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CHAPTER 1

GENERAL INTRODUCTION

1.1 Graphene

Graphene, a single atomic layer of graphite, has attracted a great deal of attention and
research in the world since 2004, when Geim and his co-workers at Manchester University
obtained this film by mechanical exfoliation of highly oriented pyrolytic graphite [1]. Its two-
dimensional (2D) honeycomb lattice with © bond provides the building block to form 0D
fullerence, 1D nanotube, and even 3D graphite. Although graphite has been known and used as
conducting material for hundreds of years, the mono layer of graphite is now a rising star and
draws a myriad of interests for scientists worldwide based on its unusual electronic properties [2,
3,4]. Back to 70 years ago, scientists considered 2D materials would not exist without 3D base
due to thermally unstable until single layer graphene and other 2D free standing materials came
out recently [1, 2]. The 2D films grown by molecular beam epitaxy (MBE) are possibly stable
on a supporting substrate [2, 4]. Therefore, 2D single layer from exfoliating 3D material offers a
simple way to explore new physics and potential applications based on this new finding. Figure
1.1 shows the schematic graph of graphene, indicating the carbon-based family originated from

this mono layer 2D material.



Figure 1.1 Single layer graphene provides the building block to form 0D fullerence, 1D
nanotube and 3D graphite [2].

Actually, the flakes including single or multi-layer graphene produced by repeated
peeling graphite using adhesive tape first time appeared in the world from Geim’s group, which
required a great deal of patience. Fortunately, the high quality mono layer graphene would be
successfully deposited on Si/SiO, with practices through van der Waals attraction force. There
are several ways to characterize the thickness of those flakes such as atomic force microscope
(AFM), Raman spectroscopy, scanning tunneling microscope (STM), and so on. However, these
tools do not have high throughput to identify the graphene quickly. Optical microscope (OM) is
still the convenient tool with high efficiency to visualize the spots of single layer of graphene,
which Geim’s group took the advantage of interference effect of certain thickness of SiO, (300
nm) on Si substrate. More than 5% difference of SiO, thickness would cause the single layer
graphene invisible [2, 4]. Figure 1.2(a) illustrates the single layer of graphene on Si/SiO,

substrate through mechanical exfoliation using adhesive tape [2].



p k)

Figure 1.2 (a) The single layer graphene on Si/SiO, substrate through mechanical cleavage using
adhesive tape. (b) The ambipolar behavior of single layer graphene indicates the change of
Fermi level with the change of gate voltage [2].

The studies of graphene have revealed its exceptional electronic properties based on the
unique band structure including the observation of ambipolar behavior shown in Figure 1.2(b),
high mobility and quantum Hall effect [1, 2]. The charge carriers in graphene can be described
as relativistic particles called Dirac fermions by Dirac equation rather than Schrodinger equation
for this 2D crystal, providing a way to explore quantum electrodynamics (QED). The mobility
of graphene can exceed 15000cm® V™' s at room temperature with ballistic transport, making
potential applications to some certain electronic devices with high speed in need. The graphene
also offers a good carrier to probe standard quantum Hall effect or half-integer quantum Hall
effect with two spectacular phenomena categorized as minimum quantum conductivity (4e’h)
and strong suppression of quantum interference effects, where e and h are the electron charge

and Planck constant, respectively [1, 2].

Other than mechanical exfoliation to make single layer graphene, there are several

approaches to improve the throughput and scaling-up for producing the single layer crystal in



recent research. Basically, three techniques have been developed in recent studies including
solution-based graphene, epitaxial technique and substrate-based with chemical vapor deposition
(CVD) grown graphene [4]. In 2006, Ruoff’s group demonstrated the first time to make the
single layer graphene using graphite oxide in solution. Yet some of researchers tried to use
organic solution to synthesize this 2D single layer crystal. In addition, De Heer at Georgia
Institute of Technology pioneered the epitaxial technique using high temperature 1000°C in high
vacuum to detach silicon from silicon carbide (SiC) and left the graphited carbon. While groups
from MIT and Korea developed the process of CVD grown graphene on Ni substrates using
hydrocarbon gas at high temperature and a single layer of graphene precipitated on the transition
metal [4, 54]. Although the electrical performance of graphene using above approaches is not
good as that of using mechanical exfoliation, it provides the feasibility to integrate this material

with the current semiconductor technology for industrialization.

Therefore, graphene literally exhibits exceptionally high carrier-mobility, offering the
tantalizing possibility of all-carbon electronics [63, 131], including spintronics [133, 134],
chemical and biological sensing [135-138], nanoelectromechanical systems (NEMS) [139], and
energy storage [140]. The electrical transport study of graphene by Geim’s group demonstrated
that charge carriers in graphene can mimic relativistic particles and their mobility can even reach
up to 100,000cm®v*s™ at room temperature with less impurity scattering [2]. These unique
properties of charge carriers in graphene and their high mobility stimulated numerous studies
worldwide [141-149]. The high carrier mobility and planar structure make graphene a promising
candidate for many electronic applications. However, the band structure of graphene consists of

conduction and valence bands touching each other at the charge neutrality level, leading to a zero



band gap. As an infinite two-dimensional solid, graphene is a zero-gap semiconductor with
finite minimum conductivity, which poses a major problem for conventional digital logic

applications.

1.2 Graphene Nanoribbon (GNR)

To overcome this bottleneck, many theoretical and experimental studies had focused on
engineering an energy gap in graphene because of its advantages mentioned in section 1.1. A
tunable band gap up to 250 meV can be induced by a perpendicular electric field in bilayer
graphene [11]. A band gap can also be created by strain [12] or by chemical modification of
graphene [13]. More generally, a band gap can be created by spatial confinement and edge
effects [14]. Louie et al. [15] showed theoretically that graphene nanoribbons (GNRs) with pure
armchair or zigzag shaped edges always have a nonzero and direct bandgap, the value of which
depends on the ribbon crystallographic orientation and edge structure. These remarkable
predicted properties of GNRs make them very attractive candidates for key functions in all-
carbon devices, but their experimental realization in near-perfect geometries remains elusive.
That is also intriguing the motivation to do the research of graphene nanoribbons associated with

their intrinsic properties of bandgap and edge effect.
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Figure 1.3 (a) SEM image shows the GNR devices with different ribbon widths using electron
beam lithography with HSQ mask. (b) Conductance of GNRs vs gate voltage measured at
different temperatures [16].

Basically, there are two approaches to engineer the gap of graphene with respect to
spatial confinement except the methods mentioned above, which are top down (electron beam
lithography) and bottom up (chemical solution) ways, respectively. Kim’s group at Columbia
University has done a series of lithographical patterns using electron beam lithography (EBL)
with negative resist, hydrogen silsesquioxane (HSQ) as a mask, showing the gap size of
graphene nanoribbons (GNRS) to be as high as 200 meV with ribbon width ~15nm. Figure 1.3
shows the lithographical GNR patterns done by Kim’s group with SEM image and minimum
conductance versus gate voltage [16]. In lithographically patterned GNRs with varying widths
and crystallographic orientations, electrical transport studies established the presence of a width-
dependent transport gap [16, 17]. The experimentally determined transport gap increases
strongly as the width decreases, consistent with theoretical predictions [15]. However, the
observed transport gap is considerably larger than the theoretically predicted bandgap and is

independent of the crystallographic direction of GNR edges. Several possible mechanisms have

been proposed to explain the transport gap observed in GNR-based field-effect transistors(GNR-



FETSs), including re-normalized lateral confinement due to localized edge states [16, 17],
percolation driven metal-insulator-transition caused by charged impurities [18], quasi-one-
dimensional Anderson localization [19], and Coulomb blockade due to edge-roughness [20].
More recent experimental studies on disordered GNRs further indicate that charge transport in
the conduction gap of GNRs is likely dominated by hopping through localized states [21] or
isolated charge puddles acting as quantum dots [22]. While surface impurities and edge-
roughness are commonly considered as two of the major sources of disorder in GNRs [21, 22],
the relative importance of these two sources of disorder in influencing the electronic and
transport properties of GNRs is unknown. More recently, significant increase of mobility has
been observed in high-quality GNRs with nearly atomically smooth edges partially due to
reduced edge scattering [23], but there is still a large discrepancy between the bandgap extracted
from these high-quality GNRs and that observed in other reports [24], even though the GNRs

were synthesized using a similar approach.

Gas-phase
oxidation
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Figure 1.4 The high quality GNRs obtained from unzipping CNTSs in solution using sonication
and centrifuge to have 10~30 nm wide ribbons [23].



This discrepancy may be attributed to different edge structures, but could also be due to
extrinsic conduction through defects and impurity states within the bandgap [11, 25]. What is
needed to elucidate the intrinsic electronic properties of GNRs is a systematic and thorough
electrical transport study of GNRs with nearly atomically smooth edges and varying degrees of
surface impurities. So, the chemically derived GNRs were introduced to have ultrasmooth edge
structures [55] instead of rough edges generated by electrons and plasma bombardment. The
atomically smooth edges of GNRs derived from unzipping carbon nanotubes (CNTSs) in 1,2-
dichloroethane (DCE) and poly(m-phenylenevinylene-co 2, 5-diy octocy- p-phenylenevinglene)
(PmPV) solution using sonication developed by Dai’s group was demonstrated in Figure 1.4
[23]. In this work, most of ultraclean GNRs with smooth edges follow this approach to have
10~50 nm wide ribbons. In order to remove the impurities remained on the surface of GNRs
through subsequent processes for making devices, etching has to be conducted using
hydrofluoric acid (HF) to get rid of the substrate effect. Besides, thermal annealing and current
annealing in vacuum are needed to remove all the impurities and residues, making the GNR
devices ultralow disorder for further electrical measurements. The following Table 1.1 is the
summary of maximum engineered gap size from graphene related materials by different

approaches currently.



Approaches Max. engineered gap size Related graphene materials
Strain Small gap size Graphene
Applied electrical field ~0.25eV Bi-layer graphene
Chemical modification ~3.5eV Graphene fluoride
E-beam lithography ~0.35eV Graphene, Nanoribbon w~15 nm
Sonication in solvent ~0.4 eV GO, nanoribbon w~5 nm
Sonication in solvent ~0.015eV MCNT, nanoribbon w~14 nm
Chemical with H; annealing ~0.05 eV MCNT, nanoribbon w~100 nm

Table 1.1 The engineered gap size of graphene related materials with different approaches.
Most of our GNRs produced in this work follow the method developed by Dai’s group
and the performance of these ultralow disorder GNR field effect transistors (GNR-FETS) will be
described in detail in the following chapter 2-3. In addition, the top gate configuration by adding
PEO/LICIO4 polymer electrolyte on the top of GNR devices for improving the mobility will also

be shown in chapter 4.

1.3 2-D Materials beyond Graphene

As stated in the previous section, a certain gap size has been opened up for graphene
nanoribbons, however, the gap size might not be large enough to practically make the digit
electronics realized. While a great deal of processes conducted to engineer the certain gap size
for graphene nanoribbons, researchers have started in parallel considering any potential
candidates rather than graphene and graphene nanoribbon but similar to them. Actually, there
were several candidates combined with transition metals (Mo, W, Ti) and chalcogenide elements

(S, Se, Te) studied in the past having the similar structures as graphene, but most of research
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focused on the bulk or thin film properties. What about the electrical properties of single layer of
these materials? Thanks to the prosperous development of nanosicence and nanotechnology,
these 2D materials beyond graphene now have been raising many interests to scientists

worldwide.
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Figure 1.5 The schematic picture of MoS, shows the similar structure to graphene [5, 108].

As a semiconducting analogue of graphene, single-layer molybdenum disulfide (MoS,)
has a direct bandgap of ~1.8 eV, which makes it a suitable channel material for low power digital
electronics [103]. Similar to graphene, atomic layers of covalently bonded S-Mo-S unites can be
extracted from bulk MoS; crystals by a mechanical cleavage technique due to relatively weak
van der Waals interactions between the layers. The schematic structure of MoS; is depicted in
Figure 1.5 showing the similarity as graphene [5, 108]. However, the carrier mobility in
monolayer and few-layer MoS; field-effect transistors (FETSs) fabricated on Si/SiO; substrates
are typically in the range of 0.1 -10 cm?V*s™, which is not only orders of magnitude lower than
that of graphene but also substantially lower than the phonon-scattering-limited mobility in bulk

MoS; (which is on the order of 100 cm*V*s*) [104-107] Radisavljevic et al. have recently
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shown that the mobility of monolayer MoS, FETs can be improved to at least 200 cm?V*s™ by
depositing a thin layer of HfO, high-x gate dielectric on top of MoS, devices, where the
significant mobility enhancement was attributed to the suppression of Coulomb scattering due to
the high-k environment and modification of phonon dispersion [108]. However, it is not clear to
what extent the observed mobility increase can be attributed to the screening of charged
impurities and phonon dispersion modification. On the one hand, a temperature-dependent
electrical transport study of monolayer and few-layer MoS, FETs by Ghatak et al. suggests that
the relatively low mobility in MoS, FET devices fabricated on Si/SiO, substrate is a channel
effect, largely limited by the charge-impurity-induced electron localization [105]. On the other
hand, Lee et al. showed that the mobility in MoS, FETs fabricated on Si/SiO, substrate can be
largely underestimated due to the Schottky barriers at the MoS,/metal contacts [109]. Which
parameter actually dominating the mobility of MoS; single layer is intriguing and needs to be
further studied.

In this work, the top gate configuration was also used to improve the mobility of mono
layer MoS; by placing a drop of PEO/LICIO4 polymer electrolyte on the electrodes of drain-
source and gate. The electrical performance of this design will be described in chapter 5. In
addition, the performance of the same electrodes design for MoS; devices by replacing PE with
ionic liquid will be elucidated in chapter 6. Other than MoS, crystal, several 2D materials
beyond graphene such as titanium disulfide (TiSz) or molybdenum diselenide (MoSe;) will
possibly be intriguing to many scientists for their fundamental physics and potential future

applications.
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CHAPTER 2

INTRINSIC BANDGAP DETERMINATION AND
SIMULATION OF GRAPHENE NANORIBBONS

2.1 Introduction

As an infinite two-dimensional solid, graphene is a zero-gap semiconductor with finite
minimum conductivity, which poses a major problem for conventional digital logic applications.
To overcome this bottleneck, many theoretical and experimental studies have focused on
engineering an energy gap in graphene. In this study, the first variable-temperature electrical-
transport study of suspended ultra-low-disorder GNRs with nearly atomically smooth edges is
reported. Suspension of the GNRs not only removes the substrate influence but also allows a
thorough removal of impurities, including those trapped at the interface between the GNR and
the substrate, leading to a substantial increase of the carrier mobility. We observe high mobility
values exceeding 3000 cm? V! st in GNRs of width~20 nm, the highest mobility value reported
to date on GNRs of similar dimensions. Furthermore, we demonstrate that the activation gap
extracted from the simple activation behavior of the minimum conductance and residual carrier
density at the charge neutrality point approaches the intrinsic bandgap in ultra-low-disorder
GNRs. In contrast to the results reported here, in typical transport measurements in GNRs the
presence of non-negligible amount of disorder obscures the observation of the intrinsic bandgap.
Moreover, the size of the bandgap derived from the transport measurements is in quantitative

agreement with the results of our complementary tight-binding calculations for a wide range of
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chiral angles characterizing the GNR structure, supporting our proposed explanation, namely that
the underlying electronic origin of bandgap enhancement is the magnetic nature of electronic

states associated with zigzag edges.

2.2 Experimental details

The GNRs were produced by sonicating mildly-oxidized multiwall carbon nanotubes
(MWNT) in a 1,2-dichloroethane (DCE) solution of poly(m-phenylenevinylene-co 2, 5-diy
octocy- p-phenylenevinglene) (PmPV), where the PmPV is used as a surfactant to stabilize the
unzipped GNRs in solution [23]. The solution was then centrifuged at 15000 rpm (Fisher
Scientific Marathon 26kmr centrifuge) for 1 hr to remove aggregates and some of the remaining
MWNTSs, and a supernatant containing nanoribbons and remaining MWCTSs was obtained. Next,
the GNR samples from the supernatant were deposited on degenerately doped Si subtracts with
290 nm of thermal oxide. Non-contact mode AFM (Park System XE-70) measurements were
used to locate individual GNRs with respect to the prefabricated Au alignment marks and to
characterize their thickness, width and length. The GNRs produced from this method mostly
consist of 1-3 layers. To determine the width, we have taken into account the AFM tip dilation
effect (leading to artificial width increase) based on the estimated tip radius provided by the tip
manufacturer.

FET devices consisting of individual GNRs are fabricated on Si substrates with 290 nm
of thermal oxide using standard electron beam lithography and thermal deposition of 0.5 nm of
Cr and 50 nm of Au, where the Si substrate is used as a back gate. Suspension of the GNRs in

FET devices is achieved by placing a small drop of 1:6 buffered hydrofluoric acid (HF) on top of
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the GNR device for 90 s to etch way approximately 150 nm of the SiO, underneath the ribbons
[26, 27]. The devices are annealed in vacuum at 600°C for 10 minutes to clean the suspended
ribbons and improve the electrical contacts before transferred to a Lakeshore Cryogenics vacuum
probe station for further removing adsorbed impurities by current annealing and subsequent
transport measurements in high vacuum (~107° torr). The residual impurities on GNRs are
gradually removed by repeatedly passing a large current through the ribbon; the final amount of
impurities of the GNRs depends both on initial amount and the degree of current annealing.

A semiconductor parameter analyzer (Keithley 4200) was used to apply the annealing
current and to measure the device characteristics for 4.3 < T < 300 K. We repeatedly applied
gradually increasing annealing current and subsequently carry out the electrical measurements in
situ after every consecutive step. The degenerately doped Si substrate was used as a back gate.
To avoid possible collapsing of the suspended GNRs, the back-gate voltage Vywas limited to the

range — 15 V <Vy< +15 V during the electrical measurements.

2.3 Results and discussions

We have fabricated over 20 suspended GNR-FET devices from GNRs synthesized by
unzipping high quality multiwall carbon nanotubes [23]. A schematic diagram and an atomic
force microscopy (AFM) image of a typical suspended GNR device are shown in the right and
left insets of Figure 2.1, respectively. As most of the devices were eventually damaged during
the in situ current annealing (likely caused by structural reconstruction at the defect sites), we

report detailed electrical transport results on three high quality samples (samples A, C and D)
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characterized by extremely low disorder and compare them with those of a sample that contains

a non-negligible amount of defects (sample B).
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Figure 2.1 Resistance versus gate voltage for: (a) sample A (lower-disorder), and (b) sample B,
measured at various temperatures. The solid lines are the model fitting. The two samples belong
to a single GNR with uniform width (W~ 20 nm) and thickness (d ~1.4 nm), and both have the
same length L ~ 600 nm. Insets: schematic illustration of a GNR-FET consisting of a suspended
GNR (right) and the contact electrodes, and AFM image of a GNR suspended by Au electrodes
(left).

2.3.1 Resistance versus gate voltage

In Figure 2.1, we show the resistance (R) as a function of gate voltage (V) at different
temperatures for two devices fabricated from a single uniform GNR. The GNR channels in these
two devices have similar length (~600 nm), and nearly identical width (~20 nm) and thickness
(1.4 nm corresponding to about 2layers [23]) as determined by AFM before suspension [28].
Although both devices show characteristic ambipolar behavior arising from the electron-hole
symmetry of graphene, they also exhibit remarkable differences. First, the resistance peaks at

the charge neutrality point (CNP) in sample A are substantially sharper [Figure 2.1(a)] than in
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sample B [Figure 2.1(b)]. The full-width at half-maximum (FWHM) for sample A is more than
an order of magnitude smaller than that for sample B at 160 K. Second, the maximum resistance
at the CNP in sample A increases more rapidly with decreasing temperature than in sample B.
These differences can be attributed to lower degree of disorder in sample A than in sample B.
Defects, such as adsorbed charged impurities and structural imperfection, are expected to
generate random potential fluctuations in the GNRs, which induce electron-hole puddles close to
the CNP [26, 27]. As a result, the effect of gate voltage near the CNP is largely limited to the
redistribution of charge carriers between electrons and holes without changing the overall carrier
density. Therefore, a higher tunability of charge carriers near the CNP (and hence a much
sharper resistance peak) is expected in samples with lower disorder. Similarly, the effect of
thermally excited electron-hole pairs is also significantly enhanced with lower disorder, leading

to a stronger temperature dependence of the maximum resistance.

