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1 Popular introduction
There has been a continuous trend in microelectronics to scale down device sizes during the last three decades. Once the sizes are of the order of tens of nanometers, the
integrated electronics will hit into a domain called ’mesoscopics’, a field between the
microscopic (quantum mechanical) and macroscopic (’classical electronics’) worlds.
This diploma thesis deals with small objects on the mesoscopic scale. We manipulated (moved) and measured electrical properties of a small carbon nanotube (or
tubule). The tubule in our experiment was formed of tubes inside each other like Russian Matryoshka dolls. This type of tubule is called a multiwalled carbon nanotube
(MWNT). The diameter of the outermost shell was 20 nm and the length 410 nm. We
moved the tubule between two gold electrodes and measured the current through the
tubule as a function of the voltage between the electrodes.
The tubule manipulation was done with an atomic force microscope (AFM, see
Section 5.6) by simply pushing it with a very sharp tip (or needle) with an apex radius
of 10 nm. The tip is normally used for imaging purposes to probe the surface. The
tip height is 3 µ m and it is connected to a cantilever of size 180×100×2 µ m3 . The
cantilever is located inside a box with control electronics, the sample moving stage and
other components constituting the AFM system. The size of the AFM system is about
300×300×500mm3.
If we scaled all the sizes by a factor 106 (in our minds) in order to help to perceive
the length-scales it would result as follows. The tubule has the size of a ’long, thick
pen’ with diameter 2 cm and length 41 cm. The AFM system has the following dimensions: The machine (atomic force microscope) which moves the ’pen’ is 500 km
high and 300 km broad! The cantilever is 2 m thick, 180 m wide and 100 m long and
is situated inside that machine. A 3 m high tip is connected to the cantilever with an
apex radii of 1 cm. Using the tip, the pen is moved over a flat surface with an average
roughness of 1 mm. The distance between atoms is 0.3 mm. Next we construct a little
smaller machine so that we can fit also other research equipment into the area of Finland (surface area 338145 km2 ). Thus we construct a machine consisting only of the
cantilever, but it still requires an area of a football field. It seems to take lots of space
to move our little pen! Fig. 1.1 illustrates the scaled units of our system.
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Figure 1.1: Visualizing the size of the nanotube and the manipulation system by scaling all
sizes by a factor 106 . a) The size of the ’machine’ compared to the Earth with radius 6000
km. b) The size of the cantilever, tip and the nanotube compared to the size of a football field.

The term nanotechnology refers to the capabilities to fabricate structures, where
some of their dimensions are of the order of nanometers. At scales below a few
nanometers, nanotechnology may be considered as chemistry or atomic physics. The
key question in nanotechnology is to find methods to fabricate small structures.
One common way to define small structures is to shoot electrons into a material. If
the area exposed to the electron beam dissolves into dissolvent, and rest of the material
do not, a hole is formed. This hole can be used further as a mask to form small
structures. A practical tool for this method is the scanning electron microscope (SEM,
see Section 5.1). It is analogous to an optical microscope, where the light waves are
replaced by ’electron waves’, and the optical lenses with magnetic lenses. The SEM
can be used to image small structures (documented resolution 3.5 nm). It can also be
used to shoot electrons to small spots of a diameter 3 nm and to define small structures
in this way.
We used the SEM to fabricate gold electrodes using electron-beam lithography
(EBL, see section 5.2). An ultra-high-vacuum (UHV) evaporator (see section 5.3)
was used to deposit the gold layer of the electrodes. The electrodes work as bridges
between nanometer and millimeter scale worlds. The parts of the electrodes which
are in contact with the tubule are 60 nm wide and 16 nm thick. The other ends of
the electrodes are squares of an area of 1 mm × 1 mm, and are already workable for
human hand with soldering iron (by using the optical microscope.)
In small systems, charges are usually small. One may ask what is the smallest
amount of charge on a small capacitor. Since bulk material consists of electrons with
the elementary charge -e = −1.602 · 10−19C and positive ions with multiples of charge
+e, one may guess that the smallest amount of charge is either +e or -e. This is anyway
false, since the charge on a small capacitor may be a fraction of the charge e, for
example, 0.2e or -0.65 e. This is because the charge on the capacitor plate may be
understood as the difference of the negative electrons and positive ions on the plate
surface. If the average position of electrons with respect to the ions moves by just a
small amount, say 10−12 m, it changes the amount of the charge on the plate. This may

1 Popular introduction

3

be a small fraction of the charge e.
The system of two metal pieces separated by a thin insulating layer is called a tunnel junction. Electrons in the metal cannot classically enter into the insulating region
or move to the other side. The situation looks different from the quantum mechanical
point of view. In quantum mechanics electrons are described by wave packets. This
means that electrons are not points in the space, but rather described by probability distributions. It is like looking at the sea and asking at which points the waves are. From
the wave model it follows that an electron may ’tunnel’ through an insulating region.
The tunneling process for electrons is not very probable for thick (> 5 nm) insulators
but it becomes a considerable effect for thinner ones (< 2 nm). The tunneling process
is analogous to the situation of a neck of land between two oceans. If the neck of land
is small enough, small amounts of water may cross it from one ocean to the other.
A significant property of tunnel junctions (with resistance over quantum resistance) is that only one single electron tunnels at a time. This means that the charge is
changed by multiples of e. This may be compared to the situation where water falls
from a glass pipe. If the end of the glass pipe is small and the pressure of the water
small, the water falls by droplets. On the other hand if the pressure is high enough,
the water falls continuously. The situation of a continuous fall is analogous to a bulk
metal conducting electrons continuously. The droplets are on the other hand analogous
to single electrons tunneling through the tunnel junction.
One key concept in tiny systems is the capacitance. This means in practice that
a very small amount of charge can change the energy of the system considerably. By
joining together nanotechnology with small structures, small capacitances and tunnel
junctions, new effects arise. One of them is called Coulomb blockade. In this effect the
electron-electron repulsion blocks the electron transport and the conductance is zero.
By using Coulomb blockade it is possible to construct a device called a single electron
transistor (SET, see Section 2.3). This component is transistor-like in the sense that
there is a current flowing from one electrode to the other which can be modulated with
a third (gate) electrode.
A Carbon nanotube between two electrodes forms one type of a single electron
transistor. It consists of tunnel junctions between electrodes and the tubule. Charge
is transferred as multiples of e and the tubule is small so that the capacitance is very
small. There is also a third electrode which can modulate the flow of electrons through
the tubule. The following Chapters describe the theory, fabrication and measurement
of the carbon nanotube single electron transistor.

2 Coulomb blockade and single electronics
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2 Coulomb blockade and single
electronics
The principal concept in single electronics is the charging energy EC of a capacitor C
with charge Q
EC =

Q2
.
2C

(2.1)

The Coulomb blockade is an effect, where tunneling of a single electron through a
tunnel junction with capacitance C is suppressed at voltages |V | < e/2C. This is because in the case of tunneling, the electrostatic energy of Eq.(2.1) would increase:
C(V ± e/C)2 > CV 2 /2 [1].

2.1 Historical background
The earliest observations of Coulomb blockade date back to the 1950’s [2] and 1960’s [3].
1975 Kulik and Shekhter discussed the charging effects of the Coulomb blockade and
predicted the ’Coulomb staircase’ (’stairs’ in the current-voltage curve) in the case
of electron tunneling through a separate ’island’ via two asymmetric tunnel junctions [4, 5]. This is the situation of the Fig. 2.1 without the gate electrode. Final
form of the single electron transistor (SET) theory was developed in 1985 by Averin
and Likharev in Moscow [6, 7]. The first realization of the ideas were implemented by
Fulton and Dolan at Bell Labs in 1987 [8]. To date there are many good reviews on
the subject [9–12]. There are also particularly good articles to start with [1, 13, 14].

