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ABSTRACT
For my thesis, I conducted experiments to investigate superconductivity and
superconducting proximity effect in carbon nanotubes. The measurements are carried out on
carbon nanotube field‐effect transistors (CNTFETs) made of individual carbon nanotubes.
Carbon nanotubes are synthesized by chemical vapor deposition (CVD) on heavily doped
silicon substrate covered by a layer of thermally grown silicon oxide, so that the substrate
serves as a back gate. Different metals (superconducting and normal metal) have been
deposited to make source and drain contacts with the carbon nanotube. For the investigation
of intrinsic superconductivity in carbon nanotubes, I fabricated low‐resistance CNTFETs with
contacts made of palladium, a normal metal. In certain special gate voltage ranges, the
conductance of carbon nanotube increases with decreasing temperature below a critical value.
I suggest that this is due to intrinsic superconductivity in the carbon nanotube when the Fermi
level of the carbon nanotube is shifted into van Hove singularities of its density of states by a
gate voltage. The increase of conductance at low temperature is then attributed to Andreev
reflection occurring at the CNT/Pd interfaces when Cooper pairs form in the carbon nanotube.
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In our devices, we measured critical temperatures up to 30 K, which is higher than the critical
temperatures previously reported for intrinsic superconductivity in carbon nanotubes (ranging
from 0.5 K to 15 K). Moreover, I have measured the general low temperature transport
phenomena of these devices, including quantized conductance, coherent interference, and
single electron tunneling. I will also discuss carbon nanotubes used as nanoscale probes for
superconducting proximity effect for CNTFETs with superconducting electrodes.
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Introduction
Carbon nanotube, a carbon allotrope with a hollow cylinder structure, provides a novel
and superior material to study the electronic transport in one dimension (1D). While the
advent of modern microfabrication techniques has pushed the dimension of microstructure to
the limit of tens of nanometers, a single‐walled carbon nanotube (SWNT) can have a diameter
below 1 nanometer and is a truly 1D conductor. The confinement due to the small diameter of
a carbon nanotube drastically reduces the number of transverse modes in it when compared
to a nanowire obtained with modern patterning techniques. In addition, its unique lattice
structure gives it special properties and advantages over a nanowire. For example, a carbon
nanotube can be either metallic or semiconducting depending on its chirality, and its perfect
lattice structure enables ballistic transport up to room temperature.
Since SWNTs were discovered in 1993 [1,2], an enormous number of experiments have
been performed to explore electronic transport properties in the one dimensional limit,
including superconductivity and superconducting proximity effect. Proximity‐induced
superconductivity in carbon nanotubes was first reported in suspended SWNT ropes [3] and
multiple individual SWNTs [4]. Soon after, intrinsic superconductivity was found in SWNT
ropes [5] and SWNT arrays [6]. Recently, intrinsic superconductivity has been also reported in
multi‐walled carbon nanotube (MWNT) templates [7] and boron‐doped carbon nanotube
films [8]. These experiments showed a large variation in the superconducting critical
1

temperature, from 500 mK to 15 K. Intrinsic superconductivity in these materials, as well as
the spread in their superconducting properties, are still not understood.
Our group has explored the possible presence of superconductivity in carbon nanotubes
by measuring the low temperature transport properties of field‐effect transistors (FET) based
on individual carbon nanotubes [9]. A CNTFET is a three‐terminal device, whose conductivity
can be tuned by a gate electrode. In a narrow gate voltage range, we found that the CNTFET
conductance increases with decreasing temperature below a critical temperature. Remarkably,
the same device shows insulating behavior when the gate voltage is tuned out of that gate
voltage range. This anomalous increase of conductance at low temperatures has been
observed in both CNTFETs with superconducting electrodes and CNTFETs with normal
electrodes. We proposed a mechanism for this anomaly: superconductivity occurs in the
carbon nanotube when the gate voltage shifts the Fermi level of the carbon nanotube into van
Hove Singularities (VHSs) of the density of states (DOS). In this narrow gate voltage range
around a VHS, the conductance vs. bias voltage manifests a peak at zero bias voltage, a
signature of Andreev reflection occurring at the interface of a superconductor and a normal
metal. This VHS scenario of superconductivity in carbon nanotube is further studied in this
thesis, which is the focus of my research.
This thesis contains my experimental work on the exploration of intrinsic
superconductivity in individual SWNTs, as well as investigation of superconducting proximity
2

effect, using CNT as a nanoscale probe. The structure of my thesis is the following: in chapter
1, the background summarizes the electronic properties of carbon nanotubes, the principles
of CNTFETs, the Landauer formula used to describe electronic transport in low‐dimension
conductors, and the low‐temperature transport phenomena in CNTFETs, including
experiments of previous work on superconductivity in carbon nanotubes. I describe the
sample design and fabrication as well as the measurement setup in chapter 2. In the next two
chapters, I present the main experimental results from my measurements of a multi‐section
CNTFET made with normal metal electrodes. These measurements support the VHS scenario
of the intrinsic superconductivity in carbon nanotubes. In chapter 5, I discuss another
experiment that uses a carbon nanotube tip as a nanoscale point contact to detect
superconducting proximity effect.
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Chapter 1
Background

1.1 Electronic properties of single‐walled carbon nanotubes
Carbon is such a remarkable element because it exists in a large variety of forms bearing
distinct electronic properties, from diamond (large‐gap semiconductor), graphite (semimetal),
to graphene (zero‐gap semiconductor). In the past decades, new carbon allotropes, such as
fullerenes and nanotubes, have been discovered in the laboratory. The large variety of carbon
allotropes is due to the hybridization between the 2s and 2p orbitals (figure 1‐1(a),(b)) in
carbon atoms. In graphite, one valence electron in the 2s orbital and two electrons in the 2px
and 2py orbitals are hybridized into three in‐plane, energetically equivalent orbitals which
exist 120o to each other (figure 1‐1(c)), while the second 2s electron is promoted to 2pz,
perpendicular to the plane (figure 1‐2(b)). Carbon atoms in a graphene sheet are bonded
through strong σ bonds (orbitals overlap end to end), as shown in figure 1‐1(d). Electrons in
the 2pz orbitals form weak π bonds (orbits overlap side by side), as shown in figure 1‐1(e),
responsible for electronic transport.
4

Fig. 1‐1 (a) Hybridization of an s orbital and a px orbital. (b) Hybridization of an s orbital and a py
orbital. (c) In‐plane sp2 hybridization in graphite. (d) σ bond between two sp hybridized orbitals. (e)
π bond between two p orbitals.

Fig. 1‐2 (a) Schematic diagram of rolling up a graphene sheet along the lattice vector C. â 1 and â 2
are two unit vectors of graphene, which form a unit cell containing two nonequivalent carbon
atoms. (b) Carbon nanotubes formed by rolling up a graphene sheet along the three directions in
(a). In the top picture: The red lines indicate the σ bonds between sp2 orbitals. 2pz orbitals hang
along the surface normal direction, forming π bonds.
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If a graphene sheet is rolled up along a lattice vector C (figure 1‐2(a)), so that the lattice
point at the beginning of C superposes on the lattice point at the end of C, it forms a
cylindrical carbon tube, i.e., a SWNT, whose circumference is the magnitude of C. The lattice
structure and thus the electronic properties of the wrapped tube are uniquely defined by the
vector C = n1â 1+n2â 2, where â 1 and â 2 are the unit vectors of the graphene sheet, n1 and n2
are integers. The index (n1,n2) is then used to label the carbon nanotubes. According to the
terminology in the carbon nanotube literatures, the tubes with index (n, n) are called armchair
tubes, the tubes with index (n, 0) are called zigzag tubes, and the tubes with all other indices
are called chiral tubes (figure 1‐2(b)). Electronic band structure calculation [10,11,12]
predicted that SWNTs are metallic, when n1‐n2=3m (m=0,1,…), or semiconducting, otherwise.
Thus, 1/3 of the possible tubes are expected to be metallic tubes and 2/3 of the possible tubes
are expected to be semiconducting.
A simple way to understand the band structure of SWNT is to construct it from the band
structure of graphene. Usually, only the electrons from the π bonding between the
unsaturated 2pz orbitals are considered because they are near the Fermi level and responsible
for the electronic transport. Figure 1‐3(a) shows the band structure of π bond electrons in the
graphene obtained with a tight‐binding calculation, where the valence band and the
conduction band meet each other at the six high symmetric K points of the first Brillouin zone,
making the graphene a zero gap semiconductor. Only two of the six K points are
6

nonequivalent, which are indicated as K and K’ in figure 1‐3(b), corresponding to the two
nonequivalent carbon atoms in the primitive unit cell in the real space (figure 1‐2(a)).
Therefore, the band structure near the Fermi points in the first Brillouin zone can be
represented by the energy dispersion around K and K’ points.
Near the Fermi energy, the band structure of the graphene around each of the K points
has a shape of hourglass, with the upper cone representing the conduction band and the
lower cone representing the valence band (figure 1‐4(a)). As the graphene sheet is rolled up
into a tube, the wavevector along the circumference (k⊥) is quantized, due to the periodic
boundary condition k⊥= 2πq/C, where q is an integer and C is the circumference of the tube.
As a result, the one‐dimensional subbands of the carbon nanotube are obtained by slicing
these hourglass surfaces vertically and perpendicular to the k⊥. If the K point is included in the
slicing plane, the conduction band and the valence band meet each other at the Fermi energy,
and the first subband has a linear dispersion relation, resulting in a metallic tube (figure
1‐4(b)). Otherwise, a semiconducting tube is obtained with an energy gap Eg between the
filled valence band and the empty conduction band (figure 1‐4(c)).

7

Fig. 1‐3 (a) The π bond band structure of graphene calculated within a tight‐binding model. The
conduction and valence bands meet each other at the six K points of the first Brillouin zone.
Adapted from [13]. (b) The two nonequivalent K points in the first Brillouin zone of graphene.

Fig. 1‐4 (a) Energy dispersion near the Fermi energy at the six K points of the first Brillouin zone of
graphene. K|| is parallel to the axis of the SWNT, and k⊥ is along its circumference. The dashed lines
indicate the allowed k⊥ states in the SWNT. (b)‐(c) Energy dispersion of a SWNT obtained by slicing
the energy dispersion cones of graphene near the Fermi energy for: (b) a metallic SWNT, and (c) a
semiconducting SWNT. Only the first subbands are shown.
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If the diameter of a semiconducting tube is so large that

3d
<< 1 , where d=0.142 nm is
2D

the carbon‐carbon bond distance, D is the diameter of the nanotube, White et al. [15] showed
that the energy gap, Eg, is inversely proportional to the diameter of the tube and independent
of the chirality:

Eg =

2 V ppπ d
D

,

(1.1)

where Vppπ ≈‐2.7 eV is the nearest‐neighbor ppπ interaction. Furthermore, they have
showed that the density of states of carbon nanotubes [16] can be described by a universal
function, with large van Hove singularity peaks. Each peak corresponds to the onset of a 1D
subband with a higher energy. As long as

and the second VHSs is ~

E
V ppπ

<< 1 , the energy spacing between the first

1
E g , and the spacing between the second and the third VHSs is
2

comparable to E g . Figure 1‐5 depicts an example of the 1D band structure of the
semiconducting tubes and the corresponding DOS showing sharp VHS peaks.

9

Fig. 1‐5 The approximate 1D band structure of a semiconducting single‐walled carbon nanotube
(left) and the corresponding DOS (right) showing large VHS peaks, where E o =

3V ppπ d
D

.

Adapted from [17].

1.2 The Work function of carbon nanotubes
Experimentally, the work function of CNTs has been studied by many methods including
thermionic emission, ultraviolet photoemission spectroscopy (UPS), field emission microscopy
(FEM), and photoemission electron microscopy (PEEM) [18,19,20,21,22,]. It is often found
that the work function of the MWNTs is smaller than that of graphite, while the work function
of the SWNTs is larger. However, the absolute values of their respective work functions
10

reported by experiments vary in a large range. The work function of carbon nanotubes has
been found in a range of 4.3‐5.05 eV and the reported work function of graphite varies from
4.39 eV to 4.84 eV. There are many factors that can affect the accurate measurement of the
work function of carbon nanotubes, such as the surface contamination and the adsorbates
[22], or the oxidative treatment [19] that occurs during the purification process. Also, it has
been suggested that the work function at the CNT tip could be different from that at the CNT
side [23,24], and the measured work function of carbon nanotubes could be the average value
of the work functions at the tip and at the side, since most samples are prepared in forms of
bundles or films.
There is also a discrepancy in the first‐principle calculated values of the work function of
carbon nanotubes from different groups, varying from 3.18eV to 5.95 eV [24,25,26,27,28]. An
earlier work by Zhao et al. [25] has predicted a linear dependence of the work function of
individual SWNTs on the tube diameter, as shown in figure 1‐6(a), a dependence which is
stronger for the metallic tubes than for the semiconducting tubes. Linearly extrapolation of
the tube diameter to infinity shows that the work function of an individual carbon nanotube
approaches 4.84 eV and 4.73 eV, respectively, for a metallic and a semiconducting tube. These
values are close to the calculated work function of graphite (4.91 eV). In addition, they found
that the work function of SWNT bundles has no dependence on the tube diameter or the
chirality.
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Fig. 1‐6 (a) Dependence of individual CNT work function on tube diameter for individual
semiconducting tube (upper line) and metallic tube (lower line), calculated by Zhao et al.. Adapted
from [25]. (b) Work function of (n,n) and (n,0) nanotubes as a function of the tube diameter,
calculated by Shan et al.. Adapted from [27].
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Shan’s [27] calculation has found a similar result (figure 1‐6(b)) that the work function of
the semiconducting nanotubes has a much stronger dependence on the tube diameter than
the work function of the metallic tubes does, so long as the tube diameter is smaller than 1
nm. Moreover, they showed that for the nanotubes with a diameter larger than 1 nm, their
work functions approach their calculated graphite work function (4.66 e V), as the tube
diameter approaches infinity, regardless of the tube type. Su et al. [28] further predicted that
the work function of the MWNTs has a significant dependence on the diameters of both the
inner and the outer tubes, if the diameter of the inner tube is smaller than 1 nm. For a MWNT
whose inner tube diameter is larger than 1 nm, its work function is close to the graphite’s
work function.

1.3 Principles of carbon nanotube field‐effect transistors
The electronic transport properties of carbon nanotubes are usually studied in the
configuration of FET, as shown in figure 1‐7(a), where carbon nanotubes are either deposited
or synthesized on a highly doped Si substrate covered by an insulating layer of thermally
grown SiO2. The doped Si substrate serves as a back gate. Contact leads are then defined by
lithography techniques and deposited to make the electronic contact with the carbon
nanotube. Experimentally, when metals with larger work functions (> 5 eV) are used for the
13

contacts, a p‐type CNTFET is usually obtained, resembling a p‐MOSFET (p‐type
metal‐oxide‐semiconductor field‐effect transistor), as shown in figure 1‐7(b). This reason is
that the Fermi level of a metal with a work function larger than 5 eV is closer to the valence
band than the conduction band of the carbon nanotube, assuming the work function of the
carbon nanotube to be 4.66~4.9 eV (figure 1‐6), which are the calculated values of the work
function of graphite [25, 27], and considering the energy gap of a semiconducting tube with a
diameter of 1 nm is ~0.8 eV. Therefore, the Schottky barrier for the hole‐conduction is smaller
than that for the electron‐conduction.

Fig. 1‐7 Diagram of the cross section along the conducting channel of (a) CNTFET and (b) MOSFET.

A p‐MOSFET is a four‐terminal device with a two‐dimensional (2D) conducting channel
(an inversion surface layer) controlled by a gate. When a sufficiently large negative gate
voltage is applied, minority carriers in the base semiconductor (n type) accumulate at the
14

oxide/substrate interface and form an inversion surface layer, serving as the conducting
channel between the source and drain contacts. The back substrate is usually grounded with
the source electrode, although it can also be used to tune the device conductance. The gate
structure is essentially a MOS (metal‐oxide‐semiconductor) capacitor. Figures 1‐8(a) and (b)
show the schematic diagrams for the band bending at the oxide/semiconductor interface in a
MOS capacitor for a positive and a negative gate voltage, respectively. The Fermi level remains
flat everywhere in the semiconductor.
According to the Maxwell‐Boltzmann statistics, the carrier concentration in the
semiconductor in equilibrium can be estimated by the following equations [29]:
Electron:

no = ni exp[(E F − Ei ) / kT ]

(1.2)

Holes:

p o = ni exp[(Ei − E F ) / kT ]

(1.3)

where Ei is the intrinsic Fermi level lying in the middle of the energy gap, ni is the intrinsic
carrier concentration at the temperature T. Therefore, the downward band bending causes
the accumulation of electrons (the majority in the substrate of a p‐MOSFET) and the upward
band bending causes the accumulation of holes (the minority in the substrate of a p‐MOSFET).
Since the carrier concentration increases exponentially with the bending, a sufficiently large
negative gate can bend the band so much, that the concentration of the holes at the substrate
surface exceeds that of the electrons and turns on the conducting channel.

15

Fig. 1‐8 Schematic diagrams of band bending induced in a MOS capacitor by: (a) a positive gate
voltage and (b) a negative gate voltage. EC and EV are the conduction and valence band edges,
respectively. Ei=(EC+EV)/2 is the intrinsic Fermi level of the semiconductor. EF is the Fermi level of
the n‐doped semiconductor in equilibrium.

Fig. 1‐9 Schematic diagrams of band bending in CNT between the source and drain contacts
induced by (a) positive gate voltages and (b) negative gate voltages. The pairs of black and blue
solid lines correspond to small gate voltage and large gate voltage, respectively.
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While the gate of a MOSFET modulates the conductance of the channel, the gate in a
CNTFET modulates the contact resistance, by changing the width of the Schottky barriers at
the interfaces between the nanotube and the contacts. When the gate voltage changes the
electrostatic potential in the nanotube also changes. This causes the profile of the energy
bands to bend. If the source‐drain bias voltage is very small compared to the gate voltage,
approximately symmetric band bending occurs at both CNT/source and CNT/drain interfaces.
Figure 1‐9 shows the band bending diagrams in a p‐doped CNT between the source and the
drain contacts. Here, I assume that the Fermi levels in the contacts (EFd and EFs) are aligned
with the Fermi level in the carbon nanotube (there is usually a misalignment in the reality due
to the different work functions of the contact metal and the carbon nanotubes).
For a small positive gate voltage, which bends the band upward slightly at the interfaces
(black solid lines in figure 1‐9(a)), no current flows with a small bias voltage applied across the
source and drain electrodes. This is because the Fermi level of the contacts lies inside the
energy gap of the carbon nanotube, and the CNTFET is in the “OFF” state. This corresponds to
the “OFF” state of the CNTFET. As a sufficiently large positive gate voltage bends the band
more and more (blue solid lines in figure 1‐9(a)), the Fermi level of the contacts aligns with
the conduction band. However, the existence of large Schottky barriers between the contacts
and the carbon nanotube only allows a very small current, resulting in a very large resistance.
On the other hand, it only requires a small negative gate voltage to bend the band in the
17

carbon nanotube so that the Fermi level of the contacts can be aligned with the valence band
of the tube (black solid lines in figure 1‐9(b)), since the Fermi level of the contact metal is very
close to the valence band of the nanotube. In this case, Schottky barriers at the interfaces are
small, and transport occurs with thermionic current at room temperature and tunneling
current at low temperature. A large negative gate voltage can substantially reduce the width
of the Schottky barriers (blue solid lines in figure 1‐9(b)), and a larger current can flow from
the source to the drain electrodes. When the width of the Schottky barrier becomes negligible,
the current saturates and the CNTFET is in the “ON” state.