2.3.2 Mobility

We next focus on the influence of disorder on the carrier mobility and bandgap of GNRs.
To extract accurate values for these quantities, we subtract the contact resistance from the total
resistance using the following model to fit the R(V,) data:

_ LW
Rmrﬂt = Rcﬂnrﬁct+Rchﬂnna!—RmnmEcl neu (21)

Here, Rconrace aNd B onannet are the metal/GNR contact resistance and GNR channel resistance,

respectively [29]; L and W are the channel length and width, respectively; u is the carrier

mobility, and the carrier concentration n, can in turn be determined by the expression,
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with n, being the residual carrier concentration at the maximum resistance, Cq the back-gate
capacitance (estimated to be ~ 3x10°® F/cm® based on the capacitance of GNR-FET devices with
similar ribbon width and taking into account the reduced dielectric constant due to the removal
of ~150 nm of thermal oxide underneath the ribbon [30, 31]), and Vcnp is the gate voltage at the
charge neutrality point [29, 32]. As shown in Figure 2.1, this model fits our experimental data
reasonably well, especially in the hole-branch (Vg<Vcne). The slightly lower conductance and
minor deviation from the fitting at the electron side is likely due to the residual surface impurities
and/or electrode metal doping [27, 30, 33]. From the fitting, a contact resistance of 30 ~ 70 kQ
is extracted, which is comparable to the value determined by 4-terminal measurements of similar
GNRs devices (data not shown). Although this model assumes a gate-independent contact
resistance, we believe this is a reasonable assumption for our devices given the nearly ohmic
contact (except at low temperatures and near the CNP) and reasonably good fit of the data to the

model, which is also consistent with the findings of Russo et al. [34].
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Figure 2.2 Mobility as a function of temperature for samples A and B. The solid squares and
solid circles are the mobility extracted from the model fitting in Fig. 1; the hollow squares are the
field effect mobility. The dashed lines are a guide to the eye.

Figure 2.2 shows the mobility values derived from the fit as a function of temperature for
samples A and B. The mobility of sample B has relatively weak temperature dependence and
reaches ~ 1500 cm? V! s, in excellent agreement with that derived from substrate-supported
GNRs synthesized using the same method [23]. Remarkably, the mobility of sample A increases
from ~ 2000 cm? V' s to over 3000 cm? V! s? as the temperature is lowered from 295 K to
150 K, suggesting that the mobility in this temperature range is largely limited by acoustic
phonon scattering [35]. The peak mobility in sample A is the highest reported to date for GNRs
of comparable widths [23], which can be attributed to the nearly atomically smooth edges and
extremely low disorder. Below 150K, the mobility decreases with decreasing temperature,
suggesting that the presence of a small amount of remaining disorder can play an increasingly
important role at low carrier density (see detailed discussion below). Equally high mobility is
also observed in sample C (data not shown). From the transfer characteristics, the field effect
mobility of sample A in the hole region can be estimated as:

p=[AGX(L/W])/(CgAVy), (2.3)
where G is the low-bias conductance of the sample [36] and the other parameters are defined in
Egs.(2.1) and (2.2). The field-effect hole mobility as a function of temperature for sample A is
shown as “hollow squares” in Figure 2.2, in reasonable agreement with the mobility values

derived from the other method.

2.3.3 Bandgap determination
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In an ideal intrinsic semiconductor without impurities, the conductance at the CNP, Gpin
is expected to be dominated by thermally activated carriers and to vary with temperature as

Gemin % exp (—E,;/2kgT), where kg is the Boltzmann constant and Eg is the activation energy for

electron excitation that corresponds to the bandgap. However, other mechanisms such as one-
dimensional (1D) nearest neighbor hoping (NNH) through localized states in disordered GNRs
may also lead to simple activated behavior of Gmin [21]. To confirm that the activation energy
derived from the temperature dependence of Gnin is indeed the intrinsic bandgap, it is necessary
to show the same simple activation temperature dependence of the minimum carrier density (no)

at the CNP (to first order approximation): ng o exp {(—E;/2kgT). As shown in the Arrhenius plots

in Figure 2.3 (a) and (b), the Gminand nodata from samples A and C (the latter being yet another
low-disorder sample with W ~37 nm, d ~ 2 nm, and L ~ 700 nm) fit the simple activation model
fairly well with a consistent activation energy gap of Eg (A) = ~ 99 meV (from Gmin) and ~106
meV (from ng) for sample A, and E4(C)= ~ 55 meV (from ng) and ~ 58 meV (from Gpin ) for
sample C, respectively. Simple activation behavior is also observed in the residual carrier
density of sample D (W ~ 23 nm and d ~ 1.6 nm), yielding a gap of 96 meV (data not shown).

Furthermore, comparison of the E;values of samples A, C, and D demonstrates that the bandgap

in our ultra-low-disorder samples is approximately inversely proportional to the ribbon width,
consistent with theoretical predictions [15]. These consistent results on multiple ultra-low-

disorder GNR-FET devices strongly suggest that the intrinsic bandgap is approached.
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Figure 2.3 (a) Temperature dependence of the minimum conductance for samples A, B and C.
(b) Temperature dependence of the residual carrier density extracted from the model fitting in
Figure 2.1 for samples A, B and C. The solid lines are fits to the simple activated behavior.

On the other hand, Guin and ng in sample B exhibit a much weaker temperature

dependence than in samples A or C; forcing the simple activation law fit through the data of
sample B yields a much smaller activation energy and corresponding bandgap of E;~ 10 meV

from both the G, and ng data. The large discrepancy between samples A and B is quite

puzzling, since they are simply two different regions of the same GNR with highly uniform
width and thickness and likely having the same nominal edge structure. The primary known
difference between them is that sample A has lower disorder than sample B due to the spatial
variation of disorder (such as remaining adsorbed impurities and structural defects which could
be inherent in the original carbon nanotubes and/or introduced during the conversion from
carbon nanotubes to GNRs). Given the small dimensions of the devices, even a small amount of
disorder may play a significant role in their transport properties. Additionally, Au-contact

doping may also vary from device to device. However, electrode doping is unlikely to be the
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dominant mechanism given that samples A and B not only have nominally identical contact
structure and layout but also share a common electrode. Therefore, the weaker temperature

dependence of G, and ng observed in sample B is likely to be due to extrinsic conduction

through defects and carrier doping from charged impurities, similar to the bilayer graphene [11,
25]. An alternative explanation is that the presence of disorder weakens the on-site Coulomb
interaction, which is largely responsible for the opening of a gap in the band structure of GNRs
with zigzag edges [37]. Zigzag edges have indeed been observed by scanning tunneling
microscopy (STM) in GNRs synthesized using the same method [38]; the smaller values of the
bandgap found in these studies can be attributed to the reduced on-site Coulomb repulsion due to
screening from the gold substrate [38]. It is also worth noting that the data for samples A, C
(Figure 2.3) and D (data not shown) start to deviate from the simple activation behavior below
100 K and the fit eventually breaks down below 77 K. The break-down of the simple activated
behavior at low temperatures can be attributed to the extremely low residual carrier density: the
value no ~7x10° cm? at 77 K observed in sample A corresponds to only “one electron” in the
device channel. Therefore, the residual carrier density (thus also the minimum conductivity)

below 77 K is no longer determined by thermal activation.
2.3.4 Transport gap

In order to further verify that the simple activation gap observed in our ultraclean GNRs
is the intrinsic bandgap (due to the extended states carrying current via thermal activation across

the intrinsic bandgap), we compare the activation gap energy with the energy associated with the
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transport gap (A¥;). The transport gap is correlated to an energy gap in the single particle

spectrum given by:

(2.4)

where vz= 10° m/s is the Fermi velocity of graphene and C, is the capacitive coupling of the

GNR to the back gate. In disordered GNRs, where the electrical transport is dominated by the

hopping between localized states, 4., is expected to be substantially larger than Eg4 [21]. In
contrast, in highly ordered GNRs with very low impurity concentration 4A,,should be comparable
to the intrinsic bandgap [24]. Al in this study is defined as the width of the back gate voltage
region determined by a sudden increase of the slop in the G(Vy) curve close to the CNP. As
shown in Figure 2.4(a), the G(Vy) curve for sample A measured at 30 K yields a A, ~ 1.6 V and
hence 4,,~ 90meV, in reasonable agreement with the values of E4 obtained from Gmin and no,

indicating that the transport gap is associated with the large intrinsic bandgap. The linear
dependence of G on gate voltage Vg at high temperatures [Figure 2.4 (a), where the contact
resistance is excluded] suggest that the field-effect mobility remains nearly constant as the

carrier density changes and that the charge transport is limited by long-range scattering [39].



23

I (nA)

10 -0.1 -0.05 0 0.05 01
Vds(V)

v, V)

Figure 2.4 (a) Conductance versus gate voltage measured at various temperatures for sample A.
(b) 1-V characteristics measured at different gate voltages and at T = 4.3K for sample A.

The transport gap can be alternatively probed by measuring the current-voltage (I-V)
characteristics at various gate voltages. Figure 2.4(b) shows representative I-V curves of sample
A measured at 4.3 K. At gate voltages away from the CNP, the I-V curves are essentially linear.
Near the CNP (Vg = 1V), however, the 1-V characteristic becomes strongly non-linear when the
chemical potential of the GNR is within the transport gap. A nonlinear gap can be defined by
the distances between two interception points made by fitting straight lines to both the low
conductance region at low bias voltage and the high conductance region at high bias voltage, as
shown in Figure 2.4(b). The nonlinear gap (eAVys) for sample A is approximately 60 meV,
slightly smaller than the activation gap or the energy associated with the transport gap, which can
be attributed to the fact that the gate voltage at which the nonlinear gap is measured slightly

differs from the exact CNP. Unlike in highly disordered GNRs, where the presence of localized
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states and the formation of isolated charge puddles (which act as quantum dots) complicates the
interpretation of the nonlinear gap in their I-V characteristics [21, 22], the nonlinear gap in our

low-disorder GNRs may be approximated as the intrinsic bandgap for Vg = Vcne [16].
2.3.5 Theoretic modeling of bandgap

In order to elucidate the underlying electronic origin of the high bandgap value in ultra-
low-disorder GNRs, we carried out tight-binding (TB) calculations in model GNRs of
comparable width (~20nm). Ultraclean GNRs with ultrasmooth edges are expected to be highly
crystallographic and the measured intrinsic bandgap should be comparable to the theoretical
values that assume periodicity. Because of the lack of information on the chirality (n,m) of our
ribbons, we calculated GNRs of a wide range of chiral angles(&), varied from & = 0° (zigzag
GNR) to & = 30° (armchair GNR) as shown in Figure 2.5(a); GNRs with intermediate chirality
exhibit mixed edges (zigzag/armchair) with dominant zigzag or armchair character as & — 0° or

& — 30°, respectively.
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(a)

(b)

Figure 2.5 (a) Unrolled projection of a (n,m)-CNT of minimum circumference (|ﬁ|). The
chiral angle @ is determined by the translational vector 04 = (n,m) = (3,2) = 3a; + 2a5. (b)
Cross-section of a (3,2)-GNR with ~20nm width. The periodic unit-cell used in the calculation
is shown shaded in green. The zoom-in regions show the spatial distribution of spin-up (cyan)
and spin-down (red) magnetization. The magnitude of the magnetization is given by the radius
size, with the largest radius corresponding to spin magnetization 0.13ug.

As seen in Figure 2.5(a), the GNRs structures used in the calculations are derived from
unzipping a CNT along the chiral unit-cell translational vector 04 = (n,m) that determines the
chiral angle &. The translational vector in turn restricts the width of the ribbons to discrete values

that are the multiples of |ﬁ|, which is the minimum circumference of a (n,m)-type CNT. The

electronic-structure calculations employ the single-band Hubbard model:
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H= _tEHJLE{EL%G + h. C-} + U i figrfiyy (2.5)
treated within the mean-field approximation. Here, £ is the hopping matrix element between
nearest-neighbor sites i and j, #i;, = ELEE is the number operator on atom i with spin# =T, 1, and
U is the on-site Coulomb interaction. The choice of the ¢ and U parameters is crucial to making

comparisons between experimental and theoretical values for the bandgap which is proportional

to (U,’t}. Furthermore, the values of U and £ depend on the choice of the exchange-correlation

functional used in the density functional theory (DFT) calculations. We have used the ab-initio
parameters (t= 3.2 eV and U = 2t) reported by Pisaniet al. [40], derived from fitting the
antiferromagnetic band structure of zigzag GNRs using the fully-nonlocal “hybrid” functional
(B3LYP) of DFT calculations, which includes a contribution of Hartree-Fock exchange that
compensates for the electronic self-interaction. Previous studies have shown that B3LYP is
better suited than local, nonlocal or even other hybrid functionals to account for molecular
magnetism [41]. These values are somewhat larger than those commonly employed in literature
[42, 43], which are derived from DFT calculations employing local or nonlocal functionals.
These values are also more appropriate to our suspended GNR samples that interact neither with
a metallic substrate [38], which reduces U through screening with the conduction electrons, nor
with oxide substrates (SiO), which have much higher dielectric constant than air.

In the absence of electron-electron correlations (U = 0 eV in Eq. (2.5)) the systems are
non-magnetic. Interestingly, we find that the carbon atoms in the zigzag chains in the mixed-
edge GNRs (even a single one per unit-cell in the limit whenf — 30°) introduce non-bonding
states whose origin is topological frustration [44]. These non-bonding states form dispersionless

“flat” bands at the Fermi level and render the systems gapless or metallic. For U =0 eV, the band
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structure and density of states for all our systems follow the same pattern as for the (n,m)= (4,2)

GNR shown in Figures 2.6(a) and 2.6(b) (red curves). This is analogous to the predicted
presence of non-bonding states in randomly shaped 0-D graphene dots that contain combined
zigzag/armchair edges [45]. Therefore, only “pure” armchair ribbons could sustain an energy
bandgap which is not of magnetic origin. When electron-electron correlations are introduced
(U> 0eV) local magnetism arises along the edges of the ribbon, as seen in Figure 2.5(b).
Noticeably, the magnetization is predominantly higher on the zigzag sites than on armchair sites,
where magnetism is quenched; this trend for mixed-edge GNRs has been corroborated using ab-
initio calculations (with the local-density-approximation (LDA)) [46]. Also, the flat bands split,

opening an energy gap at the Fermi level (blue curves in Figure 2.6).
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Figure 2.6 (a) Electronic band structure, and (b) density of states of a (3,2)-GNR; results in the
absence (U = 0 eV) and presence (U = 6.4 eV) of electron-electron correlation are shown in red
and blue, respectively. (c) Calculated bandgaps (black) and maximum spin magnetization (red)
for GNRs of (n,m)-type (6,0), (7,1), (5,1), (4,2), (3,2), and (3,3), corresponding to chiral angles
& in ascending order.

Figure 2.6(c) shows the energy bandgap and maximum spin magnetization for~20nm-
wide GNRs with crystallographic orientations given by &= 0°, 6.59°, 8.95°, 19.11°, 23.41°, 30°,
corresponding to (n,m) = (6,0), (7,1), (5,1), (4,2), (3,2), (3,3), respectively. Magnetic pure
zigzag and non-magnetic pure armchair GNRs exhibit similar bandgaps of ~71meV.
Interestingly, for all the mixed-edge GNRs (with 0% <X & < 30%), the bandgap varies between
71meV and 128 meV, in agreement with the experimentally determined bandgap for sample A,
suggesting that the origin of the bandgap for mixed-edge GNRSs is associated with the magnetism
of the zigzag edges. The increase of bandgap in the zigzag-rich region (& ~ 0°) of Figure 2.6(c)
is consistent with an increasing insulating character caused by gradually breaking the zigzag n-
network as the crystallographic orientation departs from& = 0°.  As the chirality approaches the
armchair-rich region (€ ~ 30%) the spin magnetization quenches monotonically and the splitting
induced by the second term of Eq. (2.5) becomes weaker, leading to a decreasing bandgap.

To compare our experimental and tight-binding results with existing theoretical results,
bandgap values from ab initio DFT calculations of narrow spin-polarized zigzag ribbons reported
in the literature are extrapolated, when possible, to the widths of our samples. For instance,
LDA predicts a gap of 44 meV [15, 47] for a ~20 nm wide GNR. Furthermore, the accurate
screened-exchanged hybrid functional (s-X LDA), which corrects the lack of nonlocal exchange
responsible for the typical 50-75% gap underestimations of LDA for narrow GNRs [48], predicts

a gap of 116 meV for a ~20 nm wide GNR, in good agreement with our experiments. Moreover,
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the highly accurate quasiparticle GW method yields a larger bandgap for zigzag GNRs compared
to the values employing the s-X LDA [48, 49], although a direct extrapolation is lacking. These
ab initio results corroborate our relatively large experimental bandgap.

For the armchair case, extrapolated LDA results predict a maximum bandgap of 80 meV
[49] while the screened-exchange hybrid functional {Heyd-Scuseria-Ernzerhof (HSE) [50]} and
GW predict gaps of 14 meV [51] and 22 meV [49], respectively, for a ~20 nm wide GNR.
Although these values are smaller than our armchair tight-binding results, they support our
primary hypothesis that a measured bandgap of ~ 100 meV for a ~20 nm wide GNR is likely due
to the presence of spin-polarized zigzag edges and not due to the semiconducting nature (finite
gap) of armchair edges.

Our calculations were performed on single layer GNRs while the GNRs used in our
experiment may consist of more than one layer. Nevertheless, the experimental and the
theoretical bandgaps are still in good quantitative agreement. A likely scenario is that the
experimentally derived bandgap is an average of the contributions from individual layers that
have comparable bandgap values, which can be attributed to the combined effects of the
relatively weak interlayer-interactions between non-AB (Bernal)-stacked layers [52] and the
weak chirality dependence of the bandgap. Furthermore, moderate tensile strain may be present
in our suspended GRNs as indicated by the lack of sagging (Figure 2.1 inset), which is expected
to slightly modify the size of the bandgap [53]. For the case of zigzag GNRs, a moderate strain
leads to slight increase of the edge spin polarization, thus increasing the bandgap [53].

Therefore, the bandgap in our suspended chiral GNRs may be further enhanced by tensile strain.
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2.3.6 Bandgap from coulomb diamond

In order to further verify the bandgap of our ultralow disorder GNRs calculated from
different methods described in the previous sections to be the intrinsic bandgap, the coulomb
diamond measurement [16] was carried out using AC configuration to directly obtain the
bandgap at 4.2K. Figure 2.7 shows the coulomb diamond with comparable GNR width~ 20nm,
indicating the gap size around 100 meV from extrapolating the lines on four edges, which is
quite consistent with the theoretical prediction and the value calculated from thermal activation
energy of ultralow disorder GNRs. The graph does not seem as symmetric as a diamond,

possibly caused by the asymmetry of quantum dot or remaining impurities on the GNR.