2.2 Single electronics
The charge in a capacitor connected to a voltage source is continuous and may have
any value as discussed in the previous chapter. Thus the charging energy EC is continuous and may have any value. In order to have discrete energy spectrum in EC , the
charge Q on the capacitor plate need to be restricted to have only discrete values. This
condition may be implemented by making an island (isolated region for electrons) and
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by coupling it to its environment only weakly via tunnel junction(s). As the tunneling
process transports exactly one electron through a tunnel junction, the number of electrons in the island is restricted to values −ne + Q0 , where n is integer and Q0 < |e| is
small constant charge called background charge. Thus there are only discrete values
for the charge on the island as a consequence of the discrete nature of the tunneling
process.
Due to the finite life-time τ of the excitations (electrons tunneling to the island)
there will be a corresponding broadening δ E ∼ ~/τ in energy due to the Heisenberg
uncertainty relation. If we model the coupling of the island to its environment with
lumped element resistance R and capacitance C, we may approximate that the time τ
it takes for the island to respond to the changes in the environment is ∼ RC/2π [15].
By requiring that the fluctuations are smaller than the energy level spacing δ E < ∆E,
we find the condition
R>

h
= RQ ≈ 25.8kΩ,
e2

(2.2)

where RQ is a definition for the quantum resistance. The result implies that in order
to have a well defined energy-level spectrum of EC in the island, we have to have long
enough time τ ∝ R for the island to respond to changes in the environment.

a)
Source

b)

Tunnel barrier

"Island"

Tunnel junction

Drain

VS

"Island"

Source

VD

Gate

Gate

Drain

Figure 2.1: Single electron transistor. a) Electrons tunnel through tunnel barrier between
island and source or drain electrodes. Gate electrode is used to modulate the island potential.
b) The schematic drawing of single electron transistor using symbols of electrical engineering.
The source electrode is at the voltage VS and the drain electrode at the voltage VD .

Now we proceed to consider an island that is connected with two tunnel junctions
(R >> RQ ) to the electrodes. Such a configuration constitutes a single electron transistor and is illustrated in Fig. 2.1a. The corresponding electrical-engineering schematics
is illustrated in Fig. 2.1b. In this model the effective environment for the island consists of three electrodes. The drain and source electrodes are coupled to the island
with tunnel junctions and the gate electrode is coupled only capacitively. The electron
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may tunnel from the drain or from the source to the island, but this may happen only
when electron has enough energy to overcome the repulsion of the other electrons on
the island. This factor depends on the geometry of the island and electrodes and is
expressed by the total capacitance of the island CΣ ≡ C1 +C2 +Cg . We should include
into our model the self-capacitance of the island (or capacitance to ground), but we
assume it is implicitely included in the capacitances C1 and C2 . It can be shown that
the change of the charging energy of the island when an electron tunnels into it is
1 Q e2
E(n + 1, Qg ) − E(n, Qg) = (n + − G ) ,
2
e CΣ

(2.3)

where Qg = CgVg is so called gate charge [16]. In section 2.3 the details of the problem
are considered more carefully in a slightly different representation.
The energy levels of Eq.(2.3) are illustrated in Fig. 2.2a. In metals only the electrons with energies close to the Fermi energy EF participate in to charge transport.
Thus electron energies (or chemical potentials) in the drain and source electrodes are
defined by the voltage sources VD and VS (while EF = eV + const). In order to be favorable to tunnel into the island, the electron energy has to be higher than the energy
increase of the island. The same is true vice versa when electron tries to tunnel off the
island; the energy the electron gains by leaving the island has to be bigger or equal
to the energy of the electrons in the electrodes. Fig. 2.2b illustrates the cases where
the island is conducting and charge is transported through the island, and the case of
Coulomb blockade, when there is no charge transport. Fig. 2.2c illustrates the energy
levels of the system during the charge transport.
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c)

b)

a)

conducting
e-

E(2,Qg )-E(1,Qg )

eVs
E(1,Qg )-E(0,Qg )

E(0,Q g)-E(-1,Qg)

eVD

not conducting
(Coulomb blockade)
e-

E(-1,Qg )-E(-2,Qg)

eVg
Figure 2.2: a) The energy diagram corresponding to the addition or removal of electrons
from the island. The center ’ladders’ position can be shifted with the gate voltage. b) Energy
diagrams for the cases of conducting and not conducting island (Coulomb blockade). It is
obvious from the figure that when at least one energy level of the island is between the energy
levels of the electrons in the electrodes, the island is conducting. c) The energy levels of
the island during tunneling processes. The solid line in the island corresponds to the island
energy before and dashed after the tunneling event.

In the discussion above we have omitted the effect of the temperature. Temperature
describes how much the energy of a system fluctuates around its average value. A
practical thumb rule is that the thermal energy makes an uncertainty kB T , where kB is
the Boltzmann’s constant and T the absolute temperature. Thus if the energy levels in
a system are separated by the energy ∆E, the inequality
kB T << ∆E

(2.4)

has to be fulfilled in order to measure any effect arisen from the energy level separation.
This implies for the single electron transistors, that if the total capacitances of the
tunnel junctions is 10−17 F, the inequality
e2
>> kB T
2CΣ

(2.5)

gives a prerequisite for the temperature T << 100K. The capacitance 10−17 F means
geometrically an area of 10 nm × 10 nm separated by 1 nm thick layer of dielectric
material with εr =10.
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The most usual way to fabricate tunnel junctions is to use electron-beam lithography (see section 5.1) with angle evaporation. With this procedure the total capacitance of the island may reach down to a value 10−16 F. The smaller the capacitance,
the higher is the energy level separation and the operating temperature of the device.
It is obvious from the above that in order to have a SET working at room temperature
(300K), new methods have to be developed in order to fabricate smaller structures.
When the diameter of the island is 10 nm, the most dominating capacitance arises
from the self-capacitance. For a sphere inside a material with permittivity ε this value
is 4πε r, where r is the radius of the sphere. Thus molecular level in nanotechnology
has to be reached before the room temperature operation is to be expected.

2.3 Single electron transistor
V0
island
-ne+Q0

C1

C2

+

V
-

+

Cg

Vg
-

Figure 2.3: The schematic of a voltage biased single electron transistor. The tunnel junctions
have capacitances C1 and C2 . The gate capacitance Cg is biased with the voltage source Vg .
The total amount of charge in the island is −ne + Q0 . The dashed area defines the island.
Notice that only half of the tunnel junctions and of the gate capacitor belong to the island.

Fig. 2.3 illustrates an asymmetrically voltage-biased single electron transistor (SET). A
practical starting point to analyze the circuit is to consider the charging energy change
∆E, when an electron tunnels into the island. This is given by the classical electrostatic
energy difference
∆E =

(Q0 − (n + 1)e)2 (Q0 − ne)2
−
,
2CΣ
2CΣ

(2.6)
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where n is an integer describing the number of electrons and |Q0 | < e is the background
charge of the island. In order to find the relevant Legendre transformed free energy of
the island we have to subtract the work done by the voltage sources V and Vg . The
C
eC
gate voltage supplies the charge C g to capacitor Cg and thus does the work eVg Cg .
Σ

C
eV C1
Σ

Σ

Similarly the voltage source does the work
for capacitor C1 . There is no external
work for capacitor C2 since the charge on the ground side is at zero potential. Thus we
have the change of the free energy ∆F2+ as follows
∆F2+ =

(Q0 − (n + 1)e)2 (Q0 − ne)2
C
Cg
−
− eVg − eV 1 =
2CΣ
2CΣ
CΣ
CΣ



e
1
e(n + ) − Q0 −VgCg −VC1 .
CΣ
2

(2.7)

In the convention for ∆F the + means tunneling into the island and 2 is the index of
the tunnel-junction.
In order to be prosperous for the electron to tunnel into the island, the free energy
change of the system ∆F has to be negative when thermal bath is neglected. Thus we
have a blockade for an electron to tunnel into the island over the right tunnel junction
when
1
e(n + ) > CgVg +VC1 + Q0 .
2

(2.8)

Similarly the free energy change for an electron to tunnel into the island over the left
tunnel junction is
∆F1+ =

(Q0 − (n + 1)e)2 (Q0 − ne)2
C
Cg
−
− eVg − eV ( 1 − 1) =
2CΣ
2CΣ
CΣ
CΣ

e
1
(e(n + ) − Q0 −VgCg +V (Cg +C2 )).
CΣ
2

(2.9)

The additional term eV accounts for the tunneling of the electron itself changing the
charge on the left tunnel junction. The condition for Coulomb blockade from this
process is
1
e(n + ) > CgVg −V (C2 +Cg ) + Q0 .
2

