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Abstract

Carbon nanotube (CNT) is one of the most promising materials for the next
generation electronics. However, there still have been many challenges for the
realization of CNT-based electronics. Especially, the hole-favored electronic
property of CNT in ambient condition has been the huge obstacle. To form an
integrated circuit for logic computation, both n-type and p-type transistors are

necessary. Hence, reliably working n-type CNT transistors have been desired.

We report changes in the electrical property of single-walled carbon nanotube
(SWNT) caused by exposure to high-pressure hydrogen gas. First, we report the
electron doping effect of SWNT. In-situ 3-terminal electrical measurements with
hexagonal boron nitride (hBN) substrate were used to observe the intrinsic
electronic properties of hydrogen-exposed SWNT. Comparing to the planar
graphene sheet device, we observed the curved structure of SWNT is advantages
on the reaction with hydrogen molecules. X-ray photoelectron spectroscopy (XPS)
and Raman spectroscopy verified the formation of C-H bond on SWNT surface
after the hydrogen exposure process. The covalent bond yielded short-range

scattering in the graphene device and band gap widening in the SWNT devices.

Second, the metal work function-dependent doping effect on SWNT field effect
transistor (FET) is investigated. To obtain the SWNT FET with higher Schottky
barrier (SB) for the hole injection, we adapted the different contact metals that have
lower work functions such as Cr and Ti replacing the Au/Ti electrodes. Comparing

to the Au/Ti-contacted SWNT FET case, we observed noticeable hole carrier



reduction after the hydrogen exposure in Cr- and Ti-contacted devices. It suggest
the doping induced SB thickness change relies on the SB height. In other words,
the changes in thickness (via electron doping) of higher SB (via low work function
metal contact) causes more significant effect on the /4-V, curve. Consequently, we
achieved the SWNT FET that nearly perfectly working as an n-type semiconductor

by hydrogen exposure to SWNT FET with Ti contacts.

Since the electron doping effect was also reproduced in SWNT network devices,
we expect the useful electrical properties and the stable nature of C-H bond
observed in the hydrogen-exposed SWNT can leads a step forward to the

application of SWNT for the next generation electronics.

Keywords : Carbon nanotube, hydrogenation, electron doping, n-type

transistor, electrical measurements, electrical contact, Schottky barrier
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Chapter 1

Introduction

1.1 Introduction of carbon nanotubes

After great success of Si-based electronics, we are facing the end of Moore's law
era saying that the number of transistors in integrated circuit doubles every two
years [1]. Because of the physical limits such as significant power consumption
caused by leakage current and the short channel effect, the transistors cannot be
reduced limitlessly. Approaching the quantum mechanical regime, new concept of
transistors and materials is desired to replace the Si-based electronics. Carbon
nanotube (CNT) is one of the most promising materials for the next generation
electronics. After the discovery of the single-walled carbon nanotubes (SWNT) in
1991 by lijima [2], the one-dimensional material quickly attracted a great research
attention. Especially, the high electrical performance such as high mobility [3],
current density [4] and on-off ratio [5] made the SWNT fascinating as a
replacement of Si in today's electronics. However, there still have been many
challenges for the realization of CNT-based electronics such as lack of reliable

fabrication technique for scalable high-performance device, high electrical contact



barriers, and difficulty of changing the majority charge carrier. Especially, the hole-
favored electronic property of SWNT in ambient condition has been the huge
obstacle. To form an integrated circuit for logic computation, both n-type and p-
type transistors are necessary. So, reliably working n-type SWNT transistors have

been desired.

1.2 Electronic structure of single-walled carbon nanotubes

To understand the electronic properties of single-walled carbon nanotubes (SWNT),
we would better start with understanding a sheet of carbon layer, graphene.
Graphene is one atom thick carbon sheet with hexagonal lattice. Because carbon is
the group IV element in the periodic table, the number of peripheral electron is
supposed to be four. There are total four orbitals to be occupied, 2s, 2py, 2py, and
2p,, where 2s is the lowest energy state and the others are degenerated above that.
However, to form a hexagonal lattice, three orbitals with equal energy (degeneracy)
are needed at the ground state. Consequently, 2s, 2p,, and 2p, orbitals hybridize
resulting in the three 2sp orbitals with degeneracy. Hence the three 2sp orbitals
forms a covalent bond (o-bond) with the three nearest carbon atoms building the
two-dimensional hexagonal lattice, and the 2p, orbital is occupied by one electron
(7 electron). Due to the orbital is occupied by only one electron, the half-filled
orbital provides relatively free space for the electrons to move quickly. Exceeding
10% cm?/ (V+s) electrical mobility of graphene has been reported [6]. The electronic

energy band structure of graphene is described in Fig. 1.1.
2



Figure 1.1 Electronic energy band structure of graphene. Adapted from Ref. [7].
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Figure 1.2 Energy band structures of SWNTs. (a) Chirality of SWNT. Image

adapted from Ref. [8]. Energy band structures of (b) metallic (c) and



semiconducting SWNTs. (b, ¢) are adapted from Ref. [9]

As described in Fig. 1.1, the energy band structure of graphene has six-fold
symmetry. Therefore, at the Fermi level, there are six points (K-points) where the
conduction and valance band meet. Looking into one of the K-points, both
conduction and valance bands have cone shape (so called "Dirac cone") meeting at
the K-point (so called "Dirac point") as described in left of Figs. 1.2b,c. Because
both bands have highly symmetric structure with linear dispersion, the effective
mass of electron (which is determined by curvature of energy band) becomes zero.
A charge carrier in this regime without effective mass (so called "Dirac Fermion")

gives the exotic properties to graphene sheet.

SWNT can be regarded as a rolled graphene strap. Figure 1.2a shows a graphene

sheet with the unit vector a; and a,. The chirality of SWNT can be quantified by

—

the chirality vector, C=na, +ma,. Once the graphene strap is rolled up with the

— — —

chirality vector C, the electron wave function is confined to k, -C=2m (i is

an integer) according to the boundary conditions. Figure 1.2b graphically explains

the restriction of momentum in the energy band structure. Because the momentum

kJ_

of electron in the SWNT is limited to the certain value of

(left of Fig. 1.2b),

cross-section plane perpendicular to &, becomes the energy band of SWNT as

described right side of Fig. 1.2b. In case the chirality vector fulfills the condition n



ky

- m = 3i, the cross-section plane crosses =0. The charge carrier in this semi-

metallic energy band structure does not have forbidden energy band, i.e. band gap
(right side of Fig. 1.2b). Hence the SWNT shows metallic behavior. While, in case
of n - m # 3i, SWNT shows semiconducting behavior with opening the band gap as

described in Fig. 1.2c.

1.3 Electrical contact to SWNT and Schottky barrier

Due to the special geometry of carbon nanotubes, quasi 1-dimensional channel, 4-
probe electrical measurement technique does not have any advantages. As the
metal contacts separate CNT into segments, the independent voltage measurements
provided by 4-brobe technique are difficult [10]. Consequently, 2-probe method
sharing voltage source and current measurement in the same electrodes are usually
performed for the characterization of electronic properties of CNT. Therefore, not
only the channel but also contacts play important role in deciding the total
electrical property of electronic CNT devices. It brings to a conclusion that study
on the interface of SWNT and metal contact is inevitable for the comprehensive

understanding on the system.
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Figure 1.3 Schematic energy diagram of SWNT and high work function metal

electrodes with contact.

In the ideal case without surface states, the work function of metal and
semiconductor are the two most important factors in formation of Schottky barrier.
Left side of Fig. 1.3 shows the schematic energy diagram before the formation of
metal-semiconductor junction. The metal with high work function (@) is aligning
with the SWNT having the Fermi-level in the middle of the energy gap [11].
Before they are in contact, there is no interaction. Once they are close enough that
the electrons of both sides can interact with each other, it tends to be equilibrium
sharing same Fermi-level throughout the system [11]. In other words, the electron
of higher Fermi-level material (semiconductor in this case) will flow to the lower
Fermi-level material (metal contact). Because metal is regarded as an electron
reservoir, the process ends up with the aligning Fermi-level of metal. In the same
time, the contact potential of (@ - @yr)/q is built at the interface where the @yr is

work function of the SWNT and ¢ is the unit charge [12]. Due to the contact
6



potential, negative charge (in the case of Fig. 1.3) are formed at the metal surface.
The negative charges induce positive charges at SWNT making p-# junction at the
interface. Because the contact potential is determined by the potential of
semiconductor with regard to the metal contact, the height of Schottky barrier is
defined as "@sg = @y — y for electron injection, and *&sg = I — @y for hole
injection [11]. y is electron affinity of SWNT that is the energy needed to remove
an electron from the conduction band minimum. / is ionization energy that
represents the energy difference of valence band maximum and vacuum level.
However, in case of real devices, there are interface states such as defects on the
semiconductor surface, charge traps, and lattice miss match with metal contacts.
These interface states make the influence of metal work function on height of SB
less effective [12]. Figure 1.4 is the experimental barrier heights for different
metals with Si contacts. Without interface states, the SB heights depending on
metal work function are supposed to have the slope 1 that represents perfect
dependence on metal work function. However, the experimental results show that
the slope of SB height dependence on metal work function (c¢) lies at the
somewhere between 0 and 1 where ¢ = 0 represents the perfect independence of SB

height on metal work function [12].
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Figure 1.4 Schottky barrier height of Si depending on work function of contact
metal. ¢ is the slope of the line. ¢ = 0 line represents the perfect independence of
SB height on metal work function, and ¢= 1 line represents perfect dependence of

SB height on metal work function. Adapted from Ref.[12].

