitate the
fabrication of next-generation graphene-based devices it is important to reliably and predictably
control the properties of graphene without negatively impacting its intrinsic high performance. In
this study, we utilize SAMs with varying dipole magnitudes/directions and directly correlate these
values to changes in performance seen in graphene transistors. It is found that by knowing the z-
component of the SAM dipole one can reliably predict the shift in graphene charge neutrality point
after taking into account the influence of the metal electrodes (which also play a role in doping
graphene). We verify this relationship through density functional theory and comprehensive device
studies utilizing atomic force microscopy, x-ray photoelectron spectroscopy, Raman spectroscopy,
and electrical characterization of graphene transistors. It is shown that properties of graphene
transistors can be predictably controlled with SAMs when considering the total doping
environment. Additionally, we find that methylthio-terminated SAMs strongly interact with
graphene allowing for a cleaner graphene transfer and enhanced charge mobility. A modified
version of this section can be found published as a peer-reviewed article in Advanced Functional

Materials [50].

4.2.1 Introduction

Graphene is a two-dimensional semimetal with promising electrical and optical properties that
consists of sp?>-hybridized carbon atoms arranged in a honeycomb lattice. The electronic properties
arising from the unique crystal structure of graphene result in a linear dispersion for low energy
carriers, which can be described as zero rest-mass relativistic particles with exemplary transport
properties [111, 129, 130]. Electron mobility as high as 200,000 cm? V™' s! can be achieved once
extrinsic factors such as scattering centers from underlying substrates, adsorbates, and defects
within graphene itself are controlled [112, 113, 115, 131-133]. In order to utilize graphene for next

generation electronic devices it is necessary to have precise control of carrier concentration and
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polarity without disrupting its intrinsic properties. Carrier doping of graphene has so far been
achieved via chemical doping [116, 134-136], substitutional doping [117, 137, 138], electric field
modulation [139, 140], and metal contact doping [119, 141].

Recent reports have also shown it is possible to modulate the properties of graphene by
modifying the underlying dielectric surface with a self-assembled monolayer (SAM) resulting in
doping control without compromising the intrinsic graphene performance [49, 120, 121, 142].
However, these studies use exfoliated graphene rather than the more commercially viable CVD-
based graphene. In addition, exfoliation severely limits the ability to do a systematic and statistical
study based on multiple devices due to the taxing processing steps necessary to fabricate individual
devices. In order to circumvent this issue, characterization of these devices is mainly attributed to
multiple Raman scans on a few pieces of modified graphene rather than multiple pieces of
graphene. While such methodology is useful for obtaining an overall picture of the graphene
doping environment it makes it difficult to understand the exact relationship between SAMs and
graphene. SAMs are commonly used in organic field-effect transistors to modify the work function
of metal electrodes [48, 92], quench charge trap sites at the interface between semiconductor and
metal or dielectric [89, 90, 93], and modulate the position of the threshold voltage [51, 143, 144].
SAMs represent an ideal platform for control of graphene electronics as they can be designed and
functionalized at the molecular scale to cater to specific device requirements.

However, there is still a need for better understanding of how SAM-treated dielectrics
modulate the doping of graphene devices. In particular, an understanding of how the SAM dipole,
while taking into account metal electrode effects, influences graphene has yet to be studied. In this
section we demonstrate that SAMs can be used to reliably and predictably control the charge
carrier concentration of graphene transistors without negatively impacting charge carrier mobility

while taking into account the total doping environment.
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4.2.2  Experimental

4.2.2.1 Device Fabrication and Testing

CVD monolayer graphene was grown on copper foil at 990 °C in flowing methane and
hydrogen gas at 0.002 and 0.035 slm respectively. Standard poly(methyl methacrylate) (PMMA)
was then spin coated on top of graphene as a support layer. The underlying copper foil was then
etched away using aqueous ammonium persulfate leaving only graphene supported by PMMA
floating in the solution. Graphene/PMMA was then transferred to several different baths of
deionized water in order to clean the membrane from etchant and metal impurities.

All SAMs utilized the same assembly process in which heavily p-doped Si/300 nm SiO>
substrates were cleaned with piranha (30% aqueous hydrogen peroxide and 12 M sulfuric acid in
a 1:4 volume ratio) followed by sonication in RCA (ammonium hydroxide, 30% aq. hydrogen
peroxide, and deionized water in a 1:1:5 volume ratio), and then extensive rinsing in deionized
water. Substrates were then plasma cleaned for 30 minutes resulting in a 2-3 nm layer of AlOx as
described previously [46]. Phosphonic acid compounds for SAMs were dissolved in a mixed
solvent of tetrahydrofuron (THF) and ethanol (EtOH) (1:1 vol ratio, 0.1 mM concentration),
sonicated until complete dissolution, and then filtered with a 0.2 um PTFE filter. Cleaned
substrates were then immersed in the filtered solution and assembly was allowed to occur at room
temperature over the course of 48 hours. Upon the completion of assembly, the formed SAMs on
substrates were annealed at 120 °C for 15 minutes followed by cleaning via sonication in
dimethylformamide, THF, and EtOH in order to remove any residual aggregates.

PMMA supported graphene was then transferred onto assembled SAM substrates and allowed
to dry over the course of 24 hours. Afterwards PMMA on top the graphene/SAM/substrates was
removed via rinsing in hot (~60 °C) acetone over several hours followed by an isopropyl alcohol
rinse.

Shadow masks were then used to fabricate 40 nm thick Au source and drain electrodes using
standard thermal evaporation under high vacuum (10E-7 Torr). Devices were subsequently
annealed at 200 °C under nitrogen and characterized immediately using an Agilent 4155B
semiconductor parameter analyzer. Reported electrical characteristics are an average of more than

15 devices with channel lengths varying between 12, 20, 30, 50, 80, and 100 um. No significant
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deviation in performance or charge neutrality point was seen with respect to transistor channel

length.

4.2.2.2 AFM, Contact Angle Goniometry, and Raman Spectroscopy

Digital Instruments Multimode Nanoscope Illa scanning probe microscope (Veeco
Instruments, Plainview, NY) was used in AFM tapping mode. Aqueous static contact angle values
were taken with a VCA Optima Surface Analysis System (Adv. Surface Technology Products,
Billerica, MA) and are an average of five measurements with a standard deviation of less than +3°.
An inVia Raman Microscope (Renishaw, Cook, IL) with 514 nm laser was used to determine the
quality of graphene on dielectric surface via the characteristic phonon peaks of graphene and is

averaged data of more than 10 scans sweep from 3000 to 1000 cm™ and a resolution of 2.5 cm™.

4.2.2.3 XPS Characterization

XPS measurements were performed under ultrahigh vacuum (5E-10 Torr) with a PHI
VersaProbe X-ray photoelectron spectrometer (ULVAC-PHI, Kanagawa, Japan) using a
monochromatic focused Al-K, X-ray source (hv = 1486.70 eV) and hemispherical analyzer. In
order to achieve a high resolution spectrum for characterization of the C 1s peak a pass energy of
23.5 eV was used. Work function measurements are an average of approximately 14 positions on
a given substrate and characterized with a pass energy of 2.95 eV. The large number of data points
were necessary to ensure consistency due to the fact that the samples were exposed to atmosphere
before measurement. It is possible that even though exposure was brief (only a few seconds during
sample transfer) adsorbed species may partially screen the dipole field resulting in a lower work

function shift versus dipole strength while still remaining linear.



55

423 Results and Discussion

SAMs were grown via immersion assembly on cleaned 300 nm thick SiO; with an AlOx
adhesion layer between the SAM and dielectric. Due to the weak interaction between the
phosphonic acid SAM binding group and silanol (Si-OH) on the SiO> oxide surface, an AlOx
adhesion layer was necessary in order to form a covalent bond between the SAM and dielectric
[46]. Functionalized aromatic SAMs of (4-cyanophenyl)phosphonic  acid, 4-
(trifluoromethyl)phenylphosphonic  acid, phenylphosphonic  acid, 4-(methylthio)phenyl
phosphonic acid, and 4-(methoxy)phenylphosphonic acid were used to systematically study the
influence of SAM dipoles on CVD graphene transistors. These SAMs will be referred to
throughout this paper as CN, CF3, Ph, MeS, and MeO respectively and can be seen in Figure 4.5a.

(a) (b)

MeO MeS Ph CF3 CN
OMe

Figure 4.5. Chemical structure of SAMs and representative AFM morphology. (a)
Chemical structure of each SAM used in this study with assembled SAM schematic and
(b) representative topology measured by AFM of assembled SAM on AlOy/Si0: dielectric.
The color z-scale for the AFM image shown in the top right is 0-5 nm. Reprinted with
permission from [50]. Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA.
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424  AFM and Contact Angle Goniometry of SAMs

Phosphonic acid molecules were used to functionalize the AlOx/SiO> dielectric layer due to
advantages over traditional silane based SAMs such as: high thermal stability [97], binding not
limited by surface hydroxyl content [23], and no homocondensation [34]. These factors, in
conjunction with the chosen molecular designs, result in the formation of densely packed SAMs
with high thermal stability and similar packing density. Atomic force microscopy (AFM) and
water contact angle goniometry were used to characterize each SAM assembled on AlO./SiO;
surface. All SAMs show a similar smooth morphology with an RMS roughness between 0.2 and
0.3 nm, which is comparable to the untreated dielectric surface. A representative image of the
SAM topography can be seen in Figure 4.5b.

The static water contact angle for each SAM on the AlOx dielectric was determined to be 57°,
75°, 61°, 68°, and 64° for CN, CF3, Ph, MeS, and MeO, respectively. For reference, the water
contact angle for the untreated dielectric surface is less than 10°. The standard deviation of contact
angle for each SAM is less than 3°, indicating uniform and continuous coverage across the entire
dielectric surface. The low RMS roughness and preserved contact angle after extensive sonication
in organic solvents post-assembly, indicates the formation of a dense and homogenous molecular

monolayer that is chemically bound to the dielectric surface and free of physisorbed aggregate.