(2.10)

By calculating similar inequalities for electron to tunnel off the island we get the
following changes in the free energy:
∆F1− =

(Q0 − (n − 1)e)2 Q0 − (ne)2
C
Cg
−
+ eVg + eV ( 1 − 1) =
2CΣ
2CΣ
CΣ
CΣ
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e
1
(e(−n + ) + Q0 +VgCg −V (Cg +C2 )),
CΣ
2
∆F2− =

(2.11)

(Q0 − (n − 1)e)2 Q0 − (ne)2
C
Cg
−
+ eVg + eV 1 =
2CΣ
2CΣ
CΣ
CΣ

e
1
(e(−n + ) + Q0 +VgCg +VC1 ),
CΣ
2

(2.12)

and we may construct the following inequalities for the blockade:
1
1
e(n + ) > CgVg +VC1 + Q0 > e(n − )
2
2

(2.13)

1
1
e(n + ) > CgVg −V (C2 +Cg ) + Q0 > e(n − ).
2
2

(2.14)

Each pair of these inequalities with fixed n defines a rhombic shape in the threedimensional I(Vg ,V ) plot as illustrated in the Fig. 2.4. By measuring current I as a
function of bias voltage V and gate voltage Vg , one may deduce the capacitances by
using the Fig. 2.4.
V
e/Cg

-Cg /C1

Cg/(C2 +Cg )
e/CS

Vg
n=-1

n=0

n=1

Figure 2.4: The stability diagram of a SET. The dark diamonds correspond to the Coulomb
blockade. From the slopes and from the diamond period one can calculate the capacitances
C1 , C2 and Cg .
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2.4 Coulomb staircase
The particle tunneling rate for the i:th junction is represented by Γ±
i (n), where the +/(n)
may be obtained
refers to electrons tunneling on/off the island (n → n ± 1) [17]. Γ±
i
from a basic golden-rule calculation [18]:


−∆Fi±
1
±
Γi = 2
(2.15)
e Rn e∆Fi± /kB T − 1
This reduces at T = 0 to
Γ±
i =

∆Fi±
, when ∆Fi± < 0
e2 Rn

±
Γ±
i = 0 , when ∆Fi > 0.

(2.16)

By introducing an ensemble distribution of the number of electrons on the island σ (n),
one may calculate the current through the island as follows
I(V ) = e

∞

∑

n=−∞

−
σ (n)(Γ+
2 (n) − Γ2 (n)) = e

∞

∑

n=−∞

+
σ (n)(Γ−
1 (n) − Γ1 (n)).

(2.17)

The distribution σ (n) may be obtained by noting that transition between two adjacent
states in a steady state situation is zero:
+
−
−
σ (n)(Γ+
1 (n) + Γ2 (n)) = σ (n + 1)(Γ1 (n + 1) + Γ2 (n + 1)).

(2.18)

With normalization condition, ∑∞
n=−∞ σ (n) = 1 one may solve numerically I(V ) using
(2.17).
By considering a situation, where R2 << R1 one may get an analytic expression
for I(V ). If we take σ (n) as a continuos distribution, the most probable number of
electrons n in the island is given by the condition σ (n − 1/2) = σ (n + 1/2), which
±
is primarily determined by the junction 2. By using (2.18) with Γ±
1 << Γ2 at zero
temperature it follows
1
1
∆F2+ (n + ) = ∆F2− (n − ).
2
2

(2.19)

This implies that the most probable amount of charge on the island is
Q = −ne + Q0 = −VgCg −VC1 .

(2.20)

As we demand n to be an integer, the optimum number of electrons in the island is:
n=b

Q0 +VgCg +VC1 + 2e
c,
e

(2.21)

where bxc denotes the biggest integer that is smaller or equal to x (floor). Fig. 2.5
illustrates (2.21) with some relevant values for capacitances.
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Figure 2.5: The number of electrons in the island as a function of the bias voltage Vbias . The
parameters used in the calculation were C1 =10 aF, Cg =1 aF, R2 << R1 and Q0 =0.1e.

Similarly if R1 << R2 we get from the condition ∆F1+ (n + 1/2) = ∆F1− (n − 1/2)
the charge Q:
Q = −en + Q0 = V (Cg +C2 ) −VgCg .

(2.22)

When the integer tunneling boundary condition is imposed it follows
n=b

VgCg + Q0 −V (Cg +C2 ) + e/2
c.
e

(2.23)

The total charge Q in the island of the Fig. 2.3 may be expressed by means of the
bias voltage V , the island voltage V0 , and the capacitances C1 , C2 and Cg :
Q = C1 (V0 −V ) +C2V0 +Cg (V0 −Vg ).

(2.24)

Equation (2.24) states that the total charge is equal to the sum of charges on all the
capacitors. It is easy to solve for V0 :
V0 = V2 =

Q +C1V +CgVg
,
CΣ

(2.25)

where V2 is the potential drop over the right tunnel junction. Similarly the voltage drop
V1 over the left tunnel junction is
V1 = V −V2 =

(CΣ −C1 )V − Q −CgVg (C2 +Cg )V − Q −CgVg
=
.
CΣ
CΣ

(2.26)

By using Eqs.(2.20) and (2.21) in Eq.(2.26) we get an expression for the voltage drop
in the case R2 << R1
V1 =

(C2 +Cg )V − eb

Q0 +VgCg +VC1 +e/2
c + Q0 −CgVg
e

CΣ

.

(2.27)
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Figure 2.6: The voltage drop V2 as a function of the bias voltage V calculated with (2.28). The
parameters used in the calculation are C1 =26 aF,C2 =11 aF, Cg =1 aF, R1 << R2 and Q0 =0.1e.

For the case R1 << R2 we get the expression for the potential drop over the right
tunnel junction V2
V2 =

−eb

VgCg +Q0 −V (Cg +C2 )+e/2
c + Q0 +C1V
e

CΣ

+CgVg

,

(2.28)

which is illustrated in Fig. 2.6.
This phenomenon found in a SET with asymmetric tunnel junctions is called
Coulomb staircase. The name expresses the fact that the electron number in the island changes abruptly, which is reflected as steps in the voltage over the dominating
tunnel junction (and in the other junction since V = V1 +V2 ). As a consequence there
are steps (’staircase’) in the current with respect to the bias voltage.
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3 Tunneling resistance
A practical way to solve currents and voltages is to use lumped elements to model an
electronic circuit. This means that the system under consideration is described by a
network of capacitances, inductances and resistances. We can use lumped elements to
describe the electric functioning of the SET. In the model a tunnel junction is presented
by a resistance and a capacitance. The resistance describes the rate at which electrons
tunnel through the junction in response to the applied voltage across the junction. This
chapter presents a derivation of the resistance by considering the underlying physical
phenomenon.
We concentrate on two elements which have the leading role in the tunneling process: the tunneling probability and the density of states. The form of our measured
IV-curve is mostly due to the density of states in the nanotube. The following calculation indicates that the tunneling probability has only a minor effect on the form
of the IV-curve when the bias voltage is < 100 mV. This was the case in our measurement. The exponential nature of the tunneling probability appears when the bias
voltage approaches 1 V.
This chapter is divided into the following sections. First the tunneling process
through an one-dimensional rectangular potential-barrier is considered. Next the shape
of the three-dimensional potential barrier (including image-charge corrections) between a conductive ball and plate is calculated. The shape of the potential barrier
along the line where the tunneling most probably happens is described and calculated
with an approximative model. This one-dimensional barrier is used to calculate the
tunneling probability for an electron with energy E. The probability is finally used in
the calculation of the tunneling current with respect to the bias voltage. One should
note that the calculations are done with voltages (V ), which can be transformed into
potential φ by multiplying with e (φ = eV ).
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Energy

3.1 Electron tunneling through a potential barrier

s

eV0

position

Figure 3.1: One dimensional rectangular potential barrier with width s and height eV0 . On
the left, the incoming (black) and reflected (gray) waves are sketched while, and on the right
there is only the transmitted wave.