1.4 Landauer Formula
It has been shown by White et al. [30] that SWNTs are superior ballistic conductors that
have a width of 1‐2 nm and a mean free path on the order of ten micros or even more. The
electronic transport in a ballistic conductor with a small number of channels and attached to
large (3D) contacts is usually studied with the Landauer approach. Since the conductor is
ballistic, it seems that in the case of ideal contacts between the 1D conductor and the large
electrodes, one would expect this structure to have zero resistance, i.e., infinite conductance.
However, the measured conductance always shows a maximum limit. This is because the
density of states in the 1D conductor limits the amount of current that can flow through the
18

structure and causes a “contact resistance”, as shown below.

Fig. 1‐10 A SWNT, which is a 1D conductor, in contact with two big (3D) contacts

A SWNT probed by two large contacts (figure 1‐10) can be considered as a ballistic
electron waveguide with two transverse modes (corresponding to the K and K’ points in figure
1‐3(b)). The current flow from the source to the drain contact carried by each transverse
mode is I = ∆nev , where ∆n is the number of electrons per unit length, moving with
velocity v . Applying the one dimensional energy density of states D (ε ) =

dN dk 2 L
,
=
dk dε hv

(the factor of 2 counts for the spin degeneracy), the current is:

I=

D(ε )(∆ε )
2e 2
ev =
VSD
L
h
19

(1.4)

Therefore, the conductance of a ballistic SWNT is:

2e 2
M
h

G=

where M is the number of the transverse modes. Go =

(1.5)

2e 2
is called the quantum
h

conductance. Equation (1.5) is the maximum conductance one can measure in a carbon
nanotube with M transverse modes lying between the chemical potentials of the source and
the drain contacts. For a small source‐drain bias, M=2, the resistance of a carbon nanotube
has a minimum value:

G −1 =

h
= 6.45kΩ
4e 2

(1.6)

A conductance of ~2Go has actually been measured in metallic carbon nanotubes
[31,32,33,34,35]. However, for a CNTFET based on a semiconductor SWNT, the Schottky
barriers are usually not negligible and the contacts are far away from ideal ones. So far, the
highest conductance achieved in CNTFETs based on semiconducting tubes is ~Go, even with
very good contacts. The effect of the barriers present at the contacts can be included by
introducing a factor T in equation (1.5):

G=

2e 2
MT
h

(1.7)

where T is the transmission probability of charges to tunnel from the left to the right contacts.
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1.5 Low temperature transport in SWNTs
Low temperature electronic transport in SWNTs has been investigated intensively in the
past decades, and a full picture of the transport properties has been developed. A recent
review has been written by Biercuk et al. [36]. In this section, I will summarize the progress in
the superconducting proximity effect and the intrinsic superconductivity in carbon nanotubes,
as well as other low temperature transport phenomena that pertain to my thesis research,
including quantized conductance, Fabry‐Perot interference and Coulomb blockade.

1.5.1 Superconductivity and Andreev Reflection
Superconductivity is the striking phenomenon occurring in many conductors, where the
electrical resistance drops to zero below a critical temperature (TC). Bardeen, Cooper, and
Schrieffer developed a microscopic theory (BCS) of superconductivity, which has accurately
predicted many features of the superconducting state, including the existence of an energy
gap ∆ between the ground state and the excited states in superconductors. Two electrons
with opposite momenta and spins, and with energies that differ by an amount smaller than
the energy gap, will form a bound state, if there is a net attractive interaction between them.
This bound state is a Cooper pair and the attractive interaction is mediated by crystal lattice
phonons. In the BCS theory, all the conducting electrons form Cooper pairs, and the ground
state is a N‐electron wavefunction grouped into N/2 pairs. In the superconductor, the Cooper
21

pairs carry electrical current with no dissipation (supercurrent). The superconducting gap
predicted by the BCS theory is:

∆ = 2hω D e −1 UD ( EF )

(1.8)

where ħωD is the Debye energy, U is the attractive interaction, and D(EF) is the density of
states for electrons at the Fermi energy with one spin direction. Since ∆=1.76 kTC, the critical
temperature is related to D(EF) as:

TC = 1.14Θe −1 UD ( E F )

(1.9)

where Θ is the Debye temperature.
Another important property of superconductors is their response to an applied magnetic
field. A pure superconductor that is placed in a magnetic field and cooled through the
transition temperature will expel the magnetic field from its interior below the critical
temperature. This is known as the Meissner effect, and occurs for applied field up to a critical
field HC. Above HC, the magnetic field penetrates all the way into the superconductor, and the
superconductor is driven into the normal state. When the Meissner effect occurs, the
magnetic field drops exponentially within the superconductor, with characteristic length λL,

⎛ mc 2
known as London penetration depth. The London penetration length is λ L = ⎜⎜
2
⎝ 4πne

⎞
⎟⎟
⎠

1/ 2

,

where m, e, and n are the mass, charge and density of the conduction electrons, respectively.
Another important characteristic length in the superconductor is the coherence length ξ,
22

which describes the spatial size of the wavefunction of the Cooper pair. For a pure
superconductor, the coherence length ξo is related to the superconducting gap, and therefore
to the critical temperature, by ξ o =

2hv F
, where vF is the Fermi velocity. In materials that
π∆

are not pure, both the coherence length ξ and the magnetic penetration depth λ will depend
on the mean free path of the material in the normal state.
When ξ<< λ, the superconductor is called type I superconductor, the transition at the
critical magnetic field is discontinuous, and HC(T)≈HC(0)[1‐(T/TC)2]. When ξ>λ, the
superconductor is called type II superconductor, and the transition in the magnetic field is not
discontinuous. Instead, when the magnetic field is increased, magnetic flux is expelled up to a
lower critical field, HC1≈Φo/πλ2, where Φo=hc/2e=2.07x10‐7 G‐cm2 is the flux quantum. Above
HC1, magnetic flux penetrates into the sample, but the superconductor can still carry a
supercurrent. Superconductivity is destroyed above HC2≈Φo/πξ2, the upper critical field.
When a superconductor (S) is brought into contact with a normal metal (N), Cooper pairs,
the carriers for supercurrent in a superconductor, can “intrude” in the normal metal. This
effect is called superconducting proximity effect and is explained by Andreev reflection at the
interface between the superconductor and the normal metal (SN interface), as illustrated
schematically in figure 1‐11(a). Andreev reflection is an elastic process where an electron
incident from the normal metal to the superconductor, with energy below the
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superconducting gap, is retro‐reflected as a hole with opposite spin as that of the incident
electron. This is because there are no available states for the electrons in the superconducting
gap. As the result, to have a current flow, two electrons with opposite momentum need to
combine and form a Cooper pair in the superconductor. The same process can be described by
an incident electron and a retro‐reflected hole, as mentioned above. In the case of ideal
contact (no barrier at the SN interface), the conductance of the SN junction (GS) is twice as
large as the conductance that is measured when the superconductor is in the normal state
(GN), because the Cooper pair has twice the charge of a normal electron (figure 1‐11(b)).
Moreover, the conductance vs. bias voltage manifests a peak with the maximum of
conductance at zero bias because Andreev reflection has the highest probability for incident
electrons with energy below the superconductor energy gap. However, the probability of
Andreev reflection is suppressed strongly as barriers occur at the interface ((figure 1‐11(c)).
Thus, highly transparent interface is very important for the observation of Andreev reflection.
In the case of a normal metal connected to two superconducting electrodes, there are
two SN interfaces in series and Andreev reflection can occur at both interfaces. If the
electron‐hole phase coherence is preserved in the normal metal, the phases of the
superconducting electrodes are linked by Andreev reflections and there is a supercurrent.
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Fig. 1‐11 (a) Schematic diagram of Andreev reflection at SN interface. ∆ is the superconducting
energy gap in the superconductor. (b)‐(c) BTK (Blonder‐Tinkham‐Klapwijk) theory calculated
differential conductance vs. bias voltage at T=0 for ideal contact with zero bias conductance
maximum and poor contact. (b) and (c) are adapted from [37].
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1.5.2 Superconducting proximity effect in SWNTs
Proximity induced supercurrent in SWNTs was reported by Kasumov [3] for the first time.
Figure 1‐12 shows the signatures of proximity‐induced superconductivity in a suspended
SWNT in contact with Au/Ta electrodes, including the observation of zero resistance when the
temperature is decreased below the critical temperature of the electrodes (~0.4 K, figure
1‐12(a)). The V(I) curves show a critical current of 0.104 µA at 130 mK (figure 1‐12(b)). These
signatures have strong dependence on magnetic field perpendicular to the axis of the
nanotube and can be depressed completely by a field above 1 T (figure 1‐12(a),(c)). However,
neither the temperature dependence nor the magnetic field dependence of the critical
current can be explained by the traditional weak link theory. Furthermore, the critical current
is much higher (40 times) than what is deduced from the theory developed by Bardeen,
Cooper, and Schrieffer (BCS theory), assuming that the energy gap was obtained by the critical
temperature of the contact leads. No gate voltage was applied in these experiments.
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Fig. 1‐12 Low temperature transport measurement of a suspended SWNT with Au/Ta electrodes.
Tc=0.4K. (a) Temperature dependence of the SWNT resistance in magnetic field perpendicular to
the tube axis. (b) Upper curve: V(I) characteristic of the SWNT showing critical current. Lower
curve: V(I) curve of the SWNT in a wider current range with a voltage step for current higher than
the critical current. (c) Temperature and magnetic field dependence of the proximity‐induced
critical current of the suspending SWNT. The critical current disappears at H=1 T. Adapted from [3].
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Signatures of proximity‐induced superconductivity were also observed by Morpurgo et al.
[4] in SWNTs integrated in the configuration of FET, manifesting as a differential resistance dip
(equal to a conductance peak in figure 1‐11(b)) near zero source‐drain bias, as shown in figure
1‐13(c). This peak was attributed to Andreev reflection occurring at the interfaces between
the SWNTs and the superconducting electrodes (Nb). These samples have multiple SWNTs
connected in parallel between Nb electrodes and assembled on a bi‐layer substrate (highly
doped silicon covered by thermal silicon oxide layer), which works as a back gate. The
differential resistance dip near zero bias was strongly temperature dependent and
disappeared above 9 K (figure 1‐13(c)). No supercurrent has been observed in their samples at
temperature as low as 40 mK, even though some of their samples have contacts with higher
transparency than the samples measured by Kasumov et al. [3]. This is inconsistent with
Andreev reflection, which expects proximity‐induced superconductivity to be more prominent
if the SN interfaces are more transparent.
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Fig. 1‐13 (a) Top view of the CNTFET with multiple SWNTs. (b) Side view of the CNTFET. (c)
Differential resistance as a function of bias voltage and temperature at large negative gate voltage
in the CNTFET. Adapted from [4].
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Our group further investigated the zero‐bias minimum in the differential resistance of
CNTFETs made of single semiconducting SWNT [9]. At low temperature, zero‐bias dips in
differential resistance were observed at special gate voltage ranges in samples with room
temperature resistance below 40 kΩ (figure 1‐14(d)). A remarkable feature is that the
zero‐bias dip in differential resistance had a critical temperature of ~30 K, much higher than
the critical temperature of the Nb electrodes (~9.1 K). A similar feature was also measured in
samples with normal Pd electrodes, which will be discussed in the next section. Within the
special gate voltage ranges, the temperature dependence of zero‐bias differential resistance
showed a broad transition, which could be fit nicely by the simulation of a 1D SNI(NT)INS
junction (figure 1‐14(c)), where S is the Nb superconducting electrodes, N is Pd normal layer, I
is the interface Schottky barriers and NT is the carbon nanotube. This model assumes that the
presence of the dip above the critical temperature of Nb electrodes is due to Cooper pairs in
carbon nanotube, leading Andreev reflection to occur at SN and NI(NT) interfaces. Below the
Tc of Nb, both the nanotube and the Nb are superconducting.
Therefore, we suggested that the cause of the high critical temperature of the observed
zero‐bias anomaly (ZBA) features is the intrinsic superconductivity in the CNT (see next
section). This occurs at values of gate voltage corresponding to a shift of Fermi level of CNT
into its van Hove Singularities (VHSs).
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Fig. 1‐14 Zero bias anomaly in CNTFET with superconducting electrodes. (a) Schematic picture of a
CNTFET made of single CNT and Pd/Nb contact leads. Pd is 5 nm thick, used to form good contact
between leads and CNT. (b) Differential resistance of a CNTFET made of a semiconducting tube as a
function of gate voltage at 4.2 K. (c) Diagram of the Andreev reflection model used to simulate a
SN(NT)NS device. (d) Bias dependence of differential resistance shows a dip at zero bias at
temperatures of 5.5 K, 8.5 K, 9.5 K, 15 K, 20 K and 30 K at Vg=‐47V. (e) The temperature
dependence of the zero‐bias differential resistance fitted by the simulation based on the model in
(c). Adapted from [9].
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1.5.3 Intrinsic superconductivity in SWNTs
Intrinsic superconductivity has been reported in SWNT ropes [5], SWNT arrays embedded
in a zerolite matrix [6], end‐bonded MWNTs [7], and boron‐doped CNT films [8].
Kociak et al. [5] reported intrinsic superconductivity in suspended SWNT ropes contacted
by normal electrodes, which were soldered to the SWNTs by a laser pulse, resulting in highly
transparent contacts. In these samples, the zero‐bias resistance decreased drastically at
temperatures below 1 K. The sample with highest critical temperature (~ 0.55 K) showed a
residual resistance of ~70 Ω, which is the contact resistance described by Landauer formula
(1.6), and resulting from the 1D character of the SWNTs. However, the number of tubes
estimated from the residual resistance is approximately 25% of that measured by TEM,
suggesting interactions among the SWNTs in the rope and the presence of disorder for
electrons moving from tube to tube. Therefore, in the diffusive limit, they estimated the
coherence length in their sample to be ξ~ 0.3 µm, which is about 10 times larger than the
tube diameter. Below the critical temperature and in zero magnetic field, the differential
resistance of the SWNTs manifests a dip at zero bias current (figure 1‐15(b)), with jumps of
resistance occurring up to 2.5 µA. The jumps of the resistance have been explained as thermal
phase slips, which will lead to a broad transition instead of a sharp one at low temperatures.
The broad transition as shown in figure 1‐15(a) resembles what has been reported in ultrathin
superconducting nanowires [38], and disappears when a magnetic field of 1.25 T is applied
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perpendicular to the carbon nanotube ropes.