4.2.4.1 SAM Dipole Determination via Density Functional Theory

Density Functional Theory (DFT) calculations were used to extract the molecular dipole of
the SAMs [145] from geometry-optimized structures of single molecules. DFT [146, 147]
geometry optimizations were performed using Gaussian 09(A.02) [148] employing the Perdew,
Burke, and Ernzhof [149] functional (PBE) with the split valence basis set (SVP) from Schaefer,
Horn, and Ahlrichs [150] and the SVPFit auxiliary basis [151]. Molecules were rotated into frame
so to define the longest molecular axis as the z direction; that is, the vector from the phosphorous
to the para-standing carbon of the phenyl SAMs. Frequency calculations and population analysis
were performed on the optimized geometries and minima were verified through normal mode

analyses. Finally, conformational analysis was performed on all molecules to determine the lowest
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energy conformations. A summarization of calculated dipoles along the z-axis can be found in

Table 4.1.

Table 4.1. Summarized data from this study contained dipole moment, contact angle, work
function shift, charge neutrality point, and mobility. Data from the z-component of the
SAM dipole moment (u,), static water contact angle (SCA), the change in
graphene/SAM/dielectric stack work function relative to the reference graphene/dielectric
device (ADG/SAM), the mean Dirac voltage (Vpirac), electron mobility (e), and hole
mobility (un) for graphene/SAM transistors with Au source and drain electrodes.

SAM . [D] SCA [deg] A®G/SAM [eV] Vbirac [V] te [em2VIST] pn [em?V1sT]

Ref[a] n/al® <10 n/al®! -7.33+£0.78 802+ 189 1611 +376
MeO -2.02 639 -0.12 £ 0.02 -10.88 + 1.48 856 + 257 1115+318
MeS -149 68.1 0.03 +0.01 576 +0.86  1327+294 2053 +317
Ph -0.74  60.5 -0.07 +0.01 8.70+2.73 665+ 285 1164 + 485
CF; 192 753 0.19 +0.03 12.32+£3.91 774+ 140 1441 + 271
CN 3.8 573 0.29 + 0.02 1591 £3.85 693+ 181 1225 + 267

% Ref represents device with no SAM treatment on dielectric surface, graphene only;  not

applicable
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4.2.4.2 Raman Spectroscopy for Determination of Graphene Quality

A Renishaw inVia Raman Microscope with 514 nm laser was used to determine the quality
of graphene on SAM modified dielectric surface via the characteristic phonon peaks of graphene.
Figure 4.6 shows a representative Raman spectrum of graphene on the SAM/dielectric. The lack
of a D peak (~1350 cm™) implies high quality, defect free graphene [124]. The 2D peak (~2685
cm™') is spectrally sharp and its intensity is about four times greater than that of the G peak (~1585

cm™), which are characteristics of monolayer graphene [125, 152, 153].
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Figure 4.6. Raman spectra of graphene on SAM signifying high quality graphene.
Reprinted with permission from [50]. Copyright 2014, Wiley-VCH Verlag GmbH & Co.
KGaA.
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4.2.43 XPS Characterization

To obtain a better understanding of the effect a given SAM-dipole has on the electronic
properties of graphene, X-ray photoelectron spectroscopy (XPS) was used to determine the work
function as well as the characteristic Cls binding energy peak of graphene on the various SAM-
treated AlOx/Si0; surfaces. In order to minimize the influence of extrinsic factors such as
atmospheric adsorbants, substrates were annealed under an inert atmosphere of N> at 200 °C for 2
hours and were only exposed to ambient conditions for a few seconds while transferring into the
XPS system. A -5 V bias was applied to the graphene/SAM substrate relative to the spectrometer,
and the location of the secondary electron cut-off energy was determined at a take-off angle of 90°
via linear extrapolation with respect to the background baseline as described elsewhere [154].
Graphene on an AlO4/SiO: dielectric without SAM treatment was determined to have a work
function of 4.31 + 0.02 eV which is comparable to that in literature for CVD grown graphene
[155]. The relative work function shift of graphene on SAM-treated dielectric surfaces was within
a range of 0.5 eV dependent on the SAM dipole direction and magnitude. A linear relationship,
with the exception of MeS, between the SAM dipole and the average shift in graphene work

function is shown in Figure 4.7a.

The surface dipole generated by the SAM is expected to affect the work function of graphene based
on the following relationship [156, 157]:

(Eq.4.2)

Where e is elementary charge, N is the SAM packing density, - is the SAM dipole component
perpendicular to the dielectric plane, &y is the permittivity of free space, and esam is the relative
permittivity of the SAM. From equation 4.2, a linear relationship between the change in work
function of the graphene/SAM stack and the SAM dipole moment is expected provided that the
relative dielectric constant and packing density for each SAM is similar. This is a reasonable
expectation given the similarity between each SAM molecule. Assuming a relative dielectric
constant of 2.5, the packing density of each SAM is calculated to be approximately SE13 molecules

per square centimeter, which is near the expected theoretical value [158].
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Figure 4.7. Influence of SAM dipole on graphene work function and shift in C 1s binding
peak from XPS. (a) Visual representation of predicted z-component of SAM dipole ().
Change in graphene/SAM work function as measured by XPS with respect to p,. The
outlier of the linear fit is the MeS SAM which displays a strong interaction with graphene.
(b) C 1s binding energy peak for various graphene/SAMs used in this study. Direct
correlation between peak position and SAM dipole is observed. Reprinted with permission

from [50]. Copyright 2014, Wiley-VCH Verlag GmbH & Co. KGaA.
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It should be noted that the reference device with no SAM of graphene/dielectric was given a
dipole magnitude of 0 D due to the additive nature of dipoles along the same direction [159]. Since
the same base dielectric system is used across all characterized systems it is reasonable to assume
that effect of the bare dielectric surface is uniform. An exception to the linear relationship between
SAM dipole component and change in work function is the MeS SAM. It is hypothesized that the
strong interaction between m-conjugated carbon and sulfur [160-162] results in a stronger
interaction between the SAM and graphene upon device annealing. In addition, annealing may
cause the MeS SAM to locally react with vacancy or edge defects within the graphene film which
has been shown to induce hole doping [163]. Representative carbon 1s binding energy peaks can
be seen in Figure 4.7b that show a shift towards lower binding energy (blue shift) as the p-type
SAM character increases and higher binding energy (red shift) as the n-type SAM character
increases which is in agreement with reported results [49]. These results also fall in line with the

measured shift in work function, including MeS, which shows slight p-type character.



62
4.2.4.4 Electrical Characterization of SAM Modified Graphene Transistors

-20  -10 10 20

0
Vgs [V]
Figure 4.8. Graphene transistor schematic and transfer curve (a) Schematic of graphene
transistors fabricated and used in this study. (b) Representative transfer curves (forward
and backward sweep) of graphene transistors with various SAM-treated substrates.
Reprinted with permission from [50]. Copyright 2014, Wiley-VCH Verlag GmbH & Co.
KGaA.

In order to further understand the effect of SAM dipoles on graphene, graphene transistors on
SAM-modified AlOx/300 nm SiO> were fabricated. Transistor channel width was 1000 um while
channel length varied between 12 pm and 100 um. A schematic of the device structure and typical
transfer curves of the graphene devices are shown in Figures 4.8a and 4.8b. The low hysteresis in
these devices indicates an insignificant amount of adsorbed water and oxygen molecules that have
recently been shown to be the origin of hysteresis in graphene via a redox reaction [126]. The
average total resistance at the charge neutrality point is 5.5 kQ, 4.4 kQ, 6.6 kQ, 4.3 kQ, 6.6 kQ
and 4.8 kQ for CN, CF3, Ph, MeS, MeO and the Ref device with no SAM treatment respectively.
This slight variation in resistance may be due to several factors such as differences in contact or
sheet resistance from each individual SAM because of differing doping levels, charge impurities,
or scattering sites. Several factors could affect contact resistance such as the thickness of the SAM

molecule and its particular dipole. Secondly, the SAMs are shown previously in this section to
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influence the work function of graphene which may further influence contact resistance. The
extrinsic field-effect mobility of graphene was extracted from the maximum slope near the charge

neutrality point with the following equation:

Lch(dlds/dVgs)
= Eq.4.3
UFET WonCoxVis (Eq )

where Lo, and We, is the channel length and width respectively, Co is the gate-oxide capacitance
per area, and Vps is the constant drain-source voltage [127].

Averaged field-effect mobility can be seen in Table 4.2. Mobility values do not deviate
significantly throughout all measured channel lengths. Although most of the graphene devices on
SAM-treated dielectrics exhibited slightly lower mobility than the reference device without SAM
treatment (hole mobility of 1200 cm?V-'s™! and 1600 cm?V-'s!, respectively), the MeS SAM
treated devices surprisingly exhibit significantly enhanced hole and electron mobility with values
of 2053 cm?V-!s! and 1327 cm?*V-!s™!, respectively. This enhancement may be due to the strong
n-conjugated carbon and sulfur interaction between the SAM and graphene (as seen in XPS results)
which results in the transfer of graphene with less wrinkles and tears. Additionally, a general
correlation between the total resistance and the extrinsic hole mobility is observed for SAM-treated
devices with the lowest resistance having the highest mobility. This same correlation is not seen
for electron mobility most likely due to the sensitivity of electrons to charge traps. This
enhancement of mobility may indicate a reduction in contact resistance and remains an area to be
further studied. Subsequently, thio-functionalized SAMs may prove to be a potential avenue to

obtain high performance graphene transistors.

4.2.4.5 Correlation between Charge Neutrality Point, Metal Electrode, and SAM

The charge neutrality point (¥p) is defined as the conductivity minimum of the transfer curve
[164]. Vb for each tested device was determined and averaged data were interrelated to the
calculated SAM dipoles in Figure 4.8b. These data follow a general trend in which the SAM
direction and magnitude is a baseline predictor for V'p. Based on the understanding of the electronic

structure of graphene, it is possible to correlate the Vp shift to the change in Fermi energy as



64
measured by XPS and discussed previously. Due to the linear band structure of graphene, the shift

in Fermi energy induced by the SAM dipole can be described as follows:

AE = hvpynn(Vp, — Vpy) (Eq.4.4)

where 7 is the intrinsic carrier density per volt [165] with a typical value of approximately 7.2E10
cm? V!, vr is the Fermi velocity [166] previously reported as 1.1E6 m s™!, and V2 (Vp1) is the
charge neutrality point of devices with (without) SAM treatment. Appropriately, it is expected that
AE induced by the SAM should follow a linear relationship with the change in work function of
the graphene/SAM devices previously measured via XPS. A linear fit is seen in Figure 4.9a with
the exception for CN SAM.