An elementary starting point to consider electron tunneling is to study the case of an
one-dimensional potential barrier as illustrated in Fig. 3.1. The question is, which
proportion of the plane-wave const · eikz with energy (~k)2 /2m is transmitted through
the barrier. If the barrier transmission T is small, the problem is solved using the
time-dependent perturbation theory [19]. There one calculates approximative wavefunctions Ψr and Ψl for an infinitely long barrier extended to the left and right, respectively. By using these wave functions the matrix element Mrl is calculated as follows
Mrl =

Z

Ψ†r HT Ψl dx,

(3.1)

where HT is the transfer Hamiltonian describing the potential barrier as a perturbation.
Then one may use Fermi’s golden rule
Γ=

2π
dN
|Mrl |2
,
~
dE

(3.2)

where Γ is the tunneling rate and dN
dE is the density of states in energy. After calculating
the tunneling matrix element explicitely, one obtains for the transmission coefficient
T≈

16k2 χ 2 −2χ s
e
,
(k2 + χ 2 )2

with decay rate
1q
χ=
2m(eV0 − E).
~

(3.3)

(3.4)

From (3.3) it is obvious that the tunneling rate decays exponentially by increasing the
distance. For example if the barrier width is 5 Å and the effective barrier height is 4
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eV, the tunneling rate decreases one order of magnitude by increasing the distance 1
Å.
A more general tunneling problem with arbitrary potential barrier may be solved
using the WKB (Wenzel, Kramers and Brillouin) approximation [20, p.275]


Z
2 s2 p
D(E) = exp −
2m(eV (x) − E)dx ,
(3.5)
~ s1
where D(E) is the probability for electron to penetrate the barrier. The WKB approximation is valid in one dimension, but may be extended to approximate the tunneling
rates in higher dimensional geometries.

3.2 Potential barrier between sphere and plate
The ideal potential barrier model of Fig. 3.1 at metal-vacuum interface is physically
impossible (abrupt changes in potential require infinite fields). In reality the barrier
shape changes smoothly as a consequence of the image forces. These forces are due to
the fact that the electron polarizes the metal surface which on the other hand attracts the
electron. The standard trick to represent these forces is to use ’image force technique’,
where one substitutes metal surfaces with image charges so that the constant potential
at metal surfaces are recovered.
In order to calculate the tunneling rate, one has to know the shape of the potential
barrier. In our case the potential barrier is formed between an end of a nanotube and a
gold electrode. As an approximation we calculate the potential barrier shape between
a conducting ball (tube end) and a conducting plate (electrode).
In the case of a conductive ball with radius R separated a distance d from charge q,
we know that the image charge q0 = −Rq/d placed distance b = R2 /d apart from the
center of the sphere mimics the surface charges [21, p. 138]. In order to take also into
account the metal plate, we place a negative copy of the two charges mirrored with
respect to the metal plate. In order to perfectly mimic the ball/plate system, we should
use an infinite series of image charges. Here we use only three image charges as first
order approximation. Fig. 3.2 illustrates the geometry.
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Figure 3.2: The geometry used to approximate the image forces reducing the potential barrier.

q000

The three image charges have the following values: q0 = −Rq/d, q00 = −q and
= −q0 = Rq/d. It is straightforward to calculate the shape of the potential barrier

−1
R
q
−
Vball (x, y, R, s) = V0 −
−
4πε 2 x −R2 + f 2 + y2

−

p

r
f 2 + y2

where
f ≡ R + s − x.

R
−2 R2 + f 2 + y2 +

R4
f 2 +y2



+ R+s+x−

R2 f
f 2 +y2



2  ,

(3.6)
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Figure 3.3: The effective potential in the case of a sphere of radius 4 separated a distance 1
nm from a conducting plate. The work function for both metals is assumed to be 5 eV. In a)
the brightness is a measure of the barrier height. In b) a rectangular section of a) is illustrated
in more detail.

Fig. 3.3 illustrates the form of the potential barrier. It is obvious that the three image
charges render well the geometry of the ball and the plate. The represented potential
is calculated in such a way that in the area where the potential energy is lower than,
according to (3.6), the electron’s potential in the metal (Fermi energy), the potential
is replaced with the value of the metal potential (black color). Also the area under
the metal (where image charge method does not apply) is set explicitly to the metal
potential. Fig. 3.3 b shows that there is a saddle-shaped narrow region in the potential
barrier between the ball and the plate. Owing to the exponential nature of the tunneling
probability with respect to the barrier height and length, we conclude that most of the
electron tunneling happens in the small space around the potential minimum. In order
to thoroughly calculate the tunneling current through the barrier we should integrate
over the whole barrier. We are not interested about the absolute values of the tunneling
probability, but rather how the probability changes in proportion to the electron energy.
Thus we neglect the fact that there is a finite cross-sectional area where the tunneling
happens and we take the barrier as one-dimensional along the potential minimum:
V1D (x, R, s) = VBall (x, y = 0, R, s) = V0 −

r

−
(R + s − x)

q
4πε

R
−1
−
−
2 x −R2 + (R + s − x)2




2  (3.7)
R4
R2
−2R2 + (R + s − x)2 + (R+s−x)
2 + R + s − R+s−x + x
R
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Equation (3.7) is in an inconvenient form to be used in integration. It is thus helpful
to transform it to the same form as the potential between two plates separated by a
distance s [22]:
Vplate (x, s) = V0 −

1.15λ̃ s2
,
x(s − x)

(3.8)

where

λ̃ ≡

e ln 2
.
8πε s

(3.9)

The transformation from plate/plate to sphere/plate is done phenomenologically
with the replacement λ̃ → λ = 1.2λ̃ . Fig. 3.4 illustrates a comparison between the
potentials according to equations (3.7) and (3.8) with replacement. The resemblance
is explicit.
s=2.0 nm
Vbias=0 V

r=3 nm

s=2.0 nm
Vbias=1 V
s=1.5 nm
Vbias=0 V
s=1.5 nm
Vbias=1 V

V

s=1 nm
Vbias=0 V
s=1 nm
Vbias=1 V

s=0.7 nm
Vbias=0 V
s=0.7 nm
Vbias=1 V

x/s
Figure 3.4: The image barrier. Solid gray is done with V1D and dashed is done with Vplate .

3.3 Calculation of tunneling probability
From previous section we have an one-dimensional potential barrier (in voltages)
V (x) = V0 −Vbias x/s − 1.15λ

s2
,
x(s − x)

(3.10)
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where

λ≡

1.2e ln 2
.
8πε s

(3.11)

The term Vbias x/s is added to include the effect of the bias voltage. We define the
voltage in such a way that at Vbias = 0 the work functions at both sides of the tunnel
barrier are equal. We assume Vbias to be small, so that the equation V (x) = 0 has the
approximate roots
s
V0 − 4.6λ
s
x1 ≈ − s
(3.12)
2
V0
and

s
s
x2 ≈ + s
2

V0 − 4.6λ
.
V0

(3.13)

We define the potential barrier width ∆s as follows
s
V0 − 4.6λ
∆s ≈ x2 − x1 = 2s
.
V0

(3.14)

It is straight forward to find the mean value of the barrier height V̄ by integration [22]
1
V̄ ≡
x2 − x1

Z x
2
x1

V (x)dx = V0 −

Vbias 1.15λ s x2 (s − x1 )
−
.
ln
2
x2 − x1 x1 (s − x2 )

(3.15)

We wish to calculate the tunneling probability. Thus the expression under interest is
s
√
V − 4.6λ Vbias V0 − 4.6λ 1.15λ s x2 (s − x1 )
∆s V̄ = 2s V0 − 4.6λ − 0
−
.(3.16)
ln
V0
2
V0
x2 − x1 x1 (s − x2 )
The second term inside the square-root in (3.16) will be approximated in the following
way
V0 − 4.6λ Vbias V00 − 4.6λ Vbias
≈
,
V0
2
V00
2

(3.17)

where V00 is χ /e. This is because the most energetic electrons are close to the zero bias
Fermi energy when Vbias << EF0 /e. This is true while Vbias in the measurement is at
maximum 0.2 V and χ /e is around 4.3 V for gold. The third term is approximated as
a first order series expansion
V0 − 4.6λ 1.15λ s x2 (s − x1 )
≈ e0 + f0 (V0 −V00 ),
ln
V0
x2 − x1 x1 (s − x2 )

(3.18)
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which defines the constants e0 and f0 . Using equations (3.18) and (3.17) in (3.16)
results
s
√
p
V V 0 − 4.6λ
∆s V̄ ≈ 2s (1 − f0 )V0 − 4.6λ − bias 0 0
− e0 − f0V00 ≡ g0V0 + h0 ,(3.19)
2
V0
where the constants g0 and h0 are defined as
g0 ≡ 4s2 (1 − f0 ) ; h0 ≡ 4s2

V V 0 − 4.6λ
−4.6λ − bias 0 0
− e0 − f0V00
2
V0

!
(3.20)

We take the electron tunneling to be one-dimensional along the x-axis. The potential
V0 for an electron with wave number kx in x-direction in the barrier region is
V0 =

χ + EF − E(kx ) χ + EF ~2 kx2
~2 kx2
=
−
≡ c0 −
.
e
e
2me
2me

(3.21)

This is clarified in the Fig. 3.5.

s

Vacuum

eV0

s
E(kx)

Ef

Figure 3.5: On the left is illustrated the energy diagram of the system. On the right is
represented the rectangular potential barrier of width s and the barrier with width ∆s taking
into account the image force.

