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In the first part of the thesis, studies of the charge carrier transport in organic
semiconductors performed using organic field-effect transistors (OFETs) with polymeric
gate dielectric (parylene) are presented. By combining OFET and ultraviolet photoelectron
spectroscopy

(UPS)

studies,

the

effect

of

bias-stress

instability

at

the

semiconductor/insulator interface have been investigated and understood. The effect is
understood in terms of the transfer of holes from an accumulation channel of the
semiconductor to localized states of the insulator that depends on energetic overlap
between HOMO band tails of the semiconductor and the insulator.
Second, surface functionalization of various materials such as organic single crystals,
conjugated semiconductor polymers, graphene and carbon nanotubes (CNTs) with
Self-Assembled Monolayers (SAMs) is described. In most cases, an enhanced surface
conductivity is observed as a result of SAM treatment. Especially, fluorinated alkyl-silane
(FTS) SAM induces the highest density of p-type charge carriers (in excess of an order of
1013cm-2), which leads to a strong surface hole-doping of these materials. In this thesis, (1)
the mechanism of SAM nucleation, growth process and doping effect at the surface of
ii

organic single crystals and graphene is revealed. SAM nucleation occurs predominantly at
molecular step edges or defect sites present at the surface and a consecutive lateral growth
proceeds by cross-linking between SAM molecules. The strong hole-doping is explained
by an interfacial charge transfer that during SAM formation. In addition, conductive
atomic force microscopy (C-AFM) confirms that conducting paths along the step edges are
formed by FTS nucleation at the early stage of FTS growth on rubrene. (2) it is reported
that conductivity of solution-deposited thin film of conjugated polymers increases by up to
six

orders

of

magnitude,

reaching

(1.1

±

0.1)

×

103

Scm-1

for

poly

(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) and 30 ± 20 Scm-1 for
poly(3-hexyl)thiophene upon bulk doping with FTS. Interestingly, SAM-doped
polythiophene exhibits an intrinsic sensing effect: drastic and reversible change of the
conductivity in response to polar molecules. (3) FTS growth is also performed on other
carbon-based materials such as graphite, graphene and CNTs, which resulted in a strong
hole-doping. Hall-effect and field-effect confirm that the order of 1013 cm-2 and 1014 cm-2
holes are induced on graphene layer and CNT sheets by FTS growth, respectively.
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Chapter I

Introduction

2
Organic Field-Effect Transistor (OFET) is a powerful tool to study charge
transport in organic semiconductors by means of injecting charge carriers electrostatically
by application of a gate electric field. High-performance OFETs with parylene or air-gap
gate dielectrics were used to study the bias-stress instability in organic field-effect
transistors1.

Self-Assembled Monolayers (SAMs) are ultrathin molecular films spontaneously
formed at surfaces or interfaces through chemical or physical interactions between
molecules and a substrate’s surface. For the past few decades, SAMs on metal, oxide or
semiconductor surfaces have been studied to significant extent, and now SAMs are
widely used in a variety of ways for modification of work function of metals, passivating
the surface of oxides, forming electrically insulating film and changing the wettability of
substrate surfaces2-12. Recently, it has been demonstrated that organosilane SAMs can
grow at the surface of organic semiconductor crystals13, carbon-based materials14,15
(graphene and carbon nanotubes) and conjugated organic semiconductor polymer films16.
As a result, electronic or local optical properties of these materials are drastically
modified at the interface with SAMs. In this thesis, the recent achievements in
functionalization of aforementioned materials by the deposition of fluorinated or nonfluorinated alkylsilane SAMs are reported; investigation of the mechanism of SAM
nucleation and growth is also described17.
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Chapter II

Sample Preparation and Device Fabrication
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1. Organic Single Crrystal Growth
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freestanding

organic

single

crystals

such

as

rubrene,

tetracene,

TCNQ

(Tetracyanoquinodimethane), etc. The growth system consists of a quartz tube enclosed
in an outer metal tube with an external heater and cooler. A high thermal conductivity of
the metal tube creates a smooth temperature gradient along the axis of the tube. Figure
1(b) represents an actual temperature profile inside the quarts tube along the growth
furnace with two regions of stabilized temperatures: the highest T at the heater and the
lowest T at the water cooler. Starting material is loaded at the high-temperature zone,
where sublimation takes place at the temperature, TSET , and evaporated molecules are
carried by the gas stream into the region of lower temperature where crystallization
occurs. Important parameters are a temperature gradient and the gas flow rate inside the
growth tube. In our setup, the typical TSET for rubrene, tetracene and TCNQ are around
320, 230, 220 ˚C, respectively. Ultrahigh purity argon, helium or hydrogen can be used as
the transport gases, and the optimal flow rate is generally 50 ~ 100 cc/min. At such
conditions, crystal growth usually takes approximately 24 ~ 70 hours for 100 ~ 300 mg of
loaded material. The optimal setting parameters in different furnaces should be
determined empirically depending on the design of a particular furnace. The lower
temperature (just above the sublimation temperature of the material), heavy transporting
gas such as argon and the low gas flow rate result in bulky, bar-shape crystals. On the
other hand, the higher temperature, the high flow rate and lighter helium gas usually
generate thin and wide crystals within reduced growth time. The crystals are usually
growing at several centimeters away from the loading zone. Heavy impurities in the
starting material are normally retained in the loading zone after the material is evaporated.
Light impurities are deposited at the farther position away from the crystallization zone.
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The amount of impurities can be further reduced by using previously grown crystals as
the starting material. In organic single crystals, impurities are more decisive factor that
can hinder charge transport, compared to structural defects such as dislocations and
vacancies. Therefore, several cycles of regrowth (purification) improve the quality of the
crystals dramatically, which results in an improved charge transport properties of organic
crystals. Rubrene crystals grown by PVT method are shown in Figure 1(c).

2. Deposition of Thin Films of Conjugated Polymers

Regioregular poly(3-hexyl)thiophene (P3HT) from Alfa-Aesar and poly (2,5bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene)

(PBTTT)

from

Merck

were

dissolved in chloroform and chlorobenzene, respectively. The concentration of P3HT in
chloroform was 1.0 mg mL-1 (0.07 wt%) and that of PBTTT in chlorobenzene was 0.5
wt%. In the case of PBTTT solution, heat was applied through a water bath to dissolve it
thoroughly. Before spin coating, the polymer solutions were filtered through a syringe
filter with a 0.2 µm pore size. Both solutions were spin-coated on a clean glass or Si/SiO2
substrate at 2000 rpm for 40 seconds in ambient air. The spin-coated P3HT and PBTTT
films were then annealed at 160 - 180 ˚C for 10 min in ultra-high purity (UHP) argon gas.
The annealing process is performed by a gradual heating and cooling with elevating or
decreasing the temperature as 10 - 20 ˚C steps for every 5 minutes. The resulting polymer
film thickness was approximately 20 nm, as determined by AFM profile measurements.
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3. Self-Assembled Monolayers (SAMs) Deposition

Liquid N2 trap

Bellows valve
for chamber

Electrical
feedthrough

Chemical resistive
Mech. Pump

Source &
electro‐metrer

Sample
Mech. Pump

SAM

Metal mesh filter

Stainless steal
chamber

Bellows valve
for SAM container

Figure 2. Schematic diagram of a setup for deposition of self-assembled monolayers
(SAMs) from a vapor phase; SAM growth setup consists of a pumping system with filters,
SAM growth chamber and instruments for electrical measurements.

Self-Assembled Monolayers (SAMs) are widely used in a variety of emerging
applications for surface modification of metals and oxides2-12. Among various SAM
growth methods, a vapor phase deposition in a vacuum chamber can be used to produce
smooth and uniform monolayers of SAM molecules at the substrate surface. As shown in
Figure 2, SAM growth setup consists of a pumping system with filters, a SAM growth
chamber and instruments for electrical measurements. Chemically resistive mechanical
pump with Fomblin® (perflourinated polyether) pumping oil is preferred to use for
preventing a degradation of the mechanical pump from corrosive silane molecules. A
metal mesh filter is also attached in a pumping line to catch SAM molecules before they
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enter into the mechanical pump. A liquid nitrogen trap affixed to the deposition chamber
plays two roles. First, it improves a vacuum pressure inside of the growth chamber.
Second, it catches (traps) SAM molecules while opening the valve of SAM container
during the pumping, which is a necessary step for removing trapped air in SAM container
to improve vacuum. In addition, the metal mesh filter and the liquid nitrogen trap prevent
pump oil residues from back-flowing into the growth chamber and contaminating the
samples. The growth chamber consists of a satellite SAM container and electrical feedthrough to in-situ monitor conductivity during the SAM growth. Bellows valves are
preferred to use for retaining the vacuum inside the growth chamber and SAM container.
All parts of the setup exposed to SAM molecules are made of stainless steel, since
aluminum is subject to oxidation by byproducts of trichlorosilane chemistry. The
procedure of SAM deposition is as follows.
1) Place sample with pre-deposited electrical leads in the SAM growth chamber
and connect them to source- and electro-meter through an electrical feed-through.
A liquid of SAM is filled in SAM container.
2) Pump the growth chamber by operating the mechanical pump for 30 minutes
without filling the liquid nitrogen trap. SAM container should be blocked from
pumping by closing the bellows valve during pumping. The vacuum pressure
inside the chamber after 30 minute-pumping reaches approximately 10-2 Torr.
3)

Fill the trap with liquid nitrogen while uninterrupted operation of the

mechanical pump is on. This step will improve the vacuum further inside the
chamber.

9
4) Gradually and thoroughly open the bellows valve for SAM container and wait
one minute with pumping. This will remove trapped air inside the SAM container.
5)

Close bellows valve for the growth chamber. SAM molecules will start

growing at the substrate.

4. Parylene Insulating Polymer Deposition

Cl

Cl
CH2

CH2

CH2

CH2

CH2

CH2
Cl

Parylene-N

Parylene-C

Parylene-D

High dielectric strength
Greater coating protection
Dielectric constant ~ 2.65

Very low permeability to
Moisture, chemical and gases
Dielectric constant ~ 3.15

Maintain physical and electrical
properties at higher temperature
Dielectric constant ~ 2.84

Figure 3. Three different types of parylene (non-conjugated organic polymers); Each
type has different physical and electrical properties based on their slightly different
molecular structure.

Parylene coating is a well-developed technology traditionally used in electronic
packaging applications19,20. A vapor phase deposition of parylene is conformal so that it
covers features everywhere such as at sharp edges, defects or exposed internal surfaces
with a relatively uniform thickness. The film of parylene provides an excellent dielectric
strength. These factors make it a good gate dielectric material for organic field-effect

10
transistors (OFETs)21. Generally, three different types of parylene are used based on their
different properties as shown in Figure 3.

a

Parylene dimer
powder

1st Heater (100 ˚C)

Liquid N2 trap

Quartz tube

Sample

2nd Heater (700 ˚C)

Mech. Pump

b
CH2

CH2

2 CH2
CH2

CH2

CH2

n

CH2

Di-para-xylylene (dimer)
1st Heater

CH2

Para-xylylene (monomer)
2nd Heater

Poly(para-xylylene) (polymer)
Sample

Figure 4. (a) Schematic diagram of two zone furnace of parylene deposition; (b)
Reactions involved in the deposition process: sublimation of dimer at ~ 100 ˚C, splitting
into monomers at ~700 ˚C and polymerization at room temperature

A sketch of a setup for parylene deposition is shown in Figure 4(a). Two heaters
are assembled back to back along a long quartz tube. One end of the quartz tube is
blocked by a silicon stopper and the other end is connected to a liquid nitrogen trap,
which is then connected to a mechanical pump. Parylene starting materials are loaded in
the first heating zone and the samples with prefabricated contacts and leads are placed in
the position of the quartz tube near the liquid nitrogen trap as shown in Figure 4(a).
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Pumping by the mechanical pump maintains a pressure inside the tube of approximately
10-2 Torr. Filling the trap with liquid nitrogen enhances the vacuum further as well as
prevents a contamination of the mechanical pump by parylene. The starting material is
parylene dimer sublimed at 100 ˚C. Therefore, the temperature in the first heating zone is
maintained slightly above 100 ˚C. The evaporated parylene dimers pass through the
second heating zone, a pyrolysis zone, maintained at 700 ˚C. At this temperature, each
dimer splits into two monomers as described in Figure 4(b). These parylene monomers
subsequently travel toward the section of ambient temperature, where the samples are
placed, and polymerization occurs to form a transparent insulating film on the surface of
the samples. 0.1 to 2 µm thickness of parylene coating can be grown in a single
deposition run. During parylene growth, the thickness of the film is monitored by a color
change of control samples placed next to the samples. Glass substrates or Si wafers are
generally used as the control samples. As the thickness of parylene increases, the color of
the control samples turn yellow, pink, violet and pistachio green in sequence (one cycle
of deposition). During the film growth, this cycle repeats continuously. 1 µm thickness of
parylene corresponds to approximately 6 cycles of color change. A general deposition
time of 1 µm thickness of parylene is around 20 minutes. The capacitance of 1 µm
parylene-N is approximately 2.1 nF/cm2. Parylene coating has several advantages as the
gate dielectric: 1) samples are maintained at room temperature throughout the entire
process; 2) a high vacuum is not required; 3) the electrical and physical properties of
parylene are very good: an electrical breakdown strength of up to 10 MV/cm, superior
chemical stability, and high optical clarity.
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Chapter III