1.4 Outline of Thesis

In this thesis, the electrical properties of hydrogen-exposed SWNT are studied.
After the introducing the structural, electronic structure of SWNT in chapter 1, the
backgrounds on the reported properties of hydrogen-exposed CNT is presented in

chapter 2.

In chapter 3, we discuss the electron doping effect of hydrogen exposed individual
8



SWNT and its networks. Using hexagonal boron nitride (hBN) substrates and the
in-situ 3-terminal electrical measurements, we can rule out the extrinsic effects
caused by oxide substrates or oxygen environments that significantly affect the
electronic properties of SWNT. The shifted /4-V,s curves with respect to the
hydrogen exposure time are analyzed to reveal the electron doping effect expected
on the graphitic materials exposed to hydrogen. Comparing the SWNT device and
graphene device having different curvatures, we study the effect of curved structure
on the reaction to hydrogen. Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) were performed to check the formation of C-H bond on the
SWNT surface. Electrical measurements on the hydrogen exposed metallic SWNT
device was carried out to verify the band gap widening of SWNT by exposure to
hydrogen. Finally, the hydrogen exposure process of SWNT network FET is
demonstrated to open the possibility of scalable fabrication of electron doping

using the technique.

In chapter 4, the metal work function-dependent doping effect on SWNT FET is
investigated. To obtain the SWNT FET with higher Schottky barrier for the hole
injection, we employ the different contact metal that have lower work function
such as Cr replacing the Au electrodes. Eventually, SWNT FET with Ti electrodes

is exposed to hydrogen to reveal the possibility of realization of n-type SWNT FET.
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Chapter 2

Backgrounds on hydrogen-exposed

SWNTSs

2.1 Hydrogen storage

Hydrogen has been regarded as one of the most promising energy carriers with
great potential. The carbon-free and clean-burning nature makes it attractive as
next generation clean fuel. However, achieving efficient storage technique has been
the major obstacle that hinders the commercialization of hydrogen as an energy
fuel. After the first report on the hydrogen storage in SWNTs in 1997 [1], the CNT
was intensively studied for the storage materials for the hydrogen gas [2-6]. Briefly,

there were two main approaches for the hydrogen gas storage.
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Figure 2.1 Hydrogen storage of CNT. Adapted from Ref. [4].

First, cryo-adsorption technique has been developed for the physisorption of
hydrogen gas on the SWNT surface [2]. P. Sudan ef al. have reported that the
molecular hydrogen can be weakly bound to the SWNT surface using van der
Waals force [3]. Because the technique relies on the physisorption of hydrogen on
the graphitic surface, low temperature is needed to hold the hydrogen gas on the
SWNT surface. Maximum ~1 wt% of hydrogen gas can be stored in SWNT surface

at ~100 K [3].

Second, hydrogen spillover technique has been performed for the chemisorption
of hydrogen on the SWNT surface. Since the dissociation of hydrogen molecule
into two hydrogen atoms have a high energy barrier (~3 eV) [7], metal catalysts
was employed for the dissociation of hydrogen gas. Metal catalysts such as Pt [5]

and Pd [6] were deposited on the SWNT surface to enhance the hydrogen spillover
12



on SWNT surfaces at room temperature. Because the amount of hydrogen spillover
is proportional to the square root of pressure of hydrogen gas [8], this technique

requires SWNT to be exposed to high H, pressure.

Despite tremendous efforts on the hydrogen storage on CNTs with various
approaches [2-6], it is well accepted that CNT-based materials are not suitable for
the hydrogen gas storage [9] for two main reasons. First, the recovery rate is low
[10]. Second, the capacity is far from the minimum limit of commercial storage
requirement for automobiles, 7.5 wt% (suggested by U.S. Department of Energy).
Comparing to the compressed gas tank having 13 wt% of storage capacity, the
CNT have not showed any promising potentials that alternates the conventional

storage techniques.

13



Carbon material T(K) p(MPa) Hydrogen
amount [wt.%)

SWNTs 133 0.04 5-10
SWNTs 80 4-8 8
SWNTs 298 10 4.2
SWNTs 295  0.1067 0.932
SWNTs 77 01079 237
SWNTs 298 0.1 0.01
SWNTs 77 01 1
Li-doped MWNTs 635 - 20
K-doped MWNTs 298 - 14
K-doped MWNTs - - 2
CNTs 300 <7 0.5
MWNTs, SWNTs, GNFs 208 7.5 <0.5
MWNTs, SWNTs, GNFs 77 75 <]
milled MWNTs 298 8-9 0.66
MWNTs without milling 298 8-9 ~0.1
MWNTs milled with MgO 298 8-9 0.69
SWNTs, MWNTs 298 152 <1.5
SWNTs, MWNTs - <1.48 <1
MWNTs with hydride catalyst 143 7.5 <35
CNTs 298 10 21
SWNTs 123 25 24
K-doped SWNTs 33 041 261
Pt/SWNTs 125 7.8 3.03
Ag/MWNTs 298 23 <0.86
MWNTSs 77 6.5 =1.21
Pd/MWNTs 77 6.5 0.37
VIMWNTs 77 6.5 0.4
Pd/MWNTs 298 6.5 0.125
VIMWNTs 298 6.5 0.1
BCNTs 300 8 <2
BCNTs 298 8 <2
MWNTs, SWNTs, GNFs 77 7.5 <]
CNTs - - 4
MWNTs with transition metals - - 83
Defective CNTs 573 041 1.5

Table 2.1 Experimentally reported hydrogen storage capacities in CNTs. Adapted

from Ref.[11].

14



2.2 Unzipping of SWNT

Because graphene does not have energy band gap [12], making transistor using
graphene is difficult. However, the graphene nano-ribbon (GNR) having width less
than 50 nm has been suggested for the alternative [13]. Since the charge carriers in
GNR have the limited direction as in case of SWNT, it is possible for the GNR to

have energy band gap [14].

Figure 2.2 Schematic image of GNR made of unzipping of SWNT using

hydrogenation. Adapted from Ref.[15].

Unzipping of SWNT has been suggested for the fabrication of GNR [16]. Among
the various approaches such as oxidation [17] and acid treatment [18],

hydrogenation provides more mild environment less affecting the electronic

15



structure of SWNT [15]. A. V. Talyzin ef al. have reported the unzipping effect of
SWNT with high-temperature (~400 °C) and high-pressure (~50 bar) environment
(Fig. 2.3a) [15]. They observed the spillover effect from Fe catalyst that were used
for the synthesis process of SWNT (Figs. 2.3b) [15]. The metallic catalysts used for
synthesis of CNT are very difficult to be totally removed. Even after acid
purification process, ~1 wt% of metal catalysts such as Fe, Ni are remained [19].
This observation is important because it opens the possibility of spillover effect

that is necessary for the chemisorption of hydrogen onto SWNT surface.

25 T T T T T L
L hv =700 eV Fe3p (Met)

20 | d
< FeO
E |
a
1]
‘E: 15 L Fe O, CNB
s
= CNB-H

10 F i

5 k-
SWNT-H
i ——

60 58 56 54 52 50
Binding energy (eV)

Figure 2.3 Unzipping of SWNT using hydrogen spillover. (a) Transmission
electron microscopy of GNR made of unzipping of SWNT via hydrogenation. (b)

X-ray photoelectron microscopy of SWNT. The Fe is oxidized after hydrogenation

16



process. It suggests the lowered metal work function during the hydrogen spillover

effect. Adapted from Ref.[15].

2.3 Energy band gap widening of hydrogenated

SWNT

Figure 2.4 Schematic image of graphane. Adapted from Ref.[20].

After the first report on fully hydrogenated graphene, "graphane" [21], the
hydrogenation of graphitic layer have attracted attention. The material so called 2-
dimensional diamond has been researched for energy band gap opening, and
realization of two-dimensional insulating layers. However, making perfect
graphane is very difficult because functionalization of dense hydrogen both side of
graphene (Fig. 2.4) is challenging [22]. On the other hand, in terms of band gap
opening, several successful outputs on the hydrogenation of metallic SWNT have
been reported. K. S. Kim et al. have reported that energy band structure of

17



hydrogenated metallic SWNT calculated by density functional theory (DFT) shows
the opening the energy band gap [23]. Also, they experimentally observed the
semiconducting behavior of SWNT after hydrogen molecule exposure process [24].
Moreover, G. Zhang et al. have reported the similar result, increased on-off ratio of

metallic SWNT after hydrogen plasma treatment [25].
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Figure 2.5 Band gap widening of SWNT. (a) Density of state (DOS) of pristine
SWNT and hydrogenated SWNT calculated by DFT. Adapted from Ref. [23]. (b)
las-Ves curves of metallic SWNT (black) before and (red) after hydrogenation.