The WKB equation (3.5) is used to calculate the tunneling probability for an electron with kinetic energy Ex = ~2 kx2 /2m along the x-axis
√
Rx √
√
√
√
2 2me
− 2 2 2meV (x)dx
D(Ex ) = e ~ x1
≈ e− ~ ∆s V̄ ≡ e−b0 ∆s V̄ = e−b0 g0V0 +h0 . (3.22)
We assume that the tunneling is an elastic process. This means that the electrons initial
state of the electron in the lead has the same energy as the final state in the tube and
vice versa. We cannot simply use the total energy E in calculation since our tunneling
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probability is expressed using Ex . Hence we have to know for each E the distribution
of Ex , which is used to integrate the tunneling probability with (3.22). It is convenient
to do the integration in the k-space for each energy E.
to be
Next we calculate the tunneling rate γ for an energy interval [E, E + dE]. It is √
remarked that the integration does not take into account the density of states (∝ E),
which are incorporated later into the calculation. We assume there is an attempt rate
x
proportional to the electron velocity vx = ~k
m . The attempt rate multiplied with the
tunneling probability is assumed to give the tunneling rate for a wave expressed by
wave number k.qWe integrate all the wave numbers over a half constant energy shell
(|k| = kx,max =

=

kx > 0)

Z kx,max

1

γ (E) =
r

2mE
,
~2

2π (kx,max
q

Z

~4
2m3 E

0

)2

2mE
~2

0

2π kx,max

~kx
D(kx )dkx
m

kx D(kx )dkx .

(3.23)

Thus we have an integral of the form
Z d
0
0

kx e

1 + b0

=

−

√
−b0 ∆s V̄

q

dkx =

Z d
0
0

g0 c0 + h0 −

r
kx exp −b0

g0 ~2 2
2me d0

~
b20 g0 2me
2

1 + b0

p

g0 c0 + h0

~2
g0 b20 2me

exp −b0

!
g0 ~2 2
k dkx =
g0 c0 + h0 −
2me x

r
exp −b0

!
g0 ~2 2
d −
g0 c0 + h0 −
2me 0

p

g0 c0 + h0 ,

(3.24)

where we used the identity
Z d

√
−b a−cx2

xe
0

√
p
√ −b√a 
1 
−b a−cd 2
2
dx = 2 (1 + b a − cd )e
− (1 + b a)e
.(3.25)
b c

It follows that the formula for the tunneling rate γ is

γ (E) =
r
q
√
~4 e 
√ −b0 √g 
−b0 g−g0 E/e
=
g
−
g
E/e)e
−
(1
+
b
(1
+
b
,(3.26)
0
0
0 g)e
2m3 E 4c0
where
g ≡ g0 c0 + h0 = 4s2

!
Vbias V00 − 4.6λ
(1 − f0 )c0 − 4.6λ −
− e0 − f0V00 ,(3.27)
2
V00
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and

χ + EF
.
e

(3.28)

(a.u.)

(eV)

c0 ≡

x (nm)

E (eV)

Figure 3.6: The tunneling probability γ as a function of electron energy measured from the
zero-bias Fermi-energy (EF0 which is 5.53 eV for gold). The bias-voltage Vbias is 1 V and
the barrier height is 4.3 eV (the work function χ for gold) which is reduced due to the image
charge force. The reduced barrier height and form are illustrated in the inset, where the dashed
form is calculated with Vplate and the solid for comparison with Vsphere .

Fig. 3.6 illustrates γ .
Ultimately the tunnel current at zero temperature is calculated as follows
I(Vbias ) = A

Z E +eV
F
bias
EF

γ (E,Vbias )Nm (E)Nt (E)dE,

(3.29)

where A is a constant of proportion, and Nm and Nt the densities of states for metal
and nanotube respectively. Here it is assumed that electrons tunnel only one way from
the energy-window defined by the bias-voltage. Note that Vbias appears both in the
integration limit and in the integrand in γ , which makes the final numerical calculation
a more toilsome task.
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4 Carbon nanotubes

Figure 4.1: Carbon nanotube (without endcaps) [23].

In 1985, the ancestor of carbon nanotubes, C60 buckyball molecule, was discovered [24].
It has the form of a regular truncated icosahedron which is generally known as the
soccer-ball configuration. Carbon nanotubes were found in 1991 [25] in a trial to
synthesize new forms of fullerenes. Fullerenes are a family of molecules where both
carbon nanotubes and C60 molecules belong.
The shape of a carbon nanotube can be imagined so that one takes a sheet of a
hexagonal lattice of carbon (graphite sheet) and wraps it into a seamless cylinder. Then
one cuts a buckyball molecule (with same radius as the cylinder) into two hemispheres
and attaches them at the ends of the cylinder. After, one has a singlewalled carbon
nanotube (SWNT). If one arranges many SWNTs (with different radii) in a coaxial
fashion, a multiwalled carbon nanotube is formed (MWNT).
Buckyball molecules are produced by condensation of vaporized graphite. The
vapor may be generated either by shooting a graphite source with a laser or using carbon arc method, which vaporizes carbon with a discharge arc between two carbon rod
electrodes. The latter method was an important breakthrough to produce macroscopic
quantities of the material. MWNTs were discovered using the arc method. In 1993 the

4 Carbon nanotubes

25

first SWNTs were produced by introducing transition metal as catalyst into the process [26]. In 1995 the purity of the SWNTs was increased with an enhanced method
of laser vaporization with cobalt-nickel mixture as a catalyst [27, 28]. The third major
method to produce carbon nanotubes is the catalytic growth, where a carbon containing gas is flowing at a high temperature over a catalyst resulting in the formation of
carbon nanotubes [29].
Carbon nanotubes represent a new building block for nanotechnology and molecular electronics. The electrical properties of SWNTs are either metallic, semimetallic or
semiconducting depending on how the graphite sheets are wrapped [23, 30, 31]. The
electrical properties of MWNTs seem to be equal to the properties of the outermost
shell. This is due to the fact that, in a MWNT, the in-plane electronic interaction is
much stronger than intra-layer, as is the case in graphite [32]. The electrical properties of the carbon nanotubes have been exploited, e.g., in SET made of ropes of
SWNTs [33] and in a room temperature transistor made of SWNT [34, 35]. An excellent introduction into the electrical properties and measurements is the PhD thesis of
S.J. Tans [36].
Carbon nanotubes have outstanding mechanical properties. They have higher
Young’s modulus ( 1 TPa) and tensile strength than any other material [37]. Thus,
if one could produce wire from carbon nanotubes and weave it, anything from ropes to
armor with superior properties compared to any present material could be produced.
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Figure 4.2: Carbon nanotube.