Figure 2.7 The AC measurement at the temperature 4.2K for GNR reveals the gap size around
100 meV, which is quite consistent with the energy gap calculated from thermal activation
energy and theoretical prediction.
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2.4 Summary

We have fabricated GNRs with very low disorder by: (i) unzipping high quality CNTs
with very low concentration of structural defects known to produce GNRs with nearly atomically
smooth edges [23]; (ii) suspending the GNR from the substrate; and (iii) removing the remaining
impurities by in situ current annealing. These ultraclean and ultra-smooth-edged GNRs not only
exhibit high mobility exceeding 3000 cm? V! s, but also reveal the intrinsic electronic structure
(bandgap) of GNRs. The good quantitative agreement between the experiment and theory
suggests that the underlying mechanism responsible for the large bandgap in ultraclean
suspended GNRs is most likely the magnetism associated with the zigzag edge components,
which is strongly enhanced by the absence of either metallic or insulating substrates. The
possible strain in the suspended GNRs may further augment the bandgap. Additional studies are
underway to explore the tuning of the electronic and magnetic properties of such ultraclean

GNRs via external electric and magnetic fields.
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CHAPTER 3

HIGH ON/OFF RATIO GRAPHENE NANORIBBONS

3.1 Introduction

As mentioned in the chapter 2, graphene exhibits exceptionally high carrier-mobility and
high stiffness properties providing the possibility of carbon-based electronics [6]. However,
graphene is a zero gap semiconductor with finite minimum conductivity, which poses a major
problem for mainstream logic applications. One way to circumvent this problem is to slice
graphene into nanometer-scale ribbons, where a band gap can be created by spatial confinement
and edge-effects [15]. Electron-beam lithography was first used to pattern graphene nanoribbons
(GNR) down to width <~20 nm for field-effect transistor (FET) applications; and a width-
dependent transport gap was observed in these devices [16-17, 54]. However, GNRs fabricated
by electron beam lithography and subsequent oxygen plasma etching have relatively rough edges
(on the order of few nanometers) limited by the resolution of electron beam lithography, which
may degrade their electrical properties. Subsequently, several alternative methods have been
developed to produce GNRs, including chemical sonication of exfoliated expandable graphite or
chemically derived graphene sheets [55, 56], controlled nano-cutting with either metal particles
or scanning probe tips [57-59], etching with physical masks (e.g. nanowires) [60], and
longitudinal unzipping of multiwall carbon nanotubes [23, 61-62]. Particularly, sub-10 nm
GNRs with ultrasmooth edges have been produced by sonicating thermally exfoliated
expandable graphite in solution [55, 63]. FET devices based on these GNRs have demonstrated

an on/off ratio as high as 10" at room temperature, representing a significant breakthrough in the
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field of graphene-based electronics [55, 63]. High on/off ratio has also been achieved in dual-
gate bilayer graphene FETs, where a bandgap is created by applying a perpendicular electric
field [64].

In this study, we present an alternative method to fabricate GNR-FETSs that exhibit the
characteristic ambipolar behavior and on/off ratio exceeding 10*. We fabricated FET devices
consisting of a GNR suspended ~150 nm above the underneath Si substrate (which is used as the
back gate). Subsequently, we used controlled current annealing to create a narrow constriction
in the suspended GNR to open a confinement gap, thus to afford a high on/off ratio at room
temperature. Atomic force microscopy (AFM) was used to confirm the formation of a narrow
constriction in the GNRs. Room temperature high on/off ratio graphene transistors have also
been previously realized by creating nanometer size quantum dots (QD) using electron-beam
lithography and plasma over-etching [65]. However, these lithographically defined graphene
QDs have an on-state conductance at least two orders of magnitude lower than that of our
devices, and do not exhibit ambipolar behavior, presumably due to the substantial disorder

induced by the adsorbed impurities and/or edge roughness [65].

3.2 Experimental details

The GNRs were produced by sonicating mildly-oxidized multiwall carbon nanotubes
(MWNT) in a 1,2-dichloroethane (DCE) solution of poly(m-phenylenevinylene-co 2, 5-diy
octocy- p-phenylenevinglene) (PmPV), where the PmPV is used as a surfactant to stabilize the
unzipped GNRs in solution [23]. The solution was then centrifuged at 15000 rpm (Fisher

Scientific Marathon 26kmr centrifuge) for 1 hr to remove aggregates and some of the remaining
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MWNTSs; and a supernatant containing nanoribbons and remaining MWCTs was obtained. Next,
the GNR samples from the supernatant were deposited on degenerately doped Si subtracts with
290 nm of thermal oxide, and subsequently non-contact mode AFM (Park System XE-70) was
used to locate individual GNRs with respect to the prefabricated Au alignment marks and to
characterize their thickness, width and length. The GNRs produced from this method mostly
consist of 1-3 layers [23]. The AFM tip dilation effect (leading to artificial width increase) is
accounted for based on the estimated tip radius provided by the tip manufacturer [28]. Standard
electron-beam lithography (EBL) was used to pattern electrodes on selected GNRs followed by
thermal metal deposition (a 0.5 nm Cr adhesion layer and 50 nm of Au) and lift-off in acetone.
Suspension of the GNRs in FET devices was achieved by placing a small drop of 1:6 buffered
hydrofluoric acid (HF) on top of the GNR device for 90 s to etch way approximately 150 nm of
the SiO, underneath the ribbons [26, 27]. After wet etching, the device was transferred to hot
isopropyl alcohol (which has low surface tension) and led try on a 120°C hot plate. Finally, the
device was annealed in vacuum at 600° C to clean the ribbon surfaces and improve electrical
contacts. In some of the studied devices, an additional EBL step was used to open a window in
the electron-beam resist serving as etching mask for selectively etching the SiO, in the active
device area. Both methods yielded similar results, with or without an additional EBL step.
Surprisingly, about 50% of the over 30 devices with the suspended portion of the ribbon shorter
than 800 nm survived the rather harsh fabrication processes.

The electrical transport properties of the suspended GNR devices were measured in high
vacuum (10 torr in a Lakeshore Cryogenics vacuum probe station) and at room temperature

unless stated otherwise. A semiconductor parameter analyzer (Keithley 4200) was used to apply
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the annealing current and to measure the device characteristics. The degenerately doped Si
substrate was used as a back gate. We repeatedly applied gradually increasing annealing current
and subsequently carry out the electrical measurements in situ after every consecutive step. To
avoid the possible collapse of the suspended GNRs, the back-gate voltage was limited to -20 <

V< +20 V during the electrical measurements.

3.3 Results and discussions

We have studied over a dozen suspended few layer GNRs (1-2 nm thick) with a width
between 15 and 50 nm. The length of the suspended GNR ranges from 100 nm to 800 nm.
Figure 3.1(a) and (b) show atomic force microscopy (AFM) images of typical devices before and
after etching, respectively. Line profile of the suspended GNR (Figure 3.1c.) indicates that the
ribbon is suspended ~150 nm above the surface of the remaining SiO, without substantial

slacking (sagging).
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Figure 3.1 AFM images of typical FET devices consisting of a GNR contacted by Au electrodes
before (a) and after (b) suspending the GNR. (c) Line profile of the top section of the suspended
GNR.

3.3.1 Observation of large on/off ratio

Most of the suspended GNR devices used in this study showed ambipolar transfer
characteristics with a charge neutrality point within a few volts from V¢ = 0 after sufficient
current annealing in vacuum (at a current density ~ 10® A/cm?). No obvious layer number
dependence was observed in the transfer characteristics of our few layer (1-3 layers) GNRs likely
due to the none AB (Bernal) stacking in these GNRs [52]. Upon further increasing the annealing
current, about 30% of the suspended GNRs showed dramatic increase of the on/off ratio in
conductance (or drain-source current) as defined by the value measured at V¢ = -15 divided by
the value at the charge neutrality point, while the rest of the GNRs were destroyed during the
annealing processes likely due to localized overheating or electromigration [66]. Figure 3.2 a
shows the room-temperature conductance (G) versus gate voltage ( Vg ) for a representative
suspended GNR device after sweeping the annealing bias-voltage from 0 to a predefined set-
point of 2.9 V, and then decreasing the voltage back to 0 V, demonstrating the characteristic
ambipolar behavior arising from the electron-hole symmetry of graphene. Figure 3.2 b shows
that the current versus bias-voltage (I-V) of the device is linear at low bias voltages, indicating
near Ohmic electrical contacts. Further current annealing (by slightly raising the predefined
voltage set-point) dramatically reduces the minimum conductance, while the on-state
conductance is essentially unchanged (within a factor of two) as shown in Figure 3.2 c. After the

device is current annealed to 3.05 V, the on/off conductance ratio measured at Vg = 10 mV
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approaches 10°. Figure 3.2 d shows the current versus gate voltage (I vs. V) of the same device
measured at different bias voltages after current annealing to 3.05 V, revealing an on/off ratio >
10 for 10 mV < Vgs <200 mV and 10° ~10* for V4= 500 mV. Such high on/off ratios at room
temperature have been previously observed in sub-10 nm GNRs, which were attributed to the
opening of an effective band-gap at the order of hundreds meV primarily due to the confinement
effect [55]. Since the band-gap decreases as the ribbon width increases and our ribbon is
approximately 20 nm wide, the confinement-induced band-gap in our ribbon is expected to be of

the order of ~10 meV [17, 30, 67].
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Figure 3.2 Electrical transport properties of a representative suspended GNR FET device
measured at room temperature, where the suspended GNR is 21+3 nm wide, ~1.4 nm thick and
~600 nm long. (a) Transfer characteristic of the device after current annealing to a predefined
bias voltage set-point of 2.9 V. (b) I-V characteristics of the device measured at various gate
voltages ranging from -15 to 15 V. (c) Transfer characteristic measured after various degrees of
current annealing. (d) Current versus gate voltage (Vg) measured at different bias voltages after
the final stage of current annealing (annealed to 3.05 V).

3.3.2 Nano constriction

To elucidate the origin of the large on/ off ratio, we measured the G versus Vg curve of
the suspended GNR device in Figure 3.2 at various temperatures (T) after it was annealed to 3.05
V. Figure 3.3 a shows a semi-logarithmic plot of the minimum current (l,) at the charge
neutrality point versus 1/T, of the device. The data fit well to the thermal activation law: Gy, ~
exp (-E¢/2ksT) (where kg is the Boltzmann’s constant), yielding a band-gap of Eg = 0.6 eV. A
likely cause for such a large value of the band-gap and the consequent high on/off ratio is that
further annealing beyond 2.9 V may have caused structural changes in the ribbon, such as

creating a sub-10 nm constriction in the ribbon. In our suspended GNR devices, Joule annealing
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removes the impurities on the ribbon surfaces [31], leading to the ambipolar behavior with the
charge neutrality point occurring at Vg =~ 0 V (Figure 3.2 a). Further annealing (increasing the
pre-defined voltage set-point) facilitates structural reconstruction in the suspended ribbon,
especially near the edges [68]. To confirm that annealing beyond 2.9 V created a narrow
constriction in the ribbon, it is necessary to characterize the structure of the suspended GNRs
especially at the end of the current annealing. Raman spectroscopy has proven to be a powerful
and noninvasive tool to characterize the structures of graphene [69-72], however it lacks the
spatial resolution that is needed to confirm the formation of a nanoscale constriction. While high
resolution transmission electron microscopy ( TEM ) is capable of visualizing individual carbon
atoms [73], it is difficult to directly characterize the structure of our GNR devices using TEM as
they are fabricated on Si/SiO; substrates. In this study, we used AFM to characterize the
suspended GNR device along with another suspended GNR device fabricated from an adjacent
section of the same ribbon as shown in Figure 3.3 b. The two suspended sections are thus
expected to have the same width, thickness and comparable length; except that no further current
annealing was carried out in the lower section as soon as the characteristic ambipolar behavior
with a low on/off ratio (< 10) was observed. Figure 3.3 ¢ and d show the high resolution AFM
images of two sections of the same ribbon with high and low on/off ratios, respectively, clearly
indicating that i) both sections of the GNR are suspended without sagging (bowing); and ii) there
is a notch near the middle of the section of the ribbon with high on/off ratio (Figure 3.3 c) while
the GNR section with low on/off ratio is highly uniform (Figure 3.3 d). The notch in the AFM
image is a clear indication that current annealing beyond 2.9 V created a narrow constriction in

the suspended GNR, resulting in the large on/off ratio. It is also worth pointing out that the AFM
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images in Figure 3.3 were taken after electrical measurements with a gate voltage swept between
-15 and 15V and several thermal cycles between a cryogenic temperature (4.3 K or 77 K) and
room temperature, demonstrating that our suspended GNRs are thermally and mechanically

stable (even that GNR with a narrow constriction).
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Figure 3.3 (a) Temperature dependence of the minimum current at the charge neutrality point
measured at Vg = 100 mV for the suspended GNR device in Figure 2. (b) Top part: AFM image
of the same GNR in (a); bottom part: another section of the suspended GNR. (c-d) Higher
resolution AFM images of the top and bottom sections of the GNR in (b), respectively.

3.3.3 Thermal and mechanical stability

Similar transfer characteristics and high on/off ratios have been observed in three other
suspended GNR devices with varying width, length and thickness. Figure 3.4a shows the
transfer characteristics of a device consisting of a suspended GNR ~450 nm long, ~45 nm wide,
and ~1.6 nm thick. We note that before current annealing the suspended ribbon was p-doped

with a charge neutrality point beyond +15 V, which can be partially attributed to the adsorption
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of air or water molecules, or PMMA residue [74, 75]. After intermediate current annealing, the
GNR exhibits ambipolar behavior with the minimum conductance associated with the charge
neutrality point shifting to V¢ = 0 V, indicating that the adsorbed charge impurities have been
largely removed by current annealing. Further annealing decreases the minimum conductance
by three orders of magnitude, while the overall transfer characteristics and the on-state
conductance remain essentially unchanged. Figure 3.4 b shows that the transfer characteristics
of the device remains virtually the same after number of thermal cycles, although the
unintentional doping level changes after each thermal cycle as indicated by the shift of the
minimum conductance along the horizontal axis. When the conductance G is plotted versus (V-
Ve-min) In Figure 3.4 c, all the three curves collapse into a single one, indicating again that the
electrical properties of our devices are robust. To further demonstrate the good thermal and
mechanical stability of our high on/off ration devices, we measured the electrical properties of a
third device (consisting of a GNR ~ 19 nm wide and ~1.2 nm thick) before and after an
additional ex situ annealing step at 600 °C in a vacuum furnace. Figure 3.4 d shows that the
transfer characteristic of the device remains essentially the same after the additional ex situ

annealing step.
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Figure 3.4 (a-c) Transfer characteristics of a second suspended GNR FET device measured at
room temperature; the suspended GNR is 453 nm wide, ~1.6 nm thick and ~450 nm long. (a)
Transfer characteristic measured after various degrees of annealing. (b) Conductance versus gate
voltage measured at room temperature after the final current annealing stage and after different
number of thermal cycles; # 1, #2, and #3 next to the corresponding G(V,) curves represent
measurements after 1, 2 and 3 thermal cycles, respectively. (c) Gate dependent conductance data
in (b) plotted as a function of V4-Ve.min. (d) Room temperature transfer characteristics of a third
suspended GNR device (193 nm wide, ~1.2 nm thick, and ~300 nm long) measured before
(blue solid squires) and after (red solid dots) ex situ annealing at 600 °C for 10 minutes in a

vacuum furnace.
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High on/off ratios have been observed in GNRs of comparable width (tens of nanometers
wide) but usually at cryogenic temperatures and have been attributed to the opening of a
transport gap [17, 18, 21, 76-77]. Several possible mechanisms have been proposed to explain
the large transport gap observed in GNR-FETSs at low temperatures, ranging from re-normalized
lateral confinement due to localized edge states [17, 18], to percolation driven metal-insulator-
transition caused by charged impurities [21], to quasi-one-dimensional Anderson localization
[20], and to Coulomb blockade due to edge-roughness [78]. More recent experimental studies on
disordered GNRs further indicate that charge transport in the conduction gap of GNRs is likely
dominated by localized states [76] and/or isolated charge puddles acting as quantum dots [77].
These mechanisms may partially contribute to the high on/off ratio in our devices. However,
they are unlikely the primary cause, since the over 10* on/off ratio in our devices was observed at
room temperature and only after sufficient current annealing. For instance, when the device in
Figure 3.2 is current annealed up to 2.9 V, the on/off ratio is less than 2. The large on/off ratio in
the device was obtained only after it was current annealed by applying a bias voltage beyond 2.9

V.
3.3.4 Theoretic explanation

Based on the results of AFM characterization of the suspended GNRs (Figure 3.3), we
suggest that the formation of a constriction, at the critical annealing current, as the most likely
origin of the high on/off ratio. Figure 3.5 a-c schematically shows a relatively wide uniform
GNR (GNRy), the same GNR with a narrow constriction, which effectively forms a finite ribbon

(GNR;y), and a narrow uniform GNR (GNRy) with a descending width ( GNRy > GNR; > GNRy).
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Because of the stronger confinement in the narrow constriction (GNR;) compared to the uniform
wide GNR (GNRy), the bandgap for GNR; (Figure 3.5 e) is expected to be larger than that for
GNRy (Figure 3.5 d). In the same fashion, the bandgap of GNR; (Figure 3.5 f) is larger than that
of GNRy (Figure 3.5 d) due to its narrower width [16-17, 54]. In addition to the lateral
confinement, region GNR; is also longitudinally confined by regions QD; and QD,. The
longitudinal confinement further increases the bandgap of the otherwise infinite ribbon GNR; to
a value that can be possibly larger than that for the narrower ribbon GNRj, thus resulting in
higher on/off ratios. Therefore, the double-confinement picture seems to be responsible for the
high on/off ratios which are comparable to those of possibly much narrower (sub-5nm) ribbons
[24]. More quantitative understanding of the large bandgap requires detailed information on the
dimensions and even the edge structures of the nano-constrictions, which is beyond the scope of
this work. Recently, bandgaps of ~ 50 meV have been observed in relatively wide (~ 100 nm)
annealed nanotube-derived GNRs [79], indicating that it is possible to obtain a bandgap ~ 500
meV in GNRs of ~ 10 nm wide. However, the bandgap of these GNRs was substantially larger
than that of much narrower GNRs synthesized using a similar approach; and the difference in
edge structures was suggested as the primary cause of the discrepancy [23, 79]. Unfortunately,
the lack of edge information on these GNRs prevents the definitive identification of the true

origin of the discrepancy.
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DOS DOS DOS

Figure 3.5 Schematic density of states (DOS) for GNRs. (a) and (c) represent two infinite GNRs
of different widths; the corresponding energy bandgaps, observed in the DOS panels (d) and (f),
follow the known inverse relation with ribbon width. (b) GNR with a constriction. (e) DOS
projected on the region of the constriction; the quantized energy levels of quantum dots QD; and
QD are shown in red and the states of region GNR; are shown in blue.

Discrete conductance peaks, superimposed on the main G-vs-Vq curve, were observed at
low temperatures in some annealed samples (Figure 3.6). These conductance oscillations can be
attributed to the quantized energy levels of regions QD and QD> in Figure 3.5 b, which because
of lack of any periodicity or quasi-periodicity act as two quantum dots in series. Therefore, these
conductance peaks are due to resonant tunneling through the quantized levels of the dots (shown
in red in Figure 3.5 e) tuned by the applied gate voltage. The spacing and periodicity of such
peaks depend on the size and symmetry of the quantum dots. Asymmetry between the discrete

energy levels of QD; and QD; leads to lack of resonance and random cancellation of the

transmission through some levels [65].
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Figure 3.6 Conductance versus gate voltage of the GNR device in Fig. 4d measured at 77, 150,
and 295 K.

During the course of this work, we became aware that room-temperature high on/off
ratios were also observed in graphene nano-constrictions created by first forming a constriction
in the gold etch mask covering the graphene channel (using electromigration ) and subsequent
plasma etching of the underneath graphene [79]. However, the nano-constrictions presented in
this work are created without a mask, which may lead to much cleaner graphene nano-

constrictions with substantially lower disorder.
3.3.5 Bandgap validation

The coulomb diamond [16] associated with the narrow constriction caused by current
annealing was measured as well using DC measurement to get as many as I-V curves. Figure 3.7

shows the measurement of the coulomb diamond at 200K, leading to the bandgap around 700
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meV consistent with the value calculated from thermal energy gap. This is also the direct
evidence showing that a gap further opens up when narrowing down the dimensions of graphene

nanoribbons using current annealing.
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Figure 3.7 The coulomb diamond plotted from the DC measurement data of I-V curve varying
with gate voltage at 200K, leading to the gap size around 700 meV.