Adapted from Ref.[25].

It is well accepted that formation of C-H bond induces the band gap widening
effects. There are several options to identify the successful hydrogenation of
SWNT. XPS is one of the mostly used techniques for characterization of C-H bond

on the graphitic surface. As mentioned in Chapter 1, SWNT is a rolled graphene
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strap and graphene lattice consists of carbon atoms with sp® hybridization. If the

SWNT is functionalized, the 7 electron makes covalent bond with hydrogen

resulting in sp’ hybridization of carbon. It was reported that the sp® hybridization

have ~0.8 eV larger energy than sp” hybridization [26]. As shown in Fig. 2.6a, this

energy difference can be detected by photoelectron generated by X-ray irradiation.
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Figure 2.6 Characterization tools for hydrogenated SWNT. (a) Cls profile of XPS.

Blue line represents the sp’ peak of SWNT generated by hydrogen exposure

process. The additional broad peak at the lower energy is occurred. Adapted from

Ref. [26]. (b) From bottom to top, Raman spectra of chemically hydrogenated

SWNT, 20 min annealed SWNT and 40 min annealed SWNT are presented.

Adapted from Ref. [27].

Raman spectroscopy is used to get the information of phonon modes in the
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SWNT lattices. Figure 2.6b shows the Raman spectra of as prepared hydrogenated
SWNT, 20 min annealed SWNT and 40 min annealed SWNT. The two most
intense peak in the spectra of Fig. 2.6b are D mode (left) and G mode (right). G
mode at ~1592 cm™ is graphitic mode used to be seen in graphene based structures
and D mode at ~1350 cm™ is detected in disordered graphitic lattice [28]. So, the
ratio of G mode and D mode are used for the quantitative characterization of
disorders on SWNT [28]. Normally, the D and G modes do not interact with each
other because it is forbidden process [28]. However, with scattering sites on the
SWNT surface such as C-H bond, the second order combination mode of D + G (at
~2930 cm™) arises [28]. As C-H bond acts as a medium, two different phonons (D
and G mode) of SWNT can be combined [27, 29]. So that, the D + G mode is
regarded as a one of the important fingerprints of successful functionalization of

SWNT.
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Chapter 3

SWNT field-effect transistor (FET)
exposed to hydrogen

3.1 Introduction

3.1.1 Electron doping effect of hydrogenated graphitic

materials

J. A. Vergens et al. have reported that hydrogen’s electron affinity dominates the
energetic balance in the charged systems and the extra electron is predominantly
attracted to a region nearby the chemisorbed atom [1]. B. R. Matis et al. calculated
the increased work function of graphitic layer after hydrogenation suggesting that
electron doping effect on the system [2]. There are more works reporting the
electron doping effect of hydrogenated graphitic layer in theoretical [3, 4] and

experimental [5, 6] point of views.

One of the huge obstacles for observing the electron doping effect on graphitic
layers via electrical measurements is extrinsic effects from environmental
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conditions, i.e. ambient air. As a strong hole type dopant [7], oxygen hinders
electrical measurements on the electron doping effect caused by hydrogenation.
Thus, in-situ electrical measurements are necessary to rule out the extrinsic effects
from oxygen; it allows observing intrinsic properties caused by hydrogenation of
graphitic layers. The left-shifted charge neutrality point (CNP) on /4-V, curve has
been consistently observed in the in-situ measurements of hydrogenated graphitic
layers [5, 8, 9]. The reason why left-shifted CNP strongly suggest electron doping
on graphitic layers is following. To reach the CNP of graphene in the plane
capacitor model, significant magnitude of negative gate voltage is needed to induce
more positive charge on the graphene plate to compensate electron doping effect.
Moreover, left-shifted gate dependence of thermoelectric power [10] and red-
shifted G and 2D mode in Raman spectroscopy [11] were observed in the
hydrogenated graphitic layers supporting that the electron doping effect followed
by hydrogenation of graphitic layers. Not only electron doping effect but also
short-range scattering was observed in hydrogenated graphitic layers [12]. The
observations suggest the formation of C-H covalent bond generating more
scattering sites on the surface [12]. The formation of covalent bond is in consistent
with the other observations such as TEM [8], Raman spectroscopy [5], and
electrical measurement under vacuum [11]. The competition between electron
doping induced carrier density enhancement and C-H bond induced short-range
scattering was observed in the hydrogenated graphitic layers [12]. The effects from
two different mechanisms result in the final electrical properties of hydrogenated

graphitic layers [12].
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SWNT is regarded as a cylindrical shape of graphene. It has been reported that the
curvature of surface of CNT caused by cylindrical shape lowers the activation
energy of functionalization of SWNT surface [13, 14]. As fictionalization of
graphitic surface accompanies the structural change with increased strain, the
originally curved SWNT structure is advantages on the hydrogenation [13]. Zhang
et al. has reported that the nanotubes with smaller diameter have higher reactivity
with hydrogen atoms [14]. Considering CNTs have higher responsibility with
hydrogen due to its curved structure, it is expected that CNTs show similar
response with graphene (i.e. electron doping effect) with hydrogen exposure

process.

3.1.2 Motivation of SWNT exposure to hydrogen

However, it is very hard to observe the intrinsic electronic properties of
hydrogenated carbon nanotubes. It is reported that the CNT channel area [15] and
contact area (Schottky barrier) [16] of carbon nanotubes are very sensitive to
environments, particularly to oxygen. Therefore, in-situ electrical measurement is
necessary for the experimental observation of doping effect via hydrogen exposure
on SWNT FET devices. However, in-situ electrical measurement with hydrogen
exposure processes is very challenging because hydrogenation process
accompanies harsh condition for electrical measurements [14, 17]. Despite the
difficulty of performing experiments, the electron doping effect on SWNT should

be useful for applications. Because graphene-based electronic devices usually have
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p-type electrical properties [7, 16], development of n-type device has been desired

for the composition of complete logic circuit in the next generation electronics.

Here we report the electron doping effect of SWNT caused by hydrogen exposure
process. In-situ 3-terminal electrical measurements were used to observe the
intrinsic electronic properties of hydrogen-exposed SWNT. Kelvin probe force
microscopy (KPFM) was performed to the SWNTs on Si substrate to verify the
electron doping effect by changed surface potential. The shift of time-dependent
l4s-Vy curve was continuously monitored throughout the hydrogen exposure
process. Comparing the electrical data of SWNT device to the planar graphene
sheet device, the effect of the curved structure of SWNT in the electrical property
was investigated. Raman spectroscopy and XPS were conducted on the SWNTs to
check the formation of C-H covalent bond on the surface of SWNTs. Metallic
SWNT device were exposed to hydrogen molecules to observe the modulation of
electronic property due to the C-H bond formation. Finally, this behavior was also
observed in the random network SWNT FET with the commercial SiO,/Si
substrate, which showed the possibility of scalable fabrication of electron doping

on the SWNT using hydrogen exposure process.

3.2 Experimental

To reduce the extrinsic effect from oxide substrates [18], few layer hBN was used

for the substrate of SWNT FETs. Few-layer hBN flake was exfoliated on the SiO,
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(285nm)/highly p-doped Si substrate. The substrate was spin-coated by PMMA A4
with 3000 rpm for 60 s. Using the field emission scanning electron microscope
(FE-SEM), electron beam lithography was performed to draw the shape of
electrodes. After development using MIBK/IPA 1:3 solution, 5 nm Ti / 30 nm Au
was deposited. Lift off process was followed using acetone/IPA leaving the Au
electrodes on the hBN substrate. We performed dielectrophoresis (DEP) using 99 %
semiconducting single-walled carbon nanotube solution (IsoNanotubes-S,
Nanointegris) with concentration of 100 ng/ml. Figure 3.1 shows the DEP
technique we applied in this experiment. ~1 V of AC voltage with ~1 MHz
frequency was applied to the ~2 um apart electrodes for several seconds. Then, we
checked electrically if the SWNTs were contacted between the electrodes. We
repeated this process until we get the electrical signal. Because metallic SWNT is
much more sensitive to the AC voltage applied to electrode than semiconducting
SWNT [10], the probability of making metallic SWNT FET was not that low even
using the 99% semiconducting enriched SWNT solution. Therefore, both metallic
and semiconducting SWNT devices used in this chapter could be obtained by this
single technique. Once we sense the electrical signal from SWNTs, the device was
mounted to the high-pressure, high-temperature chamber that allows in-situ
electrical measurements. After 10 h of degassing process at 400 K under ~2:10°
torr of dynamic vacuum condition, hydrogen pressure of 20 bar was injected to the
chamber. The whole hydrogen exposure process was monitored using 3-terminal
electrical measurements by Keithley 4200 semiconductor characterization system.

In other words, drain-source current at the fixed drain-source voltage (0.1 V)
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depending on gate-source voltage sweep from +50 V to -50 V was performed every

15 min ~ 30 min for total 15 h of hydrogen exposure process.
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Figure 3.1 DEP of SWNT. (a) Schematic image of DEP on CNTs. Image is adapted

from Ref.[19]. (b) SEM image of SWNT array made by DEP. (¢) Example SEM
images of SWNTs on hBN made by DEP technique. The density of SWNT

decreases as AC voltage applied time decreases.