SWNTs are classified according to how the graphite sheet is wrapped. There are
different notations depending on which base-vectors are used. Here we use the notation
according to Ref. [30]. Fig. 4.2 illustrates a honeycomb-shaped sheet of graphite. The
chirality vector (n,m) depicts the way the sheet is rolled. The vector describes the
point in the sheet, according to the notation in Fig. 4.2, which is identical with the
origin (0,0) after rolling the sheet. The two most symmetric classes of indices are the
’armchair’ (2n,n) and ’zigzag’ (n,0) tubes, where n is an integer.
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4.1 Graphite
In order to understand the electrical properties of nanotubes, one has to be acquainted
with the physics of graphite.
The crystal structure of graphite consists of layers of carbon atoms arranged in
an open honeycomb network. The layers are stacked in an ...ABABA... sequence,
where layer B is shifted with respect to layer A so that one corner of the hexagon is
moved into the center of the hexagon. Graphite is highly anisotropic material exhibiting semimetallic behavior in the basal plane (the honeycomb plane) and poor electrical
conductivity along the c-axis (perpendicular to the basal planes). The difference between the values of the basal plane nearest neighbor distance a0 =0.1421 nm and the
interplanar distance c0 /2 = 0.3539 nm is the main reason for the anisotropy.
Each corner in the honeycomb network joins together three hexagons. Thus each
hexagon has effectively 2 carbon atoms (6× 13 ). Carbon atom possesses four valence
electrons. Three of these form sp2 bonds with three neighboring atoms. These electrons lie far below Fermi level and do not contribute to the conduction. The fourth
electron forms π orbitals and is responsible for the conduction. Thus each hexagon
contributes two conductuction electrons. In order to understand the electronic properties of graphite, one has to be familiar with the characteristics of these π electrons. By
using a tight binding approximation, the 2D dispersion of the graphite sheet describing
the relation between energy E and wave-number k is obtained [38]:
v
!
√
u




u
ky a0
3k
a
ky a0
x
0
t
2
E2D = ±γ0 1 + 4 cos
cos
+ 4 cos
,
(4.1)
2
2
2
where γ0 is the nearest neighbor overlap integral (≈ 2.5 eV). The two solutions with
different signs correspond to the bonding and the anti-bonding bands for the two conduction electrons.
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Figure 4.3: The dispersion relation of two dimensional graphite sheet.
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The dispersion relation is illustrated in Fig. 4.3. It is visible that at the Fermi
energy (0 energy in Fig. 4.3) the bands cross at single points (actually the figure shows
gaps which are due to the discrete grid used to calculate the surface.) Thus the Fermi
wave number is composed of six points in the Brillouin zone corners. By using Eq.
(4.1) to calculate the energy in the close vicinity of these points, one finds that the
dispersion relation can be well approximated with cones as illustrated in Fig. 4.4.

1
0
-1

kx

ky

Figure 4.4: The dispersion relation close to the Fermi surface has the form of cones. The
black line represents the border of the first Brillouin zone.
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4.2 Carbon nanotube band structure
Carbon nanotubes can be considered as graphite layers with periodic boundary conditions. The length of the tube is much longer than the tube radius, and so the end
effects are neglected. We add the boundary conditions with the following Gedanken
experiment. We take one 400 nm long tube with diameter 20 nm (the dimensions in
our experiment) and cut it along side to form a graphite sheet as illustrated in Fig. 4.5a.
a)

b)

ky

x
l

y

2p/L 1/r0

2p r0

kx

Figure 4.5: a) Illustration of the Gedanken experiment where a nanotube is cut open to form
a graphite sheet. b) The allowed wave numbers due to the boundary conditions.

The sheet is 400 nm long and 63 nm wide. We take into account the boundary conditions for the sheet and write 2D wave functions in the form exp(i2π nx/l)
exp(i2π my/w), where n and m are integers, l is the length and w the width of the
sheet and x and y the distances from the edges along different directions. We define
wave numbers kx ≡ 2π n/l and ky ≡ 2π n/l and write the wave functions for the sheet
as a linear combination of the wavefunctions exp(i(kx x + ky y)). Thus we have a set of
allowed wavenumbers as illustrated in Fig. 4.5b. Now we assume that the dispersion
relation for the graphite sheet (4.1) is still valid for the allowed wavenumbers. We roll
the sheet back into a cylinder and assume that electrical properties remain unchanged.
Thus, due to the boundary conditions, only certain points are allowed along the lines
illustrated in Fig. 4.6.
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ky

kx

Figure 4.6: Hexagonal first Brillouin zones with constant energy contours. Black dotted
lines denote the allowed wave numbers due to the boundary conditions. The direction of the
parallel black lines is determined from the wrapping of the tube. Some of the allowed wave
numbers for two different wrappings are illustrated in the figure.

The electrical properties are determined by the positions of these lines. If the
line crosses a corner of the hexagon, where the antibonding and bonding bands cross,
the tube is metallic since there are allowed energy states for excitations close to the
Fermi energy. Otherwise a energy gap opens and the tube is either semimetallic or
semiconducting. A general reule with this idea has been derived [30]: nanotube (n,m)
(n ≥ 2m ≥ 0) is metallic if n−2m=0, narrow-gap semiconductor if n-2m=3k (k=1,2,...)
and moderate-gap semiconductor otherwise.
Tight-binding calculations for nanotubes show that the previous simple-minded
model works. There is a minor correction, due to the curvature of the nanotube, that
moves slightly the position of the band-crossing (degenerate) point. In Figs. 4.7 and 4.8
are illustrated results from tight-binding calculations taken from Ref. [30].
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Figure 4.7: Band structure calculations for ’zigzag’ (n,0) tubes. a) The geometric configuration. b) The first Brillouin zone with allowed wave numbers marked with black lines. The
circles denote the positions of the band crossing points. c) The band structure of a (12,0) tube.
There is 8 meV energy gap. d) Band structure of a (13,0) tube. There is large energy gap of
value 0.7 eV. Taken from Ref. [30].
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Figure 4.8: Bandstructure calculations for (2n,n) ’armchair’ tubes that are always metallic. a)
The geometric configuration. b) The first Brillouin zone (n=4), where it is visible that a black
line denoting the allowed wavenumbers always crosses the band crossing points denoted with
circles. c) The band structure for n=6. Taken from Ref. [30].
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4.3 Density of states
We calculate the density of states for nanotubes using the fact that the dispersion
relation close the bandcrossing points can be approximated with cones E = ~vF q
(|q| = |k − k f |), where vF is the Fermi velocity, which has the value ≈ 8 · 105 m/s
for nanotubes. Due to the boundary conditions there are only discrete wave numbers
allowed. The situation is illustrated in Fig. 4.9.
n=2
E=const circles
n=1
1/r0=DkT

q
kt

aDkT
q2-((n+a)DkT)2

n=0
n=-1

2p/L
n=-2
kx

Figure 4.9: Allowed wave numbers around bandcrossing point. The conical dispersion relation is symbolized with constant energy circles.

We introduce an α -parameter to describe the distance of the wavenumber lines
from the band crossing point as illustrated. We assume the lines to be continuous and
we define the state-density along the lines to be ∆k1 x . It is then straightforward to count
the number of allowed states N inside a constant energy circle:
!
q
∞

2
Θ q2 − ((n + α )∆kT )2
q2 − ((n + α )∆kT )2 +
N(α ) =
∑
∆kx n=0
2
∆kx

∞

∑Θ

q2 − ((n + (1 − α ))∆kT )

q
2

!
q2 − ((n + (1 − α )∆kT )2 ,

(4.2)

n=0

where Θ(x) = 1, if x ≥ 0, otherwise Θ(x) = 0. By using the dispersion relation E =
~vF q we find the density of states:
!


∞
dN
2
E 2
=
∑ Θ ( ~v ) − ((n + α )∆kT )2 β (n + α ) +
dE
∆kx n=1
F
2
+
∆kx

!