Fig. 1‐15 (a) Broad temperature transition of a carbon nanotube rope sample evolves in magnetic
field. The inset is the SEM image of the rope sample. (b) Zero bias dip in differential resistance
evolves in magnetic filed with absence of gate voltage. Adapted from [5].
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The mechanism of the disappearance of the superconductivity in magnetic field is still
not clear. In addition, the energy gap corresponding to the width of the dV/dI vs. I curves is
much larger than the energy gap estimated from the critical temperature ∆=1.76kTc=85 µeV.
The authors suggested that the attractive interaction may be caused by the radial breathing
phonon mode in the SWNTs, and a higher critical temperature could be realized in chemically
doped carbon nanotubes when electrons couple with higher energy phonons.
Murata et al. recently reported superconductivity in boron‐doped carbon nanotube film
[8] with a critical temperature of 12 K. The authors also suggested that a high critical
temperature can be caused by the alignment of the Fermi level (EF) to a Van Hove Singularity.
The same group has also reported superconductivity in end‐bonded MWNTs arrays [7]. In this
experiment, both the energy gap ∆ and the critical current can be explained well by BCS
theory, suggesting that the MWNT arrays resemble a traditional 3D superconductor. In
contrary to the SWNT rope, a sharp temperature transition of the resistance has been
observed in the MWNT array. However, the superconductivity reported in a SWNT array
embedded in a zeolite matrix [6], shows a broad temperature transition, and a critical
temperature of 15 K.
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Fig. 1‐16 Zero bias anomaly in CNTFET with normal contacts. (a) Schematic picture of CNTFET
made of single CNT and Pd contact leads. (b) Bias dependence of differential resistance shows a
dip at zero bias at temperature of 2 K, 4 K, 7 K, and 15 K at Vg = ‐35.7V. (c) Diagram of the Andreev
reflection model used to simulate a N/NT/N device. (d) Fitting the temperature dependence of the
Andreev reflection resistance dip by simulation based on the model in (c) Temperature
dependence of superconducting energy gap in CNT reconstructed from numerical calculation.
Adapted from [9].
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All the experimental results mentioned above show a wide range of critical temperatures,
from 0.5 K to 15 K. They also show that the superconductivity could be largely affected by the
dimension of the sample and the shell number of the nanotubes. Further investigation of the
intrinsic superconductivity in carbon nanotubes, especially in a simpler system is very
important to understand these effects. This was initially studied by our group in CNTFETs
made of single SWNT and normal Pd electrodes [9].
As shown in figure 1‐16, we observed ZBA features in CNTFETs contacted by normal
contacts in a narrow gate voltage range, with a critical temperature of ~12 K. Similar to what
have been found in CNTFETs with Nb electrodes (figure 1‐14), a broad transition of zero‐bias
resistance as a function of temperature was observed (figure 1‐16(d)) and could be fitted
nicely by simulation of a NI(NT)IN junction (N is Pd normal layer, I is the interface Schottky
barriers and NT is the carbon nanotube), assuming that Cooper pairs forms in the CNT. Figure
1‐16(e) shows the temperature dependence of the energy gap, ∆(T), extracted by fitting the
temperature dependence of the ZBA features to a model that includes Andreev reflection
between Cooper pairs in the CNT and electron‐hole pairs in the Pd. Observation of similar
temperature dependence was also found in SWNT arrays [6].
We further investigated the effect of the gate voltages on the zero‐bias anomaly in
differential resistance. As I have mentioned at the end of section 1.5.1, the carbon nanotube
may be driven into the superconducting state when the Fermi level of the nanotube is shifted
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into a VHS by applying a gate voltage. The shift of the Fermi level (∆E) is proportional to the
tuning of the gate voltage (∆Vg) with a proportionality constant α, which is called gate
efficiency., i.e. ∆E=eα∆Vg. In these samples, we could not measure the gate efficiency
independently due to reasons explained in chapter 4. Therefore, we assumed the gate
efficiency to be 0.75%, and found that the position of the gate voltage range where ZBAs were
observed matched the VHS position estimated from the tube diameter measured by atomic
force microscope (AFM). This is consistent with the scenario mentioned at the end of section
1.5.1. This scenario was also explored in a recent experiment on boron‐doped carbon
nanotube film [8], where the Fermi level in carbon nanotube is shifted by doping.
In all reported experiments in CNTs, a broad superconducting transition as a function of
temperature has been observed as opposed to the sharp transition observed in traditional
bulk superconductor. This is similar to the broad transition in superconducting nanowires [38],
where the broadening is due to thermal and quantum fluctuations. However, the reported
critical temperature varies in a large range, from 0.55 K to 15 K. In chapters 3 and 4, I will
present our recent study of the ZBA features in a special multi‐section CNTFET made of a large
diameter carbon nanotube and normal electrodes, where I actually measured the gate
efficiency and tested the VHS scenario for the intrinsic superconductivity in CNTs.
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1.5.4 Quantum conductance in CNTFETs
As I mentioned in section 1.3, in the case of perfect contact, the resistance of a ballistic
carbon nanotube measured by two large probes is 6.45 kΩ (equation (1.6)), equivalent to a
conductance of 2Go=4e2/h, for each subband participating the transport. Since the 1D band
structure of CNT has discrete subbands (as shown in figure 1‐5), quantized conductance is
expected in an ideal CNTFET.
Quantized conductance was first reported in multi‐walled carbon nanotube (MWNT) [39]
(figure 1‐17(a),(b)). In this experiment, the conductance of a carbon nanotube fiber was
measured as the sample was dipped into a liquid contact (mercury) slowly. Clear quantized
conductance steps were observed as a function of the depth of the carbon nanotube sample
immersed in the mercury contact, which was extracted from the z position of the piezo control.
Figure 1‐17(b) shows three main steps with height of Go=2e2/h, corresponding to additional
tubes getting in touch with the liquid contact, and two minor steps occurring at half Go. The
observation of quantized conductance is the result of a very good contact formed between
the liquid contact and nanotubes. However, the reason for the steps occurring at Go rather
than 2Go for these MWNTs is still unclear. The interaction between shells in MWNTs was
suggested as a possible reason.
In CNTFETs with solid metal electrodes, step‐like current has been reported as a function
of gate voltage [40,41], explained as higher energy subbands being activated for transport by
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gate controlled electron doping. However, samples studied in these experiments are highly
resistive (~MΩ), indicating either poor contact transparency [40] or disorder induced by
potassium doping [41]. Observation of quantized conductance requires clean samples and
contacts with high transparency, which depends on many factors such as the nanotube
diameter and control of adsorbates contamination.
Biercuk et al. [42] reported quantized conductance as a function of gate voltage in
CNTFETs with highly transparent contacts, as shown in figure 1‐17(c). However, the energy
spacing between the overshooting bumps on the rising slopes was not consistent with the
separation of VHSs estimated from the diameter of the tube, indicating that the increase of
the conductance was probably not due to additional subbands. The authors speculate
possible, although surprising, lift of both orbital and spin degeneracy in the nanotube.
In chapter 4, I will show our measurements on two different sections of a long carbon
nanotube, where clear quantized conductance plateaus are observed as a function of back
gate voltage in both sections and reflect the valence subband structure in the nanotube
consistently.
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Fig. 1‐17 Quantum conductance measured in MWNT. (a) Schematic diagram of the measurement
setup. (b) A trace of measured conductance as a function of the piezo position showing two major
plateaus, each with a minor pre‐step. Adapted from [39]. (c) Conductance plateaus as a function of
gate voltage observed in a SWNT with diameter of ~3.2 nm, for both hole (blue trace, bottom axis)
and electron (red trace, top axis). Adapted from [42].
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1.5.5 Quantum interference in CNTFETs
Nearly perfect contacts have been achieved in CNTFETs made of metallic SWNTs with
differential conductance approaching 2Go [34]. However, even in the case of highly
transparent contacts, the transmission probability is always slightly lower than 1 and there is
some reflection of the electronic wavefunction at the contacts. In this case, a CNTFET behaves
like a Fabry‐Perot electron resonator and quantum interference of the electronic
wavefunctions results in a periodic pattern for differential conductance, which oscillates with
both gate voltage and source‐drain bias, as shown in figure 1‐18.

Fig. 1‐18 Two dimensional differential conductance maps as a function of gate voltage and
source‐drain bias for (a) a 530 nm SWNT device and (b) a 220 nm SWNT device. The values of Vc
from seven devices are plotted against the inverse nanotube length (L‐1). Adapted from [34].
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The period of this oscillation is analogous to the wavevector of a quasi‐particle in a 1D
potential well and is inversely proportional to the length of the nanotube segment between
the electrodes. Figure 1‐18 clearly shows that the 2D map (upper) obtained in a longer carbon
nanotube (~530 nm) has a smaller period than that of the 2D map (lower) obtained in a
shorter nanotube (220 nm). The period of the oscillation can be measured from the
source‐drain bias for the cross point of two adjacent black lines with positive and negative
slopes (Vc), as indicated by the white arrows in figure 1‐18. Vc corresponds to the energy
spacing of the 1D discrete energy levels in the carbon nanotube due to the confinement of the
contacts (figure 1‐19), ∆E, which is inversely proportional to the length of the nanotube
segment between the contacts:

Vc =

∆E hυ F π
=
e
eL

(1.10)

where L is the length of the nanotube segment between the contacts, ħ=6.58E‐16 eVs, and vF
=8.1E5 m/s is the Fermi velocity. The inset of figure 1‐18(b) plots data from seven devices
showing an approximately linear relationship between Vc and 1/L.
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Fig. 1‐19 Schematic diagram of the energy quantization of the 1D subband in carbon nanotube due
to the contact confinement.

1.5.6 SWNT Dots
For poor transparency contact, there are large tunneling barriers between the nanotube
and the contacts. In this case, a substantial charging energy may be needed to add even a
single electron to the nanotube and single electron tunneling dominates at low temperature.
In this regime, a carbon nanotube is considered as a quantum dot. A quantum dot is also
called an artificial atom because it has a discrete excitation energy spectrum analogous to that
of an atom, while the charging energy to add or remove one electron from the dot resembles
the ionization energy of an atom. The energy cost for an electron to tunnel through the
quantum dot is Eadd= Ec+∆E where Ec=e2/C is the charging energy, and ∆E=En+1‐En is the energy
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spacing determined by the length of the nanotube segment between the contact electrodes
(see section on Fabry‐Perot interference pattern). C=Cg+Cs+Cd is the total capacitance of the
dot, where Cg, Cd, Cs are the capacitances between the dot and gate, drain, and source
contacts, respectively, as shown in figure 1‐20(b).
When thermal energy kBT<<∆E,Ec, the small bias conductance displays sharp, well
separated peaks (Coulomb blockade peaks), each corresponding to one electron tunneling
through the CNT dot (figure 1‐20(a)), when a discrete energy level is aligned between the
electrochemical potential of the contact leads by the gate voltage (figure 1‐20(b)). The
Coulomb blockade peaks in figure 1‐20(a) are grouped into triplet clusters, clearly
demonstrating the orbital and spin degeneracy in the CNT dot. The gate voltage spacing
between two adjacent peaks inside a group are proportional to the charging energy, Ec, and
the gate voltage spacing separating the adjacent groups is proportional to Eadd. The
two‐dimensional (2D) map of the carbon nanotube conductance as a function of gate voltage
and bias voltage is then characterized by diamonds, where a clear four‐fold pattern is seen in a
large gate voltage range, as shown in figure 1‐20(c). The bright lines parallel to the edge of the
diamonds represent excited energy levels. Without the orbital and spin degeneracy, the 2D
plot will not show the four fold pattern but a pattern with alternative large and small
diamonds.
If kBT>>∆E but kBT <<Ec, (in most of cases, ∆E<<Ec), the discrete energy levels of the dot
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will smear out and only the charging energy can be distinguished, resulting in equal spacing
between all conductance peaks.
Since the single electron tunneling region is not the region where ZBA features will be
explored in this thesis, only a brief summary of transport properties in carbon nanotube dots
is presented above. For a review on this topic see [44].

Fig. 1‐20 (a) Coulomb blockade peaks in a 750‐nm‐long nanotube at temperature of 1.2 K. Adapted
from [43]. (b) Schematic diagram of the tunneling electron transport in CNT dot. (c) Differential
conductance maps as a function of gate voltage and source‐drain voltage, showing four‐fold
degenerate property (upper plot) and a zoom‐in plot (lower plot), showing the charging energy
and energy spacing in CNT dot. Adapted from [43]
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Chapter 2
Fabrication and Measurement Setup

2.1 Fabrication of CNTFETs
My samples were fabricated in the Georgetown Nanoscience and Microtechnology
Laboratory (GNuLab). The fabrication process of a sample ready for measurement includes
four steps: (1) CVD (chemical vapor deposition) synthesis of CNT; (2) imaging of carbon
nanotubes under field emission scanning electron microscope (FESEM); (3) patterning and
evaporation of metal electrodes; (4) wire bonding sample to home‐designed and
commercially produced circuit boards with soldered connectors.

2.1.1 Carbon nanotube synthesis and characterization
Carbon Nanotube Synthesis
SWNTs are synthesized with a catalytic high temperature process, using carbon feedstock
in forms of either solid or gas. The three methods typically used are: arc‐discharge, laser
vaporization/ablation and CVD. SWNTs were first discovered in soot deposit in the carbon‐arc
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chamber for fullerene research [1,2]. SWNTs produced by this method are usually tangled
together and presented in forms of bundles or networks, and need to be purified [45] before
they can be used for further fabrication. Purified SWNTs (they look like black powder) need to
be further separated by surfactants and sonication. The sonicated solution with SWNTs is then
spun or dropped on the sample substrates. After the solvent has evaporated, the SWNTs are
left on the substrate and are held at their position by van der Waals forces. Both the
purification process and the surfactants could introduce contamination on the carbon
nanotube surface, which is a major problem for obtaining highly transparent contacts
between the nanotube and the metal electrodes. These issues are also associated with carbon
nanotubes produced by the laser vaporization method [46]. Earlier transport experiments
used CNTFETs fabricated by these methods [46,47,48,49].
Compared to arc‐discharge and laser vaporization, CVD avoids the chemical
contamination from purification and surfactants by synthesizing SWNTs directly on the
substrate [50,51,52,53,54]. It also has many other advantages. The CVD process requires a
lower synthesis temperature (less than 1000 C), compared to that required by the other two
methods, which makes it more feasible in most labs. More importantly, CVD is a more
controllable method to synthesize carbon nanotubes in terms of form and diameter [50]: the
desired diameter of the carbon nanotubes can be controlled by the size of the pre‐formed
catalyst particles; individual SWNTs or SWNT bundles can be obtained by choosing proper
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catalyst support material [52].
We adopted optimized CVD and catalyst recipes based on the process reported by
Hongjie Dai’s group [53,55] to synthesize isolated SWNTs, which are nearly free of amorphous
carbon coatings. The catalyst is prepared in liquid form and patterned on the sample substrate
by photolithography [56], as depicted in figure 2‐1*. PMMA and SU‐8 are spun on a clean
substrate in sequence, resulting in a double layer photoresist with a total thickness of ~ 0.5
µm. SU8 is a commonly used negative photoresist to pattern high aspect ratio structures and
usually exposed by ultraviolet (UV) light (350‐400 nm), although sometimes it is also used as
e‐beam photoresist. The main advantage of SU‐8 in this process is that it is chemically inert
and does not react with the catalyst solution. The PMMA then serves as a sacrificial layer
because cross‐linked SU‐8 is extremely difficult to be removed by commonly used laboratory
resist strippers. A photomask is used to cover the area that is not expected to be exposed. The
exposed SU‐8 is then selectively cross‐linked by post expose bake (PEB) with the assistance of
the strong acid (HSbF6) generated during UV exposure. The unexposed SU‐8 is removed by
SU‐8 developer and the PMMA underneath is removed by oxygen reactive‐ion etching (RIE).
Then, a couple of drops of catalyst solution are applied all over the chip and catalyst particles
are deposited on the patterned surface areas. Finally, the samples are soaked in acetone (ACE),
in which the PMMA layer dissolves and SU‐8 layer will lift‐off.
*

Details of the process can be found in Appendix A.
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Fig. 2‐1 Schematic diagrams of the photolithography process to pattern catalyst islands on
substrate. (a) A clean Si substrate with thermal grown SiO2. (b) Spin‐coat the substrate with PMMA
and SU‐8 in sequence. (c) Expose SU‐8 with UV light through a photomask. (d) Cross‐link of SU‐8
during PEB. (e) Removed unexposed SU‐8 and PMMA beneath it. (f) Apply catalyst solution. (g)
SU‐8 lift‐off in ACE. (h) FESEM image of CNTs grown from patterned catalyst islands.
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The samples with patterned catalyst islands are then transferred into a carbon nanotube
furnace, and heated with an inert gas flowing through the furnace. When the working
temperature is reached, feedstock gases are introduced to replace the inert gas and the CVD
synthesis process starts*. The synthesis process takes about 30 minutes, after which the
feedstock gases are replaced by the inert gas so that samples are cooled down in an inert
environment. Figure 2‐1(h) shows a typical FESEM image of carbon nanotubes grown by CVD
from patterned catalyst islands. I choose methane as carbon feedstock gas due to its high
kinetic stability at high temperature, together with proper amount of hydrogen to stabilize the
decomposition rate of methane [55,57] so that carbon atoms used for nanotube growth are
provided dominantly by catalytic decomposition of methane. If the hydrogen flow rate is too
low, amorphous carbon deposit is formed due to self‐pyrolysis of CH4. If the hydrogen flow
rate is too high, the yield of carbon nanotubes will be reduced substantially. Figure 2‐2(a)
shows an example of isolated carbon nanotubes synthesized in our lab that are free of
amorphous carbon and rooted from a 4×6 µm catalyst island on a clean substrate. On the
contrary, figure 2‐2(b) shows a contaminated sample with carbon nanotubes and the
substrate covered by amorphous carbon soot, possibly due to the surplus carbon provided by
the CH4 pyrolysis [55], which is caused by insufficient supply of H2 during the synthesis
process.
*

The detail of the CVD process can be found in Appendix B.
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Fig. 2‐2 (a) FESEM image of SWNTs grown by CVD on clean substrate, which is free of amorphous
carbon. (b) FESEM image of SWNTs grown by CVD covered by amorphous carbon soot. The
substrate is also covered by amorphous carbon soot.

Carbon Nanotube Characterization
To verify the quality of the carbon nanotubes grown by this method, I used the same
recipes to synthesize carbon nanotube films, which were characterized by FESEM (in GNuLab),
high‐resolution transmission electron microscopy (HRTEM) and Raman spectroscopy. The
HRTEM and Raman characterization of the CNT films were accomplished by our collaborators
in France and Italy. The results have been published in Ref. [58].
Figure 2‐3(a) is the FESEM image of one of our highly homogenous carbon nanotube
films obtained with an accelerating voltage of 0.5 kV. Figure 2‐3(b) is the FESEM image of a
zoom‐in area of figure 2‐3(a), showing that the sample is free of amorphous carbon. Carbon
nanotubes are transferred from the Si substrate to a copper grid to be studied by HRTEM.
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Figure 2‐3(c), (d) shows two HRTEM images obtained with an operating voltage of 200 kV,
showing that both SWNTs and double‐walled carbon nanotubes (DWNTs) are presented in the
CNT film, while SWNT is the dominant type. Diameter of the SWNTs observed by HRTEM
varies from 1.2 to 6 nm. Thin SWNTs (1.2 ~ 2 nm) prefer to form bundles consisting of several
tens of tubes, while large diameter SWNTs (3 ~ 6 nm) are usually isolated, as shown in figure
2‐3(c). Most DWNTs form bundles consisting of several tubes, though few isolated DWNTs are
also observed. Typically, diameter of the inner and outer tubes of the DWNT are 1 ~ 2 nm and
2 ~3 nm, respectively, with an interlayer spacing of ~ 0.5 nm.

Fig. 2‐3 (a) FESEM image of a highly homogeneous carbon nanotube film. (b) FESEM image of a
zoom‐in area from (a), showing clean CNTs free of amorphous carbon. (c) HRTEM image showing
an isolated SWNT from the CNT film. (d) HRTEM image showing DWNT bundles and isolated
DWNTs from the CNT film.
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Raman spectroscopy of carbon nanotubes can provide not only information of their
diameters, but also their chirality, electronic properties, defects, disorder, tube layers, and so
on. Our carbon nanotube films were characterized by a triple spectrometer Jobin Yvon T64000
and a LabRam HR High‐Resolution Raman Microscope HORIBAJobin Yvon. Excitation laser with
two different wavelengths, 514.5 nm (2.41 eV) from a Ar+‐Kr+ mixed gas laser and 632.8 nm
(1.96 eV) from a He‐Ne laser, have been used for the CNT film samples. Three main signals
have been found in the Raman spectra (figure 2‐4(b)), including the radial breathing mode
(RBM), D band induced by defects or amorphous carbon, and G band due to tangential
phonon mode. The sharp peak around 530 cm‐1 comes from the substrate. Figure 2‐4(a)
shows the schematic pictures of atomic vibration in CNT in the radial direction (RMB mode)
and in the tangential direction (G band).
The frequency of the RMB mode is directly related to the tube diameter and can be
estimated by a phenomenological equation: [59,60,61]

ω RBM (cm −1 ) =

238

D (nm )

0.93

(2.1)

where D is the diameter of carbon nanotube. This model assumes that the van der Waals
interaction between DWNTs in the bundles and between inner‐outer tubes of DWNTs affect
the RBM mode the same way as the van der Waals interaction between SWNTs in the bundles.
Thus, the above equation can be used to estimate the diameter of both DWNTs and SWNTs.
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From the Raman spectroscopy of RBM mode (figure 2‐4(c)), we estimated the diameter of the
carbon nanotube in the films to be 0.7‐1.6 nm. The signal of RBM for tubes with diameter
larger than 2 nm is usually too weak to be detected by this tool. Raman spectroscopy obtained
by scanning laser from different location of the CNT film samples gave consistent results,
further confirming the homogeneity of our samples.

Fig. 2‐4 (a) Schematic diagram of atomic vibration modes in carbon nanotube. (Adapted from [62])
(b) Macro‐Raman spectra of two CNT films obtained by different excitation laser energies. The blue
bottom spectra is from sample 1 with E1=2.41 eV and the red upper spectra is obtained from
sample 2 with E2 = 1.96 eV. (c) Zoom‐in of Raman spectra in (b) in the range of RBM modes. (d)
Zoom‐in of Raman spectra in (b) in the range of D and G bands. (b)‐(d) are adapted from [58].
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The D band (~ 1300 cm‐1) is induced by disorder in the tube and amorphous carbon in the
sample. Although the origin of the defects giving rise to the signal in D band are still not clear,
the intensity ratio of G band to D band is usually used to estimate the degree of crystallinity of
the tube. This large ratio of the intensity of G band to D band (~ 29) in figure 2‐4(b) indicates
that the carbon nanotubes synthesized by our CVD recipes have a high degree of crystallinity
and are almost free of amorphous carbon.