3.4 Summary

The suspended GNR-FET devices from GNRs derived from high quality MWNTSs have
been fabricated. By controlled current-annealing of the suspended GNRs, a large band gap at the
order of hundreds meV can be created in GNRs with varying width and thickness, leading to
orders of magnitude increase of on/off ratio at room temperature. The formation of such a large
band gap can be largely attributed to the creation of a narrow constriction in the suspended GNR

as confirmed by AFM. Furthermore, the suspended GNRs and their narrow constrictions are
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structurally robust, and the electrical properties of the devices remain unchanged after number of
thermal cycles. The mask-free fabrication method presented in this study also creates

opportunities for studying ultraclean graphene quantum dots.
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CHAPTER 4

GRAPHENE NANORIBBONS WITH GRAPHITE
POWDER

4.1 Introduction

There have been many research works increasing recently related to graphene and
graphene nanoribbon no matter in fundamental research or practical applications [2]. Several
different methods have been developed to produce graphene, including mechanical cleavage [1],
chemical vapor deposition, epitaxial growth [54], and exfoliation of graphite (as well as its
derivatives and intercalation compounds) in solution [80, 81] as mentioned in chapter 1. The
solution method is not only scalable but also well-suited for chemical functionalization, creating
opportunities for a wide range of applications [82]. Graphene oxide can be easily exfoliated in
solution and subsequently reduced to graphene. However, the harsh oxidation process used to
synthesize graphite oxide leaves functional groups on graphene; and removing such oxygen
containing groups through chemical or thermal reduction simultaneously produces structural
defects [83-85], which unavoidably degrade the electrical properties of the graphene. Coleman’s
group has recently demonstrated that large quantity of high-quality unoxidized graphene could
be produced and dispersed in various organic solvents [81, 86, 87]. However, the electrical
transport properties of graphene produced from the exfoliation of unoxidized graphite in solution
remain largely unexplored, in spite of their relevance to various electronic applications. A

reported transport study of individual few-layer graphene produced by exfoliating graphite in
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organic solvent showed no gate-voltage dependence of the conductance, while gate tunability is
an essential characteristic of high quality graphene [88]. The lack of gate tunability in these
dielectrophoretically assembled individual graphene devices was attributed to the relatively small
gate voltage window [88]. Therefore, further electrical transport studies of solution-produced
graphene are necessary for understanding their charge transport mechanism and exploring their
potential for various electronic applications.

In this work, a simple one-stage synthesis method other than using nanotubes was
demonstrated to produce grapheme nanoribbons (GNRs) with large length-to-width ratios and
straight edges by sonicating graphite powder directly in organic solution, without any prior
chemical treatment of the graphite. To understand the transport mechanism and shed light on the
nature of the remaining disorder in our GNRs, we fabricated field effect transistor (FET) devices
consisting of individual few-layer GNRs and measured their transport properties in both the
back-gate and polymer-electrolyte top-gate configurations. An order of magnitude mobility
increase is observed in the latter configuration than in the former configuration (without the
polymer electrolyte) due to the ionic-screening effect of the polymer electrolyte, suggesting that

the charge transport in these GNRs is largely limited by charged impurity scattering.

4.2 Experimental details

Sieved graphite powder (10mg, Sigma Aldrich) was dispersed in a solution of 10 ml 1,2-
dichloroethane (DCE) and 2 mg poly(m-phenylenevinylene-co 2, 5-diy octocy-
pphenylenevinglene) (PmPV) by bath sonication (Branson 3510 ultrasonic cleaner) for 1 hr.

After sonication, we obtained a homogeneous black suspension of graphene sheets and a large
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amount of macroscopic aggregates. The dispersion was then briefly centrifuged (5 minutes) at
15000 rpm (Fisher Scientific Marathon 26kmr centrifuge) to remove aggregates and larger
graphene sheets; and a supernatant containing thin graphene sheets and nanoribbons was
obtained. Raman spectroscopy and non-contact mode atomic force microscopy (AFM, Park
System XE-70) were used to characterize the graphene samples deposited on Si/SiO, substrates
from the supernatant. Raman Spectra were collected using a Jobin—Yvon Horiba Triax 550
spectrometer, a liquid-nitrogen cooled charge-coupled device (CCD) detector, an Olympus
model BX41 microscope with a 100 x objective, and a Modu-Laser (Stellar-Pro-L) Argon-ion
laser operating at 514.5 nm. The laser spot size was a few micros and the laser power at the
sample was maintained at low level (~ 2 mW) to avoid any heating effect. To determine the
ribbon width, the artifical width increment (AW ) due to tip dilation as determined by both the
ribbon thickness ( h ) and tip radius ( R ):AW =2[h(2R - h)]¥ 2 is subtracted from the apparent
widths in the AFM images using the measured ribbon thickness and estimated tip radius

provided by the tip manufacturer [28].

To characterize the electrical transport properties of GNRs, we fabricated FET devices of
individual GNRs deposited on degenerately doped Si substrates with 285 nm of thermal SiO-,
where the Si substrate was used as the back gate. To remove the PmPV and solvent residue, the
substrates were heated in air at 375°C for 15 minutes and annealed at 600°C for 10 minutes with
flow of forming gas to further clean the samples and substrate [55]. Subsequently, non-contact
mode AFM was used to locate and characterize GNRs with respect to prefabricated Au
alignment marks. Electrodes were fabricated on selected GNRs using standard electron beam

lithography followed by electron beam assisted deposition of a 1 nm Cr adhesion layer and 50
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nm of Au. The devices are annealed in vacuum at 600°C for 10 minutes to clean the ribbons and
improve the electrical contacts before transferred to a Lakeshore Cryogenics vacuum probe
station for electrical transport measurements. Additional current annealing was carried out on
some devices to further remove adsorbed impurities prior to transport measurements in high

vacuum (~ 10°® torr).

To further elucidate the nature of the remaining disorder in the GNRs, we fabricated an
additional top-gate with solid polymer electrolyte consisting of lithium perchlorate (LiCIO4) and
poly(ethylene oxide) (PEO) in the 1:8 weigh ratio. The top-gate electrodes were simultaneously
patterned on the substrate along with the drain and source electrodes. Electrical properties of the
devices were measured by a semiconductor parameter analyzer (Keithley 4200) in vacuum

(1x10°® torr).

4.3 Results and discussions

4.3.1 Raman spectroscopy measurement

To globally characterize the extent of exfoliation and the quality of the solution
exfoliated graphene, we deposited the graphene on a Si substrate and performed Raman
Spectroscopy measurements at several randomly selected locations. Nearly identical Raman
spectra were obtained at all locations. Figure 4.1 shows a representative Raman spectrum
exhibiting three bands: the D band (~ 1354 cm™), G band (~ 1582 cm™) and 2D band (~ 2712
cm™). For comparison, a Raman spectrum obtained on the starting graphite powder is also

included in Figure 4.1. The shape of the 2D band for the solution exfoliated graphene clearly



53

differs from that for the graphite powder, indicating that the majority of the exfoliated graphene
flakes consist of few layers (< 5 layers). In addition, the D-to-G-band intensity ratio (Ip/lg) for
the solution exfoliated graphene (~0.5) is significantly higher than that in the starting graphite
powder (~ 0). The presence of a D peak is usually attributed to edges and/or topological defects
in the basal plane; and the Ip/lg increases with the overall structural disorder. Since the average
size of the solution-exfoliated graphene flakes (typically hundreds of nanometers as discussed
below in detail) is much smaller than the laser spot size ( ~ a few microns), the increased Ip/lg in
the exfoliated graphene in comparison with the starting graphite can be largely attributed to the
edges of the solution produced graphene [86]. On the other hand, the Ip/lg in our solution
exfoliated graphene is still substantially smaller than that in chemically reduced graphene [89],
suggesting that our solution produced graphene flake contains lower disorder than that in

reduced graphene.
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Figure 4.1 Raman Spectra of solution exfoliated graphene and starting graphite powder. The
intensity in each spectrum is normalized to its G-band intensity.
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4.3.2 AFM characterization

Next, AFM was used to characterize a large number of the solution exfoliated graphene
samples deposited on a Si substrate. In addition to irregular-shaped graphene flakes, narrow
ribbons of single-layer or few-layer graphene with relatively high aspect ratios (sub-10 nm to
tens of nm wide and hundreds of nm to 1 um long) were also routinely observed. Figure 4.2(a)
and (c) show representative AFM images of a substrate surface deposited with graphene sheets
and nanoribbons. Figure 4.2(b) and (d) are zoomed images of the two GNRs from the marked
areas in Figure 4.2(a) and (c), respectively. Their widths are 6~8 nm and 23~26 nm, respectively
[28]. From their line scans [Figure 4.2(e) and (f)], we estimate that the GNR in Figure 4.2(b) is
~1 nm thick; and the GNR in Figure 4.2(d) is ~ 2 nm thick. Based on the previously reported
AFM results of graphene sheets and nanoribbons [1, 55], they are likely to contain one and few
monolayers (3- 4 layers), respectively. A few GNRs with widths less than 100 nm were
observed in each randomly selected 10 pum x 10 um area on the Si/SiO;, substrates soaked in the
GNR solution for 1 hr. Figure 4.3(a) and (b) show the topographic height and length
distributions of over 100 GNRs with widths less than 100 nm as characterized by AFM. The
minimum topographic height is 0.8 nm, and the heights of most GNRs fall into the range
between 1 nm to 3 nm, suggesting that the GNRs are mostly few layers and consistent with the
Raman spectroscopy data. The lengths for most of the GRNs range from 300 nm to 1 um, which

allows us to fabricate FET devices on individual GNRs.
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Figure 4.2 GNRs produced from sonicating graphite power in DCE solution of PmPV. (a - d)
AFM images of GNRs deposited on SiO; surface. (b and d) Zoomed images of the marked areas
in (a) and (c), respectively: the width of the GNR in (b) is 6 ~8 nm; the width of the GNR in (d)
is 23 ~ 26 nm. (e and f) Line profiles of the two GNRs in (b) and (d), respectively.

We emphasize that the use of PmPV polymer and humidity are two factors critical to
producing GNRs with high aspect ratios. We were unable to produce GNRs without PmPV
under the otherwise nominally identical conditions, consistent with the finding of Li et al in their
study of GNRs produced from expandable graphite [55]. Similar to polyvinylpyeeolidone
(PVP), which has been shown to help decrease the possibility of cutting long GNRs into shorter
pieces [56], suggesting that the PmPV conjugated polymer known to non-covalently attach to
graphene not only stabilizes the exfoliated graphene in solution but also reinforces the structural
integrity of GNRs in the solutions, protecting them from breaking down to smaller particle-like

structures. Furthermore, we have found that the yield of graphene ribbons or sheets significantly
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decreases when samples were prepared in dry laboratory air (relative humidity < 15%) using dry
graphite powder (exposed to only dry nitrogen or dry laboratory air) and anhydrous DEC
solutions of PmPV. Increasing sonication time alone does not substantially increase the yield of
thin graphene sheets and nanoribbons. Instead, excessive sonication (>2hr) only breaks graphite
flakes into smaller particulates (tens of nanometers in lateral dimensions as well as in thickness).
The yield of graphene ribbons and sheets noticeably increased when the graphite powder was
exposed to relatively humid air (relative humidity > 25%) before mixing with DCE solutions of
PmPV. While more detailed investigation of parameters affecting the exfoliation efficiency is
needed, we tentatively attribute our experimental observation to water-molecule induced
reduction of friction between adjacent graphene layers in graphite [90], which in turn facilitates
more efficient exfoliation of grapheme through sonication. A likely scenario is that the dangling
bonds at the edge sites of graphite need to be saturated by molecules such as water molecules in

order to maintain the low-friction behaviors [91, 92].
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Figure 4.3 Histograms of topographic heights (a) and lengths (b) of over 100 GNRs imaged by
AFM on SiO, surface: graphene samples narrower than 100 nm with a length to width ratios
large than 3 are included. GNRs with length- to-width ratio > 10 are routinely observed.

4.3.3 Electrical transport with polymer gate

To characterize the electrical transport properties of individual GNRs, field-effect
transistor devices consisting of individual GNRs were fabricated. Figure 4.4 shows the electrical
transport characteristics of a typical GNR device (L ~ 280 nm, W ~ 33 nm, and d~2 nm
corresponding to about 3 layers). The AFM image of the device is depicted in the inset. The
lowbias current-voltage (I-V) characteristics of the device are linear at all measured gate voltages
[see Figure 4.4(a)], indicating near Ohmic electrical contacts. As shown in Figure 4.4(b), the
transfer characteristic of the GNR device was p-doped with a charge neutrality point (CNP)
beyond + 80 V before current annealing, which can be partially attributed to the adsorption of air
or water molecules, or PMMA residue [74, 75]. After current annealing, the GNR exhibits
ambipolar behavior with the minimum conductance associated with the CNP shifting to Vg ~ 18
V, indicating that the adsorbed charge impurities have been partially removed. In addition, the
overall conductance decreases after current annealing, which can be attributed to the lower
carrier density due to the reduced impurity doping upon the removal of adsorbed impurities.
From the transfer characteristics, the field effect mobility can be estimated as the following,

similar to Eq. (2.3):

k= [AGX (L/W])/(CogAVy) (4.1)
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Here G is the low-bias conductance of the sample [35]; L and W are the channel length and
width, respectively; and Cyq is the back-gate capacitance (estimated to be ~ 6x10® F/cm? based
on the capacitance of GNR-FET devices with similar ribbon width [30]). The hole mobility
(both before and after current annealing) is ~20 cm?/V s, and the electron mobility (after current
annealing) is about ~ 5 cm?V. Similar mobility values are observed in three other few layer
GNRs with the ribbon width ranging from 20 nm to 100 nm. These mobility values are over an
order of magnitude higher than those reported for chemically reduced graphene oxide [93],
suggesting lower disorder in our GNRs than in reduced graphene. However, they are still
noticeably lower than the mobility values of GNRs produced from some other methods [23, 63,

94], suggesting that our GNRs still contain a substantial amount of disorder.
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Figure 4.4 Electrical properties of a GNR-FET device. (a) Drain-source current versus drain-
source voltage measured at various back-gate voltages. (b) Room Conductance versus back-gate
voltage measured at 297 K before and after current annealing. Inset: AFM of the measured
GNR-FET devices with two Au electrodes contacting an individual GNR.
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Carrier mobility in GNRs is largely determined by the phonon scattering, charged
impurities on the GNR surfaces and in the SiO, substrate, structural defects in the basal plane,
and edge-disorder [35]. Since our GNRs are formed by the tearing effect of bursting ultrasonic
hot gas bubbles, we expect them to have smoother edges and lower edge disorder than
lithographically defined GNRs [55, 63]. To further elucidate the nature of the remaining
disorder in the GNRs, the temperature dependence of the transfer characteristics on some devices
was measured. Subsequently, an additional polymer-electrolyte top-gate was fabricated and
measured their electrical transport characteristics under the top-gate configuration. An optical
micrograph of a representative polymer-electrolyte top-gated GNR device is shown the inset of
Figure 4.5(b). Substantial performance improvement has been previously demonstrated in
carbon nanotube FETSs in the polymer-electrolyte top-gate configuration than in the back-gate
configuration due to the enhanced gate-channel coupling [95]. Figure 4.5(a) shows the
comparison of the transfer characteristics of another GNR (~ 200 nm long, ~ 50 nm wide and ~
1.5 nm thick corresponding to 2 layers) operating in the back-gate configuration without polymer
electrolyte and operating with a polymer electrolyte top-gate. Without the polymer electrolyte, i)
the GNR was p-doped with a CNP beyond the measured back-gate voltage range; and ii) the
transfer characteristics of the device are nearly temperature independence for 4.3 < T <297 K, in
sharp contrast with the over 3 orders of magnitude conductance decrease in chemically reduced
graphene upon cooling from room temperature to 4 K [89]. The nearly temperature independent
transfer characteristics suggest that our solution exfoliated GNRs contain much lower structural
disorder than chemically reduced graphene. The low-temperature on-off ratio of our GNRs is

much smaller than that of typical lithographically-defined GNRs with comparable widths [16,
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17, 22]. The high on-off ratio observed at low temperatures in the latter can be attributed to the
opening of a transport gap near the CNP due the combined effects of a small confinement gap
and disorder induced potential fluctuations [22]. However, our GNRs are strongly p-doped and
away from the CNP for the entire measured back-gate voltage range. The conductance versus
polymerelectrolyte top-gate of the same device exhibits highly symmetric ambipolar behaviors.
Moreover, the field effect hole-mobility increases from ~ 11 cm? V's in the back gate
configuration (prior to adding the polymer electrolyte) to ~ 120 cm?¥V's in the polymer
electrolyte top gate configuration (the top-gate capacitance used to derive the field effect
mobility is estimated to be ~ 1pF/cm? [96]; and the leak current remains below 500 pA within
the top-gate voltage range examined). The highly symmetric transfer characteristic of the GNRs
measured in the polymer-electrolyte top-gate configuration also enables a more accurate
estimation of the carrier mobility by excluding the contact resistance contribution using the

following model same as Eq. (2.1):

LW
neay

(4.2)

Rrﬂ-rﬂl = Rconrmt+Rchﬂnns!:Rmnmn‘

Here, B oniae: aNd R 0nne are the metal/GNR contact resistance and GNR channel resistance,

respectively [29]; L and W are the channel length and width, respectively; u is the carrier
mobility, and the carrier concentration n, can in turn be determined by the similar expression

described as Eq. (2.2):

| ¥ -
n= 1‘]'713 + Coe(Vig — Vowp)” (4.3)
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Here, no is the residual carrier concentration at the maximum resistance, Cy is the polymer
electrolyte top-gate capacitance (~ 1x10°® F/cm?) [96], and Vcne is the gate voltage at the CNP
[29, 97]. Besides the contact resistance, scattering mechanisms such as point defects and
phonons may also contribute to the gate-independent resistance [98, 99]. However, these
scattering mechanisms become significant only in high mobility graphene samples; and are
expected to give very minor contributions to the gate-independent resistance in our GNRs with
relatively low mobility (see detailed discussions below). As shown in Figure 4.5(b), this model
fits our experimental data reasonably well, yielding a mobility value of 180cm?V's in reasonable
agreement with the field effect mobility (~120 cm?/V's). This mobility value is also comparable
to the mobility of lithographically and chemically derived GNRs of similar widths [17, 63]. The
slightly larger mobility value from the model fitting compared to the field effect mobility is
largely due to the exclusion of the contact resistance. Although this model assumes a gate
independent contact resistance, we believe this is a reasonable assumption for our devices given
the nearly ohmic contact and reasonably good fit of the data to the model, which is also
consistent with the findings of Russo et al. [34].
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Figure 4.5 (a) Comparison between back gating without the polymer electrolyte (A), and
polymer top gating (B) on the same GNR-FET device. (b) Resistance versus polymer top-gate
voltage for the same device. The solid lines in (b) are the model fitting. Inset: optical
micrograph of the device with polymer electrolyte gate.

On the one hand, the polymer electrolyte adds extra charged impurities to the GNRs,
which is expected to reduce the mobility in the GNRs [100]. On the other hand, counter-ions in
the polymer electrolyte accumulate on the GNR to neutralize the effects of charged impurities
[101]. Two orders of magnitude increase of mobility has been previously observed in graphene
FET devices immersed in ionic solutions, which was attributed to the ionic screening of charged
impurity scattering in graphene [101]. The order of magnitude mobility increase in our GNR
devices upon the application of a polymer-electrolyte top-gate along with the nearly linear gate
dependence of the conductance indicates that the ionic screening effect dominates in our
samples. This in turn suggests that the charge transport in our GNRs is largely limited by
charged impurity scattering. The screening-induced mobility enhancement was also observed in
the back-gate configuration (with polymer electrolyte) although at a lesser degree. The reduced
screening effect in the back-gate configuration may be due to the electrostatic shielding of the
top-layer in few layer (2-3 layer) GNRs, while the electrolyte top-gate directly tunes the carrier
density in the top layer [52]. A likely source of charged impurities is the metallic impurities in
the starting graphite powder. Charged impurities could also be introduced in the GNR synthesis
and device fabrication processes. It is also worth noting that ion-screening is more effective than
current annealing in reducing the charged impurity scattering in our substrate supported GNRs
with initially relatively low mobility. While current annealing only partially removes impurities

on the top surface of the GNRs, the counter ions in the polymer electrolyte are able to neutralize



63

charged impurities not only on the top surface but also trapped beneath the ribbon. Due to the
freezing of the ions in the polymer electrolyte at low temperatures, we were unable to measure

the temperature dependence of the transport characteristics in the top-gate configuration.