Measurements, Data Analyses and Results
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1. Organic Field-effect Transistors (OFETs)

1.1. Organic Field-effect Transistors (OFETs)

Transistor is one of the key elements of integrated circuits. Various types of
inorganic transistors (mostly Si FETs) have been developed and the mechanisms of their
operation have been rigorously studied and well understood22. However, in the case of
organic field-effect transistors (OFETs), there are still many open questions related to the
fundamental mechanisms of charge transport and physics of these devices. These
challenges originate from inherent properties of organic materials: softness, fragileness
and vulnerability to environment. Hence, special care and novel methods of device
fabrications have been developed in recent decades23,24. These OFETs are suitable not
only for fundamental studies but also for developing novel applications25-31. In this thesis,
a few methods of fabrication of high-performance OFETs are described. They provide a
tool for controllable modification of charge carrier density at organic surfaces without
introducing chemical doping or disorder.
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1.1.1. Review of Organic Field-effect Transistors (OFETs)

a

Vacuum level

b
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Schematic diagram of OFETs
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Figure 5. (a) Schematic diagram for OFET with bottom gate and bottom contacts
geometry; (b) Flat energy band diagram for ideal Metal-Insulator-Semiconductor (p-type)
junction without gate bias; (c), (d) Energy band alignments for negative gate bias in
accumulation mode and positive bias in depletion mode of p-type semiconductor OFETs,
respectively

OFETs can be understood based on conventional MOSFETs (Metal-OxideSemiconductor field-effect transistors); they are comprised of three terminals (source,
drain and gate electrodes), a gate dielectric and a semiconductor. Source and drain
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electrodes on the semiconductors inject and retrieve charge carriers when a source-drain
voltage is applied. The gate electrode and semiconductor channel are separated by the
gate dielectric and form a parallel Metal-Insulator-Semiconductor (MIS) capacitor.
Figure 5(a) shows a schematic diagram of the OFET in bottom contact geometry, as an
example. When the gate electrode is biased with positive or negative voltage, an electric
field from the gate electrode penetrates the gate dielectric and causes bending of the
energy bands of the semiconductor near the interface. Depending on the direction and
magnitude the energy bands shift induced by the gate, three modes of operation can be
realized at the surface of semiconductor; Accumulation, Depletion and Inversion. Unlike
inorganic Si-MOSFETs utilizing inversion, OFETs are operating mostly in accumulation
or depletion modes. Energy band diagrams for both accumulation and depletion modes
are illustrated in Figure 5(c) and 5(d), respectively. In the case of p-type OFETs, when
negative voltage is applied to the gate, the relative magnitude of intrinsic Fermi level and
Fermi level, Ei - EF, of semiconductor increases due to upward bending of the energy
bands, which gives rise to an enhanced carrier concentration (accumulation of holes in
semiconductor near the interface between the dielectric and semiconductor). On the other
hand, a positive bias on the gate electrode bends the energy bands downward, and the
reduction of Ei - EF causes a decrease of the carrier concentration (depletion of holes in
the semiconductor). By altering the strength of the electric field (gate voltage), the
induced carrier concentration is modulated, resulting in a variation of electrostatic doping
level in the semiconductor in a controllable and reversible way. These are basic concepts
of operation of OFETs. In actual devices, there are several parameters to affect OFET
performance, threshold voltage (VT), on/off ratio, etc. In many instances, the induced
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charges initially populate localized states and no change in the channel conductance is
observed until the gate voltage reaches the threshold voltage VT. The value of the
threshold depends upon factors such as the density of localized states in the
semiconductor, traps at the interface between the gate dielectric and the semiconductor,
and immobile charges or defects in the dielectric. Another parameter of OFET’s
performance, on/off ratio, is defined as the ratio of the current in the accumulation mode
(with the high VG) to that in the depletion mode. The higher on/off ratio states the better
performance of OFETs.
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Figure 6. (a), (b) Schematic diagrams for linear and saturation regimes of OFETs:
Pinch-off point in (b) appears when VD ≈ VG – VT and moves further from the drain
contact when VD increases. (c), (d) output characteristics and (e), (f) transfer
characteristics of OFETs in linear and saturation regimes, respectively.

There are two distinct properties that characterize OFETs; transfer characteristic
and output characteristic curves based on operating variables. Figure 6 shows two
different characteristic curves. Transfer characteristic curves are obtained by recording
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the source-drain current at a fixed source-drain voltage while varying the gate voltage,
whereas output characteristics are acquired by recording the source-drain current at a
fixed gate voltage while varying the source-drain voltage. Current-voltage characteristics
of OFETs can be understood in terms of Shockley’s gradual channel model for the
conducting channel. When the bias voltage is applied between source and drain
electrodes, local channel potential VC(x) varies as a function of distance from the source
electrode (0 < VC(x) < VD). In the presence of the gate bias, the effective local potential at
a point in the channel can be expressed as Veff(x) = (VG – VT) – VC(x) and the charge
density induced by the gate at a given point in the channel depends upon this effective
local channel potential. Hence, the equation of σ 2 D ( x) = n2 D eμ can be expressed as
⎛ I D ⎞⎛ dx ⎞
⎟
⎜
= CiVeff ( x) μ = Ci [(VG − VT ) − VC ( x)]μ
⎜ dV ( x) ⎟⎜⎝ W ⎟⎠
,
eff
⎠
⎝

(1)

where x is a coordinate along the length of the channel, µ is a carrier mobility, Ci is a
capacitance per unit area of the gate insulator, and W is the width of the channel.
Since dVeff (x) = dVC (x), equation (1) can be rewritten as

I D dx = WμCi [(VG − VT ) − VC ( x)]dVC ( x)

(2)

Upon integrating this equation over the length L of the channel, we obtain a final
equation for current-voltage characteristics as equation (3).

ID =

W
μCi [(VG − VT )VD − VD 2 / 2]
L

(3)

Depending on the relative potential between the gate and the drain voltages, there are two
regimes, linear and saturation, existing in OFET’s operation. When the gate voltage is
much larger than the drain voltage ( VD << VG − VT ), the source-drain current, ID, is
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proportional to the drain voltage for the given gate voltage. This is called as a linear
regime, in which the equation for ID becomes:
I Dlin =

W
μCi (VG − VT )VD
L

(4)

Note that in this regime, ID is proportional to both VG and VD. Figure 6 shows the
measurement of a real OFET (parylene/rubrene) device.
As expected from equation (4), in output characteristic curve of Figure 6(c), ID increases
linearly upon the increase of the drain voltage with a slope of VG – VT. In transfer
characteristic curve of Figure 6(e), ID also increases linearly when the gate voltage
increases for the given drain voltage. Linear field-effect mobilities can be calculated from
a channel conductance and transconductance relations based on output and transfer
characteristic curves in linear regime, respectively. The channel conductance, gd, and
transconductance, gm, are defined by
gd =

gm =

∂I D
∂VD
∂I D
∂VG

=

W
μCi (VG − VT )
L

(5)

=

W
μCiVD
L

(6)

VG = const

VD = const

As VD increases and approaches VG − VT at the higher drain bias, the electric potential
difference between the gate and the drain diminishes to be zero. Hence, the density of
charge carrier near the drain electrode becomes zero. This is called a “pinch-off point”
indicated in Figure 6(b). When VD becomes higher than VG − VT upon further increase
of VD , the pinch-off point shifts toward the source contact, which results in a shorter
charge accumulation region and a more extended depletion region as shown in Figure
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6(b). Once pinch-off sets in, ID saturates and remains constant at a further increase of VD.
This is shown in Figure 6(d) (the arrow points to the onset of saturation in ID at VD = - 15
V). It is because that the reduction in the density of induced charge carriers due to
shortened accumulation region is exactly compensated by strengthening of a longitudinal
electric field owing to the increase of the drain voltage. This is a saturation regime.
Carrier injection from pinch-off point into depletion region near the drain is very similar
to that of electron injection from a forward biased emitter-base junction to the reversed
biased depletion region of a p-n-p transistor.
In the saturation regime ( VD >> VG − VT ) of OFETs, the drain current is attained by
equation (3) with VD = VG – VT,

I Dsat

⎡ (VG − VT ) 2 ⎤
W
= μCi ⎢
⎥
L
2
⎦
⎣

(7)

Note that in this regime, ID is proportional to square of VG (as long as VD > VG − VT ).
Hence, the field-effect mobility in the saturation regime can be extracted from the slope
of

I D vs VG – VT curve. Such curve is shown in Figure 6(f). Transconductance in

saturation regime is g m =

W
μCi (VG − VT ) , while channel conductance, gd, is zero. The
L

mobility in the saturation regime can be different from that in the linear regime, because
the distribution of carrier density along the channel is highly nonuniform on the channel
in the saturation regime compared to linear regime Figure 6(b).
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1.1.2. OFETs with Parylene Gate Dielectric
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Figure 7. (a), (b) transfer and output characteristics of rubrene OFET with parylene gate

dielectric; Inset of Figure 3 (a) shows the mobility curves extracted from
transconductance equation (6) based on transfer characteristic curves with varying VSD.
The calculated linear mobility, µlin, is 4 cm2V-1s-1 in this device. Clear ‘pinch-off’ points
and saturation are observed in output characteristic curves in (b).

Conventional inorganic or organic transistors are generally fabricated using
silicon oxide (SiO2) as a gate insulator. Well-developed growth method and a highly
clean Si/SiO2 interface make SiO2 the best choice of the gate dielectric22. However, there
are some drawbacks of SiO2 such as a high dielectric constant and random local potential
of SiO2 that affect the charge transport in active semiconductor channels directly32,33. In
addition, SiO2 is not amendable to flexible applications, printing or solution processing.
As substitutes for silicon oxide or high-k oxide dielectrics, various insulating polymers

22

have been used as the gate dielectrics in OFETs. As an example, paryelene, a polymeric
film, has been proven to be a good gate insulator with a high performance21. Parylene is a
non-conjugated organic polymer and it can be deposited from a vapor phase on the
surface of organic crystals at room temperature. Conformal nature of parylene coating is
important for fabrication of free-standing single crystal OFETs21. In comparison with
laminated devices on oxide dielectric, this has several advantages such as reduction of
substrate-related strain and defect-free interface between semiconductor and dielectric.
Additionally, optical transparency of the film enables us to perform optical measurements
of OFET through the gate dielectric and a semi-transparent gate metal34,35. Figure 7(a)
and (b) show transfer and output characteristics of a free-standing rubrene OFET with
parylene gate dielectric. It has been fabricated in bottom gate and bottom contacts
geometry. The source and drain electrodes were deposited by application of colloidal
graphite paint resulting in a low contact resistance. Parylene insulator has been deposited
as described in the previous chapter. Capacitance of 1 µm-thick parylene-N film, Ci, is
approximately 2.1 nFcm-2. 1 µm-thick parylene layer can withstand more than 100 V.
Both transfer and output characteristics represent a text-book FET behavior. This is only
possible when the contact resistance is very low and the interface between semiconductor
and the gate dielectric is very clean and defect-free. Drain current increases linearly upon
raising the gate voltage in linear regime as shown Figure 7(a). Based on the transfer
characteristics, the linear field-effect mobility is extracted using transconductance
equation (6). The plateaus shown in the inset of Figure 7(a) are indicative of the linear
field-effect conductivity when the gate voltage is much higher than the drain voltage
(linear regime). The calculated mobility is 4 cm2V-1s-1, which is consistent with the result
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of Ref. 28. In output characteristics in Figure 7(b), the saturation of the drain currents
have been observed very clearly above the pinch-off point and all pinch-off points match
well the gate voltages applied. On/off ratio of a typical free standing rubrene OFETs with
parylene gate dielectric is 105.