For the XPS and Raman spectroscopy, SWNT film (IsoNanotubes-S, Nanointegris)
was degassed in the same chamber with same condition before the first
measurement. X-ray with ~1490 eV energy from Al source (K,) was used for the

characterization. The photoelectron was detected under 2.2x10™° Torr condition.
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The Raman spectroscopy was performed on the same sample under ambient
condition with excitation by 532 nm laser. After hydrogen exposure process at 400
K in 20 bar pressure of H, gas for 24 h, the XPS and Raman spectroscopy were

followed with the measurement conditions described above.

3.3 Results and discussion

3.3.1 In-situ electrical measurements of hydrogen-exposed

SWNT

d Cc

SWNT
hBN
SiO,

Si++ (Gate)

400K, 20 bar H,

Figure 3.2 In-situ 3-terminal electrical measurements of SWNT device with

hydrogen exposure process. (a) Schematic image of cross-sectional view of SWNT
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FET. Semiconducting SWNT was deposited onto the pre-patterned gold electrodes
on hBN/SiO, substrate by DEP technique. The final device becomes 3-terminal
field-effective transistor (FET). (b) The top view of the device obtained by SEM. (¢)
Las-Vgs curves (black circles) before and (red triangles) after hydrogen exposure of

the SWNT FET.

Figure 3.2a shows the schematic of cross-sectional view of the semiconducting
SWNT device. DEP was used to obtain the bottom contacted device. Although
DEP provides high selectivity on metallic SWNTs [20], we often obtained
semiconducting SWNTs using the semiconducting SWNT rich solution (99%) [21].
The deposited SWNT was cleaned by DI water and IPA, and then it was mounted

to the high-pressure electrical measurement chamber.

After degassing for 10 h at 400K, the /4-V, with fixed Vg (to 0.1 V) was
measured as presented by black curve in Figure 3.2c. The device clearly shows
ambipolar nature of SWNT. We defined the minimum current (around ~150 pA)
are as off-state regime. The hole-type conduction is shown at the left side of off-
state regime as negative gate voltage applied to highly doped Si bottom gate
induces hole-type charge carriers on the SWNT surface. On the other hand, the
positive voltage to Si bottom gate induces electrons on the SWNT surface making

the electrons to majority charge carrier at the regime.

After 15 h of highly pure hydrogen (99.9999%) exposure process with 400 K and

20 bar, the device obviously shows left-shifted /4-V,s curve as presented in red
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triangles of Fig. 3.2c. The left-shift in /4- Vs curve suggest increased Fermi level of
SWNT channel, i.e. electron doping of SWNT [22]. As electron is doped to the
SWNT channel, more negative gate voltage is needed to reproduce the same 4~V
curve. The left-shifted /4-V,y curve has also been reported on the K-doped SWNT
FET where K is a strong electron donor [23]. The Schottky barrier height change
can be detected by asymmetrically changed sub-threshold slopes in the gV
curves [22]. The shifted curve effect is clearly distinguished from the changed
Schottky barrier height effect that originates the changed work function of contact
metals. More discussion on the contact area (Schottky barrier) is available in

chapter 4.

10k 300K, 2-10-®torr
+« As evacuated
— 24 h in vacuum
-4
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0 Vel
-50 -25 0 25 50
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Figure 3.3 Stability of the electron doping effect. The shifted /4-V,s curve was

nearly maintained under dynamic vacuum condision (~2-10° torr) for 24 h at the
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room temperature.

Figure 3.3 shows the stability of hydrogen-exposed SWNT device in a vacuum.
After the hydrogen exposure process, the device was cooled down to room
temperature. then, we quickly evacuated the chamber from 20 bar of hydrogen to
2:10° torr. The blue dots in Fig. 3.3 represent the /4-V, curves of the SWNT FET
just after the evacuation. We observed the relatively n-type electrical property due
to H, exposure (corresponding to the shifted /4-Vy curves due to the electron
doping effect) is maintained even after the evacuation process for 24 h (green dots).
Therefore, physisorption on SWNT surface can be ruled out. If the change in
electrical properties due to hydrogen exposure originates from physisorption of
hydrogen molecules, the change should disappears when the hydrogen chamber is
evacuated. However, the shifted /4-V,s curve was maintained even after the SWNT
was totally under vacuum condition. This result strongly suggests the electron
doping effect does not come from the physisoprion of hydrogen molecule on
SWNT surface. Also, our observation is in aggrement with the previous theoretical
study showing that the absense of charge transfer between hydrogen molecules and
graphitic surface in case of physisorption [24]. Consequently, the significant
change in the electronic structure is possibly attributed to the formation of covalent
bond of carbon and hydrogen atoms through chemisorption as reported in graphene
cases [3, 5, 10]. More characterizations on the C-H bond are discussed in section

3.3.5.
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3.3.2 Surface potential spectroscopy of hydrogen-exposed

SWNTs

Kelvin probe force microscopy (KPFM) is performed to check the change of
surface potential after hydrogen exposure process. Using the AC and DC voltage
applied metallic cantilever mounted on AFM, the capacitance between metal-
coated AFM tip and sample surface is monitored. Since the DC voltage making the
system equillibrium are recorded with the positional information of the tip [25], we
can obtain the information of surface potential. The surface potential maps of the

sample with AFM images are shown in Fig. 3.4.

Thin SWNT network on Si substrate are compared before and after hydrogen
exposure process. Because Si does not react with hydrogen gas [26], the difference
of potential between SWNTs and Si background was analysed. Figures 3.4a,b are
AFM images of network SWNT film on Si substrate. The two different region of
one sample shows similar height of SWNT film. Figures 3.4c,d show the decreased
surface potential after hydrogen exposure. The decreased surface potential suggests
electron dopping effect on SWNT [25]. Once the electron is doped to SWNTs,
SWNT contains more electrons. That is why more negative DC voltage is needed
to be applied to the metallic AFM tip to compensate the electron doping effect
making the system equillibrium [25]. The result supports the electron doping effect

on SWNT observed by the electrical transport experiments in Fig. 3.2.
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Figure 3.4 Surface potential microscopy on SWNTs with hydrogen exposure. The
AFM image of SWNT network on Si substrate before (a) and after (b) hydrogen
exposure. KPFM of the network before (c) and after (d) hydrogen exposure.

Adapted from Ref.[27].

3.3.3 Exposure time-dependent electrical property

The custom-made in-situ electrical measurement system enables the contiuous

monitoring of 4V, curve without interruption from extrinsic conditions such as
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oxygen and waters that significantly affect the electronic properties of SWNTs.
Figure 3.5 shows the color map of /4-V, curve measured during the hydrogen
exposure process. As described in Fig. 3.2¢ black circles, the pristine state at time 0
h shows more red colored area at upper side of the map, i.e. negative gate voltage
side of the curves. As mentioned above, the upper side represents hole-type
conduction of SWNT. As the curve shifts, the red zone of upper side become
smaller while the red zone of down side is expanded. The red zone of upper side
disappears faster than the expansion of red zone of down side due to the asymetric
changes of Schottky barriers. The details on the effect from Schottky barrier will be
disscussed in chapter 4. Because the red zone of bottom side represents the electron
type conduction, this change clearly shows the smooth transition of majority carrier

from hole to electron.

Time (h)
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Figure 3.5 Time dependence of hydrogen exposure on SWNT. Color map of in-situ
electrical measurements of SWNT during high-pressure (20 bar), high-temperature

(400 K) hydrogen exposure process.

Blue color represents the minimum conduction of the device. The width of the
minimum conduction regime clearly increses as exposure time increases. We define
the difference of gate voltage having the current of ~200 pA in the /4-V, curve as
off-state width (AV,g). The widened AV.g according to the increased hydrogen
exposure time is observed. This widening is possibly attributed to the electronic
band structure changed by C-H bond formation on SWNT surface. Kim et al. have
reported that DFT calculation on SWNT with C-H bond shows change in energy
band structure with energy band gap widening [28]. More detailes of the off-state

widening effect will be discussed in section 3.3.6.

3.3.4 Effect of curved structure

To investigate the effect of curved structure on the reaction with hydrogen, we
compared the time-dependent shift of /4-V,s curves of graphene and SWNT under
20 bar of hydrogen gas exposure. Figure 3.6 shows in-situ electrical measurements
during hydrogen gas exposure of graphitic structures with different curvatures.
Black circles of Fig. 3.6b is the /4-V,s curve of mechanically exfoliated single-

layer graphene device after 10 h of degassing process. The energy band structure of
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graphene has linear dispersion near the Fermi level of K-point. Also, the density of
states (DOS) of graphene has linear dependance according to its energy level as
depected in inset of Fig. 3.6b. The conduction band and valence band meet at the
CNP. The CNP is also called as "Dirac point", because charge carrier at this regime
acts as a massless fermion (Dirac fermion) (the mass of charge carrier is inversly
proportional to the curvature of energy band structure.) [29]. In accordance with
DOS, the I4-Vy curve of graphene device shows highly symmetrical shape. The
minimum current represents Dirac point where the DOS of graphene have
minimum value (ideally zero). We define the gate voltage that the Fermi level of
graphene is located at the Dirac point as Dirac voltage, Vp. So, the Jp is
represented as the gate voltage corresponding to the minimum current value of the

L4~V curve.