4.4 Summary

We have developed a simple solution method to produce GNRs from graphite powder
without any prior chemical treatment of the graphite. Single layer and few layer GNRs as
narrow as sub-10 nm were observed by AFM. The main advantages of this method include 1)
simplicity in production; and 2) free of covalent functionalization of GNRs. To characterize the
electrical properties of the GNRs, we fabricated FET devices consisting of individual GNRs
using electron beam lithography followed by the deposition of Cr/Au.  The transfer
characteristics of the devices show p-doping behavior, and the mobility of the devices is
estimated to be at order of 10 cm?V s. Transport measurements of the same devices in the
polymer-electrolyte top-gate configuration shows an order of magnitude mobility increase,
which can be attributed to ionic screening of charged impurity scattering. We expect that higher
mobility is achievable in these GNRs by further reducing the disorder induced by charged

impurities.
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CHAPTER 5

MONOLAYER MoS, TRANSISTORS WITH POLYMER
ELECTROLYTE

5.1 Introduction

Although graphene opened the possibility of “post-silicon” high performance electronics
because of its one atomic-layer thickness and extraordinarily high carrier mobility [26, 27, 31,
102], the lack of an appreciable bandgap in graphene gives a major problem for conventional
digital applications. MoS; is a semiconductor with the direct bandgap~ 1.8 eV, which makes it a
suitable channel material for low power digital electronics [103]. Similar to graphene, this
material can be mechanically exfoliated using adhesive tape to have single or multi-layers.

In this study, we report a simple method to fabricate high mobility (~10? cm®V's?) MoS,
FETs by covering the devices with a thin layer of polymer electrolyte (PE) consisting of
poly(ethylene oxide) (PEO) and lithium perchlorate (LiCIO4). The estimated room-temperature
field-effect mobility of the monolayer MoS; FETs increases by up to three orders of magnitude
upon adding the PE. To study the respective influence of the MoS,/metal contacts and MoS,
channel on the device characteristics, we fabricated multiple devices with different channel
lengths on a single ribbon of monolayer MoS, with uniform width. Electrical characterization of
these devices reveals that the PE-induced mobility enhancement can be attributed partially to the
drastic reduction of contact resistance and partially to the increase of the channel mobility. The

improvement of the channel mobility is likely due to the neutralization of the uncorrelated
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charged impurities on or near the MoS;, channel by the counter ions in the PE [35, 101, 110].
Furthermore, we demonstrate for the first time that near ideal gate-channel coupling can be
achieved in our PE gated MoS, FETs with the subthreshold swing approaching the theoretical
limit of 60 mV dec™ at room temperature for metal-oxide—semiconductor field-effect transistors

(MOSFETS).

5.2 Monolayer MoS, preparation and characterization

Monolayer MoS, flakes were produced by repeated splitting of MoS;, crystals by a
mechanical cleavage method, and subsequently transferred to degenerately doped silicon
substrates covered with a 290 nm-thick thermal oxide layer [1, 104]. An optical microscope was
used to identify monolayer (and few-layer) MoS, samples, which were further characterized by
non-contact mode atomic force microscopy (AFM) and Raman spectroscopy. Figure 5.1a shows
an atomic force microscopy (AFM) image of a typical monolayer MoS,. From a line scan of the
AFM image (Figure 5.1b), we estimate that the MoS;, sample is ~ 0.7 nm thick, corresponding to
a single layer [106, 108]. Raman Spectra were collected using a Jobin—Yvon Horiba Triax 550
spectrometer, a liquid-nitrogen cooled charge-coupled device (CCD) detector, an Olympus
model BX41 microscope with a 100 x objective, and a Modu-Laser (Stellar-Pro-L) Argon-ion
laser operating at 514.5 nm. The laser spot size was ~ 1 um in diameter and the laser power at
the sample was maintained at low level (~ 200 uW) to avoid any heating effect. The Raman
spectrum of the sample shows two peaks at 383.5 cm™ and 403 cm™ (figure 1c), which can be
associated with the in-plane E',; and out-of-plane Aq vibrations of a monolayer MoS,,

respectively [111].
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Figure 5.1 (a) AFM image of a monolayer MoS; sample deposited on SiO, surface. (b) Line
profile of the MoS; sample in (a). (c) A Raman spectrum of the same MoS; sample.

FET devices of monolayer MoS, were fabricated using standard electron beam

lithography and electron beam deposition of 5 nm of Ti and 50 nm of Au [7]. A PE was
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prepared in air by dissolving PEO and LiClO, in the 8:1 weight ratio in de-ionized water, and
then drop casted onto the MoS; devices, where the PE gate electrodes were simultaneously
patterned on the substrate along with the drain and source electrodes [9]. The PE-electrode was
kept very close to the device channel; and the coverage of the PE was also limited to within an
area of less than 100 pum around the channel and PE-electrode. Figure 5.2a shows a micrograph
of a typical MoS; device with schematically illustrated PE. Electrical properties of the devices
were measured by a Keithley 4200 semiconductor parameter analyzer in vacuum (~1 x10°° Torr)
and at room temperature (unless otherwise specified) both before and after adding the PE. The
electrical measurements were conducted in both the Si back gate (with or without PE) and PE-
gate configurations. As schematically shown in Figure 5.4a, when a positive (negative) voltage
is applied to a PE-gate-electrode near the device channel, negative(positive) and positive
(negative) ions in the PE accumulate on the gate electrode and channel, respectively, forming

electric double layers (EDL) at their interfaces with the electrolyte [112].

5.3 Results and discussions

5.3.1 Mobility enhancement and possible mechanism

We first measured the electrical properties of several monolayer MoS, FET devices
without PE and found a consistently low mobility between 0.1 and 1.5 cm?V*S™, which is in
agreement with the values reported in the literature [104, 105, 113]. Upon adding the PE, a
significant mobility increase is observed in all devices. Figure 5.2b shows the low-bias linear
conductivity defined as o = L/WxIgs/Vys Versus back gate voltage in a typical monolayer MoS,

device (device A) before and after adding the PE layer. Here L, W, lgs, and Vs are the channel
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length (5.9 um), channel width (0.6 um), drain-source current, and drain-source voltage,
respectively. The field-effect mobility estimated from the linear region of the transfer
characteristics of the device using the formula u= Ao /(CypgAVy) before and after adding the PE is
~0.1 cm?V7's™ and ~ 150 cm?V™'s™, respectively. Here Cyy= 1.2 x 10® F cm™ is the capacitance
between the channel and the back gate per unit area (Cpg = €0 &/d; € =3.9; d =290 nm). Similar
mobility improvement has been observed in monolayer MoS;, FETs by Radisavljevic et al. upon
depositing a thin layer of HfO, on top, which was attributed to the suppression of the Coulomb
scattering due the high-k dielectric environment and modification of phonon dispersion in MoS;
monolayer [108]. However, the dielectric constant of the PE (€ = 5) used in this study is much
lower than that of HfO, [100]. Moreover, the mobility of the devices drops drastically upon
cooling below the freezing temperature of the ions in the PE, ruling out dielectric screening as
the dominant mechanism responsible for the mobility enhancement in our devices (see Figure

5.3c and detailed discussion below).
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Figure 5.2 (a) An optical micrograph of a typical MoS;, FET device with schematically sketched
PE. (b) Conductivity of a representative MoS, FET (device A) measured in the Si-back gate
configuration before and after adding the PEO/LiCIO,4 PE.

A possible mechanism for the field-effect mobility improvement in our devices is the
ionic screening effect. At any given back gate voltage, the free counter ions in the PE
accumulate on the graphene surface to neutralize the uncorrelated charged impurities [35, 101,
110]. Two orders of magnitude increase of mobility has been previously observed in graphene
FETs immersed in ionic solutions, which was attributed to the ionic screening of charged
impurity scattering in graphene [101, 110]. Although the PE is expected to introduce additional
charged impurities, studies on PE gated carbon nanotube and graphene FETs show that the
mobility of these devices remains high (on the order of 10° cm*Vv*s) upon adding PEO/LICIO,
PE [26, 95, 106, 112,]. One likely scenario is that the Li* and ClO4 ions accumulated on the
channel surfaces are correlated in contrast to the uncorrelated initial charged impurities near or
on the channel surfaces. Even modest correlations in the position of charged impurities has been
shown to substantially increase the mobility in graphene [114]. Therefore, the neutralization of
the uncorrelated charged impurities on or near the MoS; surface by the counter ions from the PE
is likely, at least partially, responsible for the orders of magnitude increase of the mobility upon
addition of PE.

A second possibility is that the mobility of our MoS, devices without PE is substantially
underestimated due to the presence of Schottky barriers at the MoS,/metal contacts (the contact
resistance was not excluded in calculating the mobility). Figure 3a shows the drain-source
current (lgs) versus bias voltage (Vgs) measured at different back gate voltages for the same MoS,

device (device A) before depositing the PE. Although the device exhibits linear and symmetric
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lgs -Vgs dependence at low Vg (Figure 3a inset), the Iy -Vgs behavior is non-linear and
asymmetric at high bias-voltages. When the drain and source electrode connections are
physically exchanged, the lgs -Vgs characteristics also change suggesting the presence of
asymmetry and possibly non-negligible Schottky barriers at the contacts. It has been recently
reported that the current flow in MoS; can be largely limited by the contact barriers leading to a
significant underestimate of the mobility [109]. Modeling the lgs -Vgs characteristics of
individual MoS; flakes with proper consideration of the contact barriers yields mobility values
comparable to the estimated field-effect mobility in our PE-covered monolayer MoS, devices as
well as that reported in HfO,-covered MoS; devices [108]. Liu et al. have further demonstrated
that the field-effect mobility of multilayer ( ~ 20 monolayer) MoS, FETs exceeds 500 cm?/V/'s
due to the smaller bandgap (thus smaller Schottky barrier) compared to monolayer MoS; [115].
Therefore, a substantial reduction of the contact barriers is also likely to significantly increase
the slope of the transfer characteristics (do/dVy), leading to a higher estimated field-effect

mobility.
5.3.2 MoS,/metal contact barrier reduction

To shed more light on the origin of the PE-induced mobility enhancement in our MoS;
FET devices, it is necessary to investigate the respective contributions of the MoS,/metal
contacts and the MoS; channel to the total resistance of the device at various gate voltages before
and after adding the PE. In Figure 5.3b, we plot the resistances of multiple FETs fabricated on
the same monolayer MoS; ribbon with uniform width as a function of the channel length before

adding the PE, where each resistance value is calculated from the slope of the 14-Vgs
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characteristics in the low- bias linear regime as shown in the inset of Figure 5.3a. It is obvious
that the resistance increases nearly linearly with the channel length, from which the contact
resistance is estimated to be 40 MQ and 150 MQ at Vpg = 40 and 30 V, respectively. The
scattering of data at Vpg = 30 V may be due to the contact resistance variation among different
devices. The channel resistance for the device with L = 5.9 um ( device A ) is several times
larger than its contact resistance at all gate voltages, suggesting that the field-effect behavior in
our long channel devices is dominated by the channel instead of the contacts. This finding is
consistent with that of Radisavljevic et al [108]. Upon applying the PE, the low-bias resistance
of the device decreases to below 2 MQ for Vg > 3 V as shown in the Figure 3b inset. In the
linear region of the transfer characteristics (from which the field-effect mobility is estimated), the
total resistance of the device (device A) with PE remains below 7 MQ, which is significantly
lower than either the contact resistance or the channel resistance alone without the PE. This
finding shows that covering our single layer MoS, FETs with PE not only reduces the channel
resistance but also lowers the contact barriers, both of which are critical to improving the field-
effect mobility of the MoS, FETs. While the improvement of the channel mobility can be
attributed to the neutralization of uncorrelated charged impurities, the reduction of the contact
barriers could be due to the modification of the metal work function at the contacts by the PE. It
has been shown that the adsorption of certain molecules on electrode-metal surfaces can induce a
strong decrease in the work function [116]. As our MoS; devices are n-type, reducing the work
function lowers the Schottky barriers at the contacts [109]. Due to the interplay of the variations

in the channel mobility enhancement and contact barrier reduction, the resistance of the devices
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does not follow the linear dependence on the channel length, making it difficult to accurately

extract the contact resistance in MoS, devices with PE.
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Figure 5.3 (a) Current-voltage characteristics of device A measured at various gate voltages
before adding the PEO/LICIO4 PE. (b) Resistance of FET devices fabricated on the same
Monolayer MoS, (where device A was fabricated) as an function of channel length measured at
different back gate voltages. (c) Conductivity as a function of back gate voltage of device B
measured at temperatures below and above the freezing temperature of the ions in the PE. (d)
Drain-source current versus PE-gate voltage of a MoS, FET device (device C) measured at Vs =
100 mV and various back gate voltages. The inset in (a) is the low-bias linear region of (a); and
the inset in (b) is the Resistance of device A as a function of back gate voltage after adding the
PEO/LICIO,4 PE.
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Addition of a top dielectric medium has also been shown to increase the back gate
capacitance by up to two orders of magnitude in graphene FETS, leading to an overestimation of
the mobility when this dramatic capacitance increase was not accounted for [117, 118]. In order
to rule out this possibility and further verify that the increase of do/dVqupon applying the PE
was indeed due to the combined effects of contact resistance reduction and channel mobility
increase, we show in Figure 5.3c the transfer characteristics of another monolayer MoS; device
(device B) measured below and above the freezing temperature of the Li* and ClIO4 ions. The
nearly two orders of magnitude lower do/dVgy (which is proportional to the mobility) at 220 K
than at 295 K is likely due to the freezing of both the Li* and ClO, ions inside the PEO polymer.
Thus they are no longer able to dynamically neutralize the charged impurities on or near the
MoS; channel as the charged impurities (including those in the SO, dielectric) move and
redistribute during the back gate voltage sweeps [114, 119]. The dramatic decrease of the
mobility below the freezing temperature of Li* and CIO4 ions eliminates the possibility of
overestimating the mobility in PE covered MoS; devices due to the dielectric-media-induced
capacitance increase. To further rule out the possibility of PE induced capacitance increase as a
major cause of the observed mobility increase, we also estimated the back gate capacitance with
PE from the drain-source current versus PE-gate voltage (lss-Vig ) measured at different Vpg
values as shown in Figure 5.3d. When Vyg is changed by 40 V, the Igs- Vig curve shifts by 0.7-0.8
V along the Vi axis. Assuming that the PE-gate capacitance ( Cy ) is ~ 10°® Flem? [112], the
back gate capacitance with PE is estimated to be ~ 10® F/cm? ( based on Cpg = AVig/A VX Crg )
consistent with the Cyy value without PE, suggesting that the PE does not substantially influence

the back gate capacitance.
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5.3.3 Gate efficiency improvement

In addition to serving as a contact-barrier reducer and channel-mobility booster, the PE
can also be used as a gate material to substantially improve the gate efficiency by taking
advantage of the large EDL capacitance at the PE/MoS; interface. In order to avoid chemically
induced sample degradation, the applied PE-gate voltage was limited to a conservative range, in
which the leak current was maintained below 200 pA. The Raman spectra of the single layer
MoS; before adding the PE and after removing the PE (upon completion of all electrical
measurements) are nearly identical, excluding the possibility of electrochemically induced
sample degradation. Figure 5.4b shows the transfer characteristic of device B (the same device
as in Figure 5.3c) measured in the PE-gate configuration. The overall PE-gate dependence of the
drain-source current closely resemble those reported in reference [108], where 30 nm of HfO,
was used as the top-gate dielectric. The transfer characteristics remain essentially unchanged at
different gate voltage sweeping rates. For a drain-source voltage of 300 mV, a current on-off
ratio of 10° is reached for -2 < Vi < 0.5V, and a subthreshold swing (S) of ~ 62 mV/decade is
obtained. This S value is notably smaller than the S = 74 mV/decade reported in reference [108],
and approaches the theoretical limit of 60 mV/decade, indicating that the gate efficiency of our
PE-gated MoS, device is close to 1. Such large gate efficiency can be attributed to the large
EDL capacitance of the PE. The near ideal subthreshold swing along with the strongly linear
dependence of Iy on Vg at various top-gate voltages (Figure 4b inset) further suggests that the

PE reduces the Schottky barriers to nearly ohmic [120].
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Figure 5.4 (a) A schematic illustration of the working principle of PE-gated MoS, FETs. (b)
Drain-source current versus PE-gate voltage of a Monolayer MoS, FET device (device B)
measured at different drain-source voltages. The inset shows the current-voltage characteristics
at different PE gate voltages.

5.4 Summary

The high mobility and high gate-efficiency monolayer MoS, FETs by simply adding
PEO/LICIO,4 PE on top of the devices were fabricated. A channel-length dependent study of the
device characteristics suggests that the over 10° time mobility increase upon adding the PE is due
partially to the reduction of contact resistance and partially to the enhancement of channel
mobility by the PE. We have also demonstrated excellent device performance with a nearly ideal
subthreshhold swing (~ 60 mV/decade at room temperature) and an on/off ratio of 10° in PE-

gated devices.
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CHAPTER 6

AMBIPOLAR FIELD EFFECT TRANSISTORS OF
ATOMICALLY THIN MoS, WITH IONIC LIQUID

6.1 Introduction

As described in chapter 5, MoS; has a bandgap that changes from an indirect gap of ~ 1.3
eV in bulk (or many-layer films) to a direct gap of ~1.8 eV in a monolayer of S-Mo-S [103, 121].
Similar to graphene, atomic layers of S-Mo-S unites can also be extracted from bulk MoS;
crystals by a mechanical cleavage technique due to relatively weak van der Waals interactions
between the layers [104]. The recent experimental demonstration of a reasonably high mobility
(over 200 cm?V'S™ in monolayer and over 500 cm®V*S™t in a ~ 15 nm-thick flake of MoS,),
very high ON-OFF current ratio (10%) and good subthreshold swing (74 mV/decade), in
conjunction with the mechanical flexibility of MoS; thin films, opens up the possibility of high-
performance and low-power flexible electronics [5, 108, 115]. In addition to conventional field-
effect transistors (FETs), MoS; can also be used in various other applications such as energy
harvesting [122, 123] and optoelectronics [113, 124]. One particularly attractive optoelectronic
application of MoS; is to fabricate light emitting diodes with monolayer MoS; p-n junctions,
which requires both n- and p-type field-effect doping. As an n-type semiconductor with a
relatively large bandgap, it is rather challenging to induce holes by an electric field in MoS..
Zhang et. al. have recently demonstrated ambipolar behavior in ion-liquid (IL) gated MoS; thin

flakes ( > 10 nm thick) by taking advantage of the extremely large electric double layer (EDL)



77

capacitance at the MoS,/IL interface [125]. While this is a significant achievement, the
observed On-Off ratio is less than 10° and the subthreshold swing is far from ideal, primarily due
to the relatively large OFF-current passing through the interior of the crystal beneath the channel
surface. To the best of our knowledge, ambipolar behavior in few-layer (1-3 layers) MoS,
devices has not been reported.

In this work, the first realization of few-layer MoS, ambipolar FETs using an IL gate was
reported. A record high On-Off ratio of greater than 10° for hole transport is observed in our
bilayer MoS, device; while that for electrons is over 107, close to the values reported in MoS;
devices with a high-x gate medium [108, 115]. A nearly ideal gate-channel coupling is also
achieved in the IL-gate MoS; devices with the subthreshold swing approaching the theoretical
limit for MOSFETs (47mV/dec at 230 K). Furthermore, the scaled transconductance of our

devices exceeds the highest value in conventional top-gated MoS;, FETSs to date [108, 115].