E 2
∑ Θ ( ~v ) − ((n + (1 − α ))∆kT )2 β (n + (1 − α )) ,
F
n=1
∞

(4.3)
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where
E/~vF
β (x) ≡ q
.
( ~vE )2 − ((x∆kt )2

(4.4)

F

Fig. 4.10 illustrates the calculations with different α -values. It is visible that in the case
of α = 0 the density of states is finite constant around Fermi energy and the nanotube
is thus metallic. In the case of α = 0.5, which is the maximum value of α , a gap opens
up and the nanotube is semiconducting.
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Figure 4.10: The number of states N inside a energy circle calculated with (4.2) is illustrated
on the left. The density of states is illustrated on the right. There are visible singular peaks
(van Hove singularities [39]) due to the every new band (a circle touching a n=const line in
figure 4.9)
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5 Sample preparation

a

b

c

f

e

d

Figure 5.1: An optical microscope image reconstructed from three separate images as is seen
by the change of the blue color of the SiO2 surface between the images. The yellow structures
are gold electrodes. The big yellow areas with dark big spots are pads that have indium over
them because of soldering. The gold letters are used to identify the sample. Black small spots
are clusters of carbon nanotubes. Single nanotubes are not visible in figure as is not the fine
electrode structure in the middle of the figure. The pad pairs (a,f) and (c,d) are connected
with a gold wire. Pads b and e take voltage to the gate electrodes. The transport measurement
is done between electrodes f and d.
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Fig. 5.1 displays the sample used in the measurements. The substrate is cut from an
oxidized silicon wafer and has lateral dimensions of 6×10 mm2 . Carbon nanotubes
(black spots that are clusters of many nanotubes) and gold electrodes made for electrical measurements are visible on the substrate. Fig. 5.2 illustrates the basic idea of
sample fabrication that is described in the following sections in detail.

PMMA
PMMA/MAA

a) e-beam
exposure

c) Au evaporation

b) development

d) lift-off

Figure 5.2: Main phases of the sample fabrication. a) The resist over the sample is exposed
to an electron beam. b) The resist is developed. c) Au is evaporated. d) The leftover resist is
removed using lift-off.

5.1 Scanning electron microscope
Optical microscopy is limited to a resolution of 100–200 nm by diffraction effects.
This is a consequence of the long wavelength of the visible light (400–600 nm). By
using electrons with much smaller (de Broglie) wavelength instead of light, the diffraction effects become important first at the resolution of the order of a fraction of an
angstrom [40].
The initial suggestion to build an electron microscope focusing a beam of electrons into sample and recording the current of the scattered electrons as a function of
position was first made by Knoll in 1935 [41]. Since then there has been a long development of the instrumentation but the basic idea has remained the same: Electrons are
emitted from an electron gun and accelerated with a high voltage (kV:s). The beam
position is controlled with magnetic lenses the same way as in an ordinary TV. The
current of the scattered (secondary) electrons is recorded, which varies between different materials and due to the angle at which electrons hit the sample surface. Plotting
the recorded current as a function of the beam position illustrates a mixture of sample
surface topography and material properties along the surface.
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5.2 Electron-beam lithography
Electron beam lithography (EBL) is a practical technique for creating small structures
using scanning electron microscope (SEM). EBL is used in the industry mainly in
three niche markets: to make masks for optical lithography, to prototype integrated
circuits and to study the scaling limits of integrated circuits and quantum effects [42].
EBL does not suit for mass production of integrated circuits, while it is a slow serial
process, where every point or line is drawn in a sequence.
The idea in EBL is the following. A sample is coated with a material called resist
which has a solubility that changes under electron bombardment. The resist is said
to be positive if the bombarded regions dissolve in a specific solution and negative if
only the bombarded regions do not dissolve. The sample with resist is inserted into
the SEM and a specific computer program is used to control the electron beam in such
a way that the desired pattern is drawn on to the resist. The sample is taken out from
the SEM and parts of the resist are dissolved in a solution. It follows that the sample
is covered with resist with openings defining the pattern.
The minimum pattern resolution is determined chiefly by the backscattering of
electrons. This means that the originally small beam is scattered from the sample
surface back into the resist and a much bigger area is exposed. In order to make small
structures, the beam current has to be small, because otherwise the beam tends to
spread out due to the Coulomb repulsion. Typical current density used in the writing
process is in the range of 50–100 A/cm2 . The usual resolution in EBL is such that
one can make easily 50 nm wide lines. With effort the line width may be decreased
to 15–20 nm. Smaller values are very hard to reach due to the non-uniformity of all
practical (polymer) resists in that scale.
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Figure 5.3: Scanning electron microscope with beam blanker system enabling EBL. The
image illustrates the electron beam that is focused and deflected with magnetic lenses [43, p.
540].

Fig. 5.3 illustrates a SEM with computer operated system for controlling the beam
in the EBL. For EBL and for imaging purposes, we used a commercial SEM, JEOL
JSM 6400, which has 40 kV maximum accelerating voltage and a nominal current
range of 6·10−12 –6·10−6 A. We used LaB6 filament as an electron source. The maximum magnification of the SEM is ×300000 and the maximum resolution 3.5 nm (with
35kV). An external computer with Nanometer Pattern Generation System (NPGS) by
J.C. Nabity Lithography Systems was used to control the SEM in EBL. NPGS consists
of a 16 bit multi-function board from Data Translation to generate the X and Y beam
deflections and to control a second board providing signals for beam-blanking. NPGS
includes also Microsoft Disk Operating System (MS-DOS) software for controlling
the boards. The patterns are defined using DesingCad computer-aided design (CAD)
software.
Our sample substrate was an oxidized silicon chip manually cut from a wafer. The
substrate was coated with a positive two-layer resist consisting of a 200 nm thick layer
of methyl methacrylate and methacrylic acid (PMMA/MAA-copolymer) and 70 nm
thick layer of polymethyl methacrylate (PMMA) on top. We used two-layer resist
since it is needed with the lift-off process which is described in the section 5.3. Our
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EBL process is optimized for two-layer-resists and it has been used, e.g., to fabricate
Al/AlO2 /Al tunnel junctions using an angle evaporation method. The sample was
coated with an uniform layer of resist by spinning some droplets of PMMA/MAAacetic acid solution over the surface. After that, the sample was baked some minutes
in the oven in order to improve the adhesion. The PMMA top layer of the resist was
made with the same procedure, but instead by using chlorobentsen as dissolvent and
by baking the resist many hours in the oven.
After the pattern was written into the resist using EBL, the most sensitive part of
the lithography process followed, the development. There the areas of the resist which
were exposed to the electron beam were removed. Three dissolvents were used in the
development. In the first stage the sample was dipped into a mixture of ethanol and
methyl ethyl ketone (MEK) for 20 seconds in order to develop the top layer of the
resist. The dissolvent was regulated to be at constant temperature of 17 ◦ C since the
sensitivity of PMMA to dissolve changes by 10%/◦ C. In the next stage the sample was
dipped into methyl isobutyl ketone (MIBK) at 17 ◦ C for 25 seconds. This removed
the exposed copolymer. In the last stage the sample was rinsed in isopropanol-alcohol
(IPA) for 1 minute. In the end the sample was blown dry with nitrogen gas.

5.3 Evaporation and lift-off
The basic principle in evaporation is the fact that if the hydrostatic pressure acting on
the surface is lower than the equilibrium vapor pressure at the evaporant surface, the
material is evaporated. In other words, the material evaporates if the evaporant surface
atoms are repelled with a stronger force from the atoms inside the same material than
is the force originating from the outside gas atoms hitting the surface. The evaporation
rate is given by well-knows Hertz-Knudsen equation
p∗ − p
dNe
= αν p
,
(5.1)
Ae dt
2π mkB T
where αν is the evaporation coefficient, dNe /Ae dt is the number of molecules evaporating from a surface area Ae in time dt, p∗ is the equilibrium vapor pressure at the
evaporant surface, p is the hydrostatic pressure acting on the surface, m is the molecular weight, kB is Boltzmann’s constant, and T is the absolute temperature [44]. From
(5.1) it is obvious that by decreasing the pressure p, the evaporation rate is increased.
Also increasing the sample temperature accelerates the rate.
These principles are exploited in the electron-beam evaporation. A sample is put
into a vacuum chamber and evaporant material is heated with electron beam. In the
vacuum chamber at pressure 10−8 torr, the mean free path of the evaporated atoms is
rather long (103 m) and the atoms fly directly to the sample surface and coat it.
We coated the sample with a 2 nm thick layer of chromium and with a 14 nm thick
layer of gold by using electron beam evaporation. This was done with a commercial
evaporator system designed and assembled by DCA Instruments. Chromium was used
to enhance the otherwise poor adhesion of gold to a SiO2 surface.
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After evaporation, the sample was immersed into acetone, which dissolved away
PMMA and copolymer layers. In this lift-off process the evaporated metal stayed only
at the places the resist had openings, where there was a direct contact between the
evaporated metal and the SiO2 surface. The sample was cleaned in oxygen plasma. In
the end the sample had gold electrode structures on its SiO2 surface and it was ready
for the deposition of the carbon nanotubes.