In order to explain the similarity of Vp and thus AE for CF; and CN SAM treated dielectrics,
we attribute this difference as the influence of doping from the metal electrodes. Previously, the
results from DFT calculations have illustrated the doping of graphene on Cu with various metal
contacts [167, 168]. It was found that physisorbed metals such as Pt, Au, Cu, Ag, and Al can dope
graphene to generate holes or electrons depending on the difference between the work function of
metal and graphene, and the energy offset related to the separation distance between the metal and
graphene. For example, if the separation distance between graphene and the metal is large (5 A)
the crossover from n-type to p-type doping occurs when the metal work function is equal to the
work function of graphene. However, the equilibrium spacing for gold is expected to be 3.3 A
which results in a crossover from n-type to p-type doping when the metal is approximately 0.9 eV
lower than that of graphene. It is thus predicted that CN and CF3; SAMs cause the work function
of graphene to become close enough to gold that the metal electrode changes from being a p-
dopant to that of an n-dopant. This explains why V'p for CN is near that of CF3 since increasing n-
doping from the gold electrodes will result in a negative shift of charge neutrality point. The total

change in AE is then related to the following equation:

AE = A(Dgraphene + ADeiectrode (Eq-4-5)
SAM SAM

It should be noted that the induced doping from metal electrode, A®Q¢iectrode/sam, should take

into account the influence of the SAMs under graphene since the device structure employs an
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electrode stack of Au/graphene/SAM as seen previously in Figure 4.8. It is then possible to
compare the experimentally determined value A®ciectrodersam With the expected theoretical value
shown in Figure 4.9b. The Fermi level shift equation from [167] was used to determine the

influence of Au metal doping on graphene:

J1 + 2aDy(d — do) Wy — W — A(d)| — 1
aDy(d — d,)

ADpgiectroae(d) = (Eq.4.6)

and A.(d) = e "%(ag + a;d + a,d?) (Eq.4.7)

where the parameter d represents the separation distance between the metal electrode and graphene
with an equilibrium value determined to be 3.3 A. The work function of Au (W) was set as 5.25
eV, while Wg represented the measured value of the graphene/SAM work function. Other
parameters are standard parameters related to the graphene unit cell and are detailed further in
reference [167].

While a slight deviation of measured and theoretical data occurs, a correction factor can be
applied to compensate for this discrepancy, which may be related to the interaction of the SAM
dipole on the work function of the gold metal. In order to compensate for interaction/shielding
effect between the underlying SAMs on graphene and the metal electrode work function, it was
assumed that the effective dipole was reduced and a correction factor was applied. For this factor,
W from the equation above was changed to Wgo + b*Adsam. Where A®sawm is the deviation from
the untreated work function of graphene caused by the SAM and b is the correction factor equal to
0.679. Wqo is the untreated work function of graphene measured to be 4.31 eV.

The original theoretical predictions assume that graphene on Cu has little to no influence on
the properties of graphene. However, in this particular work, there is significant influence of the
underlying SAM on the properties of graphene and it is reasonable to expect that due to the
ultrathin nature of graphene, the dipole of the SAM should have some contribution to the work
function of the metal electrode less some screening effect due to graphene. Figure 4.9c shows an
overall schematic of the influences of various interfaces on the properties of a graphene transistor
with a SAM modified dielectric. It is important to consider all interfacial effects in order to reliably

predict and control the properties of graphene transistors.
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Figure 4.9. Schematic showing the total influence of SAM and metal electrode on graphene

transistors. (a) Shift in graphene/SAM work function (measured via XPS) with respect to
the total energy shift (determined from FET charge neutrality position) and (b)
experimental, theoretical, and modified theoretical results comparing the influence of the
contributions of each interface on the total energy shift. (¢) Schematic showing that both
the electrode/graphene/SAM/dielectric interface and the graphene/SAM/dielectric
interface must both be taken into account in order to predict the total shift in energy.
Reprinted with permission from [50]. Copyright 2014, Wiley-VCH Verlag GmbH & Co.
KGaA.
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4.2.5 Conclusion

In summary, a clear relationship between SAM molecular dipole and graphene device
performance was found to help predict the properties of graphene-based transistors. This is crucial
for future applications and may enable predictable and controlled band-gap opening of bilayer
graphene without the need for a dual gate architecture via self-assembled monolayers [169, 170].
We have presented direct experimental evidence that shows systematic and precise control of the
charge neutrality point of graphene/SAM transistors is possible by carefully tuning the SAM and

metal contact without having a negative impact on device performance.
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Chapter 5. ENHANCED PERFORMANCE OF SELF-ASSEMBLED

MONOLAYER FIELD-EFFECT TRANSISTORS WITH
TOP-CONTACT GEOMETRY THROUGH MOLECULAR
TAILORING, HEATED ASSEMBLY AND THERMAL
ANNEALING

Low voltage self-assembled monolayer field-effect transistors (SAMFETSs) that operate under
an applied bias of less than -3 V and a high hole-mobility of 102 cm? V! 57! are reported. A self-
assembled monolayer (SAM) with a quaterthiophene semiconducting core and a phosphonic acid
binding group is used to fabricate SAMFETSs on both high-voltage (AlOx/300 nm Si0O;) and low-
voltage (HfO») dielectric platforms. High performance is achieved through the enhanced SAM
packing density via a heated assembly process and through the improved electrical contact between
SAM semiconductor and metal electrodes. Enhanced electrical contact is obtained by utilizing a
functional methyl-thio head group combined with thermal annealing post gold source/drain
electrode deposition to facilitate the interaction between SAM and electrode. A modified version

of'this section can be found published as a peer-reviewed article in Advanced Functional Materials
[57].
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5.1 INTRODUCTION

Self-assembled monolayers (SAMs) are now an ubiquitous tool for interface modifications
[171] to control and modulate a variety of devices such as hybrid and organic photovoltaics [172-
176], light-emitting diodes [177-180], and organic transistors [ 128, 145, 181-183]. Recent progress
has also expanded the role of SAMs from a passive interfacial modifier to potentially serve as an
active device layer to replace traditional dielectrics and semiconductors in organic field-effect
transistors (OFETs). For example, the development of hybrid dielectrics, which are comprised of
an ultra thin high-k metal oxide layer in conjunction with a SAM, enables low-voltage high-
performance operation of organic transistors [44, 46, 184].

Self-assembled monolayer field-effect transistors (SAMFETs) are a promising concept that
uses rationally designed m-conjugated SAMs as the semiconductor of a transistor [56, 61, 63, 64,
185]. This concept works in principle because charge transport in an organic semiconductor based
FET occurs in the first few monolayers closest to the dielectric [54, 55]. SAMFETs are believed
to have a broad appeal for organic semiconductor device applications due to their low-cost
processing, reduced material quantity needed compared to tradition organic thin film transistors
and ability to be used toward flexible electronics and sensing applications. Significant progress
has been made through molecular design and novel device architecture to achieve a state-of-the-
art hole mobility of around 102 cm2 V! 57!,

In order to achieve further performance enhancement, it is critical to overcome a fundamental
challenge of efficient contact between the metal source/drain electrodes and SAM semiconductor
in SAMFET devices. Efficient contacts between SAM semiconductor and electrodes may have
been enabled by Smits et al. through under-etching the electrodes allowing the SAM to form
underneath or, as shown by Schmaltz et al., through utilizing a secondary SAM to elevate the
electrodes to allow edge-on contact with the SAM semiconductor core [56, 63]. However, these
reports utilize cumbersome and complicated device architectures that may make SAMFETs less
appealing towards commercialization. Furthermore, few work has been done to examine the
impact of SAM processing on molecular packing density.

Herein we demonstrate top-contact bottom-gate low voltage p-type SAMFETSs with a hybrid
HfO, dielectric that operates under a bias of -3 V and has a charge carrier mobility of 102 cm? V-

I's'l, Charge carrier mobility of the SAMFET is increased by over two orders of magnitude through
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the designed functional SAM terminal group that enables efficient charge injection between metal
electrode and SAM semiconductor in conjunction with optimized processing conditions to enhance

SAM packing density.

5.2 EXPERIMENTAL

5.2.1  Synthesis of SAM Molecules

Synthesis of SAM molecules was completed by Professor Hong Ma. All chemicals were
purchased from Aldrich or TCI America, and used as received unless otherwise specified.
Tetrahydrofuran (THF) was distilled under nitrogen from sodium with benzophenone as the
indicator. Methylene chloride was distilled over P2Os. 'H NMR spectra (300 MHz) were taken on
a Bruker-300 FT NMR spectrometer with tetramethylsilane (TMS) as internal reference.
Elemental analysis was determined at QTI (Whitehouse, NJ). ESI-MS spectra were obtained on a