6.2 Experimental details

Few-layer MoS, flakes were produced by repeated splitting of MoS, crystals by a
mechanical cleavage method, and subsequently transferred to degenerately doped silicon
substrates covered with a 290 nm-thick thermal oxide layer [1, 104]. An optical microscope was
used to identify few-layer (1-3 layers) MoS, samples, which were further characterized by non-
contact mode atomic force microscopy (AFM). A thickness of 0.6 - 0.8, 1.3 - 1.5, and 1.9 -2.1
nm measured by AFM is associated to monolayer, bilayer and trilayer, respectively. FET
devices of few-layer MoS, were fabricated using standard electron beam lithography and

electron beam deposition of 5 nm of Ti and 50 nm of Au [7]. A small droplet of IL named
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DEME-TFSI (Sigma Aldrich 727679) was applied onto the devices, covering the MoS; and the

IL-gate electrode that was simultaneously patterned on the substrate along with the drain and

source electrodes [9].
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Figure 6.1 IL- gated MoS;, FETs. (a) Optical micrograph of an actual device. The contour of
the IL drop covering the MoS; channel and the in-plane gate-electrode is marked by white dotted
lines. The white scale bar is 20 um. (b) A schematic illustration of the working principle of IL-
gated MoS; FETSs.

Figure 6.1(a) shows a micrograph of a typical IL-gated MoS, device. Electrical

properties of the devices were measured by a Keithley 4200 semiconductor parameter analyzer
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in a Lakeshore Cryogenic probe station after dehydrating the IL in vacuum (~1 x10°® Torr) for 48
hours. Thoroughly removing the remaining moisture prevents the formation of chemically
reactive protons and hydroxyls by the electrolysis of water. All measurements on IL-gated
devices were carried out at 230 K to further reduce the possibility of any chemical reaction
between IL and MoS; [125]. As schematically shown in figure 1b, when a positive (negative)
voltage is applied to the IL-gate-electrode near the device channel, negative (positive) and
positive (negative) ions in the IL accumulate on the gate electrode and MoS, channel,

respectively, forming EDLSs at their interfaces with the IL [112].

6.3 Results and discussions

6.3.1 Ambipolar behavior with ionic liquid

We have measured the device characteristics of several bilayer and trilayer MoS; FETs
and consistently observed ambiplar behavior with high On-Off ratios. Figure 6.2 shows the
transfer characteristics of a typical IL-gated bilayer MoS; ambipolar FET with a channel width
of W =1.6 um and a channel length of L = 1.0 nm. For a drain-source voltage of 1V, the On/Off
ratio for the hole channel is over 10° the highest value reported for hole transport in MoS;, FETS,
while that for the electron channel exceeds 107 comparing well with MoS, devices using HfO,
and Al,O3 gate dielectrics (Figure 6.2a) [108, 115, 125]. The significantly higher ON-Off ratio
in our bilayer MoS;, device in comparison with IL-gated many-layer MoS;, devices can be
attributed partially to the reduced channel thickness and partially to the increase band gap (from
~ 1.3 eV in bulk or many-layers to ~ 1.6 eV in bilayer MoS,) [121, 125]. The slightly lower

On/Off ratio in the hole channel than in the electron channel is likely caused by the higher
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Schottky barrier for holes than for electrons. From the transfer characteristics, a subthreshold
swing of S = d (log lgs)/dViyy ~ 47 mV/decade can be deduced. This value approaches the
theoretical limit for MOSFETs as determined by S = (kT/e) In10 at T = 230 K (k is the
Boltzmann constant), indicating that the gate efficiency of our IL-gated MoS; device is close to 1
primarily due to the large capacitance of the EDL. The transfer curves are also highly
reproducible indicating that the present device accumulates charge only electrostatically. In
addition, the gate-source current remains nearly constant and low (~ 100 pA) for the measured
IL-gate range of -3.5 to 1 V, further ruling out the possibility of ionic charge transfer or any

chemical reactions at the MoS,/IL interface [126].
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Figure 6.2 Transfer characteristics of a bilayer MoS; IL-gated FET (W= 1.6 umand L =1 pum).
(a) Logarithmic plot of drain-source current versus IL-gate voltage measured at various drain-
source voltages and T= 230 K. (b) Linear plot of the scaled drain-source as a function gate
voltage for Vgs=1 V.

As shown in Figure 6.2b, the maximal scaled On-current (defined as lg/W) at Vgs = 1V
and Vig = 1 is 11.8 pA/ pm, several times higher than that of the top-gated monolayer MoS;
FETs with HfO; gate dielectric [108] and two orders of magnitude higher than that of MoS; thin-
flake devices with Al,O3gate dielectric [115]. The higher scaled On-current in our bilayer MoS;

device can be at least partially attributed to the self-aligned IL-gate structure in contrast to the
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conventional non-self-aligned top-gate structure. The former modulates the carrier density in the
entire channel, while the latter only modulates the part of the channel directly beneath. The
scaled transconductance defined as gm =1/Wx dlgs/dVyg, is~11.8 uS/ um at Vgs =1V, an order
of magnitude higher than in top-gated monolayer MoS, devices (1uS/ um) [108]. Such a high
scaled transconductance can be attributed to the high capacitance of the EDL at the MoS,/IL
interface in addition to the self-aligned IL-gate structure. The field-effect mobility estimated
from the scaled transconductance of the device using the formula p= Lxgm /(CygVas) IS ~1.5
cm?Vv*St and ~ 0.15 cm?Vv'S™ for electrons and holes, respectively. Here the EDL capacitance,
Ciy, IS assumed to be 7.2 nC/cm? and 4.7 uC/cm? for electron and holes, respectively based on
reference [125]. It is worth noting that the mobility values derived here are the lower limit due
to the non-negligible contact resistance and the possible overestimate of the EDL capacitance. In
particular, the substantially lower mobility for holes than for electrons is mostly likely due to the
higher contact barrier for holes than for electrons. The EDL capacitance consists of the
electrostatic (Ce) capacitance and quantum capacitance (Cq) of the MoS, channel connected in
series ( 1/Cy= 1/C.+1/Cq). Since the electrostatic capacitance of the EDL for DEME-TFSI IL is
extremely high ( can reach as high as 100 pC/cm? ), the total EDL capacitance of MoS, FETs
(e.g. 7.2 puClem? for electrons in IL-gated many-layer MoS,) is likely dominated by Cq [127].
The quantum capacitance in our bilayer MoS, may be lower than in the many-layer MoS; in
reference [103, 125]. Therefore, the actual mobility in our bilayer MoS, device is likely
significantly higher. However, more accurate value of the EDL capacitance will be needed for

calculating the field-effect mobility in our MoS; devices, which is beyond the scope of this work.

6.3.2 4 vs. Vg characteristics
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Figure 6.3 shows a comparison of the output characteristics of the same device measured
in both the back-gate configuration (before depositing IL) and IL top-gate configuration. As
shown in Figure 6.3a, the lgs versus Vgs at various back-gate voltages before depositing IL are
non-linear suggesting the presence of significant Schottky barrier without IL. After depositing
the IL, the drain-source current versus drain-source voltage (lgs vs. Vgs) curves for the electron
channel become nearly linear at low bias voltages and start to saturate at higher bias voltages
(Figure 6.3b). In addition, the overall current also increases by more than an order of magnitude.
Both changes suggest that the contacts become more Ohmic after depositing the IL onto the
device. A likely scenario is that the adsorption of the IL at or near the channel-metal contacts
changes the metal work function and thus modulates the barriers for charge carriers [120]. In
addition, the contact barrier should also become more transparent as the depletion layer width

decreases due to the highly efficient band bending induced by the EDL [128].
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Figure 6.3 Comparison of the output characteristics of the same bilayer MoS, device in Figure
6.2 before and after depositing IL. (a) lgs vS. Vgs with back-gate voltage stepped from 40 to -20
V before depositing the IL drop. (b) Igs vs. Vgs by stepping the IL-gate voltage from 1 to 0 V.
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6.4 Summary

In conclusion, we fabricated ambipolar few-layer MoS, FETs with excellent device
characteristics using an IL as the gate material. In particular, the On/Off ratio in our bilayer
MoS; devices exceeds 10’ for electrons and 10° for holes demonstrating orders of magnitude
improvement over many-layer MoS, devices reported in reference [125]. Near ideal switching
and high scaled transconductance are also achieved in our devices due to the very large EDL
capacitance at the interface of the gate material and MoS; channel. This work may pave the way
for further studies into the physics and application of the ambipolar transport of atomically thin
MoS; such as light emitting p-n junctions and extremely low-power inter-band tunnel FETS in

monolayer MoS;.
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CHAPTER 7

CONCLUSION

The main theme of this work is focused on how to create the adequate energy gap
together with fundamental study of physical properties for graphene and graphene nanoribbon
using semiconductor processing techniques, which expectedly can be applicable to electronic
devices. By utilizing the same techniques developed in this work, other 2D materials can be
extensively explored in the future. As described in the previous chapters, graphene is a
promising material with respect to stiffness, mobility and other properties to be a candidate of
substituting the current Si-based semiconductor technology, but no gap. A great deal of effort
was put into this study to engineer the energy gap, which was literally corresponding to the
intrinsic bandgap for graphene nanoribbon. Besides, 2D materials were also investigated at the
same time to figure out the fundamental physical properties and dig out which one will be best

candidate for next generation of applications.

Therefore, the electrical transport measurements on a suspended ultra-low-disorder
graphene nanoribbon (GNR) with nearly atomically smooth edges that revealed a high mobility

exceeding 3000 cm?® V' st

and an intrinsic bandgap was reported in this study. The
experimentally derived bandgap is in quantitative agreement with the results of our electronic-
structure calculations on chiral GNRs with comparable width taking into account the electron-

electron interactions, indicating that the origin of the bandgap in non-armchair GNRs is partially

due to the magnetic zigzag edges. In addition, suspended few layer (1-3 layers) graphene
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nanoribbon field effect transistors from unzipped multiwall carbon nanotubes have been
fabricated. Electrical transport measurements show that current-annealing effectively removes
the impurities on the suspended graphene nanoribbons, uncovering the intrinsic ambipolar
transfer characteristic of graphene. Further increasing the annealing current creates a narrow
constriction in the ribbon, leading to the formation of a large band-gap and subsequent high
on/off ratio (which can exceed 10%). Such fabricated devices are thermally and mechanically
stable: repeated thermal cycling has little effect on their electrical properties. This work shows
for the first time that ambipolar field effect characteristics and high on/off ratios at room
temperature can be achieved in relatively wide graphene nanoribbon (15 nm ~50 nm) by

controlled current annealing.

Moreover, a simple one-stage solution-based method was developed to produce graphene
nanoribbons by sonicating graphite powder in organic solutions with polymer surfactant. The
graphene nanoribbons were deposited on silicon substrate, and characterized by Raman
spectroscopy and atomic force microscopy. Single-layer and few-layer graphene nanoribbons
with a width ranging from sub-10 nm to tens of nm and length ranging from hundreds of nm to 1
um were routinely observed. Electrical transport properties of individual graphene nanoribbons
were measured in both the back-gate and polymer-electrolyte top-gate configurations. The
mobility of the graphene nanoribbons was found to be over an order of magnitude higher when
measured in the latter than in the former configuration (without the polymer electrolyte), which
can be attributed to the screening of the charged impurities by the counter-ions in the polymer
electrolyte. This finding suggests that the charge transport in these solution-produced graphene

nanoribbons is largely limited by charged impurity scattering.
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We also report electrical characterization of monolayer molybdenum disulfide (MoS;)
devices using a thin layer of polymer electrolyte consisting of poly (ethylene oxide) (PEO) and
lithium perchlorate (LiCIO,4) as both a contact-barrier reducer and channel mobility booster. We
find that bare MoS, devices (without polymer electrolyte) fabricated on Si/SiO, have low
channel mobility and large contact resistance, both of which severely limit the field-effect
mobility of the devices. A thin layer of PEO/LICIO, deposited on top of the devices not only
substantially reduces the contact resistance but also boost the channel mobility, leading up to
three-orders-of-magnitude enhancement of the field-effect mobility of the device. When the
polymer electrolyte is used as a gate medium, the MoS,, field-effect transistors exhibit excellent
device characteristics such as a near ideal subthreshold swing and an on/off ratio of 10° as a
result of the strong gate-channel coupling. In addition, the ambipolar field-effect transistors of
atomically thin MoS; with an ionic liquid gate were realized in this study. A record high On/Off
current ratio greater than 10° is achieved for hole transport in a bilayer MoS; transistor, while
that for electron transport exceeds 10°. The scaled transconductance of the device reaches 11.8
puS/um at a drain-source voltage of 1V, which is an order of magnitude large than that observed
in MoS; transistors with a high-x top-gate dielectric. A near ideal subthreshold swing of

47mV/dec at 230 K is also achieved in the bilayer MoS; device.

Actually, the mobility and bandgap are the most important two key indicators
corresponding to the impurities and edge structure in graphene nanoribbon. The gap opens in
graphene nanoribbon, which is inversely proportional to the ribbon width. The attempts have
been conducted for electrical property associated with the observation of edge structure by using

TEM and STM/STS. Unfortunately, these trials might not turn out very successful due to the
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difficulties of sample preparation encountered in this work as detail shown in the appendix A.
For example, the sample needs to be conducting and ultraclean when measuring STM/STS at
Oak Ridge National Laboratory. Similarly, it is also difficult to transfer the GNRs to Cu grid,
making it unattainable to observe the edge structure through TEM. How to make the TEM or
STM/STS sample of GNRs for observation correlated with electrical properties leaves a tough
issue for studying graphene nanoribbons in the future. Some additional characterization work
done in this study will be shown in the appendix B. In addition, the 2D materials beyond
graphene are now attracting more interests in the world. Which one will be the candidate for
next generation of electronics? It still needs a great myriad of research and study for unveiling

their fundamental physical properties and applications.
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APPENDIX A

There are still some challenges and issues with respect to the device fabrication. To
complete the GNRs and other 2D materials devices before electric measurement, there are
several processes involved here, including GNRs synthesis, electron beam lithography, metal
deposition, HF etching for suspension, thermal annealing, and so on. Each process has its own
uniqueness which sometimes the difficulties and issues are generated associated with the
operation and even the equipment itself. Some problems are commonly encountered in doing
general experiment, but some are not easily being solved during processing. It is worth pointing
out some issues existing in this work, which needs much time to figure out and definitely affects
the final results. The process of electron beam lithography and HF etching for GNRs suspension
are the most critical in fabricating GNR-FET devices. In the mean time, thermal annealing
process is considered as tortuous one to cause the high failure of suspended devices. Over 50%
survived rate can be reached to have GNR-FET devices ready for further measurement after

thermal annealing when each process runs smoothly without any anomaly or miss operation.

A.1 Sample preparation

In order to have excellent devices for studying physical properties, it is important to get
the good samples through feasible processes in the beginning. Sample preparation plays a
critical role in studying fundamental physics no matter it is related to devices fabrication or
characterization aspects. For example, if there were no good graphene nanoribbon samples

produced by appropriate approach with expected width 10~30 nm, it definitely would not have
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chances to probe the intrinsic physical properties. Similarly, it would not have good SEM/TEM
images if sample was not prepared adequately for observation. In the following sections, the
sample preparation for graphene nanoribbons and single layer of MoS, will be described in more
details. Besides, the transfer of CVD grown MoS;, on sapphire to Si/SiO, substrate will be

shown in this section.
A.1.1 Graphene nanoribbons

The GNRs used in this study are synthesized by unzipping high quality multiwall carbon
nanotubes following a method developed by Dai’s group [23]. First, the multiwall carbon
nanotubes were calcined in the furnace at 500° C for 2 hours to remove the impurities without
oxidizing the sidewalls. Then, the GNRs were produced by sonicating mildly-oxidized multiwall
carbon nanotubes (MWNT) in a 1,2-dichloroethane (DCE) solution of poly(m-
phenylenevinylene-co 2, 5-diy octocy- p-phenylenevinglene) (PmPV), where the PmPV is used
as a surfactant to stabilize the unzipped GNRs in solution. The solution was then centrifuged at
15000 rpm (Fisher Scientific Marathon 26kmr centrifuge) for 1 hr to remove aggregates and
some of the remaining MWNTS; and a supernatant containing nanoribbons and remaining
MWCTs was obtained. Sometimes, the supernatant has to be split into 6 small tubes one more
time to get higher yield GNRs with less CNTs. Next, the GNR samples from the supernatant
were deposited on degenerately doped Si substrates with 290 nm of thermal oxide, and
subsequently non-contact mode AFM (Park System XE-70) was used to locate individual GNRs
with respect to the prefabricated Au alignment marks and to characterize their thickness, width

and length. The GNRs produced from this method mostly consist of 1-3 layers. Figure A.l
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shows the chemical solutions after sonication and centrifuge, followed by the Si substrate
soaking in the solution for 30 min. Then, the high quality GNRs with a range of 10~50 nm wide

can be identified under AFM scanning as shown in the images.

Figure A.1 The left pictures indicate the chemical solution of GNRs after sonication and
centrifuge. On the right are the AFM images illustrating the GNRs on Si/SiO; substrate.

A.1.2 MoS, monolayer/multilayer

Similar to graphene, monolayer MoS, flakes were produced by repeated splitting of
MoS, crystals by a mechanical cleavage method using adhesive blue tape, and subsequently
transferred to degenerately doped silicon substrates covered with a 290 nm-thick thermal oxide
layer [1, 104]. An optical microscope was used to identify monolayer (and few-layer) MoS,
samples, which were further characterized by non-contact mode atomic force microscopy
(AFM). Figure A.2 shows the optical micrograph corresponding to an atomic force microscopy

(AFM) image of a typical monolayer MoS,. From the average scan of AFM image {Figure A.2
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(b)}, we estimate that the MoS;, sample is ~ 0.8 nm thick, corresponding to a single layer [106,

108].

Figure A.2 (a) The micrograph shows MoS; flake is identified by optical microscope with light
blue color. (b), (c) AFM scanning further verifies the dimensions of this flake with the thickness
~0.8 nm as monolayer of MoS,.

A.1.3 CVD grown MoS,

In order to have larger area materials on the substrate for application except the
mechanical exfoliation from crystals, several research groups has started growing 2D materials
on certain substrates using chemical approach (CVD) just like CVD grown graphene. However,
unlike CVD graphene is grown on transition metals like Cu or Ni, which can be easily etched off
the metals underneath and transferred to Si/SiO; substrate, though there is still some treatment
needed to have high quality graphene. The MoS, grows on insulating sapphire substrate, making
it difficult to fabricate the devices for measuring the electrical properties using standard e-beam
lithography. Several attempts have been done for having electrodes directly on the sapphire
substrate using e-beam lithography, including sandwich approach (PMMA + Au + HSQ) or Ar

plasma etching. However, it did not show the positive electrical results, possibly caused by the
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randomly selected area which had not been covered by MoS, film. This could be verified in

AFM images with non-uniform MoS; on the substrate.

Therefore, transferring CVD grown MoS; onto Si/SiO, substrate will be the feasible way
followed by subsequent current processes to be able to fabricate the devices. Followed by the
transfer process developed by other group, a layer of PMMA was coated on the CVD grown
MoS; and baked for 10 minutes at 100°C. Then, this substrate would be placed into prepared 2M
NaOH solution for 20 minutes at 95°C. The thermal release tape was cut to fit the substrate and
pressed the tape on the substrate using an eraser. Slightly and slowly peeled off the thermal
release tape from the substrate and rinsed with water. Next, this tape was put on Si/SiO;
substrate, and used the same skill as previous one. Finally, the thermal release tape could be
easily removed at 100°C and MoS; single layer or multi-layer would be remained on Si/SiO;

substrate.

A.2 E-beam lithography

Except photo lithography most used widely in semiconductor industry, there were several
lithography methods developed in the past few decades such as X-ray lithography, ion beam
lithography and electron beam lithography (e-beam). Since the diffraction limit has been an
issue for photo lithography in current semiconductor technology node down below 90 nm, an
alternative approach has been always sought as a substitute. E-beam lithography seems to
provide appropriate way using electron as a source for making smaller feature size structures
regarding feasibility and resolution. Although slow speed and little costly are the drawbacks for

e-beam lithography system, it has already been commonly used in writing masks for the use of
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photo lithography in semiconductor industry. In this study, e-beam lithography plays a critical

part for making devices no matter in GNRs or 2D materials.