After 15 h of hydrogen exposure process, the Vp is left-shifted with the Jge-Vys
curve of graphene as depicted with red triangles of Fig. 3.6b. It is note worthy that
the left-shifted Vp corresponds to the electron doping of the structure [5, 8, 9]. If
graphene is doped by electron, high negative gate voltage is needed to reach the
CNP. In other words, doped electrons can be compensated by the increased hole
carriers induced by negative gate voltage. Therefore, the ~18 V left-shifted V' after

hydrogen exposure process shows the electron doping on graphene.
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Figure 3.6 In-situ electrical measurements during hydrogen exposure of graphitic

A8
s 10 s 0 5 1

Time (h) Time (h)

structures with different curvatures. /4-V,s curves of pristine (black circles) and
hydrogen-exposed (red triangles) (a) SWNT and (b) graphene device. -V, curves
of (¢) SWNT and (d) graphene devices shift during hydrogen exposure process.
Both hydrogen exposure process were perfomed using 400 K, 20 bar of hydrogen

gas. Vys for graphene device is fixed to 1 mV.
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Figure 3.7 Hydrogen exposure time-dependent /4-V, curve shift of graphitic layers
with different curvatures. (a) Time dependence of shifted off-state voltage (Ve (t))
of SWNT device. The V,g(t) is defined as the gate voltage where the drain-source
current of electron type carrier becomes below 2:10"" A. (b) Time dependence of

shifted Dirac voltage, V' of graphene.

Figure 3.7 shows hydrogen exposure time dependence of /4-V, curve shift of
graphitic layers with different curvatures. For the quantative analysis of SWNT
device, Vo (t) is defined as the gate voltage where the drain-source current of
electron type carrier becomes below 2:10"" A. ¥}, is used for the analysis of

graphene device. The data are presented as black empty circles.

It is well accepted that the hydrogenation of graphitic materials is exponentially
dependent on the exposure time [5, 30-32]. To analyse the time-dependent reaction
of hydrogen on graphitic layers, we used a simplified model as described below [12,
30]. First of all, we assume that there are limited number of sites (V) where can be

occupied. All of the unoccupied sites are energetically equivalent and the occupied
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sites are immobile states. Interections between occupied sites are ignored in this
model. The summation of number of unoccupied sites (U(t)) and occupied sites

(O(t)) are equal to the number of saturated sites (Ngq(t)).

U@®)+0@)=N,,

We also assume that the process occurrs totally matching responce (one atom
occupies one site) as expected in hydrogenation of graphitic materials. And the
reaction rate is proportional to the number of unoccupied sites, U(t). Therefore, the

speed of responce can be described as,

do(t) _ du() _

—kU(1),
dt dt ()

where the reaction constant £ shows the responce speed and the inverse of %, 7,

represents the responce time. From the differential equation, we obtained
O(t)=ae™ +b.

From the boundary condition at =0 and ¢-—>o0, we obtain b=-—a and

a =N, . So, the equation becomes
Ot)=N,,(1-e™)

Because the number of ocupied sites are proportional to the shifted /4-V, curves,
we can use the equation for the both SWNT and graphene device with simple

mathmatical works [12, 27]. The fitting curves obtained from the model are
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presented as red lines in Fig. 3.7. Both curves show ~0.99 adj-R” values. The adj-
R’ is a modification of R that adjusts for the number of explanatory terms in a
model relative to the number of data points. So, the adj-R” near to 1 represents the

good correspondence of the model and measured values.

We obtained AVQ}? =227 and k, =0.251 as fitting parameters of SWNT
device (Fig. 3.7a). An?’:18.7 and k, =0.200 are obtained from the

graphene device (Fig. 3.7b). We found that SWNT has higher AVQ}? and k

values compared with those of graphene. The higher £ value may be attributed to
the lower activation energy related to the formation of C-H bonds. It has been
reported that the curvature of CNT caused by cylindrical shape lowers the
activation energy for functionalization [13, 14]. Functionalization of graphene
layers should accompany the structural change of graphene lattice. Park et al.
defined pyramidal angle 6, for the quantitative analysis of the structural change of
graphene lattice [13]. In the most of functionalization processes, the ground state of
final output has larger pyramidal angle because it lowers the total energy of the
system [13]. In the curved structure such as carbon nanotubes, the pyramidal angle
is already larger than planar graphene sheet and this is advantageous to the
functionalization on graphene surface because of lowered activation energy [13].
This result was also proved experimentally. Zhang et al. has reported that the
nanotubes with smaller diameter have higher reactivity with hydrogen atoms [14].
In this point of view, we confirmed that the curved graphitic structure enhances

reaction of hydrogen molecules.
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3.3.5 Raman spectroscopy and XPS of hydrogen-exposed

SWNT

a4
a

D+G

Normalized intensity (a. u.)
L
N

Normalized intensity (a. u.)
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Figure 3.8 Raman spectra of the SWNTs before and after hydrogen exposure
process. The spectra are normalized by the maximum value of the G mode at

~1592 cm™ (data not shown).

We observed that the electron doping effect does not originate from physisorption
of hydrogen molecule in the previous experiment in Fig. 3.3. To check the
formation of C-H bond at the surface of SWNTs, Raman spectroscopy and XPS
were performed. Figure 3.8 is the Raman spectra of the SWNTs before and after
hydrogen exposure process. After H, exposure, D + G mode (at ~2930 cm™)
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develops, which is regarded as a fingerprint of hydrogenated graphitic layers [12,
35] . This indicates that the C-H bond acts as a medium to combine two different
phonons (D and G mode) on SWNT [33, 34]. Comparing the G + D mode observed
in our previous experiment with planar graphene [12, 35], the G + D mode in our
SWNTs (Fig. 3.8) is reasonable because SWNTs have higher reactivity with

hydrogen than graphene.

a b
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Binding energy (eV) Binding energy (eV)

Figure 3.9 XPS Cls profiles of SWNTs. (a) before and (b) after hydrogen exposure
process. The scatters are from raw data. The fitting curves according to the energy
of sp” (at ~ 284.75 ¢V) and sp> (at ~285.55 eV) are presented as solid lines where

the dashed green lines show the total envelops of the fitting line.

XPS is one of the mostly used techniques for characterization of C-H bond on the
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graphitic surface. Cls XPS spectra normalized by the total area are shown in Fig.
3.9. The peak for sp” hybridization (at ~284.75 eV) is dominant before H, exposure
as expected in usual graphitic materials (Fig. 3.9a), but the asymmetrically
broadened Cls line was observed after H, exposure (Fig. 3.9b). This behavior is
commonly shown in the hydrogenated graphitic materials employed by various
methods, such as hydrogen atoms [36], hydrogen plasma [37, 38], and molecules
[17]. The broadened peak means the formation of C-H bonds (sp® hybridization)

after H, exposure.

Comparing the normalized (by the total Cls area) peak intensities, we can
approximately estimate the composition of sp” and sp® hybridization of hydrogen-
exposed SWNTs [39]. For the quantitative analysis, we decomposed the peak into
to two subpeaks at ~285.55 eV and 284.75 eV [17] corresponding to the sp’ and sp”
hybridization, respectively [36]. The asymmetry of Cls peak in the pristine sample
(before H, exposure) comes from the nature of graphitic materials which have 7
and o bonds at the same time. Although, we just used the model of two picks (at
285.55 eV and 284.75 eV) because of the convenience of analysis. Indeed, we
found that the model (green dashed line in Fig. 3.9a) is in acceptable regime.After
the SWNT is exposed to high H, pressure, the peak at 285.55 eV corresponding to
sp” hybridization significantly increases, which results from the formation of C-H
bond on the surface of SWNT. The dramatically increases sp® hybridization after
H, exposure is in accordance with the previous report on the hydrogenated SWNT

[17, 36].
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3.3.6 Electrical properties with covalent bond

In this section, we discuss the effect of covalent bond formation on the electronic
properties of SWNT. It is expected that the conductivity becomes reduced when
covalent bonds on the graphitic surface are formed. The transport of charge carrier
on the graphitic surface heavily relies on the 7z orbital of carbon. Although the 7
orbital can be occupied by electron pair (two electrons), it is normally occupied by
only one electron. So, it can be regarded as both one electron filled and one hole
filled orbital. This system is well reflected in the special energy band structure,
Dirac cone as discussed before. Occupation of hydrogen in one carbon site means
the formation of covalent bond between r electron of carbon and o electron of
hydrogen [41]. So, formation of covalent bond consume a 7 orbital that contributes

the transport of charge carriers.
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Figure 3.10 Short-range scattering of C-H bond on graphitic layer. The data is
extracted from in-situ electrical measurements of H,-exposed graphene device
shown in Fig. 3.6d. The inverse field-effect mobility (1/4, x-axis) was obtained
from the slope of I4-Ves curve at the Vg = Vp- 15 V (blue circles). The linear
dependance (blue line) represents the theoretical expectaion of short-range

scattering phenomenon in graphene devices [42].