Bruker Daltonics Esquire Ion Trap Mass Spectrometer.
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Figure 5.1. Synthesis of 2-(4-methylthiobutyl)terthiophenyltrimethyltin. Reprinted with
permission from [57]. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA.
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2-(4-Bromobutyl)thiophene (Ia): To a solution of thiophene (5.05 g, 60.0 mmol) in dry THF
(40 mL) under nitrogen, a solution of n-butyl lithium in hexanes (2.5 M, 24.0 mL, 60.0 mmol) was
dropwise added at —78 °C. The suspension was stirred for one hour at —78 °C. 1,4-Dibromobutane
(12.96 g, 7.1 mL, 60.0 mmol) was dropwise added. The reaction mixture was slowly warmed up
to room temperature and stirred overnight. The mixture was quenched with water and extracted
with ether. The organic layer was washed with water, collected and dried over MgSOs4. After
removal of the solvent by rotary evaporation under reduced pressure, the crude product was
purified over silica gel column chromatography with hexane to hexane/methylene chloride (1:1)
as the eluents to afford a colorless liquid (11.02 g, 84%). '"H NMR (300 MHz, CDCl3): & 7.12 (dd,
1H,J=5.1,1.2Hz),6.92 (dd, 1H, J=5.1, 3.3 Hz), 6.79 (dd, 1H, J = 3.3, 1.2 Hz), 3.43 (t, 2H, ] =
6.6 Hz), 2.87 (t, 2H, ] = 6.6 Hz), 1.76-2.04 (m, 4H). CsH11BrS: Calcd C 43.85, H 5.06, Br 36.46;
Found C 43.97, H 4.99, Br 36.53. ESI-MS (m/z): Calcd. 218.0; Found 217.9.
2-Bromo-5-(4-bromobutyl)thiophene (Ib): To a solution of Ia (4.38 g, 20.0 mmol) in
chloroform (50 mL) in darkness under nitrogen at room temperature was portionwise added N-
bromosuccimide (NBS, 3.74 g, 21.0 mmol). The reaction mixture was stirred overnight at room
temperature, quenched with water and extracted with methylene chloride. The organic layer was
washed with water, collected and dried over MgSO4. After removal of the solvent by rotary
evaporation under reduced pressure, the crude product was purified over silica gel column
chromatography with hexane as the eluent to afford a colorless liquid (3.02 g, 51%). "H NMR (300
MHz, CDCl3): 6 6.85 (d, 1H, J = 3.6 Hz), 6.55 (d, 1H, J = 3.6 Hz), 3.44 (t, 2H, J = 6.6 Hz), 2.79
(t, 2H, J = 6.9 Hz), 1.79-2.05 (m, 4H). C8H10Br2S: Calcd C 32.24, H 3.38, Br 53.62; Found C
32.38, H 3.29, Br 53.74. ESI-MS (m/z): Calcd. 295.9; Found 295.9.
2-Bromo-5-(4-methylthiobutyl)thiophene (Ic): To a solution of Ib (2.99 g, 10.0 mmol) in
anhydrous N,N-dimethylformamide (DMF, 20 mL) under nitrogen at room temperature was added
sodium thiomethoxide (1.05 g, 15.0 mmol). The reaction mixture was stirred overnight at 90 °C,
cooled down to room temperature and filtered to remove insoluble salts. The filtrate was
concentrated by rotary evaporation under reduced pressure. The crude product was purified over
silica gel column chromatography with hexane to hexane/methylene chloride (5:1) as the eluents
to afford a colorless liquid (1.77 g, 67%). '"H NMR (300 MHz, CDCl3): 6 6.84 (d, 1H, J = 3.6 Hz),
6.54 (d, 1H,J =3.6 Hz), 2.77 (t, 2H, J = 7.2 Hz), 2.51 (t, 2H, J = 7.2 Hz), 2.09 (s, 3H), 1.57-1.75
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(m, 4H). CoH13BrS;: Caled C 40.76, H 4.94, Br 30.13; Found C 40.92, H 4.86, Br 30.22. ESI-MS
(m/z): Calcd. 264.0; Found 264.1.

Bithiophenyltrimethyltin (Id): To a solution of bithiophene (3.33 g, 20.0 mmol) in dry THF
(35 mL) under nitrogen, a solution of n-butyl lithium in hexanes (2.5 M, 8.0 mL, 20.0 mmol) was
dropwise added at —78 °C. The suspension was stirred for 0.5 hour at —78 °C, warmed up to room
temperature and stirred for 0.5 hour, and then cooled down to —78 °C. A solution of trimethyltin
chloride (4.38 g, 22.0 mmol) in dry THF (5 mL) was dropwise added. The reaction mixture was
slowly warmed up to room temperature, stirred overnight, and quenched with water. The THF
solvent was removed from the mixture by rotary evaporation under reduced pressure followed by
extracting with methylene chloride. The organic layer was washed with water, collected and dried
over MgSOs. After removal of the solvent by rotary evaporation under reduced pressure, the crude
product was purified over neutral aluminum oxide column chromatography with hexane as the
eluent to afford a colorless liquid (6.39 g, 97%). 'H NMR (300 MHz, CDCl3): & 7.21-7.29 (m,
1H), 7.15-7.20 (m, 2H), 7.09 (d, 1H, J = 1.8 Hz), 6.99-7.08 (m, 1H), 0.38 (s, 9H). C11H14S25n:
Calcd C 40.15, H 4.29, S 19.49; Found C 40.27, H 4.14, S 19.58. ESI-MS (m/z): Calcd. 330.0;
Found 329.9.

2-(4-methylthiobutyl)terthiophene (Ie): To a mixture of Ic (1.02 g, 3.85 mmol) and Id (1.52
g, 462 mmol) in anhydrous toluene (20 mL) under nitrogen was added
tetrakis[triphenylphosphine]palladium(0) (Pd(PPhs)4, 89.0 mg, 0.077 mmol) at room temperature.
The reaction mixture was stirred overnight at 90 °C, cooled down to room temperature and
quenched with water. The toluene solvent was removed from the mixture by rotary evaporation
under reduced pressure followed by extracting with methylene chloride. The organic layer was
washed with water, collected and dried over MgSO4. After removal of the solvent by rotary
evaporation under reduced pressure, the crude product was purified over silica gel column
chromatography with hexane/methylene chloride (5:1 to 1:1) as the eluents to afford an orange
solid (0.57 g, 42%). '"H NMR (300 MHz, CDCI3): 6 7.20 (dd, 1H, J = 5.1, 1.2 Hz), 7.15 (dd, 1H,
J=3.6,1.2 Hz), 7.05 (d, 1H, J = 3.9 Hz), 6.97-7.03 (m, 3H), 6.69 (d, I1H, J =3.6 Hz), 2.83 (t, 2H,
J=6.9 Hz), 2.53 (t, 2H, ] = 7.2 Hz), 2.09 (s, 3H), 1.66-1.80 (m, 4H). C17H18S4: Calcd C 58.24, H
5.18; Found C 58.37, H 5.03. ESI-MS (m/z): Calcd. 350.0; Found 350.0.

2-(4-methylthiobutyl)terthiophenyltrimethyltin (I): To a solution of Ie (0.526 g, 1.5 mmol) in
dry THF (20 mL) under nitrogen, a solution of n-butyl lithium in hexanes (2.5 M, 0.6 mL, 1.5
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mmol) was dropwise added at —78 °C. The suspension was warmed up to 0 °C and stirred for one
hour, and then cooled down to —78 °C. A solution of trimethyltin chloride (0.329 g, 1.65 mmol) in
dry THF (3 mL) was dropwise added. The reaction mixture was slowly warmed up to room
temperature, stirred overnight, and quenched with water. The THF solvent was removed from the
mixture by rotary evaporation under reduced pressure followed by extracting with methylene
chloride. The organic layer was washed with water, collected and dried over MgSQOs. After
removal of the solvent by rotary evaporation under reduced pressure, the crude product was
purified over neutral aluminum oxide column chromatography with hexane/methylene chloride
(5:1to 1:1) as the eluents to afford an orange solid (0.375 g, 49%). 'H NMR (300 MHz, CDCl3):
6 7.08 (d, 1H, J=3.6 Hz), 7.04 (d, 1H, J = 3.6 Hz), 6.96-6.99 (m, 3H), 6.69 (d, 1H, ] =2.7 Hz),
2.83 (t, 2H, J = 6.9 Hz), 2.53 (t, 2H, J = 6.9 Hz), 2.10 (s, 3H), 1.69-1.83 (m, 4H). C20H26S4Sn:
Calcd C 46.79, H 5.10, S 24.98; Found C 46.94, H 4.99, S 24.87. ESI-MS (m/z): Calcd. 514.0;
Found 514.1.
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Figure 5.2. Synthesis of 11-(4-methylthiobutylquaterthiophenyl)undecylphosphonic acid.
Reprinted with permission from [57]. Copyright 2015, Wiley-VCH Verlag GmbH & Co.

KGaA.

2-(11-Bromoundecyl)thiophene (1a): To a solution of thiophene (1.26 g, 15.0 mmol) in dry
THF (20 mL) under nitrogen, a solution of n-butyl lithium in hexanes (2.5 M, 6.0 mL, 15.0 mmol)
was dropwise added at —78 °C. The suspension was stirred for one hour at —78 °C. 1,11-
Dibromoundecane (4.71 g, 3.53 mL, 15.0 mmol) was dropwise added. The reaction mixture was
slowly warmed up to room temperature and stirred overnight. The mixture was quenched with
water and extracted with ether. The organic layer was washed with water, collected and dried over

MgSOs. After removal of the solvent by rotary evaporation under reduced pressure, the crude
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product was purified over silica gel column chromatography with hexane as the eluent to afford a
colorless liquid (4.07 g, 86%). 'H NMR (300 MHz, CDCl3): & 7.09 (d, 1H, ] = 5.4 Hz), 6.91 (dd,
IH, J=5.1, 3.3 Hz), 6.77 (d, 1H, J = 3.3 Hz), 3.41 (t, 2H, J = 6.9 Hz), 2.81 (t, 2H, J = 7.5 Hz),
1.20-1.88 (m, 18H). CisH2sBrS: Caled C 56.77, H 7.94, Br 25.18; Found C 56.95, H 7.80, Br
25.25. ESI-MS (m/z): Calcd. 316.1; Found 316.1.

Diethyl 11-(2-thienyl)undecylphosphonate (1b): A mixture of la (3.96 g, 12.5 mmol) and
triethyl phosphite (19.1 g, 20.0 mL) was heated under nitrogen at 150 °C for 21 h. The excess of
triethyl phosphite was removed by distillation under vacuum. The crude product was purified over
silica gel column chromatography with methylene chloride to methylene chloride/ethyl acetate
(1:1) as the eluents to afford a colorless liquid (2.42 g, 52%). '"H NMR (300 MHz, CDCl5): & 7.10
(dd, 1H, J=5.1, 1.2 Hz), 6.91 (dd, 1H, J = 5.1, 3.6 Hz), 6.77 (dd, 1H, J = 3.6, 1.2 Hz), 4.06-4.13
(m, 4H), 2.81 (t, 2H, J = 7.2 Hz), 1.20-1.80 (m, 24H). C19H3503PS: Calcd C 60.93, H 9.42, P 8.27,
S 8.56; Found C 61.09, H 9.25, P 8.19, S 8.67. ESI-MS (m/z): Calcd. 374.2; Found 374.3.