1.1.3. Air-gap PDMS Stamp OFETs

Another type of OFET for use with organic single-crystals is the PDMS air-gap
OFET. This technique has been developed by collaboration between Podzorov group at
Rutgers and Rogers group in University of Illinois at Urbana Champaign and used to
investigate the charge transport in organic single crystals before36. A transistor circuitry is
prefabricated by conventional microfabrication (lithography) methods on a flexible
elastomeric (polydimethylsiloxane = PDMS) substrate and organic single crystal is
subsequently laminated to it. This technique eliminates the needs for deposition of metal
contacts and dielectrics directly onto organic crystals. The cross section view of this
device is shown in Figure 8(a). Thin organic crystals can be laminated to the stamp with
pre-deposited thin gold electrodes owing to van der Waals attraction force. PDMS
Stamps are bendable and enable one to produce solid contacts for microscopically nonflat organic crystals. In these devices, conventional dielectrics are replaced by a micronsize gap between the gate electrode and the surface of the organic semiconductor. In
other words, air or injected gases (or liquid) in a recessed structure can play a role of the
gate dielectric in OFET devices.
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Figure 8. (a) Schematic side view of PDMS air-gap OFET; (b) Transfer characteristic

curve for rubrene air-gap OFET: Negligible hysteresis and entirely linear curve is
obtained. Inset of (b) shows the linear mobility calculated from transconductance
equation (6).

Figure 8(b) shows transfer curve of rubrene PDMS air-gap stamp OFET and the
inset shows the linear field-effect mobility calculated from equation (6). Highly linear
transconductance, high field-effect mobility and almost negligible hysteresis for
sweeping of the gate voltage have been achieved in PDMS air-gap stamp OFETs. Hence,
the intrinsic charge transport properties of organic semiconductors can be studied more
efficiently by replacing highly reactive oxides or insulating polymers with vacuum, inert
gases or air as the gate dielectrics since SiO2 or high-k dielectric affect the charge
transport strongly at the interface of high purity organic single crystals.
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1.2. Bias-stress Instability in Single Crystal OFETs

Bias-stress effect is a longstanding problem in organic and inorganic
semiconductor field-effect transistors (FETs)32. Investigation of this phenomenon is not
only of practical importance, but may also offer insights into the fundamentals of the
energetic structure of semiconductor-dielectric interfaces37. The effect presents itself as a
continuous decrease of the current in the channel (or a shift of the threshold voltage)
observed under accumulation conditions. Although the bias-stress effect has been studied
in amorphous Si and lately in organic thin-film FETs, disorder present in these materials
(e.g., ubiquitous grain boundaries38) leads to a significant charge scattering, trapping and
other non-intrinsic contributions to the transport properties. Several of the proposed
mechanisms of the effect are indeed related to extrinsic phenomena, such as, e.g., a)
trapping of holes in the semiconductor’s channel, b) injection of electrons from the gate
electrode into the dielectric, c) ionic conduction in the dielectric, and d) modification of
contacts under the gate bias32. While all these effects are important for applications, the
question still remains whether there is an intrinsic mechanism of the bias stress instability
at well-defined semiconductor-dielectric interfaces without any involvement of ambient
environmental factors or trapping in the semiconducting channel. Recently developed
highly ordered single-crystal OFETs allow us to address this problem39-41. The
conclusions drawn from our experiment are not specific only to organic semiconductors
and thus they can be applied to any band (semi)conducting material, such as for example
Si, carbon nanotubes (CNT) or graphene, interfaced with an amorphous dielectric (SiO2,
high-k oxides or non-conjugated polymers).
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In this study, the bias stress effect has been investigated in OFETs based on single
crystals of several organic semiconductors: rubrene28, tetracene42 and 6,13-bis(triisopropylsilylethynyl)pentacene (TIPS-pentacene)43, that have been interfaced with a
non-conjugated polymer, parylene, previously used as an insulator in high-performance
OFETs39. Investigations of this type of semiconductor-insulator interfaces are critically
important, because practical organic electronic devices will ultimately rely on
inexpensive plastic insulators rather than expensive oxides. Rubrene and tetracene single
crystals have been grown by physical vapor transport described in the chapter of sample
preparation. TIPS-pentacene single crystals have been prepared by crystallization from
solution and annealed in a stream of forming gas (100 cc/min) at 120 ºC for 4 hours
before OFET fabrication. Fabrication of optimized devices is described in the previous
chapter. Field-effect mobility, μ, was obtained from the linear transconductance curves,
ISD(VG) - the dependence of the source-drain current, ISD, on the gate voltage, VG, at a
fixed source-drain voltage, VSD. We have verified that contact resistance effects in our
OFETs were negligible before and after gate stressing.
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Figure 9. Top: Normalized bias stress curves, ISD(t)/I0, of several single-crystal OFETs

(VG = -80 V, VSD = 25 V, Ci = 2.35 nF/cm2). The typical linear field-effect mobilities, μ,
and the bias stress values at 6 h of continuous stressing are indicated for each system.
The inset shows that the slope of ISD(VG) does not change after stressing for 6 h. Bottom:
The bias stress curve of a TIPS-pentacene OFET fitted with a stretched hyperbola (eq.
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(10)). Similar fits are obtained for the other systems. The inset shows an energy model of
the semiconductor-insulator interface: the hole transfer rate depends on the overlap
between the semiconductor’s HOMO and the exponential tail of localized states of the
insulator. The cartoon schematically depicts the transfer and drift of holes in the
insulator.

Figure 9 shows the typical bias stress characteristics of our OFETs, i.e. ISD(t)
measured in the dark at fixed VG and the magnitude of the bias stress as ΔI/I0 = (I0 I(t))/I0 is defined, where I0 is the initial source-drain current established right after the
transistor is on. In rubrene OFETs, the dark bias stress effect is very small; the current
decreases by only 5-7% after a continuous stressing for 6 hours at VG = -80V, while in
TIPS-pentacene and tetracene devices it is typically about 30% and 45%, respectively.
Transconductance measurements before and after a prolonged stressing indicate that the
slope of ISD(VG) does not change in any of the studied systems, i.e. the bias stress effect is
solely due to a shift of the threshold voltage without changes in μ (inset in the top panel
of Figure 9), and hence measuring ISD(t) is analogous to measuring the threshold voltage
shift. In addition, the preserved linear mobility in these 2-probe OFETs suggests that the
contact resistance is not much affected by the stress28. It is also interesting that the
threshold voltage shift can be partially recovered by a prolonged application of a positive
VG. However, complete recovery in these p-type OFETs can not be achieved, because at
Vg > 0 there is no accumulation channel, and hence the electric field at the interface is
much weaker than the field at equivalent Vg < 0.
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Two striking features of the bias stress instability can be seen in Figure 9. First,
the rate and the magnitude of the effect strongly depend on the type of organic
semiconductor, rather than on the typical charge carrier mobility of each system. For
instance, although TIPS-pentacene OFETs have μ ~ 0.05 ± 0.01 cm2V-1s-1, which is not
unusual for solution-grown single crystals with rough facets43,44, the bias stress effect in
these devices is typically smaller than that in tetracene OFETs with μ ≈ 1 cm2V-1s-1
(Figure 9). This trend has been verified in multiple devices measured in our laboratory
over the course of several years. Second, all devices exhibit the same characteristic type
of the bias stress curve independently of the overall magnitude of the effect: an initial fast
decay of ISD and a subsequent much slower relaxation that can continue for hours or days,
as long as VG is applied. In the prior studies, such distinct shape has been empirically
fitted with a stretched exponent, adopted from amorphous Si transistors, where the bias
stress is believed to be due to dispersive diffusion of hydrogen in α-Si32,45. It is important
to note that although a stretched exponential decay provides a satisfactory fit to most of
the OFET data32, a detailed microscopic model explaining such behavior in organic
semiconductors is lacking. It is especially difficult to justify such model in the case of
highly ordered molecular crystals, where the charge transport can not be described as a
dispersive hopping in exponentially distributed trap states, necessary to obtain a stretched
exponential dependence32.
We argue that the leading mechanism of the bias stress instability in our OFETs is
a ground-state hole transfer from the field-induced accumulation channel of the organic
semiconductor to localized states of the adjacent insulator (sketch at Figure 9). The
transferred holes, located between the accumulation channel and the gate, are screening
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the gate electric field, so its effective value in the channel becomes: EG ≡ ench(t)/(εε0) =
VG/d - en(t)/(εε0), where e is the elementary charge, ε and ε0 are the dielectric
permittivities of the insulator and free space, respectively, n(t) is an areal (i.e., 2D)
density of the transferred holes, d is the insulator thickness, nch(t) is the density of mobile
holes in the OFET’s channel that becomes smaller as the result of screening, leading to a
decreasing source-drain current: ISD(t) = (W/L)·VSD·μe·nch(t). The density of transferred
charge n(t) is related to nch(t) as: n(t) + nch(t) = n0, where the constant n0 ≡ nch(t = 0) =

εε0VG/(ed) is the initial density of holes in the channel. The charge transfer rate, dn/dt,
should be proportional to the density of holes available in the accumulation channel, nch,
and a 3D density of states, δ0, in the exponentially distributed tail states of the disordered
insulator at an energy matching the semiconductor’s HOMO edge, where holes are
accumulated (Figure 9). The magnitude δ0 depends on the relative position of ionization
energies of the semiconductor and the insulator, as well as on the extent of the tail states
of the latter. In addition, since the process of filling δ0 states by interfacial charge transfer
is fast, the rate of the bias stress effect will be mainly limited by the secondary process - a
slow diffusion or drift of the transferred holes away from the interface (toward the gate),
as the result of which some of the insulator’s states near to the interface become empty
and available again for further hole transfer. Therefore, dn/dt will be also proportional to
the sum of diffusion and drift fluxes of holes in parylene, jdiff ≈ Dins·δ0/λ0, and jdrift =
δ0·νdrift = δ0·μins·EG = δ0·μins·ench/(εε0), where Dins is a diffusivity of holes in the insulator,
λ0 is a characteristic width of the spatial distribution of holes in the insulator near the

interface, νdrift ≡ μins·EG is a drift velocity of holes with hopping mobility μins in the
insulator near the interface. μins in non-conjugated insulators is extremely small and to the
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first approximation does not show a Poole-Frenkel dependence, because of a) relatively
small EG used in our study, and b) undoped, non-polar nature of parylene without spatial
correlations of energetic disorder46. Hence, the charge transfer rate can be expressed as
dn/dt ≡ - dnch/dt = χ0·nch·(jdiff + jdrift), or:

dnch / dt = − χ 0 nch ( Dins δ 0 / λ0 + δ 0 μ ins EG )

,

(8)

Where χ0 is a cross-section of the charge transfer process in cm2.
Dispersive transport in virtually all disordered systems with an exponential distribution of
band tails universally exhibits a power-law time dependence of diffusivity and mobility,
Dins = D0·(t/τins)β-1 and μins = μ0·(t/τins)β-1, where τins is the characteristic trapping time in
the insulator (1/τins is the hopping rate) at the transport energy level (not to be confused
with HOMO edge), and β ≡ T/T0 < 1 is a dispersion exponent related to the characteristic
width of the band tail of the insulator32,47. Hence, we can rewrite (8) as:
dn ch / dt = − χ 0 ⋅ (t / τ ins )

β −1

(

⋅ D 0 (δ 0 / λ 0 ) ⋅ n ch + δ 0 μ 0 e /(εε 0 ) ⋅ n ch2

)

(9)

Note that if the charge motion in the insulator is dominated by diffusion (jdiff >> jdrift), the
rate of the bias stress effect will be proportional to nch or VG, and the solution of eq. (9)
will be a stretched exponent, nch(t) = n0·exp[-(t/τ)β], where τ is a renormalized VGindependent time constant τ = τins·[λ0β/(χ0D0δ0τins)]1/β. However, if the process is
dominated by drift (jdiff << jdrift), dn/dt will be proportional to nch2 or VG2, and the
analytical solution of eq. (9) for the source-drain current ISD = (W/L)VSDμe·nch is a
stretched hyperbola:
I SD (t ) =

1/ β

I0

1 + (t / τ )

β

,

⎞
⎛
βd
⎟⎟
τ = τ ins ⋅ ⎜⎜
⎝ VG χ 0 μ 0δ 0τ ins ⎠

(10)
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where I0 ≡ ISD(t = 0) is the initial current in the channel, and τ is a renormalized VGdependent time constant. In both cases, the time constant τ increases as (1/δ0)1/β for
interfaces with a smaller energetic overlap δ0.

ln (1/VG)

-5.0

-4.0

Linear fit:
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ln(τ) = β ln(1/VG ) + const.
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Figure 10. Bias stress effect in rubrene OFETs measured at different VG (inset). Top: VG

dependence of the time constant τ, obtained for the four curves by stretched hyperbola
fits (eq. (10)). Bottom: Ratio of the bias stress rates measured at different VG and plotted
as a function of VG ratios squared. Red line is a linear fit.