Figure 3.10 is the Vp shift with respect to the inverse field-effect mobility of hole-
type charge carriers. We observed asymmetrical field-effect mobility change as

observed in single-layer graphene devices [5, 8]. The asymmetrical mobility
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change is believed to be originated from the reaction of substrate and hydrogen gas
[43]. Hence, we used the hole-type charge carriers for the analysis. It is note
worthy that the shifted curve is proportional to the impurity density of graphene

c
(nimp) with relationship of n,, = . g |A VD| , where ¢'is amount of doped charge

per C-H bond and e is the unit charge, and ¢, is unit capacitance between graphene
and Si gate. According to the theoretical report, the impurity density of short-range
scatterer is inversely proportional to the mobility [42]. It is well accepted that the
C-H bond act as as short-range scattering site on the graphitic surface [5]. Although
the long-range scattering is also presented by the same relationship, the result
depicted in Fig. 3.10 originates from short-range scaterrer because we already
verified the formation of C-H bond via XPS and Raman spectroscopy as discussed
before (Fig. 3.8, Fig. 3.9). Therefore, the linear relation of AV vs 1/ in Fig. 3.10
fulfills the necessary condition of the short-range scattering site as expected from

the C-H covalent bond formation on the surface [5].
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Figure 3.11 Electronic property change of hydrogen-exposed SWNT due to the
formation of C-H covalent bond. (a) Off-state widening of semiconducting SWNT
with respect to the hydrogen exposure time. The data is extracted from the in-situ
electrical measurements shown in Fig. 3.5. AV is defined by the difference of gate
voltage having the current of ~200 pA in the /4-V, curve as described in the inset.
(b) The I4-Vy curve of metallic SWNT before (black circles) and after (red
triangles) hydrogen exposure process. Both measurements were performed under
ambient air condition. Inset shows the top view of the device obtained by SEM

imaging. Vy is fixed to 0.1 V

In the previous experiement on the semiconducting SWNT FET, we observed
broadening of the minimum conduction regime. In Fig. 3.5, blue colored minimum
conduction regime of the device was broadened as incresing hydrogen exposure
time. So, we defined the difference of gate voltage having the current of ~200 pA
in the IV, curve as off-state width (AV,g) as shown in inset of Fig. 3.11a. The

AV, with respecto to the hydrogen exposure time is shown in Fig. 3.11a.
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It was experimentally reported that hydrogenated metallic SWNTs show the
evidence of energy band gap widening, the increased on-off ratio in the electrical
measurements [14, 28]. For the comprehansive understanding on this effect, we
perform the hydrogen gas exposure experiment on the metallic SWNT. Inset of Fig.
3.11b shows the SEM image of metallic SWNT on hBN device fabricated using the
same techniques (with the semiconducting SWNT FET). Although we used 99%
semiconducting SWNT solution containing only 1% of metallic SWNT, we often
obtain metallic SWNT device due to the much higher electrical permitivity of

metallic SWNT (&~ o) than semiconducting SWNT (&~ 5) [44].

Figure 3.11b is the I4-V,s curve of metallic SWNT before (black circles) and after
(red triangles) hydrogen exposure process. Both measurements were performed
under ambient air condition. The pristine SWNT device shows very small gate
voltage dependence of drain-source current. It is a typical electrical signal expected
from metallic SWNT [14, 28]. Due to the DOS of the metallic SWNT is continuous
without gap, the current can flow wherever the Fermi level is located. However,
after the high-temperature (400 K), high-pressure (20 bar) hydrogen exposure
process, the SWNT FET shows significant gate voltage dependence of /s as

presented by red triangles in Fig. 3.11b.

Our observation on Fig. 3.11b is attributed to the electronic bandstructure changed
by C-H bond formation on SWNT surface. The theoretical background of energy
band gap widening from previous report [28] is shown in Fig. 3.12a. Kim et al.
have reported that DFT calculation on amchair SWNT with C-H bond shows

changed energy band structure with energy band gap widening [28]. They showed
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that the sp” hydridization caused by hydrogenation of graphitic layer removes the 7
bands near the Fermi level of SWNT, and it leads the widened energy band gap
[28]. Zhang et al. experimentally verified the band gap opening of the metallic
SWNT device via hydrogenation [14]. Hydrogenated metallic SWNT showed
increased on-off ratio according to the widened energy band gap. The observed off-
state widening is in consistant with our observations such as increased on-off ratio
hydrogen gas-exposed metallic SWNT, increased D+G mode in Raman

spectroscopy (Fig. 3.8), and increased sp® peak on XPS (Fig. 3.9).

a Armchair SWNT b Zig-zag SWNT

Figure 3.12 Theoretical calculation on energy band structure of (a) armchair and (b)
zig-zag SWNT before and after hydrogenation. The upper images show the

structural model of SWNT. Adapted from Ref.[28].

Not only metallic armchair SWNT, but also zig-zag SWNT is expected to shows
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the band gap widening due to the 7 bands removing effect (Fig. 3.12b) [28].
Therefore, our observation of off-state widening on semiconducting SWNT FET
after hydrogen exposure process (Fig. 3.11a) can be explained in this manner. As
mentioned in introduction section, application of SWNT is mostly focused on the
semiconducting SWNT. Although the metallic SWNT have alternatives such as
graphene, semiconducting SWNT is one of the most promising materials for the
next generation electronics. So, this kind of band gap opening, and widening can be

useful for the future applications.

3.3.7 SWNT network FET exposed to hydrogen

To check the electron doping effect on the SWNT network FET that is more
appropriate for the scalable fabrication, we performed the hydrogen exposure
process on the SWNT network FET as shown in Fig. 3.13. Since the random
networks are made by the drop-casting method using 99% semiconducting SWNTs,
the semiconducting network device can easily be obtained. Combining with the
conventional fabrication technique for the scalable gold electrode arrays, this type

of device has a possiblity of scalability.
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Figure 3.13 Application to the SWNT network FET. (a) Schematic image of cross-
sectional view of SWNT device. The top view of optical image is below. Dashed
white line presents the network channel area between electrodes. Semiconducting
SWNT was deposited onto the pre-patterned gold electrodes on SiO, substrate by
drop-casting method [45]. (b) 14V, curve before and after high-pressure (20 bar)

hydrogen exposure at 400 K for 15 h .

Figure 3.13b shows the in-situ I4-Ve curve measurements before and after
hydrogen exposure. As hydrogen was exposed to network device, the I4-V,s curve
shifts to the negative gate side suggesting more electron doped on the SWNT
surface. The result is in accordance with the elctron doping effect of the SWNT
network observed by KPFM in Fig. 3.4. Because this type of device can be scaled
up, we expect the electron doping effect can be applied to the scalable SWNT FET

arrays that are suitable for the applications.
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3.4 Summary of Chapter 3

In summary, we demonstrated high-pressure and high-temperature hydrogen
exposure process to the semiconducting SWNTs. The extrinsic effects caused by
environmental conditions were ruled out by using two-dimensional hBN substrate
and in-situ measurements. The electron doping effect was observed by the shifted
14V curve of SWNT FET and Kelvin probe force microscopy (KPFM). The
changed electronic properties were maintained at room temperature under vacuum
condition at least for 24 h showing it does not originate from physisorption.
Comparing to the planar graphene sheet device, we observed the curved structure
of SWNT is advantages on hydrogenation as predicted by theoretical study [13, 14].
XPS and Raman spectroscopy verified the formation of C-H bond on SWNT
surface after the hydrogen exposure process. The covalent bond yields short-range
scattering in the graphene device and band gap widening in the SWNT devices.
Finally, a demonstration of the hydrogen gas-exposure technique for the random
network SWNT FET opens the possibility of scalable fabrication of electron

doping on the SWNT hydrogen exposure process.
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Chapter 4

Hydrogen-exposed SWNT FETs with

low work function metal contacts

4.1 Introduction

4.1.1 Schottky barrier formation of SWNT with low work

function metal contacts

The height of Schottky barrier (SB) is defined as "@sg = @y — y for electron
injection and ” @sg = I — @y for hole injection. y is electron affinity of SWNT that
is the energy needed to remove an electron from the conduction band minimum
and / is ionization energy that represents the energy difference of valence band
maximum and vacuum level. It is noteworthy that the sum of SB heights for
electron and hole injection is equal to the energy band gap of semiconductor. " @sp
+ @ = (D — ) + (I — Ou) = E,. However, in case of real devices, there are
interface states such as defects on the semiconductor surface, charge traps, and
lattice miss match with metal contacts. These interface state make the influence of

metal work function on height of SB less effective.

61



Although the overall tendency follows the barrier height expected from the
Schottky—Mott rule, we always have to consider the effect from interface state.
Figure 4.1 shows the previous experimental results on the SB height dependence
on work function of contact metal (adapted from Ref.[1]). The dashed line
represents the total dependence (equal to the slope 1 of previous discussion in
Chapter 1) of SB height. Due to the presence of interface states between SWNT
and metal contact the slope is not 1, but some value between 1 and 0 is expected.
Only SWNT with large diameter (2.5 nm, black squares) shows the slope near to 0
due to the small energy band gap. The manufacturer of SWNT (IsoNanotubes-S,
Nanointegris inc.) guarantees the range of SWNT diameter between 1.2 nm ~ 1.7
nm and we observed 1.2 nm of the diameter using AFM (Fig.4.7b). Therefore, the 1

nm ~ 2 nm cases in Fig. 4.3 can be comparable to our devices.
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Figure 4.1 References showing that SB height depending on contact metal work

function according to its diameter. Adapted from Ref.[1].
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Figure 4.2 SB thinning in SWNT FET devices with applied gate voltage. Adapted

from Ref.[2].