It is necessary to fabricate the electrodes connected to samples for further electrical
measurements, which the standard e-beam lithography is used in this study including SEM
(Hitachi S-2400) with 25kV and Nano Pattern Generating System (NPGS) software to control
the electron beam. The configuration of whole system is shown in Figure A.3 (left). NPGS
software is used for designing the required nano-patterns (electrodes) and controlling the e-beam
to write the patterns as shown in Figure A.3 (right). Several factors determine the high
resolution written patterns including SEM, the skill of operating SEM and e-beam resist.
Definitely, the resolution of written patterns depends on how well the SEM system is being used.
In other words, the better resolution the SEM is, the sharper the written patterns obtain. Another
key factor to acquire the high resolution written patterns is the skill of operating SEM system.
For example, the experienced people should be more reliable to get higher resolution of SEM for

writing patterns.

Figure A.3 The configuration of SEM (left) together with NPGS software (right) is used in this
work, providing the standard e-beam lithography.
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There are two types of the electron resist, positive and negative. Positive resist like
polymethylmethacrylate (PMMA) is the most commonly used in e-beam lithography, which is
easily removed in the solvent on the exposed areas due to broken cross link of e-beam exposure.
Negative resist such as hydrogen silsesquioxane (HSQ) is sometimes used for the protective
mask of written electrodes, which shows the opposite way in solvent. In this work, PMMA 495-
A4, 950-A2 (different molecular weight) and HSQ are used as e-beam resists for e-beam

lithography.
(1) PMMA resist

Firstly, PMMA spin-coated on the pre-soaked GNRs substrate or mechanically exfoliated
MoS; substrate with the speed of 4000 rpm, followed by 180°C baking on the hotplate for 5 min
after coating of each type. The silver paint, acting as the focus point, has to be cautiously put on
the side of mark where the samples are inside. Before doing electron beam lithography, the
designed electrodes have to be completely finished and run through off-line of NPGS Designcad
software to avoid any error during writing. With careful handling and adjustment of focus and
astigmatism for SEM, the designed patterns can be precisely written on the desired areas in
required resolution. As mentioned in the previous section, being familiar with the operation of
SEM would be one of the most important prerequisites to write the proper patterns for electrodes.
The parameters such as dose and current, of course, are critical to write the required patterns.
Based on the repeated testing of thickness for PMMA~260 nm with two layers (495A4 and 950
A2), the current keeps around 11.0 pA to write narrower electrodes and the doses are set to be
15nC for line and 260uC/cm? for area, respectively. Subsequently followed by developing

process using the mixture chemicals of MIBK and MEK with the ratio 30:1 for 70 sec, the
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micrographs show the electrodes after developing in Figure A.4 for GNR (a) and MoS; (b)

samples, respectively.

Figure A.4 The electrodes pattern after developing process for (a) GNR and (b) MoS; under 1K
magnification of optical microscope.

In addition, the adjustment of maximum filament current in S-2400 SEM system is also
important to have big enough current writing large patterns and avoid current instability during
writing. Focus adjustment on Au particles up to 200K magnification is needed for writing
narrower electrodes like GNR samples. The skills of fast adjustment for focus on substrate and
reduction of scanning frequency on the samples would be necessary to avoid excessive exposure
and guarantee high quality of the patterns. Nevertheless, the more effort had been put in, the

higher quality could be gained.
(1) HSQ resist

The HSQ, a negative tone resist, has low viscosity opposite to PMMA and diluted with
MIBK. The same procedures as PMMA coating, the speed would be set at 4000 rpm for spin
coater, followed by 80°C baking for 10 minutes with 2% and 6% HSQ, respectively. The area

doses ranging from 200uC/cm? to 1000uC/cm? have been tested for 6% concentration HSQ. It
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turned out good patterns with the dose only below 300uC/cm?. Other testing results for 2%
concentration HSQ with different doses for line and area were shown in the following Table A.1.
The best condition was then selected as the base line for on-going experiment. In order to
develop HSQ after e-beam lithography, CD-26 was used for 30 sec together with few seconds
sonication if spread-out occurred sometimes due to step height between patterns or overdosing.
The resolution of using HSQ may be not as high as using PMMA due to electron scattering

showing more significant in HSQ resist.

2% HSQ 2% HSQ
<—— Areadose Linedose — >
300 uC/cm? | Not good Good 3 nC spacing
200 nm
350 uC/cm? Good 4nC spacing
200 nm
400 uC/cm? Good 5 nC spacing
200 nm
Al

Table A.1 The testing results of 2% concentration HSQ with different doses for line and area.

In order to go further step for the process consideration as a shadow mask, O, plasma
treatment with 100W power and 30 sccm flow rate has been implemented on HSQ testing
substrate. Unfortunately, the PMMA underneath HSQ collapsed to substrate due to over etching
during plasma treatment. Besides, Ar plasma treatment with the same parameters is sometimes
used to get rid of the layers like graphene or MoS; on substrate. Another intention of using HSQ

is to apply to the insulating substrate like sapphire as a shadow mask for defining the active area.
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One of approaches is having three layers on the top of substrate as PMMA + Au + HSQ

configuration, where Au acts as the conducting layer for e-beam lithography.

A.3 Metal deposition

To have good contacts with GNR and MoS; samples, thermal evaporation with one layer
of Cr and Au was used to fabricate the devices. The whole set-up of metal deposition is shown
as Figure A.5, including chamber, diffusion pump and thickness monitoring of crystal. The
principle is using heat generated by large current flowing through the metals, evaporating a thin
layer metal atom onto sample surface in high vacuum with thickness monitored by crystal
precisely. Some parameters and operation skills are also crucial to this process. For example,
the pressure needs to be lower than 2x10°® torr for starting deposition process and it will not be
up to 5x10° torr during Au deposition. The deposition rates were set to be 0.2A /s and 1.0A/s
for Cr and Au, respectively. Normally, the required thicknesses of Cr and Au are 0.5 nm and 50
nm in this work. Most of GNR devices were done metal deposition in this tool. In order to make
good contact between Cr and sample, Ar gas purge will be conducted before pumping down the

chamber to possibly get rid of oxidation of Cr rod.
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Figure A5 The setup of metal thermal evaporator includes chamber, diffusion pump and
thickness monitor of crystal.

Actually, this equipment is pumped down to the required pressure using mechanical
pump together with diffusion pump. Whenever the liquid nitrogen is used, the pumping
efficiency of diffusion pump will be improved from 4 hours to 2 hours. In addition, cleaning up
the chamber and sample holder using IPA or acetone after single use definitely increases the
pumping speed. It is also necessary to notice the life time of crystal, which is critical to monitor
the deposition rate and thickness. Figure A.6 is the schematic diagrams to illustrate the
integrated processes with respect to electron beam lithography and metal deposition. In addition,
the written electrodes are shown in the bottom after lift-off process using acetone combined with

few seconds sonication.
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Figure A.6 The schematic diagrams show the integrated processes with electron beam
lithography and metal deposition. (a) Starting the coating of PMMA to lift-off process. (b) The
schematic top view shows the metal contacts with GNRs. (¢) The actual electrodes picture ready
for electrical measurement.

Alternatively, a layer of Ti was used as adhesion metal before Au deposition due to Cr

generating higher contact resistance in GNR devices possibly caused by oxidation during
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deposition or subsequent processing like annealing. The metal deposition was switched to e-
beam evaporator not only because of its efficiency, but also its selection of diverse metals. Most
of MoS; samples were done with a layer of Ti (5 nm, rate 11&/3) and a layer of Au (50 nm, rate
12\/3), respectively. Some GNR devices were done metal deposition using this tool as well with
Ti (1 nm, rate IA/S) and Au (50 nm, rate IA/S) combination. The basic principle of e-beam
evaporator is similar to that of thermal evaporator except using e-beam with proper frequency
and current to hit the targets and get the metal evaporated. It turned out the adhesion of using Ti

showing more robust than using Cr for electrical measurement.

A.4 Problems and issues

The most common issue occurred in the electron beam lithography process was the
smeared pattern, which could possibly be induced by overdose due to defocus of electron beam
or wrong thickness of PMMA.  To avoid these problems, careful handling with PMMA coating
(both 495A4 and 950A2) at the speed 4000 rpm and being aware of valid date for these
chemicals are crucial. In the mean time, putting silver paint around the side of designed pattern
which will be written by electron beam is also important. When using SEM (Hitachi S-2400),
the focus and astigmatism have to be adjusted to the optimal condition on gold standard sample.
Figure A.7 shows the comparison between clear and unclear written patterns by electron beam
lithography. In fact, the subsequent processes depend on how good the written pattern is. For
example, metal deposition will follow the topography produced by electron beam lithography.
Lift-off and etching processes will also rely on the good pattern generated by e-beam

lithography.
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Figure A7 The comparison between clear (left) and unclear (right) patterns produced by
electron beam lithography.

Another issue generated in this process was concerned about the movement of SEM
system. Actually, the SEM had been moved to different places twice due to building
reconstruction, and the interference pattern occurred in alignment imaging after each movement
possibly caused by the bad BNC connection with imaging after movement, leading to the written
patterns as rough edges together with those unknown signals. It really took some time to get it
fixed after repeated testing and still found no reason. Figure A.8 shows the AFM images of
same testing pattern (wheel) before and after SEM moving, clearly indicates the interference
wiggling lines appears in the right image which obviously affects the performance of electron
beam writing. In the mean time, it provides a good opportunity to verify what could be wrong if
the written patterns turned out unsuccessful, and notice the important maintenance of the tool as

a good condition.
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Figure A.8 AFM images show the performance of electron beam writing before and after SEM
moving. Left image illustrates clear wheel pattern before moving. Middle image indicates the
interference wiggling lines after moving, and zoom in image on the right shows obvious
interference from the middle image.

A.5 Etching and annealing processes

Once the FET devices have been fabricated throughout the previous processes, the next
harsh process gets into etching by using hydrofluoric acid (HF). Suspension of the GNRs in FET
devices is achieved by placing a small drop of 1:6 buffered HF on top of the GNR device for 90 s
to etch away approximately 150 nm of the SiO, underneath the ribbons [26, 27]. After wet
etching, the device was transferred to hot isopropyl alcohol (which has low surface tension) and
let try on a 120°C hot plate. Figure A.9 shows a schematic diagram and the atomic force
microscopy (AFM) image of a typical suspended GNR device. The line profile of the suspended
GNR is shown in Figure A.9 (down), indicating that the ribbon is suspended ~150 nm above the

surface of the remaining SiO, without noticeable sagging.
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Figure A.9 (left) Schematic illustration of a GNR-FET consisting of a suspended GNR and the
contact electrodes. (right) AFM image shows a GNR suspended by Au electrodes. (down) Line-
profile of the AFM image in (right) reveals that the GNR is suspended ~150 nm above the
substrate.

Etching process for suspension of GNRs devices by using hydrofluoride acid (HF) in the
whole fabrication is the harshest one due to GNRs in aqueous solution. It also depends on the
pattern design with respect to the channel length and width. For instance, it was found that the
longer GNRs above 600 nm would not easily survive after etching process due to the surface
tension when dried and suspended for GNRs. In order to overcome the surface tension between
liquid and vapor phases, critical point dryer (CPD) has been considered to be used for preventing
the devices from sagging. The model SAMDRI PVT 3D critical point dryer from tousimis was
used in this work. The principle of using CPD is to preserve the structure from damaging when
doing sample preparation in the environment of liquid-vapor coexistence, especially widely used
in biological samples. Most of liquids such as methanol or ethanol have their well defined

critical points, which can be used to replace water with specific pressure and temperature at
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constant volume. At the critical point, the density of liquid and gas phase is equal; without
liquid-gas boundary. Therefore, the dried sample can be preserved without structural damage
due to surface tension after liquid-gas transition. Actually, the GNR sample was immersed in
ethanol and substituted with LCO, under the pressure. The LCO, would be converted to gas
phase at the critical point in high pressure chamber and removed at the temperature above 31°C.
However, there were always oily spots found after critical point drying no matter LCO;, or filter
had been changed, which seriously affected the following electric measurement. Figure A.10
shows the pictures before and after critical point drying, indicating the oily material attached

around the electrodes on the right.

Figure A.10 The pictures show the situation before and after critical point drying. (Left) has
clean surface before critical point drying. (Right) has oily material around the electrodes and
spots in the center area.

Although the oily spots could possibly get improved by changing O ring of the chamber,
it would not be helpful in our case if the surface tension was not the main cause to break down
the GNRs. Recent results showed the GNRs bending down to the substrate after suspension
using direct etching without critical point drying, which was not actually broken. That would

leave this issue open, leading to the proper equipment to be considered in this process. Based on
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the survival rate after suspension using direct etching, the humidity was taken into account for
conducting this process in the beginning. In other words, the higher humidity (above 60%) the
surrounding is, the larger survival rate (> 80%) the GNR has after suspension. However, this is
just statistical data without theoretical verification if it favors high humidity during the liquid-
vapor phase transition to reduce the surface tension when drying. Nevertheless, this process has
been testing almost 100% survival rate after direct etching simply increases the temperature to
boil the liquid IPA and blows it dry, according to the recent results. This is possibly caused by
the less surface tension in hot IPA than that of in cold or warm IPA when experiencing liquid-

vapor transition.

After successful suspension, the devices are annealed in vacuum at 600°C for 10 minutes
to clean the suspended ribbons and improve the electrical contacts before transferred to a
Lakeshore Cryogenics vacuum probe station for further removing adsorbed impurities by current
annealing and subsequent transport measurements in high vacuum. The residual impurities on
GNRs are gradually removed by repeatedly passing a large current through the ribbon; the final
amount of impurities of the GNRs depends both on initial amount and the degree of current
annealing. In fact, thermal annealing is one of the tortuous processes after suspension of GNR
devices. The annealing tool (Ulvac Mila 5000) with program setting used in this study is shown

in Figure A.11.
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Figure A.11 The annealing tool (Ulvac Mila-5000) with program setting was used to remove the
impurities and improve the contact resistance after GNRs suspension.

Due to the thermal expansion and comprise between GNRs and electrodes, it is also easy

to break the GNRs in this process. Actually, nearly 50% devices will be useless after thermal

annealing. However, it is necessary to do this process for improving the contact between GNRs

and electrodes. The following Table A.2 shows the statistics of survived rate after etching and

annealing for our GNRs devices.

Device Name | Processes | Metal Pre- Etching/ | Post- Results

before (Cr/Au) annealin | Suspensio | Annealin

Metal Evaporation | g before |n g after

Evaporati suspensi suspensio

on on n
9-9-10 no.10 - | Same as Cr0.3nm(rate | No Etching 600C Electric-50%
8.1mg PmPv before 0.2A/S) by using Annealing | good, put
son45m Au35nm(rate old hot (rate 3m) | into chamber
cent60m s30m 1.0A/S) plate for further

measurement

9-9-10 no.11 - | Sameas Cr0.3nm(rate | No Etching 600C 50% good in
8.1mg PmPv before- 0.2A/S) by using Annealing | chamber
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son45m new Au35nm(rate old hot (rate 3m) | R3C1
cent60m s30m | pattern 1.0A/S) plate showed
strong temp.
dependence
at 77K
10-26-10 no.28 | Same as Cr0.3nm(rate | No Etching 600C 5/7 after
-8.1mg PmPv | before 0.2A/S) by using Annealing | annealing,
son45m Au35nm(rate old hot (rate 3m) | Electrical
cent60m s30m 1.0A/S) plate Good, R5CO0
good
10-26-10 no.30 | Same as Cr0.3nm(rate | N/A Etching 600C 3/5 survived
-8.1mg PmPV | before 0.2A/S) by using Annealing | after
son45m Au35nm(rate old hot (rate 3m) | suspension
cent60m s30m 1.0A/S) plate
10-26-10 n0.19 | Same as Cr0.3nm(rate | N/A Etching 600C 3/4 survived
-8.1mg PmPV | before 0.2A/S) by using Annealing | after
son45m Au35nm(rate old hot (rate 3m) | suspension
cent60m s30m 1.0A/S) plate
10-26-10 no.23 | Same as Cr0.3nm(rate | No Etching 600C 3/6 survived
-8.1mg PmPV | before 0.2A/S) by using Annealing | after
son45m Au35nm(rate old hot (rate 3m) | annealing
cent60m s30m 1.0A/S) plate
10-26-10 no.21 | Same as Cr0.3nm(rate | No Etching 600C 4/6 survived
-8.1mg PmPv | before 0.2A/S) by using Annealing | after
sond5m Au35nm(rate old hot (rate 3m) | suspension,
cent60m s30m 1.0A/S) plate all failed
after
annealing
2-11-11no.1 - | Sameas Cr0.3nm(rate | No Etching 600C 5/7 survived
8.1mg PmPv before 0.2A/S) by using Annealing | after
son45m Au35nm(rate old hot (rate 3m) | suspension
cent60m s30m 1.0A/S) plate
9-9-10 no.13 - | Sameas Cr0.3nm(rate | No Etching 600C 6/6
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8.1mg PmPv before 0.2A/S) by using Annealing | suspension,
son4s5m Au35nm(rate old hot (rate 3m) | 4/6 annealing
cent60m s60m 1.0A/S) plate

4-20-11 no.6 - | 3 bottles Cr0.3nm(rate | No Etching 600C 8/11 after
8.1mg PmPv plus filter | 0.2A/S) by using Annealing | suspension,
son45m twice Au35nm(rate old hot (rate 3m) | 6/11 after
cent60m s30m 1.0A/S) plate annealing
4-20-11 no.8 - | 3 bottles Cr0.3nm(rate | No Etching 600C 8/11 after
8.1mg PmPv plus filter | 0.2A/S) by using Annealing | suspension,
son45m twice Au35nm(rate old hot (rate 3m) | 6/11 after
cent60m s30m 1.0A/S) plate annealing

Table A.2 It shows the survived rate around 50% after harsh processes such as

annealing in our GNRs devices.

etching and
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APPENDIX B

Several characterization tools have been used in this study such as atomic force
microscope (AFM) and scanning electron microscope (SEM) to characterize the length, width
and thickness of GNRs and MoS,. A semiconductor parameter analyzer (Keithley 4200) was
used to measure the characteristics of GNR and MoS; FET devices for 4.3 < T < 300 K. Other
tools like transmission electron microscope (TEM), scanning tunneling microscope (STM) were
used to characterize the edge structure of GNRs and lattice constants of 2D materials. In
addition, Raman spectrometer was used to characterize the properties of these materials as well

regarding characteristic molecular vibration modes.

B.1 AFM characterization

Atomic force microscope is a powerful tool being extensively used in nano-scale size
materials nowadays due to its resolution down to sub A scale and precise measurement. Like
other characterization tools are having their expansion and limitation, commercial AFM has been
specifically developed to be applicable to many research fields using atomic force between tip
and substrate. The non-contact mode AFM (Park System XE-70) as shown in Figure B.1 was
used to locate individual GNRs and MoS; in this study with respect to the prefabricated Au
alignment marks and to characterize their thickness, width and length as demonstrated in the
previous section. The GNRs characterized by AFM mostly consist of 1-3 layers and 1~5 layers

for MoS, flakes.
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Figure B.1 The configuration of AFM (park XE-70) is used in this study, consisting of the
software (left) and the optical mocrscope and X-Y scanner as the main body (right).

The benefit from park system (X-70) is the separation X-Y scanner and Z movement,
which the position sensitive photo detector (PSPD) will not fluctuate too much as the tip moving
up and down. The PSPD stays more stable than others when scanning the samples. Of course,
the scanning images depend on the quality of the AFM tip as well. Some images occur during
the scanning such as smearing, double image or extra lines, indicating the actions need to be
taken, which either check the vibration of stage or replace the tip. Normally, the tip can be auto
approaching to the sample surface once focus on the surface is done. Before approaching, the
resonant frequency of tip has to be checked to assure the proper settings of drive and set point.
The parameters of scan rate and Z servo gain were set at 0.5 Hz and 8, respectively. In order to
obtain the good image, some skills of operation and patience are needed due to the slow through

put for AFM scanning.