2.1.2 Carbon nanotube imaging: Why FESEM?
In previous years, carbon nanotubes on substrate were located by scanning probe
microscope (SPM) whose typical scanning field is less than 100×100 µm2. Moreover, it usually
takes couple of hours to obtain one image with high resolution. Since the FESEM can speed up
this process by 2‐3 orders of magnitude [63] and its scanning field could be as large as
millimeters, it has become the most popular method nowadays to locate carbon nanotubes
on an insulating surface. I use a Zeiss Supra 55 VP FESEM to locate the carbon nanotubes
synthesized on SiO2 surface and the nearby pre‐patterned alignment marks, with a small
accelerating voltage of 0.5 kV. An electron beam with large accelerating voltage may blow off
the carbon nanotubes and charge the substrate heavily. The obtained FESEM images are used
for the next step of fabrication.
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2.1.3 Contact metal and geometry: Why Pd and why embedded‐side
contact?
To investigate superconductivity in CNT, highly transparent contacts are required. Even
though making electronic contact to carbon nanotubes is a pretty straight forward process,
the contact resistance depends on many factors such as the Schottky barrier at the interfaces
between CNT and metal electrodes, the contact geometry, and chemical contaminations.
The Schottky barrier is decided by the energy gap of the carbon nanotube and its work
function, as well as the work function of the contact metal. As I have mentioned in section 2.1,
the work function of a carbon nanotube with diameter larger than 1 nm is predicted to
approach the work function of graphite, which is calculated to be 4.66 eV by Shan et al. [27]
and 4.91 eV by Zhao et al. [25]. Considering the energy gap for a carbon nanotube with
diameter of 1 nm, which is ~0.77 eV according to formula (1.1), a metal with work function
larger than 5.1 eV has better chance to make ohmic contact with carbon nanotubes. The
effect on Schottky barriers at the CNT/metal interfaces from metals with different work
function has been statistically studied by Chen et al. [64]. As shown in the figure 2‐5, they
found that the height of p‐type Schottky barriers is smaller for metal contacts with larger work
function. When the carbon nanotube diameter is larger than 1.2 nm, the p‐type Schottky
barrier between the Pd (whose work function is 5.1 eV) and the carbon nanotube is negligible.
The metal contact usually has three different geometries including end‐bonded contact,
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open‐side contact and embedded‐side contact, as shown in figure 2‐6. To achieve highly
transparent contact to carbon nanotube, I chose to sputter palladium on top of carbon
nanotube to form an embedded side contact, which can provide larger contact surface
compared to end‐bonded contact and avoid the tube bending that occurs in open‐side
contact.

Fig. 2‐5 Dependence of p‐type “ON” state current in CNTFETs on the diameter of the carbon
nanotube for Pd, Ti, and Al metal contacts. The right axis is the Schottky barrier height extracted
from Ion. Work function of Pd, Ti, and Al is 5.1eV, 4.3eV and 4.1eV, respectively. Adapted from [64].

Fig. 2‐6 (a) End‐bonded contact: metal is deposited on the cross section of CNTs. (b) Open‐side
contact: CNTs are deposited on metal contact leads that are already sputtered on substrate. (c)
Embedded‐side contact: metal is deposited on top of CNT lying on substrate.
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Figures 2‐7(a)‐(c) depict the e‐beam lithography process to make embedded‐side contact
with a nanotube lying on substrate*. MMA and PMMA are spun on the substrate in sequence
on top of as‐grown carbon nanotubes. An electron beam controlled by a computer program
named NPGS† (Nanometer Pattern Generation System) is used to expose the PMMA and the
MMA. Since MMA has a lighter atomic mass, the exposed MMA dissolves much faster than
the exposed PMMA in the developer, and an undercut is formed during the development
(figure 2‐7(c)). This undercut can assist the lift‐off process to obtain straight edges of the metal
leads. Metal can be deposited by different methods, such as evaporation and sputtering.
Figure 2‐7(e) shows a pair of contact leads on top of a carbon nanotube prepared by e‐beam
lithography with spacing between them to be ~ 60 nm.
Photolithography can also be used to pattern contact electrodes independently or with
the combination of e‐beam lithography. It has advantages of short exposure time, and
requirement for simpler facilities. However, a main disadvantage of photolithography is that
the size of the patterned feature is limited by the wavelength of the optical source and the
smallest features that can be patterned with this method are on the order of 1 µm or slightly
smaller. Figure 2‐7(f) shows a pair of contact leads on top of a carbon nanotube patterned by
photolithography with a typical spacing of 1.5 µm.

*
†

Details of the process can be found in Appendix C.
http://www.jcnabity.com/
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Fig. 2‐7 Schematic diagrams of e‐beam lithography process to prepare contact leads on carbon
nanotube lying on substrate. (a) Spin‐coat substrate with MMA/PMMA double layer photoresist. (b)
Expose MMA/PMMA by electron beams. (c) Undercut is formed after development. (d)
Evaporation deposition of metal. (e) Contact leads prepared by e‐beam lithography with a spacing
of ~60 nm. (f) Contact leads prepared by photolithography with a typical spacing of ~ 2.5 µm.
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2.1.4 Wire bonding to circuit board
After the metal electrodes in contact with the carbon nanotubes are made, I
characterize the samples on a probe station, simply to filter out high resistance samples.
Samples with room temperature resistance below 20 kΩ were wire‐bonded to home‐designed
and commercially produced circuit boards. Figure 2‐8 shows an example of our samples ready
for measurement. The circuit boards are pressed down tightly on the edge of a square
oxygen‐free copper (OFC) piece, forming a chip carrier. The Si chip with CNTFET devices is
glued in the middle of the carrier by low temperature varnish. The four through holes are
used for sample mounting. The strip connectors and the wires are soldered to the circuit
board before the wire bonding.

FIG 2‐8 Photo of a typical sample ready for measurement
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2.2 Measurement setup
The low temperature experiments are performed in a liquid helium (He4) cryostats at
Georgetown University and a dilution refrigerator at the University of Maryland. Figure 2‐9
shows the photo of the low‐temperature probe and the superconducting magnet I used for
the measurements, as well as a sketch of the wiring in the probe.
The wire‐bonded samples I measured are mounted on the bottom side of an OFC block
on the sample stage, so that the magnetic filed can be applied perpendicular to the sample
substrate and to the carbon nanotube, when the superconducting magnet is put around the
sample stage. The bottom of the OFC chip carrier and the OFC block have been cleaned by
sandpaper and rinsed by ACE to remove the oxidation layer and organic contamination for
good thermal contact. The sample stage is sealed in a brass vacuum container with an indium
O‐ring and cooled down through a cold finger and a weak thermal coupling part. The colder
finger is an OFC tube welded to the vacuum container lid with the part above the lid in contact
with liquid helium directly. A stainless steel tube is welded to connect the cold finger and the
sample stage, allowing weak thermal coupling between them, due to its poor thermal
conductivity. The signal wires are cooled through a cold sink, which is an OFC spool mounted
on the sample stage. The sample stage also has a heater and a thermometer mounted on it to
control the sample temperature. All measurement wires, as well as the wires for heater and
sensor, are twisted in pairs and shielded in a stainless steel tube to reduce noise.
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Fig. 2‐9 (a) Photo of the low‐temperature probe with sample sealed in a brass container with an
indium O‐ring. (b) Sketch of the wiring inside the low‐temperature probe. (c) Photo of the sample
stage of the low‐temperature probe with a sample mounted at the bottom side of the OFC block.
(d) Photo of the superconducting magnet.

The data acquisition is performed by using a computer interface, with a data acquisition
board (DAQ board) and GPIB interfaces. I have used a 2‐probe measurement configuration
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and standard lock‐in technique to measure the differential conductance. A schematic diagram
of my measurement circuit is shown in figure 2‐10. I used a HP 3325A synthesizer to generate
an AC signal (f=43 Hz, VRMS≤ 200 mV), which went through a home‐made divider that reduced
the signal by 10,000 times. The reduced AC signal was then added to a DC signal from a
home‐made computer‐controlled DC source. This DC source can provide a constant DC voltage,
as well as sweep the DC voltage with speed and range controlled by the computer. While the
sync output of HP 3325A is sent to a Lock‐in amplifier (EG&G Princeton Applied Research 5210)
as the reference signal, the combined AC and DC signals were sent to the sample. The current
through the sample is amplified by a current preamplifier (DL Instrument 1211), whose output
was a voltage signal proportional to the input current including both DC and AC parts. The
amplified AC signal is measured by the lock‐in amplifier, while the amplified DC signal is
measured by an input channel of the DAQ board (The AC signal is negligible compared to the
DC signal since it has been reduced by 10,000 times). The gate voltage is provided by one of
the output of the DAQ board and amplified by a home‐made voltage amplifier, which provides
either a constant DC output or a sweeping DC output in a range of (‐20V, 20V). A second DC
source has been combined with the computer‐control gate voltage to obtain larger gate
voltage. To measure the gate voltage with the DAQ board, the gate voltage has been reduced
by a home‐made voltage divider since the maximum value for input channels of the DAQ
board is ±10 V. The signals of temperature and magnetic field are obtained by GPIB interfaces
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separately.
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Chapter 3
Characterization of multi‐section CNTFET

My thesis project is to explore the intrinsic superconductivity and test the VHS scenario
for it. I have found strong evidence to support this scenario from the measurements of a
special sample with multiple CNTFETs made from different sections of a long SWNT, which will
be discussed in the next chapter. In this chapter I focus on the characterization of this
multi‐section CNTFET, because accurate interpretation of our data requires a detailed
characterization of the sample properties, especially the gate hysteresis. Gate hysteresis is
commonly observed in CNTFETs, but still under investigation. Here, I also discuss low
temperature transport phenomena that are typical in CNTFETs.
Figures 3‐1(a),(b) show the sketch and the AFM image of the multi‐section CNTFET. The
AFM image was scanned after all the transport measurements described in this and the next
chapters were completed. The diameter extracted from the height of the profiles across the
nanotube is 3 ± 0.5 nm. The lead spacing measured by AFM is 400 nm, 1200 nm and 6200 nm
for devices 1, 2 and 3, respectively. The contact leads consist of two parts: the 40 nm thick Pd
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in contact with the carbon nanotube (the orange parts in figure 3‐1(a)) and the 250 nm thick
Nb for the bonding pads (the blue parts in figure 3‐1(a)). Nb is sputtered for the bonding pads
because it is easier to wire bond it to the circuit boards.

Fig. 3‐1 (a) Schematic diagram of a multi‐section CNTFET. (b) AFM image of the multi‐section
CNTFET with three devices made of the same isolated CNT.
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3.1 Gate characterization of Multi‐section CNTFET
Figures 3‐2(a)‐(c) show the differential conductance as a function of gate voltage
(dI/dV(Vg)) in all three devices in ambient air (green curves) and under vacuum (black and red
curves), at room temperature. The black curves are obtained by scanning the gate voltage
from positive to negative (reverse gate scanning), and the red curves are obtained by scanning
the gate voltage in the opposite direction (forward gate scanning). For a symmetric gate
scanning range, all devices show similar ambi‐polar gate dependence, with an “ON”‐state
dI/dV ratio of hole‐conduction to electron‐conduction larger than 10. Therefore I refer to
them as p‐type transistors. This large “ON”‐state dI/dV ratio implies that the CNT is heavily
p‐doped and the Fermi levels of the electrodes are close to the CNT Fermi level, resulting in
very small Schottky barriers for hole‐conduction (p‐type conduction) and large Schottky
barriers for electron‐conduction (n‐type conduction).
As the device is cooled down from room temperature to 5 K, the p‐type “ON” state dI/dV
keeps increasing and approaches 2Go in device 1, and 1.5Go in devices 2 and 3, while the
n‐type “ON”‐state dI/dV decreases in all devices. This temperature dependent behavior
indicates that the contact interfaces between the electrodes and CNT are highly transparent
and the Schottky barriers for hole‐conduction are very small at large negative gate voltages.
On the other hand, the Schottky barrier is very large for n‐type conduction, so that the
contribution to the conductance due to thermal activation above the barriers is small and the
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conductance is dominated by tunneling at low temperature.

Fig. 3‐2 Gate dependence of differential conductance for devices 1, 2, 3 (from the left column to
the right column) at room temperature (a‐c), 77 K (d‐f), and 5 K (g‐i). Figures (a)‐(f) show both
positive (red lines) and negative (black lines) gate scanning curves. Figures (g)‐(i) show only reverse
gate scanning curves for clarity. Green curves in figure (a)‐(c) are taken in ambient environment
and all other curves are taken in high vacuum. Gate sweeping rate is 20 mV / s and DC source‐drain
voltage is 0.5 mV.
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The threshold voltages at low temperature for hole‐conduction (Vth‐h) and
electron‐conduction (Vth‐e) reveal the energy gap and the doping of a semiconducting carbon
nanotube. The insulating range between Vth‐h and Vth‐e represents the energy gap between the
valence and conduction bands in the CNT, while Vth‐h and Vth‐e indicate the respective band
edges. All transfer curves in figure 3‐2 (except the ones in figure 3‐2(d)) show an advanced
(advanced=anti‐clockwise) hysteresis which is widely found in CNTFETs (I will discuss
hysteresis issues in detail in the next section). Within the same gate scanning range, the
hysteresis decreases as the temperature decreases. However, even at the temperature of 5 K,
a large gate hysteresis still presents in all devices when gate is scanned in a large range.
Figure 3‐3 shows two dI/dV(Vg) curves of device 1 at 5 K obtained with a slow scanning
rate (10mV/s), and with forward and reverse gate scanning, in a gate voltage range (‐15 V, 15
V). These curves are highly repeatable and there is no hysteresis between them. From this plot,
we see that Vth‐h is a negative value close to zero, while Vth‐e is a large positive value, indicating
that this CNT is heavily p‐doped and its Fermi level is very close to the valence band edge,
which is consistent with the large “ON” state dI/dV ratio of p‐type conduction to n‐type
conduction.
It has been known that oxygen is a main source for hole‐doping in carbon nanotubes
once the oxygen molecules are adsorbed on their surface [65]. This is consistent with our
observation of a reduced p‐type “ON”‐state dI/dV and an enhanced n‐type “ON”‐state dI/dV
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in a high vacuum (black and red lines in figures 3‐2(a)‐(c)), compared to the green lines
obtained in ambient air. This is because that the adsorbed oxygen molecules are removed by
pumping. However, it seems that our pumping is not sufficient to remove adsorbed oxygen
molecules since the changes of the “ON”‐state conductance are very weak.

Fig. 3‐3
rate.

dI/dV(Vg) curves showing no hysteresis when gate voltage scanned with a slow scanning
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3.2 Origins of gate hysteresis in CNTFETs
The gate hysteresis and instability have a strong influence on the transport measurement
of CNTFETs, especially the accurate estimation of the gate voltage range corresponding to
VHSs. Some causes of the gate hysteresis have been uncovered by experiments. In this section,
I will briefly review these experimental results, as well as the role played by oxide charges and
traps in the Si/SiO2 substrate. I then try to identify possible origins for the gate instability and
hysteresis in our sample, and describe the approach used in our measurement, which takes
care of the presence of these inevitable disturbances.