Diethyl 11-(5-bromo-2-thienyl)undecylphosphonate (1c): To a solution of 1b (2.37 g, 6.3
mmol) in anhydrous DMF (15 mL) in darkness under nitrogen at room temperature was
portionwise added NBS (1.12 g, 6.3 mmol). The reaction mixture was stirred overnight at room
temperature and quenched with water. The DMF solvent was removed from the mixture by rotary
evaporation under reduced pressure followed by extracting with methylene chloride. The organic
layer was washed with water, collected and dried over MgSOa4. After removal of the solvent by
rotary evaporation under reduced pressure, the crude product was purified over silica gel column
chromatography with methylene chloride to methylene chloride/ethyl acetate (1:1) as the eluents
to afford a colorless liquid (2.48 g, 86%). 'H NMR (300 MHz, CDCl3): 6 6.84 (d, 1H, J = 3.6 Hz),
6.52 (d, 1H, J = 3.6 Hz), 4.06-4.12 (m, 4H), 2.73 (t, 2H, J = 7.2 Hz), 1.20-1.80 (m, 24H).
C19H34BrO3PS: Caled C 50.33, H 7.56, Br 17.62, P 6.83, S 7.07; Found C 50.53, H 7.42, Br 17.53,
P 6.94, S 7.18. ESI-MS (m/z): Calcd. 452.1; Found 452.1.

Diethyl 11-(4-methylthiobutylquaterthiophenyl)undecylphosphonate (1d): To a mixture of 1¢
(90.7 mg, 0.20 mmol) and I (103.0 mg, 0.20 mmol) in anhydrous toluene (20 mL) under nitrogen
was added Pd(PPh3)s4 (4.6 mg, 0.004 mmol) at room temperature. The reaction mixture was stirred
overnight at 90 °C, cooled down to room temperature and quenched with water. The toluene
solvent was removed from the mixture by rotary evaporation under reduced pressure followed by

extracting with methylene chloride. The organic layer was washed with water, collected and dried
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over MgSOas. After removal of the solvent by rotary evaporation under reduced pressure, the crude
product was purified over silica gel column chromatography with methylene chloride to methylene
chloride/ethyl acetate (1:1 to 1:2) as the eluents to afford an orange solid (107.0 mg, 74%). 'H
NMR (300 MHz, CDCl3): & 6.97-7.04 (m, 6H), 6.67-6.71 (m, 2H), 4.06-4.12 (m, 4H), 2.73-2.86
(m, 4H), 2.54 (t, 2H, ] = 7.2 Hz), 2.10 (s, 3H), 1.20-1.86 (m, 30H). C3sHs103PSs: Calcd C 59.80,
H 7.11, P 4.28, S 22.17; Found C 59.96, H 7.01, P 4.37, S 22.04. ESI-MS (m/z): Calcd. 722.2;
Found 722.2.

11-(4-methylthiobutylquaterthiophenyl)undecylphosphonic acid (1): To a solution of 1d
(102.0 mg, 0.14 mmol) in dry methylene chloride (15 mL) under nitrogen was dropwise added
bromotrimethylsilane (Me3SiBr, 129.0 mg, 0.11 mL, 0.84 mmol). The mixture was stirred
overnight at room temperature followed by the removal of solvent and excess of Me3;SiBr via
rotary evaporation under reduced pressure. The residue was dissolved in a mixture of methylene
chloride (15 mL) and methanol (20 mL), and stirred overnight at room temperature followed by
the removal of solvent via rotary evaporation under reduced pressure to collect an orange-red solid
(79.0 mg, 85%). '"H NMR (300 MHz, CDCl3): & 6.97-7.05 (m, 6H), 6.67-6.72 (m, 2H), 2.73-2.86
(m, 4H), 2.54 (t, 2H, ] = 7.2 Hz), 2.10 (s, 3H), 1.20-1.86 (m, 24H). C32H4303PSs: Calcd C 57.62,
H 6.50, P 4.64, S 24.04; Found C 57.79, H 6.38, P 4.78, S 23.96. ESI-MS (m/z): Calcd. 666.2;
Found 666.2.
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Figure 5.3. Synthesis of 12-(4-methylthiobutylquaterthiophenyl)dodecylphosphonic acid.
Reprinted with permission from [57]. Copyright 2015, Wiley-VCH Verlag GmbH & Co.
KGaA.

2-(12-Bromododecyl)thiophene (2a): To a solution of thiophene (2.52 g, 30.0 mmol) in dry
THF (40 mL) under nitrogen, a solution of n-butyl lithium in hexanes (2.5 M, 12.0 mL, 30.0 mmol)
was dropwise added at —78 °C. The suspension was stirred for one hour at —78 °C. A solution of
1,12-dibromododecane (9.84 g, 15.0 mmol) in dry THF (5 mL) was dropwise added. The reaction
mixture was slowly warmed up to room temperature and stirred overnight. The mixture was
quenched with water and extracted with ether. The organic layer was washed with water, collected
and dried over MgSQOs4. After removal of the solvent by rotary evaporation under reduced pressure,
the crude product was purified over silica gel column chromatography with hexane as the eluent

to afford a colorless liquid (6.16 g, 62%). '"H NMR (300 MHz, CDCl3): & 7.08 (d, 1H, J = 5.4 Hz),
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6.92 (dd, 1H, J =5.1, 3.3 Hz), 6.78 (d, 1H, J = 3.3 Hz), 3.40 (t, 2H, ] = 6.9 Hz), 2.81 (t, 2H, J =
7.5 Hz), 1.20-1.89 (m, 20H). C16H27BrS: Calcd C 58.00, H 8.21, Br 24.11; Found C 58.19, H 8.06,
Br 24.27. ESI-MS (m/z): Calcd. 330.1; Found 330.1.

Diethyl 12-(2-thienyl)dodecylphosphonate (2b): A mixture of 2a (3.31 g, 10.0 mmol) and
triethyl phosphite (57.3 g, 60.0 mL) was heated under nitrogen at 150 °C for 48 h. The excess of
triethyl phosphite was removed by distillation under vacuum. The crude product was purified over
silica gel column chromatography with methylene chloride to methylene chloride/ethyl acetate
(1:1) as the eluents to afford a colorless liquid (1.90 g, 49%). '"H NMR (300 MHz, CDCl5): & 7.10
(dd, 1H, J=5.1, 1.2 Hz), 6.92 (dd, 1H, J = 5.1, 3.6 Hz), 6.78 (dd, 1H, J = 3.6, 1.2 Hz), 4.06-4.13
(m, 4H), 2.82 (t, 2H, ] = 7.2 Hz), 1.20-1.82 (m, 26H). C20H3703PS: Calcd C 61.82, H 9.60, P 7.97,
S 8.25; Found C 61.97, H 9.49, P 8.06, S 8.14. ESI-MS (m/z): Calcd. 388.2; Found 388.1.

Diethyl 12-(5-bromo-2-thienyl)dodecylphosphonate (2c): To a solution of 2b (1.83 g, 4.7
mmol) in anhydrous DMF (15 mL) in darkness under nitrogen at room temperature was
portionwise added NBS (0.84 g, 4.7 mmol). The reaction mixture was stirred overnight at room
temperature and quenched with water. The DMF solvent was removed from the mixture by rotary
evaporation under reduced pressure followed by extracting with methylene chloride. The organic
layer was washed with water, collected and dried over MgSOa4. After removal of the solvent by
rotary evaporation under reduced pressure, the crude product was purified over silica gel column
chromatography with methylene chloride to methylene chloride/ethyl acetate (1:1) as the eluents
to afford a colorless liquid (2.03 g, 92%). '"H NMR (300 MHz, CDCl3):  6.84 (d, 1H, J = 3.6 Hz),
6.52 (d, 1H, J = 3.6 Hz), 4.06-4.12 (m, 4H), 2.73 (t, 2H, J = 7.8 Hz), 1.20-1.80 (m, 26H).
C20H36BrO3PS: Caled C 51.39, H 7.76, Br 17.09, P 6.63, S 6.86; Found C 51.57,H 7.61, Br 17.24,
P 6.77, S 6.69. ESI-MS (m/z): Calcd. 466.1; Found 466.1.

Diethyl 12-(4-methylthiobutylquaterthiophenyl)dodecylphosphonate (2d): To a mixture of 2¢
(93.5 mg, 0.20 mmol) and I (103.0 mg, 0.20 mmol) in anhydrous toluene (20 mL) under nitrogen
was added Pd(PPh3)s4 (4.6 mg, 0.004 mmol) at room temperature. The reaction mixture was stirred
overnight at 90 °C, cooled down to room temperature and quenched with water. The toluene
solvent was removed from the mixture by rotary evaporation under reduced pressure followed by
extracting with methylene chloride. The organic layer was washed with water, collected and dried
over MgSOs. After removal of the solvent by rotary evaporation under reduced pressure, the crude

product was purified over silica gel column chromatography with methylene chloride to methylene
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chloride/ethyl acetate (1:1) as the eluents to afford an orange solid (94.0 mg, 64%). 'H NMR (300
MHz, CDCl3): & 6.97-7.04 (m, 6H), 6.67-6.71 (m, 2H), 4.06-4.12 (m, 4H), 2.76-2.86 (m, 4H),
2.54 (t,2H,J =7.2 Hz), 2.10 (s, 3H), 1.20-1.84 (m, 32H). C37Hs303PSs: Caled C 60.29, H 7.25, P
4.20, S 21.75; Found C 60.45, H 7.12, P 4.33, S 21.69. ESI-MS (m/z): Calcd. 736.2; Found 736.2.
12-(4-methylthiobutylquaterthiophenyl)dodecylphosphonic acid (2): To a solution of 2d (89.0
mg, 0.12 mmol) in dry methylene chloride (15 mL) under nitrogen was dropwise added Mes;SiBr
(110.0 mg, 0.093 mL, 0.72 mmol). The mixture was stirred overnight at room temperature
followed by the removal of solvent and excess of MesSiBr via rotary evaporation under reduced
pressure. The residue was dissolved in a mixture of methylene chloride (15 mL) and methanol (20
mL), and stirred overnight at room temperature followed by the removal of solvent via rotary
evaporation under reduced pressure to collect an orange solid (70.2 mg, 86%). '"H NMR (300 MHz,
CDCl3): 6 6.97-7.05 (m, 6H), 6.67-6.72 (m, 2H), 2.76-2.86 (m, 4H), 2.54 (t, 2H, J = 7.2 Hz), 2.10
(s, 3H), 1.20-1.82 (m, 26H). C33H4503PSs: Caled C 58.20, H 6.66, P 4.55, S 23.54; Found C 58.39,
H 6.50, P 4.64, S 23.46. ESI-MS (m/z): Calcd. 680.2; Found 680.2.