In our experimental situation, the hole motion in the insulator is drift-limited.
Indeed, we have estimated that the ratio jdrift/jdiff = (λ0μ0VG)/(D0d) = (eVG/kBT)·(λ0/d) ~
10-30 >> 1, with D0 = kBTμ0/e (kB is the Boltzmann constant), and λ0 ~ 3-10 nm - a
reasonable lower limit of the distance at which holes are injected into the parylene.
Moreover, we have confirmed the drift-limited regime experimentally by measuring the
actual dependence of the bias stress rate, dISD/dt, on VG in a number of nominally
identical rubrene transistors (Figure 10). The inset in Figure 10 shows that the bias stress
effect is indeed greater at a higher VG, and the rate follows a VG2 dependence (the lower
panel), as expected from eq. (9) in this regime. In addition, fitting the four curves in the
inset with a stretched hyperbola (eq. (10)) yields a VG-dependent τ and a value of β = 0.3
± 0.05. According to eq. (10), τ should be proportional to (1/VG)1/β.

Plotting ln(τ) vs. ln(1/VG) for this set of devices indeed results in a linear dependence
with a slope consistent with β ~ 0.3 (the upper panel of Figure 10).
A stretched hyperbola (eq. (10)) provides a perfect fit to all of the studied systems
(for simplicity, the lower panel of Figure 9 shows only the fit for TIPS-pentacene OFET).
It is worth noting that τ and β obtained by fitting these systems are consistent with the
underlying physics of the effect. Indeed, τ decreases in the order: rubrene (49.5×106 s),
TIPS-pentacene (0.177×106 s) and tetracene (0.031×106 s), consistent with the bias stress
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According to our model, organic transistors with a greater energetic overlap
between HOMO and localized states of the insulator should exhibit a stronger bias stress
effect (Figure 9). In order to test this idea, we have performed UPS studies of ionization
energies (IE) of the organic crystals and the insulator used in this study (Figure 11)
(details of UPS technique can be found elsewhere48). IE refers to position of the HOMO
edge with respect to the vacuum level (i.e., it is an energetic position of holes in the
accumulation channel in p-type OFETs). The IEs of rubrene, TIPS-pentacene, tetracene
and parylene are 4.2 ± 0.2, 5.1 ± 0.2, 6.2 ± 0.2 and 7.0 ± 0.2 eV, respectively. Despite a
considerable difference between the HOMOs of the organic semiconductors and parylene,
the exponential tail states of the latter (seen above 7 eV in Figure 11) allow for a small
charge transfer. A better evidence of the extended in-gap tail states of parylene is
provided by the UV-visible absorption of this material (inset in Figure 11). As expected,
the absorption edge (280 nm) considerably tails into the band gap. Fitting this tail with an
exponential distribution yields kBT0 ≈ 70 meV, in a good agreement with a roomtemperature value of β = T/T0 ~ 0.37. The relative positions of the semiconductor’s and
the insulator’s HOMOs determined from our UPS are consistent with the observed trend
for the rate of the bias stress effect to increase for semiconductors with a “deeper”
HOMO.
It is worth noting that vacuum-gap OFETs exhibit a negligible bias stress,
provided that there are no polar molecules in the residual gas in the gap. However, these
devices do show a bias stress effect of a different kind that occurs as a result of an
introduction of polar molecules in a gaseous form in the gap (e.g., acetone or water
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vapor), resulting in the effect proportional to the dipole moment of the molecules due to
the gate-induced polarization of the vapor.
Most of the extrinsic factors contributing to bias stress can be ruled out in our
devices. For example, charge trapping in the accumulation channel cannot be the primary
cause, because there are examples of OFETs with a high trap density (low μ) that
nevertheless show noticeably smaller bias stress effect than other devices with a much
greater μ. The influence of water at the interface or in the dielectric can also be ruled out,
because it would not result in a systematic dependence of the effect on the HOMO energy.
In addition, a) we have tested that in-situ annealing of the samples at moderate
temperatures in vacuum before parylene deposition does not influence the effect, and b)
we have used macroscopic grain-boundary free organic crystals encapsulated in a nonhygroscopic parylene deposited in vacuum and capped with a 50 nm-thick Ag gate.
Hence, post-fabrication water permeation would be highly unlikely. Finally, an injection
of electrons from the metal gate into the insulator in our OFETs is excluded, because of
the outstanding insulating properties of parylene revealed in I-V measurements of
Ag/parylene/Ag sandwich structures, showing a typical insulating behavior with a very
large resistivity, ρ > 100 GΩ for up to ± 200 V.
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To functionalize the surface of organic semiconductors, two different types of
self-assembled

monolayers

(SAMs)

are

generally

used.

(tridecafluoro-1,1,2,2-

tetrahydrooctyl)trichlorosilane (FTS) and n-octyltrichlorosilane (OTS) are SAM
molecules which have commonly trichlorosilane head group and perfluorinated and nonflurorinated alkyl tails, respectively. The molecular structure of FTS SAM is drawn in the
inset of Figure 12(a). These molecules are extensively used for passivation of the surface
of inorganic oxides (e.g., SiO2)49. In the case of SiO2, the mechanism of SAM formation
involves three basic steps50: (1) hydrolysis, which converts trichlorosilane groups of
SAM molecules, SiCl3, into silanol groups, Si(OH)3; (2) covalent bonding of hydrolyzed
(fluoro)alkyl-silanes to OH-terminated SiO2 surface as the result of which Si-O-Si
bridges to the substrate are formed; and finally (3) in-plane polymerization of the SAM
molecules through covalent bonding of free silanol groups of the adjacent FTS molecules.
In this process, a fully cross-linked SAM layer which is covalently bonded to the
substrate can be formed stably. This process requires: a) water in the vapor phase or
water at the surface to promote hydrolysis of trichlorosilanes and b) availability of
surface OH groups on SiO2 for covalent anchoring of the SAM to the substrate. It is
likely that similar requirements must be met for a sustainable growth of a stable SAM on
organic surfaces. The surface defect sites especially containing OH-terminated groups
play a role of anchoring of SAM molecules to the surface of organic crystals. The most
probable schematic diagram of SAM formation on organic single crystal is shown in
Figure 12(b).
As a result of SAM growth at the p-type organic semiconductor surface, the
surface conductivity rapidly increases by several orders of magnitude; the drain current is
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Figure 13. AFM topography of molecular steps in rubrene decorated by FTS SAM

(tapping mode): (a) pristine crystal; (b) crystal treated with FTS vapor for a very short
time, Δt = 2 min; (c) Δt ≈ 5 min; (d) Δt ≈ 10 –15 min; (e) fully coated rubrene crystal
(treated for a few hours); the last panel shows AFM profiles taken along the dotted lines
in (a), (b) and (e).

Figure 13 shows AFM topographies of the surfaces of (a) pristine rubrene crystal,
(b) - (d) rubrene crystals exposed to FTS vapor for short periods of time (2 - 10 min), and
(e) a rubrene crystal that has been exposed to FTS for a few hours. The bottom right
panel in Figure 13 shows AFM profiles taken along the dotted lines in Figure 13 (a), (b),
and (e). The AFM images corresponding to the initial stages of FTS growth (b) - (d)
show that the appearance of molecular steps has clearly changed compared to the pristine
rubrene: they have gained contrast and became reminiscent of ‘‘rivers’’ of finite width. A
comparison of AFM profiles (traces (a) and (b)) shows the appearance of ‘‘spikes’’ at the
step edges after a short FTS treatment, suggesting that the SAM starts growing at the
steps. Detailed analysis of these spikes shows that their width is limited by the lateral
resolution of our AFM defined by the tip radius (~ 20 nm), which indicates that the actual
width of the SAM-decorated region is << 20 nm. After longer treatment, the width of
these rivers increases (Figure 13(d)), and after a very long treatment, the entire surface
becomes coated with a continuous monolayer resulting in a fuzzy AFM image, where the
noise is due to the interaction of AFM tip with a soft SAM surface (see Figure 13(e) and
the corresponding trace (e)). It is interesting that the underlying molecular step structure
of the crystal in this case can still be clearly seen under the completed SAM; this implies
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(c), the end benzene rings of rubrene cores are exposed to the ambient air along the
molecular steps at this largest natural facet.

The data collected in this work imply that a) molecular steps of pristine p-type
organic crystals comprise species responsible for binding FTS SAMs to these materials
and b) these species are likely oxygen- containing molecules of the semiconductor (here,
a form of rubrene oxide, such as an epoxy or hydroxy group), that preferentially forms
along the molecular steps, when freshly grown crystals are exposed to ambient air. This
observations are supported by the recent theoretical work by Tsetseris and Pantelides,
which shows that formation of oxygen-related species, including epoxy and hydroxy
groups, as well as the physisorption of water at the surface of molecular crystals is not
only possible, but energetically favorable52,53. Specifically, the effect of molecular step
decoration is consistent with theoretical calculations suggesting that the most
energetically favorable oxidative state of rubrene is an epoxy group located at the end
benzene ring of the rubrene core (Figure 14(a))

52,53

. Indeed, according to the crystal

structure of rubrene shown in Figure 14(b) and (c), this molecular site is exposed to the
environment at a molecular step on the (a,b) facet, and, therefore, the step edges are
likely to be oxidized much more easily. The study by Tsetseris and Pantelides also shows
that water can be physisorbed in a stable form at the surface of rubrene53. This helps
explain that the observed lateral growth of SAM after nucleation proceeds through
hydrolysis and in-plane polymerization of the silanol groups of the adjacent SAM
molecules.
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2.1.2. Conductive AFM
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paths, conduccting-tip AFM
M (C-AFM)) measuremeents were perrformed.
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Figure 15. C-AFM measurements of molecular steps in rubrene (upper: contact-mode

topography; lower: local conductivity maps where lighter color corresponding to higher
tip-sample current): (a) crystal with molecular steps decorated by SAM using a very
short FTS treatment (~ 2 min); (b) pristine untreated crystal. The lower panels show
current profiles measured with C-AFM along the dotted line in (a) and (b). These data
show that SAM-decorated steps are conducting, while the steps of pristine crystals are
not.

The C-AFM measurements of the samples with SAM-decorated steps reveal that
these steps are conducting. In C-AFM technique, a fixed DC voltage is applied to a
conducting AFM tip with respect to the grounded sample, and DC tip-sample current is
measured while scanning the surface in contact mode (see inset in Figure 15(b)). Lighter
color in C-AFM images corresponds to the higher tip-sample current. Figure 15(a) shows
contact-mode topography (upper panel) and the corresponding local conductivity map
(middle panel) simultaneously acquired at the same area of rubrene crystal with SAMdecorated steps. A one-to-one correspondence between the topography and the local
conductivity distribution is observed. The current profile measured along the dotted line
shows that the tip-sample current reaches maxima at the step edges: the highest tip-step
current was 7 nA at the tip-sample bias of 0.8 V (lower panel in Figure 15(a)). Figure
15(b) shows the same type of measurement performed on a pristine (no FTS treatment)
rubrene crystal. In this case, no local conductivity associated with molecular steps was
detected, indicating that the steps of pristine crystals are not conducting, even though
they might be unintentionally oxidized. This proves that the conducting pattern shown in
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Figure 15(a) is due to the decoration of molecular steps with SAMs. It is important to
mention that the observed effect of SAM nucleation at molecular steps is not purely
morphological in origin: simply the presence of molecular steps at the surface is not
sufficient for the SAM decoration to occur. Indeed, we have not been able to observe any
FTS nucleation on crystals that have a high ionization potential, such as
tetracyanoquinodimethane (TCNQ), even though TCNQ crystals also show well defined
molecular steps at the surface. Consistently, electrical conductivity of TCNQ crystals is
not affected by FTS vapor. Therefore, specific chemistry of molecular steps of a sample
is important for FTS binding. Most of the organic semiconductors with high ionization
potentials (i.e., those that usually form n-type OFETs in a combination with gold or
graphite contacts) cannot be easily oxidized54. Hence, the difference we observed
between the responses of the crystals with low and high ionization potential to FTS
suggests that oxygen-containing species preferentially located at the steps play a crucial
role in anchoring SAMs to the organic surface as supported by theoretical studies in the
previous subchapter.