Figure 4.2 shows SB thinning in SWNT FET devices with applied gate voltage.
Because Au have higher work function than SWNT, hole favorable SB ("@sp >
P @gp) are expected at the Au contacted SWNTs. However, in case of low @y metal
contact, the heights of SB can be inverted forming electron favorable SB ("@sp <
P @sp) where the summation of height of SB remains constant (E,). Figure 4.3
shows the schematic energy band diagram of SWNT with low @, metal contact.
The height of ” @sg is expected to be larger in this scheme. However, the barrier can
become very thin when negative gate voltage is applied. Because the ¥ @sg can be
thinned until it is nearly transparent to the thermionic-field emission of charge

carriers [3, 4], the ambipolar nature of SWNT is observed in this low @y metal
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contacted system regardless of contact metals. [5].
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Figure 4.3 Schematic energy band diagram of SWNT with low @, metal contact.

4.1.2 Strategies for n-type SWNT FETs: Electron doping

and contact engineering

-1 (A)

(A)

b On state, V, >0

I D ~3.5eV
Low ¢y

Figure 4.4 SB n-type SWNT FET using Sc electrodes. (a) Comparison of 4~V

curves of SWNT with Pd electrodes (red, left axis) and Sc electrodes (blue, right

axis) adapted from Ref.[6]. (b) Expected energy band diagram of the SB n-type

FET at the on state with positive gate voltage.
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In case of the "significantly" low @ contact metal such as Sc (@y ~ 3.5 V), "Dsp
become very small and ”@sg become very large. Due to the high ”@sp, both
tunneling and thermionic emission of hole-type charge carrier are affected. Since
SB thinning by applying gate voltage is not enough to allow transport of the hole
type charge carrier (due to the significantly high ”@xp), this type of device can
show perfect n-type FET. Zhang et al. have reported n-type SWNT device with Sc
contact. The key insight of the method is manipulation of SB resulting in electron
favorable contact to the SWNTs, which makes "@sp nearly zero. Therefore, only
electron injection from the contact metal is possible, while hole injection is
prohibited. It shows ohmic contact to the electron injection and Schottky contact to
the hole injection in the wide range of temperatures. This strategy is clearly
distinguished from the more intuitive method for achieving n-type FET, electron

doping.

Alkali metals are classical and efficient materials for the electron doping. Due to
the considerably low electronegativity, the alkali metals tend to donate the
electrons to the other materials. M. Radosavljevic et al. have reported that electron
doping effect on K vapor treated SWNT FET (Fig. 4.5a). Figure 4.5a shows the /-
Ves curve with stepwise K vapor exposure process. The numbers marked in curves
represent the cycles of K vapor treatment. As the number of vapor exposure cycle
increases, the 4V, curve shifts to the negative gate voltage side as in case of our

hydrogen exposure on SWNT in Fig. 3.2c.
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Figure 4.5 n-type SWNT FET with electron doping method. (a) /4-V, curves of K
vapor-exposed SWNT FET. The numbers represent the cycle of K vapor treatments.
Adapted from Ref.[7]. (b) Expected energy band diagram of the electron-doped

SWNT FET at the on state with positive gate voltage.

4.2 Experimental

To reduce the extrinsic effect from oxide substrates [8], few layer hBN was used
for the substrate of SWNT FETs. After exfoliation of hBN by scotch tape method,
SWNTs were deposited onto the hBN using drop-casting method [9]. After rinsing
with DI water and IPA, the SWNTs were identified by SEM imaging. Figure 4.6a is
the SEM image of SWNT deposited onto the hBN on SiO, substrate. The hBN
substrates are preferred for the adsorption of SWNTSs than normal SiO, substrates.
After locating the single strand SWNTs on the hBN, we performed e-beam
lithography as described before in the Chapter 3. We deposited 3 nm ~5 nm Cr and

20 nm Au for the Cr-contacted SWNT FET. ~10 nm Ti and 20 nm Au were
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deposited for the Ti-contacted SWNT FET. Figure 4.6b is a SEM image of the final
device. Single strand SWNT on hBN was electrically connected to the metal

contacts.

Figure 4.6 FE-SEM image of (a) SWNTs deposited onto the exfoliated hBN, and (b)

final FET device.

The device was mounted to the high-pressure, high-temperature chamber for in-
situ electrical measurements. After at least 10 h of degassing process at 400 K
under ~2-10°° torr dynamic vacuum condition, the device was exposed to the high-
pressure hydrogen gas (20 bar). The whole process was monitored by 3-terminal
electrical measurements using Keithley 4200 semiconductor characterization
system. For the Cr-contacted device, drain-source current at the fixed drain-source
voltage (0.1 V) depending on gate-source voltage sweep from +50 V to -50 V was
measured every 30 min for total 23 h of hydrogen exposure process. For the Ti-
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contacted device, drain-source current at the fixed drain-source voltage (0.1 V)
depending on gate-source voltage round sweep from +50 V to -50 V was measured
under the vacuum condition (~2:10 torr) before and after 24 h of hydrogen

exposure.

4.3 Results and discussion

4.3.1 Hydrogen exposure of SWNT FETs with different

metal contacts

In the previous chapter, we observed the electron doping effect on SWNT exposed
to hydrogen gas. Although the electron doping effect is useful in terms of tuning
the Fermi level, the resulted device still showed ambipolar transport that is not
appropriate for utilizing as an n-type FET. In this section, we propose contact
engineering technique combining with hydrogen exposure that effectively reduce

the hole injection resulting in appropriately working n-type FET.
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Figure 4.7 Hydrogen exposure experiments of SWNT FETs with different metal
contacts. (a) lgs-V,s curve of Au/Ti-contacted SWNT FET before (black circles) and
after (red triangles) hydrogen exposure. Inset is the SEM image of the device. (b)
Cr-contacted SWNT FET before (black circles) and after (green triangles)
hydrogen exposure. Inset is the 3D AFM image of the device. (¢) Ti-contacted
SWNT FET before (black circles) and after (blue triangles) hydrogen exposure.

Inset is the SEM image of the device.

Figure 4.7 shows the 4V, characteristics of SWNT FETs with different metal
contacts after exposure to high pressure H,. I4-V,s curves of SWNT FETs degassed
at 400 K for 10 h are presented as black circles (Fig. 4.7). All devices shows
ambipolar behavior regardless of the contact metals as previously reported [2, 5]. It
is well known that Schottky barrier (SB) of SWNT device can be nearly transparent
with the applied gate voltage [2]. So, usually, the /4-V,s curves of SWNT FET does
not reflect the difference of contact metal work function as different heights of SB

can be ignored when they are too thin [2].
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On the other hand, the hydrogen-exposed devices show the different responses
according to the different contact methods. We observed the reduction of hole-type
carrier injection with the Cr and Ti contacts, after the SWNT FETS are exposed to
high-pressure H, gas (20 bar) at high-temperature (400 K) for 15 h. The Au/Ti-
contacted SWNT FET shows shifted /4-V, curve with small slope change (red
triangles of Fig. 4.7a). However, Cr-contacted SWNT FET exposed to hydrogen
gas shows shifted /4-V, curves with slope change at the left side of the curve
corresponding to the hole injection (green triangles of Fig. 4.7b). In case of Ti-
contact, the hydrogen exposure causes more significant slope change of -V,
curve corresponding to the hole injection (blue triangles of Fig. 4.7¢c) leading to
final n-type SWNT FET. More details on the difference of SB changes with

different contact metals are discussed in the following section.

200nm
—

Figure 4.8 SEM image of DEP generated SWNT device adapted from Ref.[10].

It is noteworthy that the Cr- and Ti-contacted devices were made of top contact
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method (SWNT deposition followed by metallization) while the Au/Ti contact was
made of DEP technique (Fabrication of metal electrode followed by SWNT
deposition using DEP). The DEP results in SWNT mainly contacted to top surface
of metal electrodes (Fig. 4.8). So, in case of At/Ti-contacted SWNT FET, the most
of SWNT are supposed to contact to Au surface, and no or small area of SWNT can
contact to Ti side wall as depicted in Fig. 4.9a. The circuit diagram of the FET is
shown in Fig. 4.9b [11]. Rswnr is resistance of SWNT channel, and ARgwnr is
resistance of ~5 nm length of SWNT (Ti-contacted region of SWNT). Rc.a, is
contact resistance between Au and SWNT, and Rc.1; is contact resistance between
Ti and SWNT. So, the total contact resistance can be regarded as parallel
connection of Rc.ay + ARswnt and Re (Fig. 4.9b) [11]. If one of the resistors

becomes very large, the other can predominantly contribute the charge injection.

a b ARSwNT RSWNT ARSwNT
25 nm AU
SWNT
hBN
Sio,
Si++ (Gate)
hilh )
I—®

Figure 4.9 Diagrams of Au/Ti-contacted SWNT FET. (a) Schematic diagram of
cross-sectional view of the DEP generated SWNT device with Au (~25 nm)/Ti (~5
nm) contact. (b) Circuit diagram of the device. Rswnr is resistance of SWNT

channel, and ARswnr is resistance of Ti contacted region of SWNT (~5 nm length
71
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of SWNT). Rc.ay is contact resistance between Au and SWNT, and Rc.; is contact

resistance between Ti and SWNT.