Fig. 3‐4 (a) Possible origins of hysteresis in CNTFET based on Si/SiO2 substrate, including water
molecules around CNT, interfacial traps (red crosses), mobile ions in bulk SiO2, oxide trapped
charges (either holes or electrons), and fixed oxide charges (in a thin oxide layer close to the
Si/SiO2 interface, bordered by dashed lines). (b) Interfacial traps formed by Si dangling bonds.
Other models for the interfacial traps can be found in [29].
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Charges trapped in SiO2 and at the Si/SiO2 interface are a main contribution to the gate
hysteresis and instability of CNTFETs fabricated on thermally grown SiO2 surface. The widely
recognized origins and properties of these charges, including interface trapped charges, oxide
trapped charges, mobile ionic charges, and fixed oxide charges, have been described in detail
in Ref. [29]. I will briefly examine below these charges in the case of our sample:
(1) Interfacial traps are formed by unsatisfied chemical bonds (dangling bonds) in the region
very close to the Si/SiO2 interface. Figure 3‐4(b) shows the interfacial traps due to post
oxidation dangling bonds. In addition, Si‐Si bond stretching, Si‐O bond stretching and metallic
impurities can also cause interface charge traps. Since interfacial traps can be charged or
discharged continuously by applying a gate voltage, they may contribute to the repeatable
gate hysteresis of CNTFETs [66]. The density of interfacial traps can be minimized by annealing
the substrate in H2 environment.
(2) Oxide trapped charges could be either holes or electrons trapped in the bulk SiO2 due to
defects in it. Although the oxide traps can be annealed out during the growth process of
carbon nanotubes, they can also be induced by later processing techniques, such as e‐beam
lithography, x‐ray lithography, e‐beam evaporation of metals, reactive‐ion etching, and
ion‐implantation. A gate field larger than 0.3 MV/cm [66] could charge the oxide traps. Thus,
oxide charge traps may contribute to the hysteresis at large gate voltage, as well as to the
long‐term gate degradation in our sample.
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(3) Thermally grown SiO2 is in a vitreous form, and various impurity atoms can diffuse in it
easily. Sodium and potassium mobile ions (as shown in figure 3‐4(a)) are two main highly
diffusive elements in oxide, which can cause innegligible instability of threshold in MOSFETs if
they exist in SiO2, even with a very small concentration. In the semiconductor industry, the
concentration of mobile ions is strictly controlled below 109 cm‐2, so that the instability of
threshold is small enough to be neglected. Since the multi‐section CNTFET is fabricated on a
commercially produced wafer, the mobile ionic charge may not play an important role in the
gate hysteresis or instability in our device, especially at low temperature, when the mobile
ions are frozen. I note that the electric field generated by a gate voltage of 40 V in our sample
with 400 nm SiO2 is ~0.25 MV/cm, which is comparable to the electric field in an industrial
MOSFET (for a MOSFET with 10 nm gate oxide, a typical working gate voltage of 0.5 V
generates a field of ~ 0.125 MV/cm). A clockwise hysteresis (opposite to the hysteresis in our
devices) has been suggested [85,86] when protons (mobile H+) are introduced in the SiO2 by
annealing, while other authors [67] reported anti‐clockwise hysteresis induced by mobile ions
in a layer of electrolytic coating on top of CNTFETs. Therefore I do not exclude the possibility
that they can cause gate instability in our sample at very large gate voltage.
(4) Fixed oxide charges exist in a very thin (~30 Å) layer of SiO2 at the Si/SiO2 interface and
they will increase during an annealing at high temperature in inert environment, which could
happen during our synthesis process for CNTs. However, since their density is not affected by
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the surface potential, they may not play an important role in the gate hysteresis or instability
in our sample.
In spite of the sources of gate hysteresis shared by MOSFETs and CNTFETs, there are some
other causes of gate hysteresis that are particularly associated with CNTFETs, including water
molecules surrounding the CNT or hydrogen bonded to the silanol (Si‐OH) groups on the SiO2
surface [68], the silanol group themselves [69], oxidation‐related defect charge traps [70] and
so on. While the idea of water molecules as a main origin for the gate hysteresis in CNTFETs
has been tested by many experiments, the mechanism of the gate hysteresis induced by water
molecules is still unclear. Some authors [68] think that the water molecules trap charges that
screen the gate field sensed by the tube. The charges may be ejected from carbon nanotube
as suggest by Fuhrer et al. [71]. The water molecules are either adsorbed on the carbon
nanotube surface or hydrogen bonded to the silanol (Si‐OH) groups on SiO2 surfaces, as shown
in figure 3‐4(a). This idea is supported by experimental results of reduced or eliminated
hysteresis after surface‐passivation, which limits the surface exposure to water. Other authors
[69] suggest that silanol group themselves are the charge traps or sources responsible for the
charge screening of gate. They propose that protons released from silanol group under a
negative gate voltage are trapped locally, while electrons released at the same time diffuse to
the carbon nanotube. In this model, water molecules on the SiO2 surface absorb protons to
promote the charge storage capability and enhance the charging screening effect.
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We find that water traps are the major cause of gate hysteresis in our sample at room
temperature. As shown in figures 3‐2(a)‐(c), the gate hysteresis is reduced in all devices after
vacuum pumping, which removed part of the water molecules adsorbed on the CNT surface
and the SiO2 surface. However, the reduction of hysteresis in vacuum is only about 30% in
device 1 and 16% in devices 2 and 3, indicating that the vacuum pumping is not sufficient and
a monolayer of water molecules that are hydrogen‐bonded on SiO2 surface can survive an
intensive pumping. When the sample is cooled down to 77 K (figure 3‐2(d)‐(f)), hysteresis
completely disappears in device 1, and drastically decreases in the other two longer devices,
due to the freezing of water molecules. Actually, the hysteresis in device 1 disappears at ~ 265
K, about a few K below the water freezing point. I notice that the reduction of hysteresis
caused by vacuum pumping and temperature cooling share the property that they occur
mostly as a shift of threshold Vth‐e, indicating that they may have the same origin. The above
experiments show that water molecules indeed are a major cause for gate hysteresis in
CNTFETs at room temperature, which can be reduced by vacuum pumping or cooling below
the water freezing temperature.
However, as we can see from figures 3‐2(g)‐(i), at the temperature of 5 K, the hysteresis is
observed again in all devices, when the gate scanning range is increased. This gate hysteresis
comes from charge traps inherent with the substrate, as I have discussed before. I assume that
the properties of the substrate will not change drastically when temperature is reduced to 4 K.
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Therefore, I studied the dependence of the gate hysteresis on the gate scanning range and the
gate scanning rate systematically at room temperature, to save the precious liquid helium.
As it is shown in figures 3‐5(a),(b), the hysteresis width increases with larger gate
scanning range and smaller gate scanning rate. Here, I define the hysteresis width as the
difference between the gate voltages corresponding to dI/dV of ~0.1e2/h in dI/dV(Vg) curves
obtained with reverse and forward gate scanning. A larger gate scanning range always
introduces a larger hysteresis width. However, the hysteresis width approaches a certain limit
as the gate scanning rate becomes as small as 20 mV/s.
The dependence of the hysteresis width on the gate scanning rate is stronger for a
smaller gate scanning range, as shown in figure 3‐5(c). When the gate scanning rate increases
by 10 times, about 70% reduction of hysteresis width is observed for the small gate range
(‐10V<Vg<10 V), while only 10 % reduction is observed for the large gate range (‐38V<Vg<10 V),
indicating that a different mechanism of gate hysteresis is involved in the case of large gate
range, which probably is the charging of oxide traps by a large gate field. In figure 3‐5(c), the
hysteresis width is normalized to the value corresponding to a gate scanning rate of 20mV/s.
Figure 3‐5(d) shows the dependence of the hysteresis width on the length of CNT
segment between the electrodes, when the gate voltage scans from ‐20 V to 20 V, at the rate
of 20 mV/s. The hysteresis width decreases much faster when the CNT segment length
reduces to submicron.
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Fig. 3‐5 (a) dI/dV(Vg) obtained with 200 mV/s (blue), 100 mV/s (red) and 20 mV/s (black) in
asymmetric large gate range. (b) dI/dV(Vg) obtained with 200 mV/s (blue), 100 mV/s (red) and 20
mV/s (black) in symmetric small gate range, (c) Dependence of hysteresis on gate sweeping range
and rate. (d) Dependence of hysteresis on carbon nanotube length (data extracted from figure
3‐2).
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Since a gate scanning rate smaller than 20 mV/s will only cause negligible further
reduction of the hysteresis, I choose this scanning rate as my working rate for the rest of the
experiments. Figure 3‐6 shows the dI/dV(Vg) curves measured at 5 K in device, 1 when the gate
voltage is continuously scanned back and forward with a scanning rate of 20 mV/s, and in
different gate ranges. In figures 3‐6(a) and (b), the black and the red curves are obtained with
reverse and forward gate scanning, respectively. Mismatches of the oscillation peaks and dips
represent the gate hysteresis, which is more serious in figure 3‐6(b) when the gate scans in a
larger gate scanning range (35 V). This is consistent with what is observed at room
temperature. In figures 3‐6(c) and (d), both the black and the cyan curves are obtained with
the same reverse gate scanning. Extremely high repeatability is observed when the gate is
scanned in a small range (20 V), where almost every conductance oscillation peak repeats
itself within a gate range covering ~‐15 V from the threshold (see figure 3‐6(c)). However,
features at more negative gate voltage are less repeatable, due to the gate instability. The gate
instability also increases as the gate scanning range increases, as shown in figure 3‐6(d).
Moreover, the threshold voltage is “dragged” to the negative direction as gate scans to more
negative range in figure 3‐6(d).
Although the discussion above is focused on device 1, similar behaviors shown in figure
3‐5 and figure 3‐6 have been observed in the other two devices.

78

Fig. 3‐6 (a)‐(b) dI/dV(Vg) obtained for different gate scanning directions in a gate scanning range of
20 V (a), and 35 V (b), respectively. (c)‐(d) dI/dV(Vg) obtained for same gate scanning direction
(negative scanning) in a gate scanning range of 20 V (a), and 35 V (b), respectively. T = 5 K.
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3.3 Coulomb blockade in multi‐section CNTFET
Close to the edges of the valence and conduction bands of the semiconducting nanotube,
sharp differential conductance peaks have been observed at 5 K for both the electron and the
hole conduction, as shown in figure 3‐7(a). A closer look of the Coulomb blockade peaks near
the conduction band edge is shown in figure 3‐7(b). In this region, the barriers at the
CNT/metal contacts are so large that the CNT is like a quantum dot confined between
electrodes and electronic transport in the CNTFET is dominated by tunneling.
Figures 3‐7(c) and (d) show the 2D plots of the differential conductance as a function of
gate voltage and bias voltage for hole‐conduction at 50 mK, and electron‐conduction at 5 K in
device 1. The alternating small and large Coulomb blockade diamonds correspond to the
charging energy of the CNT dot (Uc=e2/C), and the energy Uc+∆E, respectively, where ∆E is the
energy spacing between two consecutive quantized energies in the carbon nanotube. The
data do not show a clean four‐fold pattern, partly due to instability of the charge defects when
scanning the gate voltage.
Although the diamonds in figure 3‐7(d) are larger than those in figure 3‐7(c), ∆E extracted
from both 2D plots are in the same scale (1‐2 mV). On the other hand, the charging energy for
the electron‐conduction (figure 3‐7(d)) is larger than that for the hole‐conduction (figure
3‐7(c)). This is consistent with the larger Schottky barrier for the electron‐conduction, as was
discussed in section 3.1. Consequently, the gate efficiency extracted from the 2D plots is
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~2.7% for the valence band and ~12.5% for the conduction band. Due to the large variation of
the gate efficiency from the valence band to the conduction band, the gate voltage range for
the insulating part of the dI/dV(Vg) in figure 3‐3 is not proportional to the energy gap of the
carbon nanotube.

Fig. 3‐7 (a) Zoom‐in of figure 3‐3 shows Coulomb blockade peaks at edges of valence band and
conduction band at 5 K. (b) Zoom‐in of (a), shows sharp Coulomb blockade peaks (device 1) (c) 2D
plot at 50 mK close to valence band (d) 2D plot at 5 K close to conduction band (device 1). The
higher brightness represents larger conductance.

81

3.4 Non‐local transport in multi‐section CNTFET
When the Fabry‐Perot interference in carbon nanotubes was reported for the first time
by Liang et al. [34], the authors did not see substantial changes in the interference pattern as
temperature decreased from 4 K to 100 mK. However, in our sample (device 1), I found that
Fabry‐Perot oscillating peaks in deI/dV(Vg) become sharper, as temperature decreased from 5
K to 50 mK. More interestingly, some tiny ripples appeared riding on top of the Fabry‐Perot
oscillations over a large gate voltage range, for both peaks and valleys, as shown in figure
3‐8(c). The 2D plot at 50 mK (figure 3‐8(b)), reveals that the ripples are from a smaller
Fabry‐Perot‐like pattern near zero source‐drain bias.
The smaller Fabry‐Perot patterns in gate voltage range indicated by the black arrow in
figure 3‐8(b) can be seen clearly in the zoom‐in plot shown in figure 3‐9(a). The cross points of
the adjacent white lines indicates discrete energy levels with a spacing of ~ 0.7 mV.
Coincidently, the scale of the small Fabry‐Perot pattern in device 1 matches the scale of the
interference pattern measured in device 3. Figures 3‐9(c) and (d) are the dI/dV(Vsd) curves at
50 mK from device 1 and device 3, respectively, clearly showing small oscillations in both
devices with similar periodicity within ±1 mV source‐drain bias.
According to equation (1.10), the energy spacing of 0.5 mV observed in device 1
corresponds to a nanotube segment as long as ~3.3 µm, which is about 8 times longer than
the electrodes spacing for device 1. We suggest that, as current is flowing between electrodes
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of device 1 (leads E and F in figure 3‐10), a small fraction of electrons propagate underneath
lead E instead of flowing into it. These electrons are then backscattered by some impurities or
defects in the adjacent carbon nanotube segment (device 3), which is located ~ 3.3 µm away
from lead E. This defect/impurity and lead E form another Fabry‐Perot resonant cavity for the
electron waves. Part of the interference pattern from this long Fabry‐Perot cavity is then
picked up by lead E and shows up as the smaller Fabry‐Perot pattern in figure 3‐8(b).
To test this idea, we characterized the dI/dV(Vsd) curve obtained between leads E and F
by another DC voltage applied across leads B and E (VB). We expect that VB will change the
energy of the electrons leaked from device 1 to device 3 and thus change the smaller
Fabry‐Perot interference pattern in device 1. If the VB is larger than the energy spacing of the
discrete energy levels corresponding to the 3.3 µm nanotube segment between lead E and
the defect, we expect that this voltage can “erase” the smaller Fabry‐Perot pattern. This is
exactly what we observed in figure 3‐9(c). The small Fabry‐Perot oscillation below 1 mV
source‐drain bias is erased completely when VB is tuned above 2 mV.
In summary, because of different multiple paths where electrons can travel in this system,
the conductance of one section is affected by the conductance of an adjacent section hanging
next to it. The effect described here is an example of non‐local transport that occurs in
mesoscopic systems, due to quantum effects coming into play.
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Fig. 3‐8 (a) 2D plot of differential conductance at 5K in device 1 (b) 2D plot of differential
conductance at 50 mK in device 1 during the same gate voltage range as (a). Data at 50mK are
obtained in the dilution refrigerator at CNAM (Center for Nanophysics and Advanced Materials),
University of Maryland. (c) Zero‐bias profile extracted from the 2D plots in (a) and (b), as indicated
by the dashed line.
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Fig. 3‐9 (a) Zoom‐in of part 2D plot in figure 3‐8(b), at gate voltages indicated by the black arrows.
It clearly shows the mini‐Fabry‐Perot observed in device 1. (b) dI/dV(Vg) profile at zero bias voltage
extracted from (a). (c) dI/dV(Vsd) in device 1 as a function of the DC voltage applied to lead B at a
fixed gate voltage. T=50mK. The blue arrow indicates the energy spacing of the large Fabry‐Perot
pattern and the red arrow indicates the energy spacing of the small Fabry‐Perot pattern. (d)
dI/dV(Vsd) in device 3.

Fig. 3‐10 Sketch of the electron propagation underneath the electrode.
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Chapter 4
Intrinsic superconductivity in CNT induced
by gate voltage: Zero‐bias Anomalies at
VHSs in multi‐section CNTFET

As I mentioned in chapter 1, at special gate voltages, we observed an interesting low
temperature transport feature in CNTFETs. This feature is a peak of differential conductance at
zero bias in the dI/dV vs. bias curve. We suggested that these zero‐bias anomalies (ZBAs) are
signatures of intrinsic superconductivity induced by gate voltage, which shifts the CNT Fermi
level into the VHSs in the density of states at those special values of gate voltage. In our
previous experiments [9], samples were fabricated by photolithography. The carbon nanotube
segments between the electrodes were larger than 1 micrometer and no regular Fabry‐Perot
interference pattern has been observed. Typically, when Fabry‐Perot pattern are present,
these regular oscillations in source‐drain voltage and gate voltage can be used to estimate the
gate efficiency, which is the shift in Fermi level corresponding to a change in gate voltage.
Since no Fabry‐Perot patterns were present in those samples, the gate efficiency could not be
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independently measured.
To further test the VHS scenario for intrinsic superconductivity in carbon nanotubes, I
fabricated the multi‐section CNTFET with two pairs of contact leads patterned by e‐beam
lithography at different sections of a long isolated carbon nanotube, as shown in figure 3‐1.
Device 1 is formed between electrode leads EG and FH, with a lead spacing of 400 nm. Our
goal is to observe ZBA features as well as Fabry‐Perot interference pattern in this device, from
which gate efficiency can be independently measured and used to evaluate the shift in Fermi
level corresponding to a change in the gate voltage. The gate voltage spacing between ZBAs
can then be compared to the predicted spacing of VHSs for the carbon nanotube. Device 2 is
formed between electrode leads AC and BD, with a lead spacing of 1200 nm, which is the
average length of previous samples showing ZBA features [9]. These two devices are put far
from each other and a long device (device 3) is formed between electrode lead BD and EG. We
also test device 3 to see whether ZBA features can be observed in a long CNT. We expect to
observe ZBA features with similar critical temperature and similar gate voltage spacing in all
these devices. This is because all three CNTFETs are made of the same carbon nanotube.
The data presented in this chapter, as well as those in the last chapter, are obtained with
a 2‐probe configuration shown in figure 2‐9. The sample has been cooled down 9 times and
the differential conductance is measured as a function of gate voltage, source‐drain bias,
temperature, and magnetic field. The standard procedure I used to measure ZBA features at 5
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K is: (1) I first measured dI/dV(Vg) curves including Vth‐h, which corresponds to VHS‐1 and can
be used as a reference point to measure other VHSs; (2) I measured dI/dV(Vsd) at gate voltages
corresponding to conductance peaks in dI/dV(Vg) curves; (3) Once a ZBA features is found,
dI/dV(Vsd) is measured as a function of temperature and magnetic field, which usually takes a
couple of hours.
These measurements are strongly affected by the gate hysteresis and instability that I
have discussed in the last chapter. Although several methods, such as surface‐passivation or
annealing in H2 [68], have been reported to efficiently eliminate the gate hysteresis in CNTFETs,
I didn’t use any process involving any chemicals, because the contact transparency between
the CNT and electrodes is very sensitive to chemicals [74] and could be changed during those
processes, while stable and highly transparency contacts are the most essential factors to test
the VHS scenario for superconductivity in CNTs.
Therefore, with the inevitable gate hysteresis and instability, minimizing their effects is
very important in searching for ZBA features, especially without knowing the diameter of the
nanotube (the diameter of the tube was measured after all transport measurements in this
sample). As I mentioned before, the hysteresis width does not change much when the gate
scanning rate decreases below 20 mV/s. Although a slower gate scanning rate is always
favored for our experiments, I chose 20 mV/s because it is the optimized scanning rate
considering time consumption (To scan a dI/dV(Vg) curve in a gate voltage range of 35 V takes
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half an hour). To minimize the gate scanning time, I also chose to work in an asymmetric gate
range, which usually covers 2V sub‐threshold gate range. From now on, all data involving gate
voltage scanning that I will present are obtained with the rate of 20mV/s and in an asymmetric
gate range, unless stated otherwise. Most experiments are done in a “stable gate voltage
range” defined below:
•

Gate is always scanned with a rate of 20 mV/s;

•

dI/dV(Vg) curves obtained with reverse gate scanning in this gate range are highly

repeatable;
•

Threshold voltage for p‐type conduction, Vth‐h, is stable;

•

At a fixed gate voltage, the differential conductance as a function of source‐drain bias,
dI/dV(Vsd), is repeatable for at least a couple of hours.

According to the above definition, for a symmetric gate scanning, as shown in figure 3‐2,
‐20V<Vg<20V is a stable gate range at low temperature. For an asymmetric gate scanning, I
found that a stable gate voltage range can cover 20 V after Vth‐h for device 1. The stable
asymmetric gate range becomes smaller for the longer devices. Within the stable gate range,
ZBA features have been found highly repeatable and could last for days. However, once gate
voltage sweeps out of the stable range, both ZBA features and Fabry‐Perot interference
become very unstable.
We note that, although hysteresis is not favored in our experiments, it can be exploited
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for memory devices. Our results on memory effects in CNTFETs based on single‐ and
double‐walled carbon nanotube networks are published in Ref. [87].

4.1 Subband structure of the semiconducting CNT
In this section, I will discuss the carbon nanotube band structure extracted from low
temperature transport measurements in device 1, including the gate voltage dependence of
differential conductance and 2D plots of differential conductance as a function of Vg and Vsd.
Since the data presented below are obtained from different cooling cycles, the threshold
voltages and some detailed features do not match perfectly to each other from one cooling
cycle to another. This is partly due to gate hysteresis and instability as discussed in the last
sections. Another reason is that the vacuum level before each cooling down is not identical to
each other, and exposure to different type of contaminations can modify the transparency of
the contacts [74]. Not only the threshold voltage, but also the average differential
conductance of the “ON” state of p‐type conduction varies with the contact transparency.
Therefore, data obtained from different cooling cycles have been compared carefully.
I use the dI/dV(Vg) curve obtained from cooling cycle 8 (the red curve in figure 4‐1) as the
reference curve to which all other dI/dV(Vg) curves in the rest of the chapter will be aligned.
This curve is the same red curve in figure 3‐3. The reason I choose it as the reference curve is
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that the set of dI/dV(Vg) curves in figure 3‐3 were obtained with a very slow gate scanning rate
in a highly stable gate voltage range that no hysteresis has been observed for different gate
scanning directions.