46

Figure
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ddition, loccal current--voltage meeasurementss (I-V) of SAM-decoorated
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noisy than at positive biases. This behavior is consistent with the model of the SAM
inducing holes in the crystal. Indeed, when a negative voltage is applied to the tip in
contact mode, holes under the SAM are attracted to the SAM-crystal interface, forming a
nanoscale ‘‘capacitor’’ with a tunneling barrier consisting of an insulating SAM, as
schematically depicted in the inset at Figure 16. At the opposite polarity, no nanoscale
tunneling gap can be formed, resulting in a much smaller current.

2.1.3. Kelvin Probe Force Microscope (KFM) Investigation for
Partially Coated Rubrene by SAMs

The modification of the surface electronic state from the SAM formation was
examined through surface potential measurements by Kelvin probe force microscopy
(KFM). Frisbie’s group at University of Minnesota performed KFM measurements of
partially SAM-coated rubrene crystals. KFM is known as a superb technique to measure
local work function of the surface at the atomic or molecular scales. As a result of KFM
measurements, the mechanism of a pronounced increase of the surface conductivity of
organic materials by SAM growth is elucidated.
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Figure
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AM islands.
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Surface topography images by AFM and the direct mapping of surface potential
are shown in Figure (a) – (d). The negative (darker) surface potentials of SAM islands
relative to bare rubrene surface are observed in KFM measurements (540 ± 5 mV for FTS
and 9 ± 3 mV for OTS). These results solidify the idea of conductivity enhancement
manifested by a charge-transfer doping process across the SAM-rubrene interface.

2.1.4. Anisotropy of Charge Transport in Rubrene with SAMdecorated Molecular Steps

Anisotropy of charge transport is known as an intrinsic property of organic
molecular crystals due to different molecular packing in the crystal orientation36,55,56. For
example, the slipped-stack packing motif of rubrene molecules results in a good π-orbital
overlap in b direction of the crystal. Higher strength of intermolecular coupling (transfer
integral) along b axis gives rise to a larger π-orbital overlap in this direction, which brings
about the higher charge carrier mobility.
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Figure 18. Anisotropy measurements of charge transport on organic crystalline

semiconductor; (a) Schematic diagram of the measurements: Voltage Vo is applied on the
source electrode and the potential drop between V1 or V2 and the drain electrode
grounded are measured. (b) Equivalent diagram of electric circuit to actual devices (left
figure 18(a))

Figure 18 explains the way of anisotropy charge transport measurements on
organic crystalline semiconductor. To measure the anisotropy ratio of conductivity along
b and a crystallographic directions of certain organic crystalline semiconductor (= σ□b /

σ□a), four metal electrodes are deposited through a shadow mask and transport channels
are aligned in both a and b directions as shown in Figure 18(a). The source bias, Vo, is
applied on the source electrode and the drain electrode is grounded. By measuring the
potential differences between V1 or V2 with respect to the grounded drain electrode, the
ratio of the sheet conductivity in a and b directions can be calculated based on the
following equations. The Figure 18(b) shows an equivalent electric circuit corresponding
to the Figure 18(a). There are two dominant current paths, i1 and i2, existing from the
source to the drain electrodes. For each current path, ohm’s law gives two equations
Vo − V1 = i1 Rb1 and V1 = i1Ra1

(11)

Vo − V2 = i2 Ra2 and V2 = i2 Rb2

(12)

and
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By using the relationship σ sqr =

1
1⎛ L⎞
= ⎜ ⎟ , where L and W is resistivity,
Rsqr R ⎝ W ⎠

channel length and width, respectively, the final anisotropy ratio, σ□b / σ□a (= R□a / R□b), is
written as
b
σ sqr
V1 ⎛ Wa1 ⎞
⎜
⎟
=
a
σ sqr
Vo − V1 ⎜⎝ Wb1 ⎟⎠

(13)

and
b
σ sqr
Vo − V2 ⎛ Wa2 ⎞
⎜
⎟
=
a
σ sqr
V2 ⎜⎝ Wb2 ⎟⎠

(14)

Note that in this measuring technique, it is sufficient to record only one voltage (V1 or V2)
at an applied Vo, and the anisotropy ratio can be then calculated using formulas (13) or
(14).
By means of this anisotropy measurement technique for FTS step-decorated
rubrene samples, we have verified that the early-stage of SAM growth produces quasi 1D conducting paths along the molecular step edges of rubrene single crystals.
Crystallographic properties of high-quality molecular crystals allow molecular steps to
extend over great distances on flat facets without intercepting each other. Frequently,
molecular steps have similar orientations over the whole area of a large facet (confirmed
by AFM). This feature allows us to use macroscopically large structures with contacts
prepared by thermal evaporation for measuring in-plane conductivity of an ensemble of
decorated molecular steps spanning large area over the crystalline facet, in which the
anisotropy in transport of samples varies with decorating the steps by FTS SAM.
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Figure
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widths are different as W = 0.5 - 4 mm, which is determined by the sizes of the crystals.
These channels probe charge transport in a and b crystallographic directions at the
surface of rubrene (Figure 19). By using this structure, we simultaneously measure sheet
conductivities in a and b directions in situ, while the crystal is treated with FTS vapor.
Figure 19 shows the dynamics of the current, I(t), flowing in one of the channels (solid
line) and the ratio of sheet conductivities, σ□b / σ□a (t) (circles), for the sample with
molecular steps preferentially oriented along b-axis. According to our observations, the
typical values of σ□b / σ□a before FTS SAM treatments were between 2.5 and 3, which is
consistent with the results from the transport anisotropy measurements in field-effect
transistors36,55,56. During the initial stages of SAM growth, i.e., when a rapid increase of
the current was observed, σ□b / σ□a showed a maximum at about 1 - 2 min after the
beginning of FTS exposure. Comparison with the AFM data (Figure 13) suggests that this
maximum corresponds to the formation of SAM-decorated conducting steps running
preferentially in b direction. This measurement provides a timescale, at which SAM
decoration of molecular steps occurs (~ 1 - 2 min), as well as an additional confirmation
that the SAM-decorated steps are conducting. After a few hours, rubrene surface was
fully covered by FTS SAM and the maximum conductivity was reached. The anisotropy
post step-decorating period started decreasing and eventually saturated to be 3, the near
value of the initial anisotropy. The discrepancy between the initial and final anisotropy
ratios can be explained by the modification of the contact resistance due to doping effect
from SAM growth.
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2.2. Growth of Alkyl-silane SAMs on Conjugated Polymers

Conjugated polymers are complementary solution-processable semiconducting
materials with intriguing optoelectronic properties57-59. Since our primary interest stems
from the observation of a large increase in conductivity induced by SAM deposition on
the surface of organic single crystals, we extended our studies of SAM functionalized
organic semiconductors to a class of solution-processable conjugated polythiophenes13,17.
It is demonstrated that the interaction of these polymers with hydrolyzed fluoroalkyl
trichlorosilane (FTS) results in a drastic modification of the electrical and optical
properties of these semiconducting polymers. Spin-coated polymer films on glass
substrates were prepared according to optimized procedures written in the previous
chapters of sample preparation. FTS SAM doping was done as the similar process used
on molecular single crystals.

2.2.1. Electrical Modification of Conjugated Polymers by FTS
SAM Doping

Upon bulk doping with FTS SAM, the electrical conductivity of ultrathin
polythiophene films increases by up to six orders of magnitude, reaching (1.1 ± 0.1) × 103
Scm-1 for poly (2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene) (PBTTT) and
30 ± 20 Scm-1 for poly(3-hexyl)thiophene (P3HT); the corresponding average sheet
conductivities are 2.2 and 0.1 mS□-1.
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Figure 20. Time evolution of DC current, I(t), through ultra-thin P3HT and PBTTT films

as the samples are exposed to the saturated vapor of fluoroalkyl trichlorosilane (FTS)
(the arrows indicate the moment when the vapor is introduced in the test chamber). The
inset shows the same data on a linear scale. P3HT and PBTTT thin films were spin
coated on glass; the film thickness is 20 nm; the contacts are made of colloidal graphite;
the width and length of the channel are W = L = 1 cm; the applied dc bias is 1 V.

Figure 20 shows that the conductivity changes during FTS SAM growth on the
polymer films. When P3HT or PBTTT is exposed to FTS vapors, the conductivity rapidly
increases and reaches a high saturated doping state. These conductivities that we obtained
by doping polythiophenes with FTS SAM are the highest among this class of polymers
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using small-size dopants, such as I2, PF6-, ClO4- obtained earlier58-61. Typically, polymer
samples doped with small ions and molecules display relatively poor stability (especially
in vacuum), because of the rapid diffusion of small-size dopants in the polymer matrix.
On the contrary, FTS-doped samples exhibit a remarkable stability: the conductivity does
not show any decay in high vacuum and only a very minor drift (~ 0.5% per hour) in an
atmosphere of non-polar gases. It is important to emphasize that doping in our
experiment is performed at a solid-vapor interface, using highly-ordered polythiophene
films, which allows the use of well-characterized structural, morphological and transport
properties of these polymers as a starting point for the analysis of our data. The values of

σ above have been calculated using the thickness of undoped films (20 ± 3 nm)
confirmed by AFM profile. These estimates are justified, because silane molecules are
not conducting even in the cross-linked state and the total number of conjugated chains in
the cross-section of the film (the conducting channels) remains roughly the same as
before the doping. Although the nature of silane-polythiophene chemical interaction is
not clear at this stage of investigation, the stability of the doped state in high vacuum
points to a relatively strong interaction. Our X-ray photoelectron spectroscopy (XPS) and
Rutherford back scattering (RBS) data showed that there was virtually no chlorine
present in the films after vapor phase FTS doping, which suggests that fluoroalkyl
trichlorosilane has hydrolyzed in situ, either as a result of water trapped in the polymer
film or water vapor present in the doping chamber62. Such hydrolyzed silanes are known
to readily self-condense and polymerize to form partially cross-linked siloxane
polymers63,64. On silicon dioxide surfaces these can bind to the free surface hydroxyl
groups to form monolayers. In the present case, we believe that FTS is converted into a
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partially cross-linked siloxane non-volatile polymer within the film, which accounts for
the high stability of our samples observed under vacuum. In addition, low-concentration
oxygen defects known to be present in polythiophenes might serve as anchoring sites for
hydrolyzed FTS65. The mechanism of the doping of the conjugated polymer by FTS is
unclear, but may be similar to the mechanism of SAM-induced surface conduction in
small-molecule organic crystals, where an electronegative SAM molecule induces an
electron transfer across the SAM-crystal interface13. To fully understand the mechanism
of FTS incorporation and functioning, nanoscale structural details of FTS-polythiophene
samples should be investigated. For instance, one of the intriguing questions is whether
FTS molecules break apart individual π-π stacked crystalline nanofibrils and domains,
known to constitute P3HT and PBTTT films66-68, or do they merely bind to the surface of
these crystallites. The monolayer character of FTS on molecular crystals and very high
(nearly metallic) conductivity of FTS-doped polythiophenes point to the latter scenario,
in which the π-π stacking required for a good charge transport is preserved.
Understanding the detailed chemical structure and composition of these functionalized
electronic materials is very important. Ion scattering spectroscopy and XPS have been
used to study the elemental composition of FTS-doped polythiophene films. Our
preliminary data indicate that fully doped samples contain approximately one FTS
molecule per thiophene ring, with an areal density of fluorine atoms 117 × 1015 cm-2,
which corresponds to a three dimensional density of FTS molecules, nSAM = 4.5 × 1021
cm-3 associated with the 13 F atoms per FTS molecule. Using simple conductivity
arguments (σ = enhμ), in which σ = 30 S·cm-1 is the three dimensional saturated
conductivity of doped P3HT, e is elementary charge, and μ ~ 0.1 cm2V-1s-1 is a typical
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materials, interact with the surface of individual nano-crystalline domains and dope the
entire film. This behavior could be detected using different methods and was most
strikingly observed by a strong suppression of interband optical absorption of the
polymer that makes the samples almost completely transparent (Figure 21).
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Figure 22. UV-vis absorption spectra of ultrathin films of (a) P3HT and (b) PBTTT. A

drastic reduction of absorption by FTS doping is evident. The curves are numbered as
follows: 1 (red) – as spun annealed films; 2 (black) – treated with FTS to saturation; 3
(green) – dedoped in air in the dark for 23 h; 4 (pink) – dedoped in air in the dark for 95
h; 5 (blue) – dedoped in air under illumination with a white light for 16 h; 6 (grey) –
doped again with FTS after dedoping.