4.3.2 Electron doping induced significant reduction of the

hole injection in Cr-contacted SWNT FET

According to Schottky-Mott rule, the height of SB is defined as "@sg = @y — y for
electron injection, and ¥ @sg = I — @y for hole injection. Although the height of SB
is not supposed to be changed in the ideal case, the thickness of SB can
significantly be changed with respect to the doping level [1]. Leonard et al. have
reported that the depletion width of SWNT varies exponentially with inverse
doping density with the relationship Wp ¢ exp (4'E,/D) where D is the doping

density and 4 is a constant [12]. The depletion width decides the thickness of SB.

Work Function (eV)

Vacuum

~4.8 ~5.1 ~g 9
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Figure 4.10 Comparison of work function of the metals that used for SWNT

electrical contact. Values are adapted from Ref.[13].

Figure 4.10 is diagram of work function of metals that are used for SWNT
contacts. Among the various types of contact metals, the work function of Cr with
clean surface is known to be very similar with that of SWNT. Taking the interface
state effect (Fig. 4.1) account, nearly same height of SBs are expected for hole and

electron injection [14].

Figure 4.11 shows the doping dependent SB change on Cr-contacted SWNT FET
reported by Chen et al. They verified that only small amount of hole doping can
drastically change the 'neutral' device to nearly perfect p-type semiconductor

device due to the considerable thickness change of SBs [14].
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Figure 4.11 Doping dependence of Cr-contacted SWNT FET. Adapted from

Ref.[14].

Since the electron doping causes opposite effect to the hole doping described in
Fig. 4.11 [12, 14], the model (SB thickening via doping) well explains our
observation on SB change of Cr-contacted SWNT FET exposed to hydrogen gas
(Fig. 4.7b). Figure 4.12 is the schematic diagram of energy band structure
explaining the SB thickening via doping model [12]. As electron is doped to the
SWNT, depletion layer become very thick from dotted line to solid line resulting in

the significantly decreased hole injection. Nearly same behavior was shown in step
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2 and step 3 of K-doped SWNT of the previous report (Fig. 4.5a) [7]. It indicates
that the SB change depending on doping is not a particular case, but more like

universal phenomenon.

A 4

Figure 4.12 Schematic of energy band diagram with negative gate voltage applied.
It graphically explains the increase of the depletion layer of SWNT for hole-type

charge carrier injection.
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4.3.3 H, exposure time dependence of 13-V curve shift in

different metal contacts
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Figure 4.13 H, exposure time dependence of /4-V, curve shift. Time dependence
of (a) Cr (&y = 4.5 eV) contacted SWNT FET and (b) Au (@ = 5.1 eV) contacted
SWNT FET. Schematic of energy band diagram of the (c) Cr-contacted SWNT
FET, (d) and Au-contacted SWNT FET with negative gate voltage applied for hole
injection. The dashed curved line represents the SB of pristine state, and solid
curved line represents the thickened SB due to electron doping. @yt is work

function of the pristine SWNT.
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Figure 4.13a is H, exposure time dependence of 4V, curve of Cr-contacted
SWNT FET. The hole injection to the FET becomes difficult at the very first stage
of hydrogen exposure because of increased depletion width as explained before.
However, the Au/Ti-contacted SWNT FET did not show that drastic change as
shown in Fig. 4.13b. As explained before, most of SWNT is contacted to Au (@y =
5.1 eV) and very short (5 nm) SWNT can contact to Ti (&@y = 4.3 eV). When the
significant amount of negative voltage is applied, we observed the contact
resistance of Ti contact can be very big. In case of Rc.rj >> Rcau + ARswnt, Reti
predominantly decides the total contact resistance [11] because they are forming

parallel circuit.

Based on our observation of Figs. 13a and 13b, the huge difference is possibly
attributed to the different height of SB from different metal work functions. Figures
4.13c and 13d show the schematic of energy band diagram of the FETs with
negative gate voltage applied for hole injection. The dashed curved line represents
the SB of pristine state and solid curved line represents the thickened SB due to
electron doping. As depicted, the change in depletion layer width may have

different effects on the SB with different heights.

There are two main charge transport mechanisms (for hole-type charge carriers
depicted in Figs. 4.13¢ and 13d) in the Schottky type devices, thermionic and
tunneling emission [1]. As charge carriers have thermal energy corresponding to
kzT where kg is the Boltzmann constant and 7 is temperature, some charge carriers

can be excited above the SB and flow by the thermionic emission. While, charge
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carriers having energy below the SB also can flow by tunneling (tunneling

emission) the SB when drain-source voltage is applied [1].

Because the SB thickening via doping significantly affect to the tunneling
emission, the low @, metal-contacted device (with 300 meV ~ 500 meV of
expected SB height [14]) shows significantly reduced hole current where the
tunneling current is the dominant charge transport mechanism (Fig. 4.13c). On the
other hand, the high &, metal-contacted device can have one order of magnitude
lower SB height [2] that significantly increases the amount of thermionic emission
@\ [15]. Therefore, the significant amount of the hole injection is possible through
the thermionic emission as depicted in Fig. 4.13b [15]. Still, further experiments
using same diameter of SWNTs with different contact metals, or statistical
approach are needed to check the observed different device responses which really

originates from the different metal work functions.

Figure 4.7c is the demonstration of hydrogen exposure process on single strand
SWNT contacted to Ti electrodes. Comparing to the Cr-contacted device, Ti-
contacted device shows more electron favorable SB formation while hole injection
is extremely prohibited as Ti has lower work function (~4.3 eV) than Cr (~4.5 eV).
Hence, the thickening (via doping) of higher SB in Ti-contacted SWNT effectively
prevents the hole injection that cause the leakage current in n-type transistor
devices. The results are also in accordance with the expected SB formation by the
metal work functions [1] and experimental observation [16]. Consequently, we

achieved the SWNT FET that nearly perfectly working as an n-type semiconductor
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by hydrogen exposure to SWNT FET with Ti contacts.

4.4 Summary of Chapter 4

In summary, electron doping effect of Cr- and Ti-contacted SWNT FET exposed to
high-pressure hydrogen gas was observed by shifted /4-V, curve of in-situ 3-
terminal electrical measurements. Because the work function of Cr is similar with
SWNT, SB thickness change was followed by electron doping effect resulting in
significantly reduced hole-type charge carrier transport. Comparing to the Au/Ti-
contacted SWNT FET case, we observed noticeable hole carrier reduction after the
hydrogen exposure. The huge difference on hole-type carrier injection through
Au/Ti-contact and Cr-contact after hydrogen exposure may be attributed to the SB
thickness change via doping. In other words, the thickness change (via electron
doping) of higher SB (via low work function metal contact) causes significant
effect on the /4-V,, curve. Ti, lower work function metal contact was demonstrated
for the realization of reliable n-type SWNT FET. Consequently, we achieved the
SWNT FET that nearly perfectly working as an n-type semiconductor by hydrogen

exposure to SWNT FET with Ti contacts.
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Chapter 5

Conclusion

We report changes in the electrical property of SWNT caused by exposure to high-
pressure hydrogen. First, we report the electron doping effect of SWNT. In-situ 3-
terminal electrical measurements with hBN substrate were used to observe the
intrinsic electronic properties of hydrogen-exposed SWNT. Comparing to the
planar graphene sheet device, we observed the curved structure of SWNT is
advantages on the reaction with hydrogen molecules. XPS and Raman
spectroscopy verified the formation of C-H bond on SWNT surface after the
hydrogen exposure process. The covalent bond yielded short-range scattering in the

graphene device and band gap widening in the SWNT devices.

Second, the metal work function-dependent doping effect on SWNT FET is
investigated. To obtain the SWNT FET with higher Schottky barrier (SB) for the
hole injection, we adapted the different contact metals that have lower work
functions such as Cr and Ti replacing the Au/Ti electrodes. Comparing to the
Au/Ti-contacted SWNT FET case, we observed noticeable hole carrier reduction
after the hydrogen exposure in Cr- and Ti-contacted devices. It suggest the doping

induced SB thickness change relies on the SB height. In other words, the changes
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in thickness (via electron doping) of higher SB (via low work function metal
contact) causes more significant effect on the I4-V,s curve. Consequently, we
achieved the SWNT FET that nearly perfectly working as an n-type semiconductor

by hydrogen exposure to SWNT FET with Ti contacts.

Since the electron doping effect was also reproduced in SWNT network devices,
we expect the useful electrical properties and the stable nature of C-H bond
observed in the hydrogen-exposed SWNT can leads a step forward to the

application of SWNT for the next generation electronics.
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