5.2.2  SAM Assembly and Device Fabrication
5.2.2.1  Substrate preparation

For high-voltage SAMFETs, heavily p-doped Si/300 nm SiO» substrates were cleaned by
immersion into a piranha solution (30% aqueous hydrogen peroxide and 12 M sulfuric acid in a
1:3 volume ratio), extensively rinsed with deionized water and then dried with nitrogen gas.
Substrates were then plasma cleaned in a Diener Fempto Plasma Cleaner for 30 min resulting in a
2-3 nm layer of AlOx as described previously [46]. Substrates were then immediately used for
SAM assembly.

For low-voltage SAMFETS, heavily p-doped Si substrates were cleaned by immersion into a
piranha solution (30% aqueous hydrogen peroxide and 12 M sulfuric acid in a 1:3 volume ratio),
extensively rinsed with deionized water and then dried with nitrogen gas and then used
immediately for the formation of hafnium oxide (HfO) dielectric. HfO, dielectric was prepared
in a similar manner as described previously [45]. HfO> was prepared by dissolving hafnium (IV)

chloride (HfCly) (Aldrich, 99.9%) in ethanol (EtOH) under a dry nitrogen environment, followed
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by the addition of nitric acid (HNO3) and DI water in air (molar ratio of HfCls:EtOH:HNO3:H,O
is 1:205:5:5). The solution is then filtered with a 0.2 um PTFE filter and heated at 50 °C for 3
hours. The cooled solution is then spun-cast on the previously cleaned substrates at 5000 rpm for
30 seconds, left to sit for 1 hour and then annealed at 550 °C for 30 minutes. Once substrates are

cooled, they are used immediately for SAM assembly.

5.2.2.2 SAM preparation, assembly, and cleaning

SAMs of MTB4TC11 or MTB4TC12 were prepared by dissolving the molecules under a dry
nitrogen environment in anhydrous dimethylsulfoxide (DMSO) (0.1 mM concentration) at 60 °C
for 48 hours. The SAM solution was then allowed to cool and filtered with a 0.45 um PTFE filter.
Prepared substrates as described in 5.2.2.1 were then immersed in SAM solutions, sealed, and
allowed to assemble over the course of 72 hours. During SAM assembly, the solutions were held
at either 25, 60, 90, or 120 °C. The solutions were then allowed to cool to room temperature and
the substrates removed. The substrates with assembled SAMs were then cleaned via spin-rinsing
at 3000 rpm with anhydrous DMSO, tetrahydrofuran, and hexanes. At no point during assembly
and cleaning were the substrates with assembled SAMs removed from their initial dry nitrogen

environment.

5.2.2.3  Au source and drain electrode evaporation

Shadow masks were then used to fabricate 40 nm thick Au source and drain electrodes on

cleaned SAMs using standard thermal evaporation under high vacuum (10E-7 Torr).

5.2.2.4 Explanation of anneal before and anneal after

Devices that are defined as “Anneal Before” are annealed at 120 °C before the evaporation of
Au source and drain electrodes under a dry nitrogen environment for 10 hours. Devices that are
defined as “Anneal After” are annealed at 120 °C under a dry nitrogen environment for 10 hours

after Au source and drain electrodes have been evaporated on top of the SAM semiconductor.
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After device fabrication and annealing transistor electrical characterization was completed in an

inert environment with an Agilent 4155B semiconductor parameter analyzer.

5.2.3  AFM and Contact Angle Goniometry

Digital Instruments Multimode Nanoscope Illa scanning probe microscope (Veeco
Instruments, Plainview, NY) was used in AFM tapping mode. Aqueous static contact angle values
were taken with a VCA Optima Surface Analysis System (Adv. Surface Technology Products,

Billerica, MA) and are an average of five measurements with a standard deviation of less than +3°.

5.2.4  X-ray Photoelectron Spectroscopy

MTB4TC12 SAM semiconductor was assembled on AlOx/300 nm SiO2/Si substrates at 25 °C
and 120 °C, cleaned via sonication in DMSO, THF, and hexanes then subsequently characterized
via X-ray photoelectron spectroscopy. Measurements were performed on a Kratos AXIS Ultra
DLD instrument using a monochromatic Al Ka X-ray source and a 0° takeoff angle in hybrid
mode. The compositional scans were acquired using an analyzer pass energy of 80 eV. Error bars
in the reported data represent the standard deviation of the average of the three spots on two
samples. Data analysis was performed with the CASA XPS software package. The results are

summarized in Table 5.1.

5.2.5  Near-Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS)

NEXAFS spectra were collected at the National Synchrotron Light Source (NSLS) U7A
beamline at Brookhaven National Laboratory, using an elliptically polarized beam with 85% p-
polarization. This beamline is equipped with a monochromator (600 lines/mm grating) which
provides a full width at half-maximum (fwhm) resolution of 0.15 eV at the carbon K-edge. At the
carbon K-edge, the monochromator energy scale was calibrated using the intense C 1s—m*
transition at 285.35 eV of a graphite transmission grid placed in the path of the X-rays and partial
electron yield was monitored by a detector with the bias voltage maintained at —150 V. Samples

were mounted to allow rotation and changing the angle between the sample surface and the
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synchrotron X-rays. The NEXAFS angle is defined as the angle between the incident light and the

sample surface. A molecular rotation (twist angle) of 0° was assumed for the tilt angle calculations
[186].

5.3  RESULTS AND DISCUSSION

a) ~s

Figure 5.4. SAM semiconductor structure and high-voltage SAMFET device schematic. a)
Molecular structures of SAM semiconductors used in this study, | MTB4TCI1 and 2
MTB4TCI12; b) schematic of high-voltage SAMFETs fabricated. Reprinted with
permission from [57]. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA.

The SAM molecules, (11-(5"-(4-(methylthio)butyl)-[2,2":5',2":5",2"-quaterthiophen]-5-
yl)undecyl)phosphonic acid (MTB4TC11) and (12-(5"-(4-(methylthio)butyl)-[2,2":5',2":5" 2"~
quaterthiophen]-5-yl)dodecyl)phosphonic acid (MTB4TC12), used in this study are designed in
such a manner to promote efficient charge injection between the semiconducting core and chosen
electrode. As shown in Figure 5.4a the molecule is comprised of a phosphonic acid binding group

which allows for the covalent attachment to a variety of metal oxides [96]. A flexible undecyl or
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dodecyl spacer unit is chosen to promote self-assembly and optimal m-m overlap due to its
conformational freedom [187]. A quaterthiophene unit is chosen as the semiconducting core due
to its proven ability to work as a semiconductor in both thin film [187] and monolayer [188]
transistors. Finally, to achieve efficient charge injection into the SAM a functional terminal group
composed of methylthiobutyl is chosen. In order to enhance charge injection and minimize contact
resistance, the terminal group is designed to take advantage of the well-known gold-sulfide
coordinate bond that occurs between the two species [189]. In particular, methylsulfide has been
used in the past as an anchoring group for molecular junctions due to its ability to electronically
couple with gold [190]. To take advantage of this intimate contact, a simple top-contact bottom-
gate transistor architecture is used (Figure 5.4b). This will simplify the device architecture

compared to those reported for previous high performance SAMFETs [56, 63].
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5.3.1 Impact of Thermal Annealing on SAMFETs

T —T
Anneal MTBA4TC12

o After V, = -100V

10° o L = 100 um
o W = 1000 um

No Anneal

-100 -80 -60 -40 -20 0
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Figure 5.5. Transfer characteristics of high-voltage MTB4TC12 SAMFETSs with various

annealing conditions. Anneal before indicates SAM annealing at 120 °C for 10 hours
before electrode deposition and anneal after, indicates SAM annealing at 120 °C for 10
hours after electrode deposition. Reprinted with permission from [57]. Copyright 2015,
Wiley-VCH Verlag GmbH & Co. KGaA.

In order to better understand the dynamics of the coordinate bond between the SAM molecules
and gold electrodes high-voltage SAMFETs are first fabricated and the impact of thermal
annealing on device performance is also examined. SAMs are assembled via immersion at room
temperature on a traditional dielectric platform (Figure 5.4b) previously used by our group for both
thin film transistors [66] and SAMFETs [191]. After SAM assembly and cleaning to remove
aggregates, substrates are annealed either before or after gold electrode deposition at 120 °C for
10 h. Remarkably, Figure 5.5 shows a considerable difference in representative transfer electrical
characteristics when comparing devices that are not annealed, annealed before electrode
deposition, and annealed after electrode deposition. Devices not annealed show no performance
with the inability to act as a switch. Figure 5.6a shows that devices annealed before electrode

deposition have some limited charge mobility of around 10 cm? V! s”! while devices annealed



after electrode deposition show two orders of magnitude increase in charge mobility to 10 cm2
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Figure 5.6. High-voltage transistor performance parameters for a) hole mobility and b)

threshold voltage based on SAM semiconductor and annealing route. Data are averaged of

approximately 7 devices per channel length and are for transistors with a channel width of

1000 um. Reprinted with permission from [57]. Copyright 2015, Wiley-VCH Verlag

GmbH & Co. KGaA.
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In terms of yield, roughly half of all devices annealed before electrode deposition function
properly, while the yield for devices annealed after electrode deposition is near unity. Interestingly,
this enhancement is accompanied by a shift in apparent threshold voltage (V%) as can be seen in
Figure 5.6b. Devices annealed before or after electrode deposition exhibited an apparent threshold
voltage of around -80 V and -65 V respectively. While Vz remains constant across tested channel
lengths regardless of odd or even alkyl chain of SAMFET molecules, the impact of annealing
before or after electrode deposition plays a clear role and elucidates a potential mechanism for the
shown performance enhancement.