In order to characterize this “bleaching” effect, we have measured optical
absorption of FTS-doped samples (Figure 22). The pristine samples exhibited a broad
interband absorption peaked at ~ 560 nm (2.21 eV), as expected (curve 1). Both P3HT
and PBTTT exhibited vibronic bands indicating high structural order in the samples. The
vibronic bands are more obvious in P3HT, where they are separated by 0.16 ± 0.02 eV, in
agreement with the 1450 cm-1 Raman stretching mode of the C=C bond. Once doped with
FTS to the maximum conductivity, the interband optical absorption of the samples was
almost completely suppressed (curve 2), while another broad long-wavelength band
appeared simultaneously at λ ≥ 800 nm. Interestingly, if the samples were exposed to
ambient air, their absorption spectra and the original purple color, as well as the initial
high electrical resistivity, recovered within days in the dark or within hours under
ambient illumination (curves 3, 4, and 5). At the end of this recovery process, the samples
reached the initial insulating state with σ and λmax similar to the pristine polymers,
suggesting that doping/dedoping cycle did not damage the conjugated backbone of the
polymer. As it will be shown in the below subchapter, this dedoping effect is not due to
the evaporation of FTS molecules from the sample, but rather it is an electronic effect.
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It has been shown that due to the non-degenerate ground state of polythiophenes,
the lowest-energy excitation in these polymers is a bipolaron (two solitons on a
conjugated chain attracted to each other and creating a weakly localized pair61). Prior
studies of optical absorption of P3HT have shown that the interband transition of pristine
(undoped) polymer centered at 2.2 eV (560 nm) decreases upon dilute doping with
LiClO4 and NOPF6 with a simultaneous appearance of two new broad absorption bands
at 0.4 eV (~ 3 μm) and 1.6 eV (~ 800 nm) indicative of the formation of bipolarons61,71.
The two new bands correspond to optical transitions from the HOMO to the new gap
states associated with bipolarons. An increase of doping to the highest concentration
(saturation doping) leads to a complete “bleaching” (suppression) of the interband
transition and transformation of the bipolaronic bands into a very broad low-energy
shoulder in the absorption spectrum that corresponds to delocalized polarons in highly
conducting samples. The absorption spectrum approaches that of a metal with free
carriers61,72,73. Similar effects have also been observed in doped polyaniline. In our UVVis measurements, the spectral range of our apparatus did not allow the observation of
the full evolution of bipolaronic bands. Nevertheless, the drastic suppression of the
interband absorption at 560 nm (~ 2.2 eV) and the appearance of the broad longwavelength peak at λ > 650 nm (< 1.9 eV) shown in Figure 22 are both consistent with
prior studies and indicate that doping of P3HT and PBTTT with FTS results in a metalliclike state with a high density of mobile polarons. Interestingly, calculations predict that
wavefunctions of polarons and bipolarons should significantly overlap at these high
carrier densities that might lead to the formation of “polaron or bipolaron lattices”74.
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AFM and SEM images showed that when FTS molecules were incorporated into
the sample, there was an increase in roughness resulting in a bumpy surface morphology
of the doped films (swelling) due to the possible self-polymerization of FTS in the
polymer matrix (Figure 23). This is consistent with the permeable nano-porous structure
of the polymers, confirming the bulk character of the doping in this case. Interestingly,
AFM images of freshly doped and dedoped samples are very similar (SEM of pristine
and dedoped insulating samples could not be obtained due to the sample charging). This
indicates that FTS molecules are likely not removed from the samples physically during
dedoping, and the primary role of dedoping is to “switch off” the conducting state.
Another indication that FTS molecules do not “escape” from the polymer film is
provided by the high stability of the conducting state on a long-term storage under high
vacuum. SEM images of pristine and dedoped insulating samples could not be obtained
due to sample charging.
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2.2.4. Sensing and Dedoping Effects of FTS SAM-doped
Polythiophene Films
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Figure 24. Response of conductivity of FTS-doped P3HT to polar analytes (sample

geometry is shown schematically). When the sample is exposed to saturated vapors of
polar solvents, the conductivity rapidly decreases; it fully recovers on vapor removal by
pumping. The greatest and fastest response is observed for highly polar vapors (e.g.,
acetone). There is no sensitivity to non-polar molecules (e.g., hexane). Measurements
were carried out at an applied voltage of 1 V in the dark.
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Highly conductive FTS-doped polythiophenes exhibits interesting sensing
properties. Figure 24 shows a dark conductivity response of FTS-doped P3HT to vapors
of acetone, water and hexane. An immediate and large (~100%) decrease of conductivity
was observed on exposure to saturated vapor of acetone. The conductivity recovered
readily on vapor removal by pumping. A similar, but smaller in magnitude response was
observed with H2O vapor. Hexane, which is a nonpolar molecule, did not have any effect
on the conductivity. Interestingly, this behavior is similar to the sensing effect observed
in FTS-coated rubrene, which suggests that sensing in these two systems has a common
origin likely related to dipolar interaction of analytes with FTS SAM13. In the case of
conjugated polymers, however, solution processability, availability of large-area samples
and mechanical flexibility of these materials make SAM-functionalized polymers
especially attractive for applications.
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Figure 25. Effect of exposure to various gases on the conductivity of FTS-doped P3HT

film measured in the dark (main panel) and under illumination with white light (inset).
H2O vapor is the main cause of the conductivity decrease in air. The decay rate increases
under the illumination.

In order to understand the dedoping effect (i.e., the recovery of optical and
electrical properties, when FTS-doped polythiophenes are exposed to air), highly
conducting FTS-doped P3HT samples were exposed to various UHP gases in the dark
and under illumination while the conductivity was monitored (Figure 25). White light
with a smooth spectrum in the visible range (a 20 W quartz-tungsten-halogen lamp) was
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used for an illumination. Intensities were kept sufficiently low to avoid radiative heating
of the sample. As a result, inert gases (e.g., Ar and He) and the nonpolar gases present in
air (O2 and N2) had no effect on the conductivity of FTS-doped polymers: there was only
a very slow, gas-independent drift of σ at the very small rate of ~ 0.5 % per hour (the
initial portion of the curve in Figure 25). However, when a saturated vapor of H2O was
introduced into the test chamber, an obvious decay of σ occurred. Under illumination,
this decay proceeded much faster, with the rate proportional to the illumination intensity
(inset in Figure 25). Instantaneous changes in light intensity resulted in almost
instantaneous changes in the decay rate (the inset in Figure 28 shows that reducing the
illumination intensity by a factor of 4 causes the decay rate to decrease by a factor of ~ 4,
which produces a “knee” in the time dependent current). This indicates that dedoping
under illumination is a photo-induced electronic effect, rather than an artifact of the
sample heating under illumination. Our experiment clearly shows that the dedoping of
SAM-polythiophene samples in air is caused by water vapor. More generally, dedoping
can be deliberately induced by exposing the samples to vapors of polar analytes, such as
ketones, alcohols or water. In the dark, the dedoping is fully reversible, which is
beneficial for the development of electrical chemo-sensors. One explanation for this
effect is that it is caused by conformational changes of the polymer backbone induced by
a dipolar interaction of (fluoro)alkyl SAM molecules with polar analytes. Such
conformational changes are known to effectively reduce the conjugation length of
polymers and affect their physical properties58,75. Alternatively, one would expect polar
analytes to interact strongly with the free silanol groups within siloxane backbone formed
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in situ, which might reverse the protonic doping effect and switch off the conducting state.
Understanding the actual mechanism of this effect requires further studies.
Overall, this experiment shows that the analyte responsible for the de-doping of
these samples in air is H2O, in agreement with the humidity related degradation of p-type
conductivity observed in polythiophene FETs. The sensing effect shown in Figure 24 can
be more generally interpreted as reversible dedoping caused by polar molecules. Full
reversibility of this effect indicates that volatile analyte molecules are easily removed
from the sample by pumping, while FTS molecules remain in the film. This suggests that
the molecules of polar solvents are more weakly absorbed in the sample, while FTS
molecules are bound to the polymer much more strongly.

2.3. Growth of Alkyl-silane SAMs on Graphite and Graphene

Other than small-molecule and conjugated polymer organic semiconductors, the
effect of a self-assembled monolayer of fluoroalkyl trichlorosilane (FTS SAM) on the
electronic properties of highly-ordered pyrolytic graphite (HOPG) and graphene is
reported. The latter system has attracted considerable attention due to the massless
character of quasiparticles and the related novel mesoscopic transport properties76. The
studies using atomic-force microscopy (AFM), scanning electron microscopy (SEM), xray photoelectron spectroscopy (XPS), and Hall effect measurements reveal that a dense,
uniform and stable FTS SAM can be grown at the surface of graphene, inducing an
excess of holes with a density of up to n ~ 1.5×1013 cm-2. Such level of doping is
unattainable in conventional field-effect transistor (FET) devices. In addition, the SAM-
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graphene system is found to be very stable (even at elevated temperatures) in highvacuum or ambient environment. Such robustness and the large electronic effect suggest
that integration of SAM with graphene provides a new and reliable method of achieving
ultra-high doping levels in graphene.

2.3.1. Electrical Modification of Graphite by the Growth of FTS
SAM

The samples used in this study were rectangular pieces of multilayer HOPG. The
HOPG samples had length and width, L ∼ W = 2 - 5 mm, and thickness d = 3 - 20 μm,
comprising 1-6 × 104 individual layers (Figure 26). The electrical contacts to HOPG were
prepared by applying colloidal graphite paint to the sides of the samples, thus forming
electrical contacts to all the layers. Before SAM growth, devices were annealed in a flow
of ultrahigh purity (UHP) argon at 120 0C for 90 min and transferred under argon to FTS
growth chamber (this step is necessary for achieving a high quality SAM on graphene).
The chamber was evacuated and then the samples were exposed to saturated vapors of
FTS. Electrical characteristics of the samples were measured in-situ during SAM growth.
Control experiments were also performed to verify that no intercalation of SAM
molecules or any by-products of their growth occurred in the bulk of the HOPG samples,
confirming that the changes of the electrical conductivity observed were indeed due to a
very strong doping of the top (exposed) graphite layer.
As the result of an FTS treatment, the resistance of HOPG samples typically
decreased by 5 - 20%, observed both in 2-probe and 4-probe configurations (Figure 26(a),
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top panel). The magnitude of the decrease depends on the thickness and the initial
resistance, R0, of these macroscopically thick samples: R(t) = α(t)·R0, where α = 0.8 0.95 in the saturated state. Such a considerable decrease of R in samples with a typical
number of layers N = 1 - 6 × 104 suggests that SAM modification of the top graphite layer
is very strong. Indeed, since the screening length in graphite is only ~ 0.5 nm77, only
resistance of the top layer should be affected, and the sample can be represented by N-1
undoped layers and one (top) doped layer connected in parallel. Hence, the resistivity of
the top layer can be expressed as:

αN
⎛W ⎞
⋅ R0 ,
⎟⋅
⎝ L ⎠ N (1 − α ) + α

ρ =⎜

(15)

where the coefficient α(t) ≡ R(t)/R0 is determined experimentally from R(t) measurements
(upper panel of Figure 26(a)). Hence, for a 3.5 μm-thick sample with N ≈ 1.16x104 and
α(t ≥ 30 min) = 0.92 (the 8% blue curve in the upper panel of Figure 26(a), eq. (15) gives

the resistance of the top layer, ρ□(t), decreasing from ~ 70 kΩ/□ to ~ 65 Ω/□ (i.e., by ~
103 times), as the result of the SAM doping (lower panel of Figure 26(a)).
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Figure 26. The effect of an FTS self-assembled monolayer on the resistivity of HOPG. (a)