B.2 SEM/TEM characterization

Scanning electron microscope (SEM) and transmission electron microscope (TEM) are

the most important two characterization tools in the study of nano scale materials. By using the
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electron gun, the electrons are generated and accelerated in the SEM system through the column
with high voltge~30 KV and coils inside, providing the interaction between electrons and sample
surface with secondary electrons to investigate the morphology of the sample. Other signals
from backscattered electrons and inelastic scattering like X-ray radiation from inner orbits are
widely used for characterizing the grain size and chemical elements. Similar to SEM, TEM also
uses the high energy electrons to hit the sample, but higher accelerating voltage ~200 KV to let
the electrons penetrate the sample. The wavelength of electrons in TEM system can be reached
to sub A by increasing the accelerating voltage to overcome the diffraction limit of visible light
source, providing the ability to probe the nano structures or defects of the materials. In addition,
the bright field image (BF) from non-scattered electron beam and dark field image from scattered
non-central electron beam provide the detail information of lattice structure in nano scale

materials. Figure B.2 shows the SEM (JOEL 7600F) and TEM (JOEL 2010) used in this work.

Figure B.2 The SEM (JOEL 7600F)-left and TEM (JOEL 2010)-right were used for
characterizing the nano structure and chemical elements of materials.

From the experimental results shown in the previous chapter, the intrinsic bandgaps are

possibly corresponding to the edge structures of GNRs. To verify the agreement between
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theoretic modeling and experimental results, the measured devices were put into SEM for
imaging from 25K~100K in magnification as shown in Figure B.3. The dimension of GNR of
SEM images was observed around 28 nm in width. However, it did not give enough information

about the situation of GNR edges.

WOy . §510

Figure B.3 The SEM images (25K~100K) show the dimension of measured device around 28
nm in width.

However, the resolution will depend on the SEM tool used for imaging. The following
images as shown in Figure B.4 were taken from ZEISS-MERLIN with the magnification up to
1000K for GNRs. It is shown more clear images and easier to determine the width of GNRs
around 20 nm, which is what we expected to have. Unfortunately, it is still not possible to gain

the information of edge structure just by using SEM imaging.
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Figure B.4 The GNRs images were taken from ZEISS-MERLIN with magnification up to
1000K, indicating the width of GNRs ~20 nm.

Therefore, the real image of the edge structure has to be carried out by other effective
tools than just by the topography of SEM. The candidates of observation tools would be selected
as TEM or STM to have atomic resolution due to the possible GNR orientations created during
synthesis. However, sample preparation for TEM observation is critical and important,
suggesting that the traditional methods of triad pod or focus ion beam (FIB) for TEM samples
may not be applicable to GNRs devices. The suspended GNRs may turn out to be too fragile to
survive the transfer process for TEM images. In this unlikely scenario, we will fabricate FETs on
a section of a several micro-long GNR and suspend only the active device area, while leaving the
rest of the GNR supported by the substrate. This design will allow us to correlate the edge
structure of the substrate-supported portion of the GNR with the electrical properties of the
suspended GNR-FET. The second alternative is to focus on GNR-FETs with shorter suspended

regions, which appeared to be more robust in the preliminary study. The third alternative is to
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fabricate a metal grid on top of the GNR-FET devices using a shadow mask, cleave the substrate
close to the metal grid, and etch away the substrate beneath the metal grid to suspend the GNR-

FET devices from the Si substrate [131].

In order to have GNRs transferred to Cu grid or TEM holder for TEM observation, three
approaches have been conducted in this work by using HF etching [129] plus thermal release
tape, NaOH etching [130] plus HF etching and TMAH etching [131] plus HF etching to verify
the best way of having good TEM samples. In the mean time, three steps have been considered
to transfer the GNR to Cu grid, including i) the possibility of large electrodes transfer, ii) the
possibility of real electrodes transfer and iii) the final stage of the possibility for GNRs transfer.
The method of using TMAH and HF etching seems promising to have good TEM samples of

GNR fitting in TEM holder for further observation.

(I) HF Etching +Thermal Release Tape

The large electrodes have been fabricated in the first trial to see the possibility of pattern
transfer to Cu grid. Figure B.5 shows the large electrodes and Cu grid attached on it by dropping

some PMMA around the corner.




116

Figure B.5 The large electrodes were fabricated by standard E-beam lithography on the left and
Cu grid was attached on the top by dropping some PMMA on the corner shown on the right.

Then drop HF on the large electrodes to etch away Si/SiO, for 1.5 hours as shown in the
Figure B.6 on the left, which most of the electrodes had been peeled off. In order to transfer the
pattern to Cu grid, the thermal release tape was applied to another pattern shown in the middle of
Figure B.6 at the temperature 90°C. However, the pattern did not transfer to Cu grid completely

on the right in Figure B.6.

n Pl

Figure B.6 Most of the large electrodes were peeled off on the left, and the pattern in the middle
did not transfer to Cu grid completely shown on the right.

(11) NaOH + HF Etching

Another approach was to coat a layer of PMMA on the electrodes and put it into NaOH
solution at the temperature 90°C followed by HF etching. The purpose of using this method was
to etch away Si/SiO, quickly and had the electrodes adhered on PMMA, which could form a
sturdy layer and be transferred to Cu grid easily. Figure B.7 shows the results for 20 minutes
etching, which gives non-flat and non-complete pattern on PMMA. Therefore, this approach

seems not promising.
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NaOH 1M, 90°C, 20 min

HF etching

Figure B.7 The pattern does not completely adhere on PMMA and this approach seems not
promising.

(111) TMAH + HF Etching

The purpose of using TMAH was to utilize the advantage of different etching rates for Si
and SiO,. First cut the edge close to the target, then put it into TMAH solution at the
temperature 70°C for 1 hour shown in Figure B.8. The Si substrate had almost been etched to the
target line followed by HF etching to get rid of SiO,. There were still electrodes suspended and
survived, which could put into TEM holder directly for observation if there were GNRs in the
electrodes. This approach seems to be very promising, giving the possibility for further TEM

observation.
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Figure B.8 There were some electrodes suspended and survived using TMAH and HF etching,
giving the possibility for TEM observation.

Except the TEM preparation for GNRs, another TEM sample preparation for TiS; has
been carried out using traditional method. In order to verify the composition and structure of
TiS; material, a piece of flake was first mounted on the SEM holder to conduct energy dispersive
spectrum (EDS) using JOEL 7600F SEM as shown in Figure B.9, illustrating the Ti and S peak

with the atomic ratio 1:2, which was actually the composition of TiS, material.
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Figure B.9 The EDS spectrum shows the composition of TiS; film.

Next, another piece flake of TiS, was mounted on the TEM Cu grid without carbon film

with proper ratio of epoxy to have ion milled to less than 100 nm thick for TEM observation.
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Figure B.10 (a) shows the HR-TEM image, indicating the single crystal structure of TiS,. In
order to identify the exact structure of TiS,, the selected area diffraction (SAD) as shown in the

Figure B.10 (b) has been carried out for calculating the lattice constants of TiS,.

Figure B.10 The HRTEM image (a) and diffraction pattern using SAD (b) for 2-D material TiS,,
showing the lattice constant 3.397 A after calculation.

According to the formula (B.1) shown below, where R and d are the radius of ring and
distance of lattice plane in diffraction pattern, and L and 1 are the camera length of TEM and

wavelength of electron, respectively.

Rd = LA (B.1)

The first step is to calculate the LA using the diffraction pattern of standard sample like steel as
117.57 or this value can be obtained for L with magnification and for A with accelerating voltage.
Then second step is to measure the radius R~40 pixels from the diffraction pattern above and
calculate d=2.939 A, which quite matches the value 2.9418 A listed in the table from the

diffraction data of X-ray for TiS,, indicating the plane [1, 0, 0] obtained from diffraction pattern.
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In that case, the lattice constants are a=b=3.397A for TiS, hexagonal structure, which is

consistent with the value shown in the literature.
B.3 Electrical property measurement

As the devices had been fabricated, they would be measured at ambient probe station first
regarding I-V curve for resistance. If the devices turned out to be good as reasonable range of
resistance 10*~10° Q for GNRs and 10'~10°Q for MoS;, then they would be put into chamber in
vacuum surroundings for further measurements. The equipment for measuring electrical
properties corresponding to resistance, gate dependence and |-V characteristic curve is shown in
the Figure B.11, including the high vacuum chamber (107 torr) of probe station with four probes

inside (Lakeshore Cryogenics) and Keithley 4200 semiconductor parameter analyzer.

Figure B.11 The high vacuum probe station (Lakeshore Crygenics)-(left) and Keithley 4200
semiconductor parameter analyzer-(right) are used in this work.

Once the samples were determined to put into vacuum chamber, several things had to be
carefully aware of. First, the probe tips are fragile and must be very cautiously handled during
opening the chamber, trying not to touch the tips by extracting them from the center of the stage

as far as possible. Next, the chamber stage has to be wiped out very clean to pump down to 10



121

torr and get rid of any humidity or moisture as possible. In order to get good contact between
substrate and stage, little vacuum grease for thermal contact and carbon tape for electrical
contact will be applied to the samples. Check the connection of the probe tips before close the

chamber and ready for pumping down by turbo pump.

As described in the previous chapter, the back-gate voltage would be applied to measure
gate dependence as well as the top-gate configuration with placing polymer electrolyte or ionic
liquid on the top of electrodes. The back-gate voltage was usually applied at the range -
15V~15V for GNR devices to prevent them from collapsing, while the applied voltage could be
increased to -80V~80V for the MoS, devices without suspension. The following Figure B.12

shows the typical gate dependence measurements for GNR and MoS;, respectively.
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Figure B.12 (a)The gate dependence measurement Vg versus Conductance for GNR, and (b) the
gate dependence measurement Vg versus drain current for MoS;.

Actually, a series of measurements would be done if the device showed strong gate

dependence result at ambient measurement. For example, the temperature dependence would be
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carried out using liquid nitrogen or liquid helium, providing the data to calculate the mobility,
contact resistance and other electrical characteristics as a function of temperature. The typical I-
V curve would also be measured to see the ohmic contact with every single temperature point,
especially for MoS; measurement due to contact issue between sample and deposited metals
(normally Ti/Au). For GNR devices, the following two methods were conducted to measure the
coulomb blockade or coulomb diamond generated by current annealing due to narrow channel

similar to single electron transistor.

(1) DC measurement

In order to obtain the coulomb diamond with respect to the narrow constriction caused by
current annealing, DC measurement for 1-V curve with varying gate voltage must be set small
enough to plot the graph. In other words, the coulomb diamond will not be able to see if the
energy gap is not big enough, even cooling down to 4.2K using liquid helium. Sometimes, the
system is not able to take so many data points, which contradicts our needs and we have to
comprise between the data point and time consuming. Several attempts to measure the diamond
had been done during this work. However, it is not every single trial acquiring the information
for us to calculate the bandgap due to the static damage or fragility of GNR itself in these
circumstances. A successful measurement of the coulomb diamond using DC measurement at
200K was shown in chapter 3, leading to the bandgap around 700 meV consistent with the value
calculated from thermal energy gap. In addition, the software Origin was used to plot the

coulomb diamond.

(11) AC measurement
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AC measurement is a direct method of measuring dl/dV versus gate voltage (V) using
lock-in amplifier setup shown in the Figure B.13 for plotting the coulomb diamond when cooling
down to 4.2K. Before the leads connecting the sample, the lock-in has to set at O to avoid any
damage of sample. Once connected, AC of lock-in amplifier will be set at 1V, which is 1 mV
due to the divider. The sensitivity of current pre-amplifier was usually set at 10”/volt and
100~500 mV would be set for the sensitivity of lock-in amplifier referred to the measured drain
current from DC measurement. The range of bias voltage and gate voltage also has to be
referred to the DC measurement data as well. One thing is worth pointing out, which is the

connection of back-gate voltage as ground to ground from the volt meter to probe station.

Figure B.13 The AC measurement setup includes lock-in amplifier, current pre-amplifier, volt
and current meters together with Labview software to control the system.

As stated in the previous section, the survival rate was not high enough to do this
measurement. Nevertheless, a successful measurement at 4.2K was shown the gap size around
100 meV in chapter 2, which was quite consistent with the value calculated from thermal

activation energy of low disorder GNR.
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B.4 Raman spectroscopy measurement

Raman scattering, an inelastic scattering, has been now widely used in characterization
for materials with respect to the characteristic molecular vibration. In contrast to elastic
scattering called Reyleigh scattering, Raman spectroscopy related to this inelastic scattering
provides the fingerprint to identify the unknown materials. The Raman shift in cm™is the
measure of the change in wavelength of scattered photons with respect to the incident photons
based on the following equation (B.2), where h is the Planck constant, A; and A; are the

wavelengths of scattered and incident photons, respectively.

1
AE = h(——

1
As ;11')

(B.2)

If the energy of scattered photons is less than that of incident photons, this process is known as
Stokes scattering. While the energy of scattered photons is larger than that of incident photons,
this process is called anti-Stokes scatteing. The Raman spectroscopy used in this study shown as
Figure B.14 includes Jobin—Yvon Horiba Triax 550 spectrometer, a liquid-nitrogen cooled
charge-coupled device (CCD) detector, an Olympus model BX41 microscope with a 100 x
objective, and a Modu-Laser (Stellar-Pro-L) Argon-ion laser operating at 514.5 nm. The laser
spot size was ~ 1 pum in diameter and the laser power at the sample was maintained at low level

(~ 200 pW) to avoid any heating effect.
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Figure B.14 The Raman spectroscopy was used in this study, including Jobin—Yvon Horiba
Triax 550 spectrometer, a liquid-nitrogen cooled charge-coupled device (CCD) detector, an
Olympus model BX41 microscope with a 100 x objective, and a Modu-Laser (Stellar-Pro-L)

Argon-ion laser operating at 514.5 nm.

The parameters such as exposure time and frequency were normally set at 20 sec and 5 sc
for most of our samples. The following Figure B.15 shows the typical Raman spectra for MoS,
material and CVVD grown graphene, indicating the characteristic peaks related to crystal structure

for MoS; and D/G peak ratio with respect to impurity level for graphene, respectively.
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Figure B.15 The characteristic peaks of Raman spetra for (a) MoS, and (b) CVD grown
graphene, indicating the crystal structure and impurity level for these two materials, respectively.

B.5 XRD measurement

X-ray diffraction (XRD) is commonly used nowaday to investigate the structure, phase
transition and lattice constants of bulk or thin film materials. The wavelength of X-ray is
comparable to the spacing of lattice, making it a suitable tool to probe the structures of crystals.
The Rigaku RU 2000 X-ray powder diffractometer with wavelength 1.5418A was used to
characterize the structures of our 2D materials in this study. The monochromatic and collimated

X-ray hits the sample at an angle 6 to the plane of the sample and diffracts from the plane

according to Bragg’s law shown below.

2d sin 8 = ni (B.3)

where d is the spacing of the crystal lattice, A the wavelength of X-ray and n the order of
diffraction. Once the X-ray spectrum came out, the characteristic peaks of measured materials
could be identified when comparing the fingerprints in the data file. The following Figure B.16
shows the characteristic X-ray spectrum of TiS; to verify the phase of this material, indicating
the peaks of pure TiS, combining with little oxidation of TiO,. Therefore, XRD is a powerful

tool to indentify the structure of crystal, even unknown materials.
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Figure B.16 The XRD spectrum of 2D material TiS; using diffractometer indicates the pure TiS,
characterisitc peaks together with little oxidation of TiO, peak.

B.6 STM measurement

As mentioned in the beginning, scanning tunneling microscope (STM) or scanning
tunneling spectroscopy (STS) is one of the characterization tools to probe the edge structure and
crystallography of GNRs. By means of the unique measurement of STM/STS through tunneling
current between tip and sample surface, the correlation between the electrical properties of GNR-
FETs with the atomic structure and crystallographic orientation of GNR edges and the detail
band structure (e.g. the intrinsic bandgap) can expectedly be established. Low temperature STM
is capable of resolving the atomic structure at the GNR edges and measuring the local electronic

structure of GNRs.
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A unique quadraprobe STM system to perform combined STM/STS and electrical
transport/transport spectroscopy measurements in ultrahigh vacuum was used in this work and in
collaboration with Dr. An-Ping Li at Oak Ridge National Laboratory (ORNL). The quadraprobe
STM system includes a high-resolution FESEM and four independently controllable STM probes
[155]. Since STM imaging of GNR edges requires conductive substrates, it may prove
extremely challenging to carry out STM/STS studies on suspended GNRs. On the other hand,
fabrication of GNR-FETSs requires insulating substrates. However, in order to correlate the
electronic and edge structures (as determined by STS/STM) with the device characteristics of
GNR-FETSs (transport properties), it is necessary to carry out both STS/STM and transport
measurements on the same GNRs. To resolve this apparent controversy, GNRs were deposited
partially on conducting substrate for STS/STM and partially on insulting substrate for GNR-FET
device fabrication and transport measurement. To achieve this goal, large area graphene sheets
produced by CVD were deposited on SiO, substrate to form conducting patches before
depositing GNRs from a GNR solution. The STM/STS measurement had been conducted at low
temperatures, trying to obtain dI/dV differential conductance of GNRs. However, the bandgap

could not be obviously obtained possibly due to the leakage current for unclean sample.
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The electrical transport measurements on a suspended ultra-low-disorder graphene
nanoribbon (GNR) with nearly atomically smooth edges that reveal a high mobility exceeding
3000 cm? V! st and an intrinsic bandgap was reported in this study. The experimentally derived
bandgap is in quantitative agreement with the results of our electronic-structure calculations on
chiral GNRs with comparable width taking into account the electron-electron interactions,
indicating that the origin of the bandgap in non-armchair GNRs is partially due to the magnetic
zigzag edges. In addition, electrical transport measurements show that current-annealing
effectively removes the impurities on the suspended graphene nanoribbons, uncovering the
intrinsic ambipolar transfer characteristic of graphene. Further increasing the annealing current
creates a narrow constriction in the ribbon, leading to the formation of a large band-gap and

subsequent high on/off ratio (which can exceed 10%). This work shows for the first time that
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ambipolar field effect characteristics and high on/off ratios at room temperature can be achieved

in relatively wide graphene nanoribbon (15 nm ~50 nm) by controlled current annealing.

Moreover, a simple one-stage solution-based method was developed to produce graphene
nanoribbons by sonicating graphite powder in organic solutions with polymer surfactant. Single-
layer and few-layer graphene nanoribbons with a width ranging from sub-10 nm to tens of nm
and length ranging from hundreds of nm to 1 um were routinely observed. Electrical transport
properties of individual graphene nanoribbons were measured in both the back-gate and
polymer-electrolyte top-gate configurations. The mobility of the graphene nanoribbons was
found to be over an order of magnitude higher when measured in the latter than in the former
configuration (without the polymer electrolyte), which can be attributed to the screening of the
charged impurities by the counter-ions in the polymer electrolyte. This finding suggests that the
charge transport in these solution-produced graphene nanoribbons is largely limited by charged
impurity scattering.

We also report electrical characterization of monolayer molybdenum disulfide (MoS,)
devices using a thin layer of polymer electrolyte consisting of poly (ethylene oxide) (PEO) and
lithium perchlorate (LiCIO,4) as both a contact-barrier reducer and channel mobility booster. We
find that bare MoS, devices (without polymer electrolyte) fabricated on Si/SiO, have low
channel mobility and large contact resistance, both of which severely limit the field-effect
mobility of the devices. A thin layer of PEO/ LiClO,4 deposited on top of the devices not only
substantially reduces the contact resistance but also boost the channel mobility, leading up to
three-orders-of-magnitude enhancement of the field-effect mobility of the device. When the

polymer electrolyte is used as a gate medium, the MoS; field-effect transistors exhibit excellent
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device characteristics such as a near ideal subthreshold swing and an on/off ratio of 10° as a
result of the strong gate-channel coupling. In addition, the ambipolar field-effect transistors of
atomically thin MoS; with an ionic liquid gate were realized in this study. A record high On-Off
current ratio greater than 10° is achieved for hole transport in a bilayer MoS, transistor, while
that for electron transport exceeds 10°. The scaled transconductance of the device reaches 11.8
pS/um at a drain-source voltage of 1V, which is an order of magnitude large than that observed
in MoS; transistors with a high-x top-gate dielectric. A near ideal subthreshold swing of

47mV/dec at 230 K is also achieved in the bilayer MoS; device.
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