V't is generally thought to be related to the surface density of deeply trapped charges in the
channel and contact region of a transistor [192]. Deep traps, which are considered to be a few kT
above the highest occupied molecular orbital, may occur due to structural defects and impurities
[105]. It is likely that the deposition of gold on top of the SAM semiconductor resulted in the
formation of such trap states through the creation of local structural disorder. The morphology of
unannealed gold on top of the SAM (Figure 5.7a) shows morphology consistent with having a high
density of trap sites due to the numerous small grains and subsequent grain boundaries. However,
upon annealing at 120 °C (Figure 5.7b), these grains coarsen to form large interconnected grains.
Evidence of this morphology change indicates that the gold atoms are able to reorganize to a more
energetically favorable morphology to allow for better contact between electrode and SAM
semiconductor resulting in reduced trap sites. This reduction in trap site density due to grain
coarsening may also be a contributing factor for the mobility enhancement that occurs upon

annealing post electrode deposition.



Figure 5.7. Representative morphology of Au on top of MTB4TC11 SAM assembled on
AlOx measured by AFM with different annealing conditions of a) no anneal, b) anneal
after, and c¢) over annealed substrates. Reprinted with permission from [57]. Copyright

2015, Wiley-VCH Verlag GmbH & Co. KGaA.
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Another mechanism for enhanced mobility is most likely related to a reduced charge injection
barrier at the Au-SAM interface. A threshold voltage shift accompanied by improved mobility due
to changes between metal electrodes and semiconductor has been found earlier for both thin film
organic transistors with SAM modified gold electrodes and monolayer MoS: transistors with
different metal electrodes [193, 194]. The reduced charge injection barrier for devices fabricated
in this section is thought to be enabled by the intimate contact formed between the sulfur of the
SAM semiconductor and the gold atoms. Thermal annealing after gold electrode deposition is
needed to further strengthen the coordinate bond between SAM and electrode which requires a
separation distance of less than 0.5 nm [195]. It is hypothesized that annealing post-electrode
deposition provides enough thermal energy for reorganizing SAM molecules, gold atoms, or both
to improve contact.

However, it is known that if temperatures are elevated to around 300 °C, the mobile gold
atoms will cause the sulfide to desorb from the surface [196]. It was found that over annealing to
above 150 °C will result in gold dewetting from the SAM surface and forming isolated islands of
gold (Figure 5.7c). Such a phenomenon is accompanied by a significant reduction in device

performance.

5.3.2  Impact of SAM Immersion Assembly Temperature

In order to further enhance SAMFET performance, SAM immersion assembly temperature is
optimized. Traditionally, for the assembly of SAMs, solvents with a dielectric constant (er)
between 3 and 5 are found to be optimal. It is believed that if the solvent &; is below 3, SAMs tend
to form micelles. If greater than 5, solvent will interact too strongly with the SAM to disrupt
assembly at the substrate-solution interface [43, 71]. In our study, dimethyl sulfoxide (DMSO)
was found to provide the greatest solubility allowing for higher SAM solution concentration
without forming aggregate. However, DMSO has a relatively high dielectric constant (~46), which
may limit the dense assembly of SAM.

High-voltage SAMFET devices using the same device architecture shown in Figure 5.4b with
varying SAM immersion assembly temperatures were fabricated and characterized. Morphology
of SAMs assembled at room temperature and 120 °C were found to be similar for both MTB4TC11
and MTB4TC12. SAMs assembled at room temperature had rms roughness values of 0.26 nm and
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0.46 nm for MTB4TC11 and MTB4TC12, respectively while SAMs assembled at 120 °C had rms
roughness values of 0.33 nm and 0.43 nm, respectively. Representative morphologies

characterized by tapping mode atomic force microscopy are shown in Figure 5.8.

a) b)

Figure 5.8. Representative morphology of semiconductor SAMs assembled on AlOx/300
nm Si0O,/Si substrates at 25 °C and 120 °C. 5 pum x 5 pum AFM images of SAMs
MTBA4TC11 (a, ¢) and MTB4TC12 (b, d) assembled at 25 °C (a, b) and at 120 °C (c, d) on
AlOx/300 nm SiO2/Si substrates. RMS roughness values of 0.262 nm (a), 0.463 nm (b),
0.332 nm (c), and 0.439 nm (d) were found. Reprinted with permission from [57].
Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA.
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The static water contact angle for MTB4TC12 SAMFETs was found to increase slightly from
71.4°£0.8°to 76.2° £ 0.9°, respectively, when comparing assembled at room temperature versus
120 °C. This slightly increased contact angle may be indicative of increased SAM density. The
relationship between SAM assembly temperature and density is further corroborated from X-ray
photoelectron spectroscopy data which suggests an approximately 30% increase in SAM density
between room temperature and 120 °C assembly conditions (Table 5.4). The Iszp/Ianp ratio
determined from the elemental composition data is a direct measure of packing density. The data

show an increased packing of the SAM at a 120 °C assembly temperature.

Table 5.1. Atomic composition (in atomic %) and intensity ratio derived from XPS spectra

of MTB4TC12 SAM semiconductor assembled at different temperatures.

Assembly Temp (°C) C S P Al Is2p/Ianp®
25 77.6 (1.7)"  6.7(0.3) 1.8(0.2) 13.9(1.8) 1.5(0.3)
120 77.9(0.7) 82(0.3) 1.8(0.1) 12.3(0.9) 2.1(0.2)

This improved SAM density results in an order of magnitude higher hole-mobility as shown
in Figure 5.9. This follows an expected trend of increasing mobility with respect to assembly
temperature from room temperature to 120 °C while other parameters such as on/off current ratio,
threshold voltage, and subthreshold swing remain relatively constant regardless of assembly
temperature (Figure 5.10). Representative transfer and output curves of high voltage SAMFETs
with MTB4TC11 assembled are shown in Figure 5.11.
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Figure 5.9. Hole mobility of high voltage SAMFETs with either MTB4TC11 or
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Figure 5.10. Average transistor performance characteristics of high voltage SAMFETs

with MTB4TC12 SAM semiconductor prepared via immersion assembly at 25 °C, 60 °C,
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Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA.
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To obtain a better insight of the overall quality of SAMs assembled at 120 °C, the
SAM/electrode interface, and the impact of annealing, SAMs of MTB4TC11 were characterized
with near edge X-ray absorption fine structure (NEXAFS) spectroscopy. NEXAFS can provide
chemical identification of specific bonds within SAMs and detailed information about molecular
alignment [100]. Substrates with MTB4TC11 SAM were half covered with a 3 nm thick gold layer
to allow for the characterization via NEXAFS of MTB4TC11 SAM with or without gold. After

gold deposition, a subset of substrates were then annealed at 120 °C for 2 h to allow the

NEXAFS Characterization of SAMs and Impact of Annealing

determination of the influence of both gold and annealing post gold deposition.

Q)
—’
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Figure 5.12. NEXAFS C K-edge spectra from unannealed and annealed samples of
MTB4TC11 a) on AlOx and b) covered by 3nm of Au. Each figure contains spectra
collected at X-ray incidence angles of 55° (top traces) along with differences of spectra

recorded at 90° and 20° (bottom traces). Reprinted with permission from [57]. Copyright
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Carbon K-edge spectra, collected at an x-ray incident angle of 55°, from annealed/unannealed
versions of MTB4TC11 and Au coated MTB4TCI11 are presented in Figure 5.12a and 5.12b. The
absorption near 285 eV, related to n* C=C orbitals within the quaterthiophene groups, is present
in all spectra taken from all variants of the MTB4TC11 SAM [197]. Moving to higher x-ray
energies we observe a peak at 287 eV related to R*/C-H o* molecular orbitals [198]. The
orientation and ordering of molecular bonds can be assessed by changes in the x-ray absorption as
the sample is rotated relative to the incident x-ray beam by 6. Difference spectra (90°-20°), from
annealed/unannealed versions of MTB4TC11 and Au coated MTB4TCI11 are also shown in
Figures 5.12a and 5.12b.

Table 5.2. NEXAFS tilt angle calculations based on SAM semiconductor, annealing

condition, and presence of Au

SAM No Anneal Anneal

MTB4TC11 29.5 (0.2)* 30.5(0.1)
MTB4TCI11/Au 26.3 (0.6) 24.4(0.9)
B4TCl11 30.0 (0.1) 30.7 (0.2)
B4TC11/Au 26.0 (0.4) 25.3(0.7)

In all cases, the NEXAFS spectra show a high degree of ordering (positive dichroism) of ©*
C=C molecular orbitals. We have modeled the angle dependence of the n* resonance to calculate
the orientation of the thiophene units before and after gold deposition using standard procedures
[100]. Relative to the surface normal, the thiophene tilt angles for unannealed and annealed
MTB4TCI11 are 29.5° and 30.5° respectively. This apparent lack in change of tilt angle seems to
indicate that annealing by itself may not result in significant molecular reorientation. However,
upon depositing gold on top of the MTB4TC11 SAM the thiophene units became more upright.
For the unannealed sample set, the thiophene tilt angle is determined to be 26.3°. For the sample
set where gold was annealed after deposition on MTB4TC11 SAM, the thiophene tilt angle is
determined to be 24.4°. The SAMs may become more upright when covered with gold due to the
proposed coordinate bond between sulfur and gold. Additionally, the greater change in thiophene

tilt angle between pristine SAM and SAM covered with gold (6° and 3° for annealed and



96
unannealed respectively) indicates annealing with gold facilitates an interaction between SAM and
gold. A similar trend with the comparison molecule B4TCI11 is also found (Table 5.2) which may
indicate that the gold is not limited to interact with just the methyl sulfide functional group but
may also interact with the sulfur present in the quaterthiophene semiconducting core. The
molecular architecture can introduce some uncertainty in the angle determination (twist, torsion
angles etc). These errors do not apply for systems which use the same molecules: MTB4TC11 or
B4TC11 (before and after anneal, or before and after gold deposition). The error margin comparing
within a given molecule set is less than 1 degree. Comparing between datasets we can assume a
margin of 2.5 degree. We have some statistics because we use three different ratios within the
dataset to calculate and we get standard deviations of about 0.2 degrees. The rest of the error
includes experimental inaccuracies. Errors introduced by data analysis are largely eliminated
because we use intensity ratios and not absolute values. So small inaccuracies induced by
normalization cancel out. Overall, this NEXAFS dataset provides enough information to show that
depositing gold on top of these SAMs results in the thiophenes orienting more upright which is

then slightly increased with the addition of an annealing step.