(Top): normalized resistivity α(t) ≡ R(t)/R0 of multilayer ( > 104 layers) HOPG measured
as a function of FTS treatment time (initial values of R vary from sample to sample by as
much as 100%). The red arrows indicate the onset of FTS exposure. (Bottom): the
corresponding effect on the resistivity of an individual graphite layer calculated using Eq.
(15). (b) The sketch shows 4-probe sample geometry used in this study. (c) An equivalent
electrical circuit of multilayered HOPG is depicted. The modification of resistance of top
layer by FTS SAM doping can be extracted from the bulk contribution through Eq. (15).
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2.3.2. AFM and SEM Investigation for SAM Growth on
Graphite

In order to understand nanoscale morphology of the SAM-graphene system, AFM
and SEM studies of partially and fully coated samples were performed. Figure 27(a)
shows an AFM of a pristine HOPG (~ 0.1 nm rms roughness): faint thin lines are ~ 0.3
nm-high graphene steps. AFM of a partially coated surface is shown in Figure 27(b) and
(c). Three types of morphology were observed: round islands sparsely distributed on the
surface (Figure 27(b)), ribbon-like regions corresponding to the SAM growing along the
graphene steps (Figure. 27(b)), and smaller, irregular-shape islands with a higher
nucleation density (Figure 27(c)). The topography shows that all these islands are flat
regions with the thickness 1.0 ± 0.2 nm, which is consistent with the length of FTS
molecule (the last panel at Figure 27). The variations in the morphology likely originate
from different types and densities of defects on graphene surfaces that form SAM
nucleation sites. AFM of a fully coated surface has a flat, but “fuzzy” morphology with a
~ 0.37 nm rms roughness (Figure 27(d)), which is consistent with the interaction of an
AFM tip with a soft SAM. Figure 27(e) shows a 200 × 200 μm2 SEM image of HOPG
partially coated with FTS. A surprisingly high (for a monolayer) electronic contrast in
this SEM image is likely due to the electron-rich fluoroalkyl groups of the SAM, which
allows for a clear identification of the monolayer growth pattern on a large scale. In this
sample, it appears that the SAM nucleation had occurred along the cracks, followed by a
lateral spreading of the monolayer along the surface. These images, taken at various
stages of the SAM formation, confirm that FTS forms a monolayer at graphite surface.
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Figure 28. XPS of pristine (upper spectrum) and FTS-coated (lower spectrum) HOPG.

Quantitative analysis based on the comparison of peak areas gives the following
elemental ratios: F/Si = 12.7 ± 0.5 and O/Si = 2.2 ± 0.2 (compare with the theoretical
values F/Si = 13 and O/Si = 2 for the model in the sketch). A small oxygen signal clearly
present in pristine samples is consistent with oxidized graphene steps that likely play an
important role in SAM nucleation. Absence of Cl in the spectra indicates that the
monolayer is fully hydrolyzed. The sketch shows the suggested chemical structure of the
SAM-graphene system.

XPS data also helps to understand the growth mechanism of FTS SAM on HOPG.
XPS data shows no chlorine related signal (the Cl peak would have appeared at ~ 200
eV), indicating that all FTS molecules also undergo a complete hydrolysis. A small O 1s
signal, clearly observed in all freshly exfoliated HOPG samples (the lower spectrum), is
consistent with graphene steps unintentionally functionalized with O-containing groups.
Oxygenated species at these steps may play a key role in the SAM nucleation. During the
initial phase of growth, some FTS molecules are covalently bonded (Si-O-C) to these
defects. Once such “anchoring” sites are formed, other FTS molecules can covalently
attach to them (Si-O-Si) without forming bonds to the sample surface (see the inset of
Figure 28). As a result, most FTS molecules in a SAM layer are only bonded to two
neighboring FTS molecules, with the other OH group left dangling. In such a case, the
O/Si ratio should be slightly higher than 2, as confirmed by our experimental value 2.2.
The fact that no chlorine signal detected in XPS measurements also provides a solid proof
for that the observed doping effect is not induced by Cl byproducts of the SAM formation.
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2.3.4. Hall-effect Measurement on SAM Grown Graphite
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Figure 29. Hall effect measurements of graphite functionalized with an FTS SAM. (a)

Hall voltage of a HOPG sample measured before (black) and after (red) FTS treatment.
A clear change of sign at B ~ 1 T is observed. (b) Hall voltage of a SAM-doped singlelayer graphite extracted from the panel (a) using Eq. (19). (c), (d) The sketch of Hall
probe sample geometry and the corresponding circuit model are depicted, respectively.

To further investigate the effect of the SAM on the electronic properties of
graphite, Hall effect measurements of HOPG before and after the FTS growth were
carried out. Although the change in the resistance of HOPG samples is only a few percent
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because of a large number of unaffected layers (Figure 26), the situation is drastically
different in the Hall measurements. Figure 29(a) shows the Hall voltage measured in a
typical HOPG sample. The most prominent feature was a different sign of the Hall
voltage at B > 1 T. In addition, the magnitude of the Hall voltage became much larger
after FTS treatment. A SAM-coated HOPG sample can be represented by two parts
connected in parallel: a highly conductive hole-doped top layer and a bulk. As a semimetal, pristine HOPG has a gapless multi-electronic-band structure. The sign of the Hall
voltage measured in HOPG samples is determined by the relative amount of electrons
and holes. At high magnetic fields, the electron and hole bands become separated by a
gap of ~ 20 meV78. As a result, transport in HOPG becomes dominated by one type of
carriers that defines the sign of the Hall voltage. The sample in Figure 29(a) showed a
negative Hall voltage before FTS treatment, which in our experimental setup corresponds
to predominantly electron conduction. After FTS treatment, the Hall voltage became
positive, indicating the addition of holes to the sample. Figure 29(c) shows a model of the
Hall effect in FTS-coated HOPG: the transverse (i.e., Hall) voltages and longitudinal
resistances are shown with an excitation current perpendicular to the page. The top layer,
dominated by the SAM-induced holes, has a longitudinal resistance RS(B) and generates a
Hall e.m.f. VSHall, when the magnetic field is applied. The HOPG bulk has a longitudinal
resistance RB(B) and a Hall e.m.f. VBHall. The total Hall voltage after FTS coating, Vo, is a
function of these four parameters. By combining the measured Hall voltages and
magnetoresistance values RS(B) and RB(B) (not shown here for simplicity) before and
after FTS growth, the contribution of the top (doped) layer to the Hall effect can be
extracted as described as the equation (20). Based on the electric circuit corresponding to

78

SAM doped system shown in Figure 29(d), Kirchoff’s circuit laws produce following
equations.
I S RS − VSHall − I B RB + VBHall = 0

(16)

I B RB + I o ro − VBHall = 0

(17)

Io = I S + I B

(18)

By solving these simultaneous equations, we get

VSHall − Vo VBHall − Vo
Io = I S + I B =
+
≅0
RS
RB

(19)

Since Io is approximately zero due to an infinite impedance ro in a voltmeter, the final
relation for Hall voltage of the top surface layer from the bulk contribution is
VSHall = Vo + (Vo − VBHall ) ⋅ RS ( B ) / RB ( B )

(20)

The extracted VSHall is plotted in Figure 29(b). As expected, VSHall had a positive sign at
high magnetic fields, corresponding to hole doping. As a first approximation, the
equation was applied for a conventional band-semiconductor Hall effect to the nearly
linear section of VSHall (B) in Figure 29(b), ΔVSHall = ΔB⋅IS/(en), where the longitudinal
current was IS = (W/L)⋅σ ⋅VSD and σ = enμ. As a result, the hole density n = 1.4 × 1013
cm-2 and hole mobility μ = 3700 cm2/Vs were obtained. Such remarkable carrier density
is difficult to be achieved electrostatically in FETs.

79

2.3.5. FTS SAM Growth on Graphene

FTS growth and electrical measurements were also performed on single-layer
graphene FETs. Graphene FETs were prepared on SiO2/n-Si wafers using mechanical
exfoliation techniques and e-beam lithography (the details can be found elsewhere79).
Several samples were studied and showed similar results. The transconductance of
graphene FETs, σ(Vg), was monitored in situ, as FTS SAM was growing on the surface of
the sample (Figure 30). There are several important observations: (1) the initial Dirac
point of pristine graphene is at Vg = 15 V, but shifts to more positive Vg as the SAM is
growing and eventually goes beyond the experimentally accessible range of gate voltages;
(2) away from the Dirac point, the conductivity shows a sublinear increase with Vg both
for pristine and briefly treated samples (≤ 15 min), but becomes linear for a saturated
monolayer SAM coverage (longer treatments); and (3) the conductivity of graphene
increases with FTS growth, while the field-effect mobility decreases.
A non-zero Vg of the Dirac point in as-prepared graphene is usually understood in
terms of unintentional doping by species absorbed from the ambient80,81. As the FTS
SAM is grown on graphene, the Dirac point was shifted toward more positive Vg,
indicating that the holes were induced in the sample at a density Δn = γ·ΔVgDirac, with γ =
7.2×1010 cm-2V-1. For a complete SAM (red curve in Figure 30), the position of the Dirac
point was estimated by extrapolating the experimentally accessible linear portion of the
curve to a minimum conductivity of ~ 7 e2/h, leading to a density of SAM-induced holes,
Δn ≈ 1.2×1013 cm-2, close to the value obtained from our Hall effect measurements.
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molecules into negatively charged static centers interacting with mobile holes through a
long-range Coulomb interaction. Correspondingly, in Figure 30, the σ(n) dependence
changes from sublinear to linear with μ decreasing, as more and more SAM molecules
are introduced onto the surface, and the dominant scattering mechanism becomes longrange Coulomb interactions with charged impurities. The theory of long-range scattering
in graphene also shows that mobility is inversely proportional to the density of scattering
centers: μ = 1.1 × 1015⋅ε/nimp, where ε is the dielectric constant of the material that
contains scattering centers83 (ε of an FTS monolayer is estimated to be ~ 3.585).
Combining these results, the density of SAM-related scattering centers for a complete
monolayer on graphene can be estimated: nimp = 0.67 × 1013 cm-2, i.e., about 50% of the
density of SAM-induced holes. This result is not unexpected, since the FTS SAM is a
dense cross-linked layer, and FTS molecules may not necessarily be treated as
independent scattering objects.
After initial measurements, the graphene-FTS samples were left in atmosphere for
more than one week and measured again. The FTS-induced conductivity only decreased
by less than 10% compared to the result obtained on freshly coated samples while still in
vacuum. Another test was annealing graphene-FTS samples in forming gas at 120 ºC. The
FTS-induced conductivity survived such heating, indicating the SAM layer is very stable
even at elevated temperatures.
There is a qualitative agreement between our results on HOPG and grapheneFETs: in both cases a strong p-type doping with a large carrier density has been observed.
The quantitative differences in the SAM-induced single-layer σ in these cases might arise
from: (a) different band structures of an isolated graphene and multilayered graphite, (b)
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different relative weights of various scattering mechanisms, and (c) an extra scattering in
graphene FETs caused by the underlying SiO2.
It’s worth noting that our observation of SAM decoration of graphene edges
(Figure 27(b)) confirms the hypothesis of edge termination with oxygen species86. Indeed,
according to the trichlorosilane chemistry on SiO2, such groups as hydroxyl (OH) or
carboxyl (COOH) are necessary for the SAM molecules to covalently bond to the
surface87. Our observation suggests that the mechanism of SAM formation on graphene is
based on a defect-mediated nucleation, followed by a lateral 2D polymerization that
eventually leads complete monolayer coverage by a cross-linked and robust 2D siloxane
network (model in Figure 28). As opposed to doping by electropositive atoms such as
alkali ions83, SAM doping of graphene exhibits an excellent stability in ambient and highvacuum environments. The distinct morphology of SAM nucleation suggests that it can
be used as a simple technique for visualization or electronic passivation of graphene
edges and defects, as well as for complete SAM coverage.

2.4. Growth of Alkyl-silane SAMs on Carbon Nanotubes (CNTs)

Devices based on carbon nanotubes have been proposed for many potential
applications, such as chemical and optical sensors88-90, transparent conductive electrodes
for photovoltaic devices91, as well as CNT field effect transistors92-96. A method recently
developed by Zhang et al97. provides a way of fabricating macroscopic, free-standing,
transparent and partially aligned CNT sheets, which might open new technological
possibilities in low-cost flexible electronics. In spite of the progress in the development

83

of CNT conductors, the conductivity of these systems is still not sufficient to compete
with transparent conducting oxides for applications in transparent electronics. This is
mainly due to two factors: the relatively large fraction of semiconducting nanotubes in
CNT sheets and a high resistance associated with interconnects between the individual
tubes in a random CNT network. Strategies to improve the conductivity include an
enrichment of CNT sheets with longer and more oriented individual nanotubes (thus
reducing the problem of interconnecting junctions), as well as increasing the fraction of
metallic tubes in the CNT samples. Here, an alternative approach for improving electrical
conductivity of CNT layers is proposed. In this thesis, the growth of FTS SAM on carbon
nanotubes and their effect on the electronic properties of CNT sheets is reported.