T=5K

SP‐2a
Cooling cycle 7
Cooling cycle 8 (Reference curve)

Fig. 4‐1 Alignment of the dI/dV(Vg) curve obtained from cooling cycle 7 (black curve) to the
reference dI/dV(Vg) curve (red curve) obtained from cooling cycle 8. The reference curve is the
same red curve in figure 3‐3. The black curve is the same black curve as in figure 4‐2(b).

Figure 4‐2 shows the temperature dependence of differential conductance as a function
of gate voltage, dI/dV(Vg), for small source‐drain bias (Vsd = 0.5 mV) in device 1, from cooling
cycle 2 and cooling cycle 7, respectively. The dI/dV(Vg) curves in figure 4‐2 have been adjusted
to align with the reference curve in the following way: (1) The dI/dV(Vg) at 5 K from figure 4‐2(b) is
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shifted horizontally so that the prominent peak denoted as SP‐2a matches the prominent peak in
the reference curve (red curve) as shown in figure 4‐1. (2) Other dI/dV(Vg) curves at 20 K and 40 K
in figure 4‐2(b) are then shifted the same amount as the one at 5 K. (3) All curves in figure 4‐2(a)
are shifted horizontally so that the broad peak at the beginning of the second plateau in the
dI/dV(Vg) curve at 40 K (denoted as VHS‐2) matches the counterpart broad peak in the dI/dV(Vg)
curve at 40 K in figure 4‐2(b). The reason to denote this high temperature broad peak as “VHS‐2”
will be explained soon later. This broad peak is a highly repeatable feature in dI/dV(Vg) curves since
it has been observed in every cooling cycle and always has similar width.

All curves in figure 4‐2 are obtained with reverse gate scanning (the gate scans from
positive to negative voltage). Although the data in figure 4‐2(b) were measured one year after
the data shown in figure 4‐2(a), some major features are highly repeatable in this device. The
most striking feature is the presence of two distinguishable conductance plateaus in dI/dV(Vg)
curves at higher temperature (20 K and 40 K). The height of the second plateau is about twice
as the height of the first plateau. At the front edge of each plateau, a slope is observed where
differential conductance increases steadily with gate voltage, instead of a vertical step, and
overshoots to form a broad peak at the end of the slope, followed by a wide dip. The broad
peak at the beginning of the second plateau is a highly repeatable feature and has been
observed in every cooling cycle. At 20 K, the dips get deeper, making the broad peak more
visible. However, as temperature keeps decreasing, many additional oscillating peaks appear,
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obscuring the plateaus and the broad peak.

Fig. 4‐2 Temperature dependence of dI/dV(Vg) in device 1 from (a) cooling cycle 2 in April 2008 and
(b) cooling cycle 7 in March 2009, when gate voltage scans from positive value to negative value.
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The features described above are quite repeatable, whereas some other detail features in
dI/dV(Vg) curves change with the time. (1) In cooling cycle 2, the average conductance of the

first and second plateaus is 1.65e2/h and 3.2e2/h, respectively. After one year, they decreased
to 1.2e2/h and 2.57e2/h, respectively, indicating that the contact is less transparent in cooling
cycle 7. However, the difference between the average conductance of the two plateaus didn’t
change (~1.4e2/h) over time. (2) Consistently, due to the less transparent contact, a minor
plateau with a height of 0.75e2/h observed in cooling cycle 2 is absent in cooling cycle 7. Thus,
even after the alignment of the gate voltages corresponding to the main features (the
plateaus and the broad peaks at the beginning of the plateaus) in the two cooling cycles, the
threshold voltage in cooling cycle 2 differs about 3 V from that in cooling cycle 7. The
sensitivity of the threshold voltage to the contact transparency, in addition to the gate
hysteresis and instability, results in threshold voltages that are not repeatable, sometimes
even within the same cooling cycle. Consequently, the threshold voltage is not an accurate
reference point for the estimating of VHS‐2, even though it corresponds theoretically to the
first VHS (VHS‐1) at the band edge. Instead, the broad peak at the beginning of the second
plateau is used as the reference feature to align data from different cooling cycle due to its
high repeatability. (3) Finally, the details of the oscillating peaks at 5 K can not repeat
themselves from one cooling cycle to another.
I suggest that the two plateaus in dI/dV(Vg) curves correspond to the first and second
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subbands in the carbon nanotube. The broad peak at the beginning of the second plateau is
the signature of the second VHS (VHS‐2) in its density of states (DOS), as indicated by the
orange dash lines in figure 4‐2. The first VHS at the edge of valence band of carbon nanotube
is not visible around threshold voltage because the Schottky barriers at the contact interfaces
are still wide when the Fermi level of CNT is close to the valence band edge, therefore the
conductance is small. The conductance increases substantially above Go (=2e2/h) once the
Schottky barriers are further reduced, when the Fermi level is shifted well within the first
subband.
Similar conductance quantization has been reported by Biercuk et al. [42], and been
explained as the results of spin and orbital degeneracy being lifted in the carbon nanotube,
due to an intentional bending of the tube by an AFM tip. However, the AFM image of our
sample reveals a straight carbon nanotube in contact with two electrodes for device 1, lying
on a SiO2 surface with roughness of ~1 nm. Moreover, we could not find evidence of
degeneracy being lifted in our sample.
This hypothesis about the band structure is further confirmed by the two‐dimensional
(2D) plots of differential conductance as a function of gate voltage and source‐drain bias
obtained from each plateau at 4 K, as shown in figure 4‐3(a) and (c).
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Fig. 4‐3 (a) Fabry‐Perot 2D‐plot from the second plateau. (b) Zero‐bias dI/dV(Vg) profile extracted
from (a). (c) Fabry‐Perot 2D‐plot from the first plateau. (d) Zero‐bias dI/dV(Vg) profile extracted
from (c). T = 5 K.

Fig. 4‐4 Sketch diagram of the E vs. k|| in semiconducting CNT for the first and second subbands.
k|| is the wavevector along the CNT axis.
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Figure 4‐3(a) is the 2D plot obtained from the second plateau near the overshootintg
bump (from cooling cycle 8) and figure 4‐3(c) is the 2D plot obtained from the first plateau
(from cooling cycle 3). Figure 4‐3(b) and (d) are the zero‐bias profiles extracted from the
corresponding 2D plots above, as indicated by the dashed line, which oscillate as a function of
gate voltage.
The 2D plots in figure 4‐3(a) and (c) show the Fabry‐Perot interference patterns occurring
when contacts have high transparency, as I have discussed in section 1.5.4. In a Fabry‐Perot
pattern, the source‐drain bias for the cross point of the adjacent dark lines with positive and
negative slopes, Vc, is approximately inversely proportional to the CNT length through
equation (1.10). However, I noticed that Vc1≈5.8 mV in figure 4‐3(b) is larger than Vc2≈3.4 mV
in figure 4‐3(a). This can be explained qualitatively by figure 4‐4. The spacing between the
quantized energy levels due to the confinement by the contacts is smaller for states sitting
closer to the bottom of the subband, i.e., states closer to the VHSs. Since the 2D plot in figure
4‐3(a) is obtained in the second plateau and near the broad peak at the beginning of the
second plateau, and the 2D plot in figure 4‐3(c) is obtained in the first plateau, which sits in
the middle between the threshold and the second plateau, the observation of Vc2< Vc1
suggests that the broad peak at the beginning of the second plateau is the signature of the
second VHS (VHS‐2), marking the onset of the second subband of the carbon nanotube.
The gate voltage spacing (∆Vg) between two neighboring peaks in figure 4‐3(b) and (d), is
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proportional to the spacing of the discrete energy levels (∆E), i.e., ∆E = eα∆Vg, where α is the
gate efficiency. Therefore I can extract the gate efficiency for subband 2 and subband 1 to be
α2=0.7% and α1=1%, respectively, from figure 4‐3. This is consistent with the higher DOS in the
second band than that in the first band because the gate efficiency is in fact related to the
DOS through the following equation:

α=

C ge
C ge + C q

(4.1)

where Cge is the gate capacitance due to the geometry of the tube, Cq is the quantum
capacitance, which accounts for the fact that the nanotube DOS limits the amount of charge
that can be induced in the tube by applying a gate voltage. The quantum capacitance is
proportional to the DOS. Therefore, as the DOS is higher in the second subband, the measured
gate efficiency should be smaller.
The energy spacing between the bottoms of the first and second subbands, ∆Esub‐1, can
be estimated by the spacing between the threshold voltage VT and the gate voltage
corresponding to the center of the broad peak at the beginning of the second plateau, VVHS‐2.
In figure 4‐2(a), |VT ‐ VVHS‐2|≈12 V, which leads to ∆Esub‐1 ≈ eα1|VT ‐ VVHS‐2| = 0.12 eV. This is
about half of the energy gap Eg ≈ 0.26 eV estimated from the diameter of the tube using
equation (1.1), as predicted by [15]. Thus, it is further confirmed that the quantized
conductance plateaus observed in device 1 represent the subband structure of the CNT and
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the broad peak at the beginning of the second plateau corresponds to VHS‐2 in the tube DOS.
Here I chose the VT and VVHS‐2 from figure 4‐2(a) instead of figure 4‐2(b) because the contact
transparency is higher when the curves in figure 4‐2(a) were measured. From now on, I will
denote “the overshooting peak at the beginning of the second plateau” as “VHS‐2”.
Using equation (1.10), the length of the carbon nanotube segment in device 1 can be
estimated from Vc1 to be ~300 nm, which is in the same scale as the distance of 400 nm
between the electrodes measure by AFM, although not exactly the same value.

4.2 Zero‐bias anomalies at VHSs: Device 1
4.2.1 ZBAs revealed by gate characterization
In figure 4‐2(b), at the temperature of 5 K, a prominent conductance peak appears
around the gate voltage range for VHS‐2, denoted as “SP‐2b”. The width of SP‐2b is about
twice that of the regular Fabry‐Perot oscillation peaks. Another peak at gate voltage about 2 V
away (denoted as “SP‐2a”) also stands out above the dI/dV(Vg) curve at 40 K (red line), and has
a similar width as SP‐2b. Although there are no such prominent peaks found in figure 4‐2(a),
this is not surprising due to the superimposed Fabry‐Perot oscillations peaks, which may shift
from one cooling down to the next, causing a slight change of the overall appearance of the
“SP” peaks. In the same cooling cycle, however, the dI/dV(Vg) curves at 4 K are highly
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repeatable during a time period varying from several days to a couple of weeks, as long as the
gate voltage scans in a stable range. Scanning over a larger unstable gate range will easily
change the “SP” peaks and Fabry‐Perot oscillation in terms of either gate voltages of their
locations or their dI/dV values.
Figure 4‐5 shows a dI/dV(Vg) curves near zero bias voltage (Vsd=0.5 mV) at 4 K in a larger
gate range (red line) obtained from cooling cycle 8, plotted together with the dI/dV(Vg) curve
at 4 K in figure 4‐2(b), obtained from cooling cycle 7 (black line). The SP‐2a peak and part of
the Fabry‐Perot oscillation in the first subband in cooling cycle 7 are observed in cooling cycle
8 too. However, the SP‐2b we found in cooling cycle 7 is absent in cooling cycle 8, and the
Fabry‐Perot oscillation in subband 2 can not repeat themselves in different cooling cycles
either. When the gate voltage scans to a more negative range, the signal becomes noisier and
the Fabry‐Perot oscillations become less regular. Another prominent peak (denoted by “SP‐3”)
rises up at gate voltage about ‐25.5 V from the center of VHS‐2, followed by a third plateau,
where Fabry‐Perot oscillation diminishes, that is about 0.5e2/h higher than the second
plateau.
The energy spacing between SP‐3 and VHS‐2 is ∆Esub‐2=eα2∆Vg= 0.18 eV, where α2= 0.7%
is the gate efficiency extracted from figure 4‐3(a). ∆Esub‐2 is smaller than the theoretical
prediction [16] of the energy spacing between VHS‐2 and VHS‐3, which is ~2∆Esub‐1. However,
the prominent SP‐3 indicates very a large DOS because no interference features, such as
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Fabry‐Perot oscillation peaks, could be seen around it. Similar to SP‐2b and SP‐2a found
around VHS‐2, SP‐3 is found at the beginning of an additional plateau, which suggests that
SP‐3 corresponds to VHS‐3 and the third plateau corresponds to the third subband.

Fig. 4‐5 (a) dI/dVsd(Vg) showing VHS‐2 and VHS‐2. The black curve is from cooling cycle 8 and the
redcurve is from cooling cycle 7. T = 5 K. The dashed orange line indicates the major features of the
density of states of a semiconducting CNT.
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Although the conductance as a function of gate voltage shows many Fabry‐Perot peaks in
addition to the prominent peaks I marked as SP‐2a,b and SP‐3, I will discuss below that the
characteristics of these “SP” peaks are quite different and make them clearly distinguishable
from the other Fabry‐Perot peaks.
SP‐2a and SP‐2b have been observed in all cooling cycles down to 4 K, although
sometimes they do not appear in the same cooling cycle. At the corresponding gate voltages,
the differential conductance as a function of source‐drain bias, dI/dV(Vsd), always manifests a
peak feature with a maximum value near the zero bias, similar to the ZBA features we
reported in our previous publication [9], as shown in section 1.5.2. On the other hand, at gate
voltages corresponding to Fabry‐Perot oscillation peaks in dI/dV(Vg), dI/dV(Vsd) does not
always show a peak feature. Even when it does, it has a smaller width than the ZBA features
and usually sits at the bottom of a wide dip. This can be clearly seen in figure 4‐6(b), which
shows the dI/dV(Vsd) curves from a 2D plot (inset of figure 4‐6(a)) obtained in a gate range
covering VHS‐2 and Fabry‐Perot oscillation before and after it (part of this 2D has been shown
in figure 4‐3(a)). The dI/dV(Vsd) curves in figure 4‐6(b) have been shifted vertically for clarity.
The red dI/dV(Vsd) curves in figure 4‐6(b) are from the gate voltage range marked by the
red dashed square in the 2D plot, which corresponds to the gate voltages for SP‐2a, as
indicated by the red arrow. In this gate voltage range, a large and bright block, the square area
surrounded by the red dashed line, was seen in the 2D plot around zero bias voltage, breaking
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the regular pattern of Fabry‐Perot interference. The green curves in figure 4‐6(b) are dI/dV(Vsd)
at gate voltages for Fabry‐Perot peaks before and after SP‐2a. If we define the width of a
dI/dV(Vsd) peak to be the bias voltage difference between the two dips aside the zero bias
peak, the ZBA features have a width of ~16 mV, while the Fabry‐Perot features have a width
from ~5mV to ~7.2 mV. Another difference between the ZBA features and Fabry‐Perot features
is that the shape of dI/dV(Vsd) of ZBA features usually sustain over a gate voltage range of ~
500 mV, while the dI/dV(Vsd) peaks of Fabry‐Perot features evolve into dI/dV(Vsd) dips or other
asymmetric shapes over a much smaller gate voltage range of ~200 mV.
I will note that the 2D plots in figure 4‐6 are highly repeatable, because the dI/dV(Vg) at
zero bias voltage extracted from the 2D plot matches very nicely to the dI/dV(Vg) curve
obtained by scanning the gate voltage right after the acquirement of the 2D plot, which is the
same dI/dV(Vg) curve (red curve) shown in figure 4‐5. Both of them in turn match the
reference curves in figure 4‐1.
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4.2.2 Temperature and magnetic field characterization of ZBAs at VHS‐2
More importantly, I found that ZBA features and Fabry‐Perot features have distinct
dependence on temperature and magnetic field.
I first measured the dI/dV(Vg) near zero bias as a function of temperature in a highly
stable gate range covering SP‐2a (G1), a typical Fabry‐Perot dip (G2), and a Fabry‐Perot peak
(G3), as shown in figure 4‐7(a). Figure 4‐7(b) show the extracted temperature dependence of
the differential conductance measured at gate voltages G1, G2, and G3. The three curves in
figure 4‐7(b) do not show too much change as temperature decreases from 70 K to 40 K, but
show distinct behaviors below 40 K. As the temperature decreases from 40 K to 5 K, the dI/dV
for a Fabry‐Perot dip (G2) decreases monotonically with temperature; the dI/dV for a
Fabry‐Perot peak (G3) first decreases with temperature, but takes an upturn around 12 K. The
dI/dV for SP‐2a first increases moderately with decreasing temperature, but then rapidly when
temperature is below 30 K.
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Fig. 4‐7 (a) Temperature dependence of Fabry‐Perot interference and ZBA. The inset shows the
linear plot of differential conductance as a function of temperature for Fabry‐Perot peak (blue
triangle), Fabry‐Perot dip (black square) and ZBA peak (red circle) at gate voltage positions as
marked. (b),(c)Log scale of differential conductance as a function of temperature for Fabry‐Perot
peak and dip, respectively
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Then I characterized the dI/dV(Vsd) at gate voltages corresponding to SP‐2a and SP‐2b as a
function of temperature and in magnetic field. SP‐2a is usually split into two peaks, which can
be seen in the black dI/dV(Vg) curve in figure 4‐1. Below, I designate the feature found at
more negative gate voltage to be ZBA‐2a1 and the other one to be ZBA‐2a2.
Figure 4‐8(a) shows the dI/dV(Vsd) of ZBA‐2a1 as a function of temperature. At 5 K, a large
peak is seen around zero bias, which has a width of ~15 mV and amplitude of ~1.5e2/h. It has
a critical temperature of 30 K, similar to the critical temperature of the ZBAs reported by us
before on another sample [9]. The zero‐bias dI/dV increases rapidly with temperature below
30 K (figure 4‐8(b)), showing a broad transition similar to what is observed in superconducting
nanowires [38]. Figures 4‐8(c)‐(e) show the magnetic characterization of ZBA‐2a1 at 5 K, 12 K
and 21 K. The magnetic field was applied perpendicular to both the carbon nanotube and the
substrate. At 5 K, the differential conductance at zero bias is depressed by ~17% in a magnetic
field of 6.7 T (see figure 4‐8(c)), while the width and background of the dI/dV(Vsd) curve stays
intact. Interestingly, the effect of magnetic field is weaker as temperature increases.
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ZBA‐2a1

Fig. 4‐8 (a) Temperature dependence of ZBA‐2a1. (b) The extracted temperature dependence of
zero‐bias dI/dV from (a). (c)‐(e) Magnetic field dependence of ZBA‐2a1 at temperatures of 5 K, 12
K, and 21 K.
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ZBA‐2a2

Fig. 4‐9 (a) Temperature dependence of ZBA‐2a2. (b) The extracted temperature dependence of
zero‐bias dI/dV from (a). (c)‐(e) Magnetic field dependence of ZBA‐2a2 at temperatures of 7.8 K,
15 K, and 22 K.

Figure 4‐9 shows the temperature and magnetic field characterization of dI/dV(Vsd) for
ZBA‐2a2, which has similar width, amplitude, and temperature dependence as that of
ZBA‐2a1. ZBA‐2a2 does not show apparent change when a perpendicular magnetic field as
high as 6.7 T is applied even at 22 K.
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ZBA‐2b

Fig. 4‐10 Temperature dependence of the dI/dV(Vsd) for ZBA‐2b. All curves are smoothed curves of
the original data.