5.3.4  SAMFET Comparison With or Without Methylthio Functional Group

In order to understand the influence of the methylthio functional group a comparison molecule
((11-(5"-(4-butyl)-[2,2":5',2":5",2"-quaterthiophen]-5-yl)Jundecyl)phosphonic acid, B4TC11) was
fabricated. Comparing performance data of B4TCI11 to MTB4TCI11 allows us to further
understand the advantages and disadvantages of the two functional groups. SAMs of B4TCl11,
MTB4TCl11, and MTB4TC12 were fabricated on HfO» via the heated assembly procedure at 120
°C as described earlier for AlOx. In order to verify the quality of SAM, static water contact angle
for MTB4TC12 was determined at 77.1° = 0.3° which is comparable to the data previously
reported on AlOx. Additionally, the contact angle of B4TC11 was found to be at 87.3° + 0.4° which
is comparable to literature data [58]. Furthermore, the rms roughness determined by AFM of
MTBA4TC12 was found to be 0.32 nm further indicating the presence of a quality monolayer on
the HfO> dielectric platform (Figure 5.13) that is comparable to that of our AlOx platform.
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-2.5 nm

Figure 5.13. AFM image of MTB4TC12 on a HfO»/300 nm SiO»/Si dielectric stack
assembled at 120 °C with an rms roughness of 0.329 nm. Reprinted with permission from

[57]. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA.

Performance data for the series of fabricated devices can be seen in Figure 5.14a. Surprisingly,
it was found that our control molecule B4TC11 yielded a hole mobility of 0.00213 cm? V! 57! for
pristine unannealed devices. However, upon annealing the devices at 120 °C for 10 h after
electrode deposition the hole mobility was reduced by nearly an order of magnitude. A similar
trend was also seen for an even lower temperature anneal of 80 °C. This reduction in hole mobility
seems to indicate that devices with only a butyl functional head group have limited thermal
stability and that annealing results in damage at the SAM/electrode interface. This damage may be
caused by diffusion of gold molecules into the SAM semiconductor core at said interface resulting
in interface of local SAM molecular order that is integral for charge carrier transport.
Comparatively, our MTB4TC11 and MTB4TC12 devices initially exhibit little to no performance
without annealing. However, upon annealing after electrode deposition the hole mobility for
MTB4TC11 and MTB4TC12 increases to 0.00356 cm? V! s7'and 0.00737 cm? V! s7! respectively.
Additionally, since MTB4TC11 has slightly better mobility compared to unannealed B4TC11 and
about an order of magnitude better hole mobility for annealed B4TC11 devices, the influence of

the methylthio functional group seems to help slightly enhance device mobility as well as increase
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thermal stability by protecting the semiconducting core from being damaged by the gold

electrodes.
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Figure 5.14. Comparison of hole mobility and contact resistance of high voltage SAMFETs
consisting of MTB4TC11, MTB4TC12, and B4TC11 assembled on HfO». a) Hole mobility
with respect to channel length for high voltage SAMFETs with a HfO»/300nm SiO»/Si
dielectric/gate stack and SAM semiconductors B4TC11, MTB4TC11, and MTB4TC12.
Performance is indicated if devices are not annealed or are annealed at 120 °C for 10 h
after 50 nm Au electrode deposition. b) Contact resistance with respect to gate-source
voltage of high-voltage SAMFETs with HfO> dielectric stack. Reprinted with permission
from [57]. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA.

5.3.5 SAMFET Contact Resistance

In order to further understand the influence of the SAM functional head group, contact
resistance was determined using a modified transmission line method [199]. Contact resistance
with respect to gate-source voltage is shown in Figure 5.14b. It was found that even though
MTB4TC12 exhibited the best device performance, the unannealed B4TC11 devices had the
lowest contact resistance. This is reasonable given that it has the shortest functional head group of

the systems tested. However, as expected, upon annealing after electrode deposition the contact
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resistance of B4TC11 becomes the highest among tested architectures. MTB4TC12 exhibits
contact resistance similar to unannealed B4TC11 indicating that not only does the functional head
group play a role in contact resistance, but that even tilt angle differences between an odd and even
number alkyl chain can result in a fairly significant difference in both contact resistance and

performance.

53.6  Low Voltage SAMFETs

While high-voltage devices in this paper serve to elucidate the importance of device
processing and design for SAMFETs, real-world applications rely on having low operating voltage
devices. Optimized processing conditions have been used to fabricate low-voltage MTB4TC12
SAMFETs on a thin HfO; dielectric as seen in the insert of Figure 5.15a. HfO: is a proven high-k
dielectric that has previously been used for low-voltage thin film organic transistors [45].
Approximately 8 nm thick HfO2 dielectric films were characterized by the fabrication of p++
Si/HfO2/Au metal-insulator-metal devices. Electrical characterization was done under a dry
nitrogen environment utilizing an Agilent 4155B semiconductor parameter analyzer for current
density vs. voltage and an HP 4284A precision LCR meter for capacitance vs. frequency
measurements. Average capacitance of 565 nF cm-2 at 1 kHz frequency and current density of

2.1*10-8 A cm-2 at -3 V was found.
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Figure 5.15. Characterization of metal-insulator-metal junctions for determination of HfO,
current density and capacitance. Characteristic current density vs. voltage (a) and
capacitance density vs frequency (b) for p++ Si/HfO>/Au metal-insulator-metal junctions.
Shown data is an average of approximately 15 devices. Reprinted with permission from

[57]. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA.

However, it is important to take into account the additional capacitance provided by the
dodecyl alkyl chain of the MTB4TC12 SAM used which is estimated to lower the total capacitance
to 408 nF cm™? (SI, Figure S8). From Figure S8, we are able to determine the capacitance of HfO,
dielectric to be approximately 565 nF cm™ at 1 kHz. For low-voltage SAMFET devices, the
contribution from the dodecyl alkyl chain also contributes to the overall dielectric stack. Since this
alkyl chain is attached to the SAM semiconducting core it is difficult to measure its contribution
to total capacitance directly. Instead, we estimate the total capacitance by using the standard
capacitance equations as seen below. Using data generated by our group previously [41] we can

estimate the contribution of a dodecyl phosphonic acid SAM (DDPA) as follows:

11 N 1 _ 1 B 1 N 1 (Eq.5.1)
Crotal Chro, Cpppra " 515 nF cm2 792 nF cm=2 Cpppra 1>
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This gives us an estimated capacitance contribution for DDPA of 1473 nF cm™. This value is
comparable to that estimated by other groups at 1480 nF cm™ [63]. Using this information we can

then estimate the total capacitance for our HfO2/SAM dielectric stack as follows:

1 1 1
N + o Crotar = 408 nF cm™2 (Eq.5.2
Ctotal 565 nF cm=2 1473 nF cm~—2 total (Eq.5.2)

Low voltage SAMFETs exhibited excellent charge carrier mobility with the best hole-
mobility reaching 0.015 cm? V! s! for devices with a channel width and length of 200 um and
100 pum respectively. Figure 5.16a shows that mobility increases with decreasing channel
width/length ratio indicating that total contact area is critical to device performance. A similar
trend is also seen for high-voltage devices and is indicative of performance being limited by
resistance within the transistor circuit [200]. As shown in Figure 5.16b and comparable to high
voltage SAMFETS, on/off current ratios of 10° are found which stems from the reduced off current
present in low voltage devices. Additionally, devices are found to have an excellent differential
between drain-source current and gate-source leakage current at around 10%. This exemplifies the
high quality nature of our sol-gel HfO» hybrid dielectric as it is currently the highest reported value
for low voltage SAMFET devices. Representative transfer and output characteristics for a device

with channel width and length of 200 um and 100 um respectively is shown in Figure 5.16¢ and
5.16d.
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Figure 5.16. Electrical characterization of low voltage MTB4TC12 based SAMFETs. a)
Hole mobility with respect to ratio of channel width/length for low voltage SAMFET with
MTBA4TC12 SAM semiconductor with insert showing device architecture; Device
assembled under best conditions with SAM assembly at 120 °C and device annealed at 120
°C for 10 hours after gold electrode deposition; b) Transistor performance parameters
indicating on/off current ratio, and difference between drain-source current and gate-source
leakage current at -3 V; Representative transfer (¢) and output (d) characteristic transistor
curves for a device with a channel width and length of 200 um and 100 pm operated at Vs
of -1.5 V. Reprinted with permission from [57]. Copyright 2015, Wiley-VCH Verlag
GmbH & Co. KGaA
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5.4 CONCLUSION

In summary, high performance low operating voltage SAMFETs have been fabricated through
the rational design of a functional SAM head group and processing optimization. The
methylthiobutyl terminal group of the quaterthiophene based SAM semiconductors has enabled
efficient electrical contact to Au electrodes while maintaining SAMFET thermal stability.
Annealing has been shown to further enhance the coordinate bond between SAM and electrode to
enable over two orders of magnitude increase in charge carrier mobility. Additionally, through the
use of heated immersion assembly, SAM density has been increased by approximately 30%
resulting in another order of magnitude higher charge carrier mobility. Low voltage SAMFETs
utilizing hybrid HfO: sol-gel dielectric were then assembled under optimized processing
conditions to achieve a peak hole-mobility of 0.015 cm? V! s!. These results show the importance
of terminal group and processing for SAMFETSs and should be generally applicable to other SAM

semiconductor systems.
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