2.4.1. CNTs Field-effect Transistor with Parylene Gate Dielectric

Partially aligned and densified multi-walled carbon nanotube (MWNT) sheets
have been prepared on glass substrates. These nanotubes were fabricated at The
University of Texas at Dallas in a CVD process as described in Ref... Orientation of the
MWNT bundles is defined by the fabrication process, in which quasi two dimensional
networks with a preferential MWNT alignment is formed over macroscopically large area.
These strong MWNT sheets are semi-transparent (transmission in the visible range of
spectrum ~ 75%) and mainly consist of multi-walled metallic nanotube bundles, which
makes the sheet resistivity of the pristine (undoped) samples around

= 900

/□.

Electrical contacts have been prepared by depositing an aqueous suspension of colloidal
graphite (Aquadag® E Colloidal Graphite, Ted Pella, Inc., product #16051) on these
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hannel orien
ntation along
g the MWNT
T alignment.

Figure
F
31. (a)
( Schematiic of CNT-F
FET. Colloiddal graphitee paint was used as soourcedrain
d
contactts. 2 µm-thicck parylene-N
N dielectric layer (ε = 22.6) and a 330 nm-thick ssilver
fiilm were dep
posited on th
he CNT sheett. (b) The “ttop-view” phhotograph off an actual llargearea CNT-FE
ET device. The
T partiallyy aligned C
CNT array iss clearly vissible througgh the
gate.

Top gated
g
field-efffect transisttors (CNT-F
FETs) have bbeen fabricatted by depossiting
2 µm thick parylene-N in
nsulating film
m onto thesee MWNT saamples withh contacts, toopped
with
w a thermaally evaporated 30 nm-th
hick silver ggate (Figure 31(a)). Figuure 31(b) shoows a
ph
hotograph of
o one of th
he devices. It
I is very exxciting that the parylenne techniquee also
works
w
very well
w for fabrrication of FETs
F
on larrge-area CN
NT sheets, evven though these
saamples posseess very rou
ugh nanoscale morphologgy due to a nnetwork of nnanotube bunndles.
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Figure
F
32. Transfer
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nset: extractted field-effeect mobility
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cs of a typiical CNT-FET at room
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Figure 32. Th
he source-drrain current, ISD, was meeasured as a function off the gate volltage,
VG, at differeent values off the source--drain voltagge, VSD. Sinnce the curreent at zero VG, I0,
caan have very
y different values
v
(as sho
own in the loower inset oof Figure 32)) for the diffferent
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VSD, I0(VSD) were subtracted from the corresponding ISD(VG) curves for clarity. The
transfer curves in the main panel show a typical p-type behavior with a large depletion
gate voltage, which is expected for such a highly conductive material. The field-effect
mobility, μ, can be estimated from the slope of ISD(VG) dependence using the transconductance equation:
μ = L·|∂ISD / ∂VG|/(Ci·VSD·W),

(21)

where Ci = 1.1 nF/cm2 is the gate-channel capacitance per unit area. The determination of
a correct channel width W represents a more complicated problem. One can use asmeasured macroscopic sample dimensions for W and L. However, this is equivalent to
treating the sample as a homogeneous two dimensional conductor, completely ignoring
the sparse network morphology of these samples. A better approximation is to consider
the sample as an inhomogeneous 2D conductor consisting of an ensemble of equally
spaced 1D bundles connecting the source and drain contacts. In that case, the width W
needs to be replaced by some effective width Weff to account for the empty spaces
between the bundles. For that purpose, an optical transmission measurement of the CNT
sheets was performed, in which our samples were ~ 75% transparent, suggesting that
only ~ 25% of the whole area of the sample is actually covered by the CNT bundles.
Therefore, Weff was taken to be 25% of the as-measured macroscopic channel width W.
With such a correction, the mobility using the data in the main panel of Figure 32 is
extracted, as plotted in the upper inset. Throughout the whole VSD range tested, the
mobility was almost a constant around 110 cm2·V-1·s-1. Another interesting fact is that
there is no hysteresis observed in our CNT-FETs, which is rarely the case for individual
CNT samples98-100.
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2.4.2. Electrical Modification of CNTs by FTS SAM Growth

Next, the effect of FTS treatment on the electrical properties of the MWNT sheets
is studied. Samples were loaded into a chamber and their two probe resistance was
monitored in situ during the FTS growth process. Samples were then exposed to a
saturated FTS vapor. Typical results are shown in Figure 33(a). Conductivity of this
sample increased by 60% percent during a course of 5 hours, and exhibited the saturation
after an overnight treatment. Qualitatively, the increase in conductivity of MWNT sheets
upon FTS treatment is similar to the results obtained on other carbon based materials,
such as rubrene, graphene, and certain types of polymers. In all cases, the protonic doping
by silanol groups of hydrolyzed FTS molecules is believed to introduce mobile carriers
into the material under test, leading to a conductivity increase. Quantitatively, however,
the effect of FTS treatment is less prominent for these MWNT sheets as compared with
other systems which usually have a change from one to a few orders of magnitude. This
is not surprising, because the pristine MWNT sheets used in our study are already highly
conductive. In particular, the FTS doping effect on metallic nanotubes should be
negligible given their high carrier density, while the effect on pure semiconducting tubes
should be very large. Indeed, using single walled carbon nanotube (SWNT) sheets, in
which statistically there must be 1/3 metallic and 2/3 semiconducting tubes, a factor of 4
increase in conductivity was observed with FTS treatment.
Carrier concentration of the MWNT sheets can be estimated using the relation σ =
neμ. Before FTS treatment, with the extracted mobility of 110 cm2·V-1·s-1, n is 2.6 × 1014
cm-2. Assuming that mobility does not change with FTS treatment, the FTS-induced
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Figure 33. (a) The source-drain current flowing through a CNT sheet (not a transistor

device) as a function of time during FTS treatment (VSD = 10 mV). The vertical arrow
indicates the moment when FTS vapor was introduced into the deposition chamber. Both
σPRISTINE□ and σFTS□ are adjusted values using the effective width Weff as discussed in the
text. The inset depicts the deposition of FTS molecules onto a CNT sample. (b) and (c)
are scanning electron microscope images of a CNT sample before and after the
deposition of FTS: clear changes in the contrast can be seen.

Figure 33(b) and (c) are scanning electron microscope images of pristine and
FTS-coated MWNT sheets, respectively. The bright areas in Figure 33(b) are the voids,
through which an insulating glass substrate is seen. MWNT bundles are clearly visible
due to a significant difference between the conductivity of the bundles and that of the
glass. After FTS treatment, however, the contrast became much lower, since now both
the glass and the surface of the nanotubes were covered with the insulating layer of FTS
SAM. These images offer an independent evidence of the effective coating of the
nanotubes by FTS molecules. It is also noted that there was no noticeable change in color
or transparency of the nanotube sheets with FTS treatment.

Finally, the FTS doping effect is stable in vacuum or in non-polar gases. In
prolonged measurements after the FTS deposition, no significant changes in conductivity
have been observed. Some of the FTS doped samples have been stored in a sealed
vacuum plastic package for about one year, after which repeated measurements indicated
that conductivity has dropped only by 15%.
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Chapter IV

Conclusion
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As the first part of this thesis, high performance organic field-effect transistors
(OFETs) are fabricated. Two types of OFETs, parylene insulating polymer dielectric
OFET and air-gap PDMS stamp OFET are employed to study the charge transport for
organic single crystals. Strain- and defect-free interface between parylene dielectric film
and the organic semiconductor channel in OFETs enables us to investigate bias-stress
instability in OFETs based on rubrene, tetracene, and TIPS-pentacene single crystals
interfaced with the amorphous polymer insulator. A combination of the charge transport
and UPS measurements suggests that the effect is due to the transfer of holes from the
accumulation channel of the semiconductor to the localized states of the insulator. The
effect is smaller in systems with the greater energetic mismatch between the HOMO
edges of the semiconductor and the insulator. The model only relies on the concepts of
semiconductor’s ionization energy and exponential band tails of disordered insulators,
and hence it could be used to understand instabilities in a wider range of semiconductor
devices, including organic, inorganic, CNT and graphene FETs.
In addition, field-effect transistors (bottom-gate and bottom-contacts geometry)
on multi-walled carbon nanotube (MWNT) sheets using parylene gate dielectric are
successfully fabricated. Based on the transconductance characteristics in the field-effect,
the mobility and the density of charge carriers of pristine MWNT sheets are estimated to
be 110 cm2·V-1·s-1 and 2.6 × 1014 cm-2, respectively.

As the second part, it is reported that various organic and other carbon-based
materials can be functionalized by the growth of alkyl-silane SAMs. AFM, SEM and CAFM techniques are employed to reveal the microscopic mechanism of SAM nucleation
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and growth process on the organic crystals surface. In the early growth stage, SAM
nucleation occurs mostly at the molecular step edges or defect sites on the surface of
substrates. A consecutive growth proceeds laterally by cross-linking between SAM
molecules and in-plain polymerization eventually forms monolayer on the surface of the
substrates. By coating the surface of p-type organic semiconductors by SAMs, a strong
enhancement of surface conductivity is observed. This hole-doping effect is explained by
interfacial charge transfer (chemical doping) occurred during the SAM formation.
Conducting AFM (C-AFM) measurements show that in the very early stage of SAM
growth, the molecular steps at the surface of organic crystals can be readily
functionalized with silane SAMs, in which the conducting paths are formed along the
molecular step edges of rubrene surface with nanoscale channel width. This phenomenon
is interesting from several perspectives: a) visualization of molecular steps and oxygencontaining defects at the surface of organic semiconductors; b) studies of charge transport
in individual crystalline organic quasi-1D conducting channels; and c) passivation and
selective doping of scattering sites and traps associated with molecular steps, grain
boundaries and oxygen defects for an enhanced charge transport in OFETs: The impact
of these extrinsic scattering and trapping processes can be reduced or eliminated by
selectively doping on the aforementioned defects with a SAM, which can result in a
better understanding of charge transport in organic semiconductors.
The interaction of ultrathin films of polythiophenes (P3HT, PBTTT) conjugated
organic polymers with the vapors of hydrolyzed FTS SAM is demonstrated, which results
in a drastic increase of the electrical conductivity and a strong suppression of interband
optical absorption of these polymers. Upon doping with FTS SAM, the electrical
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conductivity increases by up to six orders of magnitude, reaching (1.1 ± 0.1) × 103 Ω-1cm1

in PBTTT and 50 ± 20 Ω-1cm-1 in P3HT known as a record high conductivity in doped

polymers. The effect is tentatively attributed to protonic doping of the polymer chains by
silanol groups of hydrolyzed trichlorosilanes available within the partially polymerized
siloxane network. The doped polymer films exhibit a very good stability in high vacuum
and nonpolar gases. However, when they are exposed to polar vapors, they show an
interesting electrical switching effect; Sensing and dedoping effect. These effects lead to
an attractive new route of doping of conjugated polymers that may be interesting for
applications in molecular sensors, transparent conductors and organic electronics.
The stable self-assembled monolayers of fluoroalkyl silanes at the surface of
carbon-based materials such as graphite, graphene and carbon nanotubes (CNTs) are also
synthesized. A strong surface doping effect of graphene and CNTs with the carrier
densities in excess of the order of 1013 cm-2 and 1014 cm-2 is observed, respectively.
Interestingly, Hall measurements demonstrate that FTS SAM growth only on the top
layer of graphite changes Hall voltage from negative to positive, which is indicative of a
strong hole-doping on the graphite surface. AFM and SEM studies confirm that SAM
nucleation and growth process on graphite are very similar as those on organic single
crystals: SAM nucleation occurs on defect sites or graphene steps and the consecutive
lateral growth proceeds to the entire surface by cross-linking of SAM molecules. X-ray
photoelectron spectroscopy (XPS) confirmed the simple monolayer structure with the
predicted stoichiometry of FTS growth on graphite. The novel doping approach described
here offers the potential application for the chemical modification of graphene or CNT
electronic properties using methods of molecular engineering and self assembly.
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