ZBA‐2b was absent in cooling cycle 9 and was observed in cooling cycle 7, instead. Figures
4‐10 shows the temperature dependence of dI/dV(Vsd) for ZBA‐2b obtained from cooling cycle
7, which has a similar width and critical temperature as ZBA‐2a but a smaller amplitude.
I also characterized the dI/dV(Vsd) of Fabry‐Perot features as a function of temperature and
magnetic field and found that they have very different behavior from the ZBA features. Figures

4‐11(a) shows the temperature dependence of dI/dV(Vsd) at the gate voltage of a typical
Fabry‐Perot peak in dI/dV(Vg). A peak around zero‐bias can be seen at low temperature.
However, it is very different from the ZBA features in figure 4‐8 to figure 4‐10. First of all, it sits
in the bottom of a large dip, while ZBA features have zero‐bias peak developed well above the
dI/dV(Vsd) background. The Fabry‐Perot peak also has much smaller width (~9 mV) and
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amplitude (~0.1e2/h), compared to any all ZBA features. Most importantly, the Fabry‐Perot
peak disappears around 15 K, which is much lower than the critical temperature of any ZBA
features.

Fabry‐Perot features

Fig. 4‐11 (a) Temperature dependence of the dI/dV(Vsd) for a typical Fabry‐Perot peak. (b)
Magnetic field dependence of the dI/dV(Vsd) for a Fabry‐Perot peak from band 2. (c) Magnetic
field dependence of the dI/dV(Vsd) for a Fabry‐Perot dip. (d) Magnetic field dependence of the
dI/dV(Vsd) for a Fabry‐Perot peak from band 1.
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The behavior of the Fabry‐Perot peaks in a magnetic field is more puzzling. Figure 4‐11(b)
shows that the zero‐bias dI/dV of a Fabry‐Perot dip is always enhanced by a magnetic field.
However, the zero‐bias dI/dV, as well as the background, of a Fabry‐Perot peak can either be
enhanced or depressed by magnetic field, as shown in figure 4‐11(c) and (d).
The similar behaviors, including width, temperature and magnetic field dependence,
shared by ZBA‐2a1, ZBA‐2a2 and ZBA‐2b, which are distinct from that of Fabry‐Perot peaks,
indicate that the ZBA features are introduced by some new physical mechanism other than
Fabry‐Perot interference. Unlike the Fabry‐Perot peaks that develop along the two plateaus,
these ZBA features occur only at gate voltages within the range of VHS‐2 of the nanotube DOS.

4.2.3 ZBAs at other special gate voltage ranges
ZBA features are also observed occasionally at gate voltages corresponding to the
beginning of the first plateau (ZBA‐1) in figure 4‐2, although no prominent peak like SP‐2a or
SP‐2b occurs in dI/dV(Vg) at 5 K. Although ZBA‐1 does not occur at gate voltages corresponding
to VHS‐1, it has a critical temperature of 30 K (figure 4‐12(a)), and the zero‐bias dI/dV also
shows a broad temperature transition below the critical temperature (figure 4‐12(b)), similar
to ZBA features found at VHS‐2.
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ZBA‐1

Fig. 4‐12 (a) ZBA‐1 found from cooling cycle 1 around the overshoot at the beginning of the first
plateau in figure 4‐1. (b) Temperature dependence of zero‐bias dI/dV extracted from (a).

ZBA‐1 was only observed in the first couple of cooling cycles when the contact
transparency is higher. As I have discussed in section 4.1, the contact transparency of this
sample decreases slightly over time, which causes the reduction of the average conductance
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of the two plateaus in figure 4‐2. The absence of ZBA‐1 in the later cooling cycles may be
caused by the same reason.

ZBA‐3

Fig. 4‐13 ZBA‐like features observed at gate voltages corresponding to SP‐3. The thicker lines are
FFT smoothed data.

At the gate voltage corresponding to the SP‐3, I also observed ZBA‐like features (ZBA‐3)
for few times, as shown in figure 4‐13. However, it is very difficult to characterize the dI/dV(Vsd)
at gate voltages for SP‐3, because SP‐3 is located in a very unstable gate voltage range, where
the dI/dV(Vsd) evolves into a dip in a very short time as the gate voltage and temperature are
held constantly. As shown in figure 4‐13, both the dI/dV(Vsd) curves are obtained in the same
cooling cycle at the same gate voltage corresponding to SP‐3, but have different shape. The
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blue curve is obtained before the black one, and has similar shape, width and amplitude as
ZBA‐2a in figure 4‐10. Also, the signal is also much noisier at larger negative gate voltages.
Therefore, the temperature and magnetic field characterization of data ZBA‐3 are not
available. However, as it is shown in figure 4‐5, Fabry‐Perot oscillation disappeared around
SP‐3 and in the third plateau. Therefore, it is unlikely that the two curves shown in figure4‐13
are Fabry‐Perot peaks.
We finally note that we also cooled down the sample in a dilution refrigerator with a base
temperature of 50 mK. As it is discussed in section 3.4, some finer interference features
appeared in device 1 at 50 mK and ZBA features could not be distinguished in this case,
probably due to the stronger superimposed Fabry‐Perot pattern.

4.3 Zero‐bias anomalies at VHSs: Device 2
4.3.1 Subband structure revealed by the gate characterization
In device 2, a similar band structure is revealed by dI/dV(Vg) curves. More importantly,
prominent ZBA features are also observed at special gate voltage ranges corresponding to
VHSs in the nanotube DOS, as expected. Figure 4‐14(a) shows the dI/dV(Vg) curves of device 2
obtained in cooling cycle 2 at 5 K and 30 K, plotted together with the dI/dV(Vg) curve of device
1 at 5 K (the same curve as the black curve in figure 4‐1).
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Fig. 4‐14 (a) dI/V(Vg) in device 2 at 5 K (black curve) and 30 K (red curve), compared to the dI/dV(Vg)
at 5 K in device 1 (grey curve). The red curve has been shifted horizontally so that the second rising
slope matches the counterpart in device 1, although it is now shown here. The black curve is
shifted the same amount as the red curve because they were obtained at the same time. (b)
dI/dV(Vg) in device 2 at 50 mK (blue curve) and 30 K (red curve). No shift is applied to the blue
curve. Inset: 2D plot taken at 50 mK in device 2, showing Fabry‐Perot pattern.
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In device 2, two conductance plateaus can be clearly seen in dI/dV(Vg) curves with the
same height of 1e2/h. At 5 K, and are more visible at higher temperature (30 K), irregular,
unrepeatable peaks are observed. Consistently, no regular interference pattern appears in the
2D plot of differential conductance as a function of gate voltage and source‐drain bias at this
temperature. As the temperature decreases to 50 mK, strong oscillating peaks rise up (blue
curve in figure 4‐14(b)) and a Fabry‐Perot interference pattern could be distinguished in the
2D plot (inset of figure 4‐14(b)). The two plateaus and the second rising slope are still
discernable at 50 mK, and the difference between the heights of the two plateaus is still 1e2/h.
The second rising slopes in dI/dV(Vg) curves at 5 K and 50 mK match to each other pretty well
without any further adjustment. In this case, the threshold voltages in dI/dV(Vg) curves at 5 K
and 50 mK differs from each other by ~3 V.
Compared to device 1, I would expect the threshold voltage in device 2 at 50 mK to
reflect the band edge more accurately because it matches the threshold voltage in device 1
which was measured when the contact transparency was higher, i.e., the Vth in figure 4‐2(a). In
this case, the group of sharp peaks close to the threshold voltage in device 2 at 50 mK (blue
curve in figure 4‐14(b)) corresponds to the plateau with a height of 0.75e2/h in device 1 (black
curve in figure 4‐2(a)). The rising slopes before the plateaus are steeper and the broad peaks
at the beginning of the plateaus are less visible in device 2. However, the two plateaus in
device 2 match the two plateaus in device 1 pretty well (the black and red curves have been
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shifted as described in the caption of figure 4‐14).
In the 2D plot at 50 mK obtained from the second plateau (inset of figure 4‐14(b)), the
source‐drain bias of the cross point of the adjacent black lines, as indicated by the red arrow,
Vc, is ~1.2 mV. Using equation (1.10), I can estimate the length of device 2 to be 1.4 µm, which
is very similar to the lead spacing of 1.2 µm measured by AFM. Gate efficiency extracted from
the 2D plot is ~0.6%, which is close to the gate efficiency found in the second plateau in
device 1, ~0.7%.

4.3.2 Temperature and magnetic field characterization of ZBAs at VHS‐2
No prominent peak as the SP‐2a and SP‐2b in device 1 is observed in the dI/dV(Vg) curve
in device 2 at 5K. Actually, the dI/dV(Vg) curve of device 2 is not quiet repeatable. However,
prominent ZBA features, similar to those found in device 1, have been also observed in device
2 at certain gate voltage ranges, when I measure the differential conductance as a function of
source‐drain bias. The ZBA features in device 2 are more sensitive to gate instability, but they
can be recognized easily at 5 K due to the lack of any other peaks, such as those due to
Fabry‐Perot interference. After carefully comparing the data, I found that these ZBA features
occur in the gate voltage ranges marked by the green and blue shadow areas in figure 4‐14(a).
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ZBA‐2

Fig. 4‐15 (a) Temperature dependence of ZBA‐2 in device 2. (b) Magnetic field dependence of
ZBA‐2 at 5 K. (data from cooling cycle 9)

Interestingly, the gate voltage range marked by the green shadow corresponds to VHS‐2
of the carbon nanotube. Within this gate voltage range, ZBA features (ZBA‐2) have been found
in almost every cooling cycle. Figure 4‐15 shows the temperature dependence and the
magnetic filed dependence of ZBA‐2 observed in gate voltage ranges corresponding to VHS‐2.
The width and amplitude of the dI/dV(Vsd) peak for ZBA‐2 is 10 mV and 0.4e2/h, respectively.
The critical temperature of ZBA‐2 is ~25 K, comparable but slightly lower than the critical
temperature of ZBA‐2 in device 1. The zero‐bias differential conductance of ZBA‐2 is also
suppressed slightly by the magnetic field.
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ZBA‐2

Fig. 4‐16 (a) dI/dV(Vsd) of ZBA‐2 at 4 K, 700 mK and 50 mK. Inset: dI/dV(Vsd) of Fabry‐Perot peak
(blue) and dip (red) at 50 mK in device 2. (b) Magnetic field dependence of the red curve in (a) at 5
K. (c) dI/dV(Vsd) curves of Fabry‐Perot in device 2 at 50 mK, at gate voltages in the second plateau

As the sample is cooled down to 65 mK, ZBA‐2 feature is still discernable. The magenta
and blue curves in figure 4‐16(a) shows the dI/dV(Vsd) of ZBA‐2 at 700 mK and 65 mK,
respectively, both obtained from cooling cycles 4. Remarkably, they match the dI/dV(Vsd) of
ZBA‐2 observed at 5 K (black curve) from cooling cycle 2 without any adjustment. I will note
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that data from cooling cycle 4 are obtained about three months after cooling cycle 2. Figure
4‐16(a) shows that the dI/dV(Vsd) peak of ZBA‐2 is growing as temperature decreases from 4 K
to 50 mK. However, a small dip evolves at 50 mK near zero bias. This may be caused by the
superposition of a Fabry‐Perot dip on the ZBA feature because the dip has similar width as the
Fabry‐Perot oscillating features measured in an adjacent voltage range, as shown in figure
4‐16(c). The same day characterization of the black dI/dV(Vsd) curve in figure 4‐16(a) in
magnetic field reveals that this peak was depressed by ~19% in a magnetic field of 5.2 T at
temperature of 5 K, as shown in figure 4‐16(b).

4.3.3 ZBAs at other special gate voltage ranges
ZBA features (ZBA‐1) have also been observed from time to time at the gate voltage range
marked by the blue shadow in figure 4‐14(a). This gate voltage range matches the position
where ZBA‐1 is found in device 1. Figure 4‐17(a) shows the temperature and magnetic filed
dependence of ZBA‐1 in device 2. Similar to the ZBA‐2 shown in figure 4‐15, the width and
amplitude of the dI/dV(Vsd) of ZBA‐1 at 5 K is 10 mV and ~0.4e2/h. The critical temperature of
ZBA‐1 is ~25 K. The good agreement between ZBA‐1 in figure 4‐17 and ZBA‐2 in figure 4‐15 is
probably because they are measured in the same cooling cycle and in a relative shorter time
period. The zero‐bias differential conductance of ZBA‐1 is depressed by ~18% in a magnetic
field of 6.7 T at 5 K (figure 4‐17(c)), similar to the effects found for ZBA‐2a1 in device 1.
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ZBA‐1

Fig. 4‐17 (a) Temperature dependence of the dI/dV(Vsd) for ZBA‐1. (b) Temperature dependence of
zero‐bias differential conductance extracted from measurement in (a). The red line is the
exponential fitting of the data. (c) dI/dV(Vsd) of ZBA‐1 at 5 K is suppressed by a magnetic field of
6.7 T.

Measurements of ZBA features at larger gate voltages corresponding to SP‐3 are much
more difficult in device 2 than in device 1. A better designed sample with better quality
dielectric for the back gate is needed for this measurement.
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4.4 Discussion and Summary
In the experiments presented in chapter 3 and chapter 4, I explored the possible onset of
intrinsic superconductivity in carbon nanotubes by measuring the transport properties in a
CNTFET configuration. I designed a special sample and fabricated two CNTFETs using different
segments of a long semiconducting carbon nanotube. The segment lengths measured by AFM
are 400 nm and 1200 nm for device 1 and device 2, respectively. At temperatures below 40 K,
the dI/dV(Vg) curves measured in different devices reveal consistent band structure of the
carbon nanotube, showing two quantized differential conductance plateaus corresponding to
the first and second subbands. At higher temperatures (20 K and 40 K), an broad peak is
observed at the beginning of each plateau. Using the gate efficiency extracted from the 2D
plot in device 1, I calculated the energy corresponding to the gate voltage spacing between
the threshold and the broad peak at the beginning of the second plateau to be ~0.12 eV. It is
consistent with the energy spacing between the first and second VHSs of the nanotube, that is
estimated to be ~0.13 eV from the tube diameter. This suggests that the broad peak at the
beginning of the second plateau corresponds to the second VHS (VHS‐2) in the nanotube DOS
for valence band.
As we expected, ZBA features are observed at gate voltage range corresponding to VHS‐2
in both devices, similar to the ZBA features reported before [9] which we attributed to the
onset of superconductivity in the carbon nanotube at VHS. The increased conductance can
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then be explained as Andreev reflections at CNT/metal interfaces. The critical temperatures of
the ZBA features in this sample are 25~30 K. But they are wider and have larger amplitude
than the ZBA reported in previous samples. The observation of stronger ZBA features in this
sample is consistent with the observation of higher average differential conductance in it.
Higher transparency at the CNT/Pd contacts, in fact, enhances the Andreev reflection. We
note that the on‐set temperature of the ZBA features at VHSs in our sample is about 50 times
higher than that of superconductivity reported in SWNT ropes and about twice as that of
superconductivity in boron‐doped SWNT films. In these experiments, no gate voltage was
applied. This suggests that the critical temperature can be increased by optionally tuning the
device to obtain higher density of states, when Fermi level in the carbon nanotubes are
aligned with or close to VHS, by either a gate voltage or proper chemical doping [8]. The
temperature dependence of the zero‐bias differential conductance of these ZBA features
shows a broad transition below the critical temperature, similar to what have been reported
in superconducting nanowires. As temperature decreases to 50 mK, the ZBA features grow
stronger, but no supercurrent is observed, probably due to thermal fluctuations in the carbon
nanotube.
A more interesting but still puzzling observation is the behavior of ZBA features in
magnetic field applied perpendicular to the nanotube. At 5 K, the zero‐bias dI/dV of the ZBA
features is depressed about 18% by 6.7 T magnetic field, implying a very high critical field (the
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maximum field generated by our magnet is 7 T). As temperature increases, the response of
ZBA features to magnetic field becomes weaker and disappears before the critical
temperature, which is opposite to the Meissner effect in traditional superconductor.
Unexpected ZBA features (ZBA‐1), which share similar properties as the ZBA features
observed at VHS‐2, are observed at the gate voltages corresponding to the broad peak at the
beginning of the first plateau (which is usually in the middle between the threshold voltage
and VHS‐2). Despite its position far away from the first VHS, the dI/dV broad peak may
indicate that somehow larger density of states occur at this gate voltage range, compared to
anywhere else in the first plateau, although the occurrence of ZBA at this gate voltage is still
unclear.
As gate voltage scans to more negative range, a third plateau is observed in dI/dV(Vg),
indicating the third subband in the nanotube. While Fabry‐Perot oscillation diminishes in this
range, a large spike (SP‐3) is measured at the beginning of the third plateau as the signature of
the third VHS (VHS‐3). dI/dV(Vsd) peaks have been observed a few times around VHS‐2.
However, due to the significant gate instability at large gate voltage, I am not able to measure
their temperature and the magnetic field dependence.
In device 1, Fabry‐Perot interference is clearly seen at 5 K. These features are also
differential conductance peaks in dI/dV(Vg) near zero bias voltage. However, the Fabry‐Perot
peaks show very distinguishable properties from the spikes around VHS‐2. First of all, they are
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regular oscillating peaks observed through the first and second plateau gate voltage range.
Secondly, the dI/dV(Vsd) of Fabry‐Perot peak in dI/dV(Vg) does not always show a peak feature,
and even when it does, it shows a peak feature much smaller than the ZBA features. Thirdly,
the critical temperature of Fabry‐Perot interference is ~12 K. Finally, the affect of magnetic
field on Fabry‐Perot features is very weak.
This experiment provides supporting evidence for the occurrence of ZBAs at VHSs in
single carbon nanotube. At low temperature, when the Fermi level of a large diameter carbon
nanotube is shifted by gate voltage into the VHSs of its DOS, differential conductance shows a
peak feature as a function of source‐drain bias with a maximum value at zero bias voltage. We
showed in our previous work that this zero‐bias anomaly feature can be simulated by a model
based on Andreev reflection at highly transparent CNT/metal interfaces, where Cooper pairs
form in the carbon nanotube. Our collaborator, S. Shafranjuk is currently working on detailed
simulations of the data presented in this thesis to fit the temperature and bias dependence of
the measured ZBAs to the Andreev reflection model.
In summary, we suggest that superconductivity may be significantly enhanced by the
large density of states at VHSs. Even though no supercurrent is observed at temperature as
low as 50 mK, we found that the zero‐bias conductance increases when lowering the
temperature. The ZBAs are weakened moderately (<20%) by magnetic field as large as 6.7 T.
This magnetic field response is weaker at higher temperature and disappears below the
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critical temperature, which needs further study.
Our investigation of intrinsic superconductivity in CNTFET is somehow impeded by the
gate hysteresis and instability inherent with the thermally grown SiO2. Highly transparent
contacts are very important for observation of Andreev reflection at CNT/metal interfaces. In
our experiments, the transparency can vary with time and cause inconsistent threshold
voltages, showing extreme sensitivity to adsorbates residue in high vacuum. However, it is
remarkable that the essential features discussed in this work are measured consistently within
a period longer than one year, as the sample was cooled down nine times in different
cryostats.
In the future work, SWNT ropes consisting of tubes with similar diameter can be
investigated in CNTFET configuration on high quality substrate. Since tubes in the rope have
similar diameter and will in turn have similar band structure and density of states. The ZBA
features in the SWNT ropes around VHSs should be much stronger than those observed in a
single SWNT, and the probability for supercurrent in such samples should be larger. Since the
contact transparency is very sensitive to the environment, proper chemicals may be
introduced to tune the ZBA features in a controlled fashion.
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Chapter 5
Carbon nanotube as nanoscale probe for
superconducting proximity effect

Due to their small diameter, carbon nanotubes can be exploited for nanoscale
phase‐coherent devices, such as supercurrent transistors [75] and gated superconducting
quantum interference devices [76]. In this chapter, I will discuss carbon nanotubes as tips for
point‐contact Andreev reflection spectroscopy (PCARS). In PCARS, a superconductor is
approached slowly with a sharpened normal metal tip, until a point contact is established (as
shown in figure 5‐1(a)). The conductance of the superconductor/normal‐metal (S/N) junction
is then measured as a function of bias voltage across the sample and the tip. PCARS relies on
the Andreev reflection at the S/N interface where an electron incident from the normal metal
with energy below the superconducting energy gap is reflected as a hole which has opposite
charge and spin as those of the incident electron but follows the same trajectory of it
(retro‐reflection). The spin coupling associated with Andreev reflection makes PCARS also a
powerful tool for spin polarization detection, by using a superconductor tip to approach a
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ferromagnetic sample [77,78,81] (as shown in figure 5‐1(b)). The PCAR spectra are usually
analyzed by a ballistic model (the point contact diameter is smaller than the electron mean
free path) proposed by Blonder, Tinkham and Klapwijk (BTK model) to extract information
including the superconducting energy gap of the sample and its temperature dependence.
Traditional point contact tips for PCARS are prepared by electrochemically etching a
metal wire. Figures 5‐1(d) and (e) show the FEM images of a Nb tip prepared in this way. The
reliability of the PCAR spectra obtained with such a tip is usually affected by excessive
pressure applied, surface oxide on the surface of both the sample and the tip, and the
independent method to estimate the diameter of the point contact [77]. In spite of other
lithographic techniques [82,83] developed to fabricate point contact, carbon nanotubes
provide a promising candidate for PCARS tip because the small diameter of carbon nanotubes
can guarantee a stable ballistic point contact. In this chapter, I will demonstrate that a CNTFET
made with a carbon nanotube connected to superconducting electrodes works as a
double‐interface PCARS tool, with the single carbon nanotube as a normal tip, as shown in
figure 5‐1(c).
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Fig. 5‐1 (a) PCAR at interface of a superconductor sample and a normal metal tip. (b) PCAR at the
interface of a ferromagnetic sample and a superconductor tip. (c) Double‐interface PVARS with
carbon nanotube tip. (d)(e) SEM images of a electrochemically etched Nb tip for PCARS. Adapted
from http://www.physics.wayne.edu/~nadgorny/techn1.html.

CNTFETs with superconducting electrodes have been used to

explore the

proximity‐induced superconductivity in carbon nanotube. In this case, there are two interfaces
between the carbon nanotube and the superconductor, at each end of the tube. Supercurrent
has been observed in such CNTFETs [3,79,75,76] when phase coherence of electrons and
holes contributing to Andreev reflection at each of the two interfaces is preserved through the
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whole device. In our experiment, we find that when the superconducting phase coherence is
broken in the carbon nanotube by inelastic scattering, the carbon nanotube acts as a
nanoscale probe detecting the Andreev reflection at the interfaces between the carbon
nanotube and the superconducting electrodes. The results of this experiment have been
published in Ref. [80].
The samples for this experiment are fabricated entirely by photolithography. Carbon
nanotubes are synthesized by catalytic CVD, while catalyst islands are patterned using the
same process described in Appendix A. The electrodes are patterned by a photolithographic
process described in Appendix D. A thin layer of Pd (2.5 ~ 5 nm) is then deposited direct on
carbon nanotubes followed by a thick layer of superconducting metal (~200 nm Nb),
deposited on top of Pd. From our experience, high transparent contact is difficult to be
achieved by deposition of Nb directly on carbon nanotube. Therefore, I chose a thin
intermediate layer of Pd to achieve a contact with high transparency between carbon
nanotube and electrodes, which is an essential requirement for the observation of Andreev
reflection. In the rest of the chapter, I will discuss the measurement on one of these samples,
which was made of a carbon nanotube with a diameter of 1.5 nm and a pair of electrodes
spaced by 1 µm.
Figure 5‐2(a) shows the differential conductance as a function of gate voltage at 4.2 K in
zero magnetic field, which shows ambi‐polar behavior and sharp peaks through the whole
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gate voltage range. High conductance has been achieved in this sample for both p‐type and
n‐type conduction. As it is shown in figure 5‐2(b), in the gate voltage range (14 V ~ 18 V), clear
regular Fabry‐Perot pattern has been observed, revealing a gate efficiency of 1.25%. The bias
voltage of the cross point marked by the red arrow in figure 5‐2(b), VC, indicates that this
interference pattern corresponds to a CNT Fabry‐Perot cavity with a length of 370 nm, which is
much shorter than the length of the carbon nanotube segment between the electrodes. This
implies that figure 5‐2(b) shows interference features due to resonant scattering at impurities
or defects along the nanotube.
Figure 5‐2(c) shows the surface plot of temperature dependence of dI/dV(Vg) curves,
where a drop of differential conductance occurs in the whole gate voltage range when the
temperature increases above the critical temperature of Nb electrodes (9 K). Figure 5‐2(d)
shows another surface plot of differential conductance in the same gate voltage and
temperature ranges when a magnetic field of 3 T is applied perpendicular to the substrate.
Obviously, the differential conductance in figure 5‐2(c) below 9 K is suppressed by the
magnetic field in the entire gate voltage range, while the differential conductance at
temperature higher than 9 K is not affected by the magnetic field. The increase of the
differential conductance below 9 K is corresponds to a resistance drop more than 1 kΩ. This is
not caused by the disappearance of the resistance of the Nb electrodes when they become
superconducting, because the resistance of the Nb electrodes in normal state is much smaller
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(300 Ω).

Fig. 5‐2 (a) Zero‐bias dI/dV(Vg) at a temperature of 4.2 K in zero magnetic filed. The upper middle
inset shows the schematic of the CNTFET transistor and the measurement circuit. The left lower
inset is the AFM image of the device. (b) 2D plot of differential conductance as a function of gate
voltage and bias voltage showing regular Fabry‐Perot interference pattern. (c) dI/dV(Vg) as a
function of temperature in zero magnetic field. (d) dI/dV(Vg) as a function of temperature in
magnetic field normal to substrate, B = 3 T.
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We proposed that the excess differential conductance is caused by the retro‐reflection of
the holes from the Andreev reflection at the Nb/Pd interface (see figure 5‐1(c)). In this case,
the holes follow the same path as the electrons incident from the carbon nanotube to Nb/Pd
interface, and are consequently focused back to the nanotube point contact (as shown in
figure 5‐1(c)), which is a ballistic contact since the nanotube diameter (1.5 nm) is smaller than
the Pd thickness (3.5 nm). The carbon nanotube serves as a normal metal point contact tip
because the phase coherence in carbon nanotube is broken by the resonant scattering at
impurities or defects along the nanotube. On the contrary, when the Nb electrodes are in
normal states (i.e., T > 9 K or B=3 T), electrons undergo a conventional scattering at the Nb/Pd
interface and are deflected away from the nanotube. Therefore, at temperatures below the
critical temperature of Nb electrodes (9 K) and in a zero magnetic field, the contribution of the
retro‐reflected holes to the current detected by the carbon nanotube causes the
enhancement of differential conductance.
Figure 5‐3 shows that the zero‐bias differential conductance measured in zero magnetic
field (Gs), when Nb electrodes are superconducting, is higher than that measured in a
magnetic field of 3 T (Gn), when Nb electrodes are in normal state, at all values of gate voltage.
Remarkably, if Gn curve is multiplied by a factor of 1.13, the consequent curve matches Gs
curve nicely in the entire gate voltage range. The factor of 1.13 has been found in large gate
voltage ranges (Figures 5‐3(a) and (b) shows the data obtained in a negative gate voltage
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range and a positive gate voltage range, respectively, which are far away from each other.).
Figure 5‐3(c) is a 2D plot of the differential conductance as a function of gate voltage and
magnetic field at T=4.2 K, which shows that the critical field for the differential conductance is
about 1.5 T at this temperature. Therefore, the dI/dV(Vg) curves obtained at B=3 T can be
safely considered as Gn.

Fig. 5‐3 (a) 2D plot of differential conductance as a function of gate voltage and magnetic field
at 4.2 K. (b) Zero‐bias dI/dV(Vg) curves obtained at T=4.2 K in a gate voltage range for p‐type
conduction and (c) Zero‐bias dI/dV(Vg) curves obtained at T=4.2 K in a gate voltage range for
n‐type conduction. The black and red curves are obtained in magnetic field of 0 T and 3 T,
respectively. The blue open dots are the results of multiplication of GN by a factor of 1.13.
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We found that the observation of constant Gs/Gn in large gate voltage ranges can be
quantitatively explained by a double‐interface model [84] considering the CNT/Pd/Nb junction
as an Andreev reflection point‐contact spectroscopy (ARPCS) structure, where the Andreev
reflection occurs at the Pd/Nb interface, while the carbon nanotube acts as a point contact,
injecting electrons and collecting retro‐reflected holes. According to the double‐interface
model, the ratio Gs/Gn at zero temperature is expressed by:

G S / G N = 1 + κA(eV pc )

(5.1)

where Vpc is the voltage applied to the point contact, A is the energy‐dependent Andreev
reflection probability, and κ is a factor strongly depending on the transparencies of the
CNT/Pd and Pd/Nb interfaces, which are considered to be gate‐independent. The assumption
of gate‐independent transparency at CNT/Pd interface is consistent with our observation of
high conductance in this sample, which implies very small Schottky barrier insensitive to gate
voltage. Since there are two CNT/Pd/Nb junctions in series at the both ends of the carbon
nanotube, Vpc is half of the source‐drain voltage (Vsd), if we assume that the CNTFET is made
with a ballistic tube. In our case, Vpc <

1
Vsd, due to the defects and scatters existing along the
2

nanotube.
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Fig. 5‐4 (a) dI/dV as a function of source‐drain voltage at T=4.2 K

The simulation work is done by our collaborator, Professor Shafranjuk at Northwestern
University and is based on the following assumptions: (1) Assume the CNTFET is symmetric
with same transparency (Tend) for the CNT/electrode interfaces at both ends of carbon
nanotube. (2) Assume these two CNT/electrode interfaces as two identical incoherent scatters.
Thus the total transparency due to the contacts is T=Tend/(2‐Tend). (3) Assume the transport is
fully coherent through the Nb/Pd/CNT junctions and the phase coherence is only broken
inside CNT. We neglect unconventional interband processes, such as specular Andreev
reflection. (4) The transparency Tend is calculated by modeling the electrode/CNT contact as an
SI1NI2C junction (S is the superconducting electrode, N is the normal layer, C is the CNT, I1(2) are
the S/N and N/C interface barriers). (5) The Andreev reflection at the S/N interface is
introduced using the BTK model. Details of the simulation can be found in our paper published
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in Ref. [80].
By fitting experimental data with simulation based on the model described by equation
5.1, we extracted the transparencies for Nb/Pd and Pd/CNT interfaces to be 0.85 and 0.8,
respectively. The peak in Gs/Gn vs Vsd curves obtained at gate voltages where the transparency
of the sample is highest has the smallest width of ~3 mV, which corresponds roughly twice the
superconducting gap of Nb, as expected for two independent Pd/Nb interfaces in series.
As a summary, we demonstrate a carbon nanotube in contact with superconducting
electrodes as a nanoscale tip for PCARS. A constant ratio Gs/Gn has been observed in large
gate voltage range, which can be explained by a double‐interface model. We used this
double‐interface model to analyze the PCAR spectra scanned in this sample and extracted the
transparencies of the Nb/Pd and Pd/CNT interfaces, as well as the superconducting energy
gap of the electrodes, which is consistent with that of Nb.
With the progress of the study of intrinsic superconductivity in carbon nanotube, we
have proposed in the last chapter that carbon nanotube can be driven into superconducting
state by gate voltage. Therefore, I suggest that a PCARS equipped with a gate‐control
superconducting carbon nanotube tip could be a promising tool for detecting of spin
polarization. A prototype of such PCARS can be just a simple CNTFET made of a large diameter
carbon nanotube and ferromagnetic electrodes. A carbon nanotube with large diameter (3 ~ 5
nm) is preferred because at least one of its VHSs can be located in small gate voltage range,
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while a CNTFET fabricated on thermally grown SiO2 surface functions much more stably at
small gate voltages than at large gate voltages. The diameter of the point contact is given by
the diameter of the carbon nanotube. Moreover, even for carbon nanotubes with diameters
of 3 ~ 5 nm, they can still form a stable ballistic point contact with the sample, which is the
ferromagnetic electrodes, and thus give reliable PCAR spectra.
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Appendix A:
Photolithography process for catalyst islands patterning
•

Cut a 10×7 mm rectangular chip from a doped silicon wafer with thin oxide.

•

Clean the chip by sonication in TCE (Trichloroethylene), ACE (Acetone) and IPA （Isopropyl
Alcohol) in sequence. After the sonication, immediately rinse the chip in IPA and blow try
it with nitrogen gas.

•

Spin PMMA 950 C2* (polymethyl methacrylate) on the chip at 3500 rpm for 45 seconds.

•

Bake the chip on a hotplate at 180 oC for 2 minutes.

•

Spin diluted SU‐8 2*, a negative photoresist, on the chip at 4000 rpm for 45 seconds. SU‐8
2 is diluted in GBL (gamma‐Butyrolacetone).

•

Bake the chip in an oven at 90 oC for 10 minutes and let it cool down slowly in air.

•

Expose the chip under UV light (i‐line, 365 nm) for 4 seconds with a photomask. The
photomask has a pattern that is shown in figure A‐1.

•

Post‐expose bake (PEB) the chip in an oven at 90 oC for 10 minutes for the exposed SU‐8
to cross‐link. After the bake, let the chip cool down slowly in air.

•

Develop the chip in SU‐8 developer for 1 minute 45 seconds. PMMA is almost intact in
SU‐8 developer.

*

PMMA and SU-8 are from MicroChem Corporation (MCC).
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•

Immediately rinse the chip in SU‐8 developer for 20 seconds, followed by IPA for 1 minute.
Blow dry it with nitrogen gas.

•

Remove the PMMA layer by oxygen reactive‐ion etching (RIE).

•

Apply a drop of catalyst solution on the chip and let it dry in air. The catalyst solution was
prepared by adding 8 mg Fe(NO3)3•9H2O, 2.5 mg MoO2(acac)2 and 75 mg alumina
(Degussa, aluminum oxide C) nanoparticles in 20 ml methanol. The solution was sonicated
for 1 hour and then diluted to one‐fifth of its original concentration. The diluted catalyst
solution was placed on a stirrer all the time so that all catalyst components are mixed
uniformly.

•

Bake the chip on a hotplate at 85 oC for 3 minutes.

•

Soak the chip in ACE for 10 ~ 30 minutes. PMMA will dissolve in ACE for SU‐8 layer to lift
off.

•

Rinse the chip in ACE for 20 seconds, followed by IPA for 1 minute. Blow dry it with
nitrogen gas.
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Fig. A‐1 Pattern on the photomask for exposing SU‐8. The white area is transparent for the UV
light (i line, 365 nm).
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Appendix B:
CVD synthesis of carbon nanotube
•

Spin copolymer MMA (8.5) (MicroChem) on the chip which has CVD grown carbon

•

Load silicon chips with patterned catalyst islands in the quartz boat with the catalyst side
facing up, and close the furnace.

•

Purge all gas lines (argon, hydrogen, methane) for ~ 2 minutes. Close hydrogen and
methane, and leave argon flowing.

•

Turn on the carbon nanotube furnace and set the temperature for the furnace center to
be 900 oC, and the temperature for the furnace ends to be 750 oC, as shown in figure A‐2.
The furnace will heat up to the temperature set points in argon in an hour.

•

When the furnace temperature arrives the set points, introduce hydrogen (~600 sccm)
and methane (~2000 sccm) and turn off argon. The synthesis process starts.

•

After ~ 25 minutes, turn on the argon line, and then turn off hydrogen and methane. Set
the furnace temperature to 20 oC. Let the furnace cool down in argon.

143

Fig. A‐2 Photo of carbon nanotube furnace
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Appendix C:
E‐beam lithography process for electrode patterning
•

Spin copolymer MMA (8.5)* (MicroChem) on a chip carrying carbon nanotubes on the
surface at 3500 rpm for 45 seconds.

•

Bake the chip on hotplate at 180 oC for 1 minute.

•

Spin PMMA on top of MMA at 4000 rpm for 45 seconds.

•

Bake the chip on hotplate at 180 oC for 1 minute.

•

Load the previously obtained FESEM image of selected carbon nanotubes as well as
alignment marks into the Nanometer Pattern Generation System† (NPGS) and design the
electrodes pattern.

•

Use the NPGS to control electron beam of the FESEM to expose the PMMA/MMA with an
accelerating voltage of 30 kV. The exposure dosage is ~250~300 µC/cm2.

•

Develop the chip in 3:1 IPA:MIBK* for 70 seconds.

•

Immediately rinse the chip with IPA for ~20 seconds, followed by distilled water for 1
minute. Blow try wit nitrogen gas.

*

MMA and MIBK are from MicroChem Corporation (MCC).

†

http://www.jcnabity.com
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Appendix D:
Photo‐lithography process for electrode patterning
•

Spin diluted Shipley 1813 (S1813), a positive photoresist, on a chip carrying carbon
nanotubes on the surface at 4000 rpm for 45 seconds.

•

Bake the chip in an oven at 90 oC for 60 minutes.

•

Expose the chip under UV light (i‐line, 365 nm) with a photomask for 1.7 seconds.
Figure A‐3 is the sketch of the pattern on the photomask.

•

Soak the chip in Chlorobenzene for 3.5 min. Nitrogen dry immediately after taking the
sample out of the Chlorobenzene. This step is intended to produce an overhang in the
photoresist film profile [M. Hatzakis et al., IBM J. Res. Develop. 24 (1980) 452].

•

Develop the chip in CD‐30 developer for 3 minutes 15 seconds.

•

Immediately rinse the chip in DI (distilled) water for 2 minutes.

•

Blow dry with nitrogen gas.
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Fig. A‐3 A sketch of the pattern on the photomask used for electrodes in photo‐lithography
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