5.4 Fabrication of carbon nanotubes
Vacuum

Water-cooled system
Mobile
rod
Cathode

Inert gas
Generator

Figure 5.4: Schematic representation of the electric arc apparatus used for synthesis of multiwalled carbon nanotubes. It consists of a cylindrical steel chamber (200 mm in diameter and
300 mm long) in which a cylindrical wall (160 mm in diameter and 280 mm long) is cooled
with water. The chamber is closed at both ends by two steel disks (20 mm of thickness) on
which two water cooled copper electrodes (20 mm in diameter) are placed. A graphite rod is
fixed on each copper electrode.

The MWNTs were synthesized by Catherine Journet at the University Montpellier II
in France. Electric arc technique was employed using the equipment illustrated in
Fig. 5.4. The production method was the following: After the chamber was evacuated
and filled with an inert gas atmosphere (helium, 660 mbar) the mobile electrode (the
anode) was moved towards the cathode until the distance between them was so small
(< 1 mm) that a current (100 A) passed through the electrodes and an arc discharge
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occurred. A plasma was created between the two rods. The average temperature in the
inter-electrode plasma region became so high (of the order of 4000 K) that the carbon
was sublimated and the positive electrode (the anode) was consumed. By controlling
the voltage (38–40 V), a constant distance was kept between the two rods which reduced the fluctuations of the plasma. The anode diameter (6.147 mm) was smaller than
the cathode diameter (16 mm) in order to achieve a correct alignment of the electrodes.
Pure graphite rods (99.9%) were used for the anode and less pure for the cathode.
As the MWNTs were produced by evaporating pure graphite, two kinds of products were formed in the reactor: a deposit which grew on the end of the cathode and
soot on the reactor walls. The deposit consisted of a hard, grey outer shell and a soft,
fibrous black core. Various microscopic observations had shown that the outer shell is
formed of nanoparticles and MWNTs fused together whereas the core contained about
one third polyhedral graphitic nanoparticles and two thirds MWNTs. The macroscopic
appearance of the soot produced under these conditions varied from flocky to crumbly.
It contained fullerenes, amorphous carbon and some graphitic sheets but no MWNTs
were found.
After synthesis, the material was shipped to Finland. We purified it in an oven
at 750◦ C in ambient air for 45 minutes. Fig. 5.5 illustrates transmission electron
microscope (TEM) images taken from the purified material by Unto Tapper at VTT
Chemical Technology. The images present a cross-sectional view of the tubes and it
is obvious that the tubes are MWNTs. In Fig. 5.5c the end of the carbon nanotube is
visible. The shape and roughness corresponds to those reported by other groups [45].
In Figs. 5.5b,d carbon impurities are visible.
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Figure 5.5: Transmission electron microscope images of multiwalled carbon nanotubes.
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5.5 Deposition of carbon nanotubes
The MWNTs were dispersed in isopropanol alcohol using an ultrasonic bath. A syringe was used as the container for the mixture. Some droplets of the mixture were
dropped over the substrate, which was then kept for 5 minutes in an isopropanol alcohol atmosphere. Next, the remaining mixture droplet on the substrate was blown off
with dry nitrogen gas. The sample was ready for AFM manipulation.

5.6 Atomic force microscope
The kernel of this diploma thesis was the idea to use atomic force microscope (AFM) to
move a nanotube between two gold electrodes. In this section the operation of the AFM
is explained as background for the next section, which describes AFM manipulation.
The AFM was invented in 1986 [46], and it may be regarded as the little brother of
the scanning tunneling microscope (STM), invented in 1982 [47]. Actually AFM is a
more versatile tool than STM, where a conductive substrate is needed. Both AFM and
STM were originally developed to image sample surfaces. Their function has evolved
into lithographic purposes in the academic community [48–51], though there has not
been any breakthroughs with industrial potential.
The working principle of the AFM is based on the Van der Waals (VdW) force
between a small tip connected to a spring and the sample. VdW force has an attractive and a repulsive part, which is due to the hard-core potential between atoms. The
attractive potential between two atoms has a general form proportional to r−6 due to
the induction, orientation and dispersion forces between atoms separated by a distance
r. The dispersion force is usually the dominating force and it arises, when an instantaneous electric dipole moment of one atom generates electric field, which polarizes a
second atom inducing a dipole moment on it and, thereby, an attractive force between
the two atoms [52, 53].
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Figure 5.6: The numbers point at different components of the AFM. a) An overview of the
system. 1) Stone table, 2) support arm for optical microscope connected to video monitor.
b) Closer view (the rectangle in a ) of critical parts. 1) head which supports cantilever and
has laser and photodiode. 2) Piezo scanner tube, which moves the sample. 3) Lenses of
the optical microscope. 4) Step-motor driven screws which are used to move head when tip
approaches sample. 5) Sample and above it the tip (not visible).

Fig. 5.6 illustrates the parts which constitute the AFM system. The AFM is placed
on a floating stone table in order to filter out mechanical noise. Fig. 5.7 illustrates the
main component of the AFM: a tip connected to a cantilever, which has four orders of
magnitude smaller dimensions than the parts visible at the Fig. 5.6: The cantilever has
lateral dimensions 180 × 100 µ m2 and a thickness 2 µ m. The tip is 3 µ m long and the
tip apex has a 10 nm radius of curvature.

w

t
L

Figure 5.7: Cantilever and SEM image of tip, which sits at end of the cantilever.
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Figure 5.8: a) AFM configuration. The cantilever is excited to oscillate with a piezo. A
laser beam is reflected from the cantilever to a photodiode in order to record the vibration
amplitude. Computer controlled feedback is used to move the sample with a piezo tube
scanner in order to keep the vibration amplitude constant. b) The constant potential gradient
trace of the tip scanning over a spherical particle.

Fig. 5.8a illustrates the working principle of the AFM in noncontact mode (NCM).
AFM could be operated also in so called contact or in tapping mode, but only NCM
will be described here since it was the only mode used in this work.
In NCM, the tip is 1–50 nm above the sample surface and the cantilever is driven
to oscillate close to its eigenfrequency with a piezo. The VdW force is attractive at this
distance and the repulsive part of VdW force can be neglected. The eigenfrequency of
the cantilever depends on the cantilever spring constant k0 and
p on the tip-sample force
0
gradient. This is due to the fact that k = dF/dx and f0 ∝ k/m, where F is force,
f0 the eigenfrequency, k = k0 + k0 and m the mass (of the cantilever). It follows that
as the force gradient changes, the cantilever eigenfrequency changes also. If the piezo
excites the cantilever with a constant power and frequency close to the eigenfrequency,
then the vibration amplitude changes due to change in the force gradient. The vibration
amplitude of the cantilever is measured by reflecting a laser beam from the cantilever
into a photodiode. If a feedback-loop is introduced to keep the cantilever vibration
amplitude constant, then the tip feels always the same force gradient which means in
practice that the tip is kept in a constant height above the sample surface. By moving
the tip over the sample surface (or the sample with respect to the tip) simultaneously
recording the absolute tip height, a topographic image of the sample surface can be
reconstructed. Fig. 5.8 illustrates the path the tip traces when it scans over a spherical
particle.
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5.7 AFM manipulation
In 1990, a STM was used to move Xe atoms to form the letters ’IBM’ in the famous
experiment by D. Eigler [54]. Unfortunately the method cannot be used in the fabrication of molecular electronic components. The first demonstration that the AFM tip can
be used to manipulate small Au clusters and aerosol particles was in 1995 [55, 56].
The idea is simply to push a particle with the sharp tip and to move it that way. The
first methods used the AFM in the contact mode. The move was done in the following
way. First an AFM image was taken. Then the tip was pushed against the sample
surface and moved along a line across the particle according the AFM image. A new
image was then taken in order to see if the particle had moved. The procedure was
iterated until the particle was in the right place. The problem with this method was
that particles sometimes sticked to the tip without dropping later off.
In 1998 a slightly different moving scheme utilizing NCM was developed independently at University of Southern California [57] and by us at Low Temperature
Laboratory in Helsinki University of Technology [58]. The improvements were that
the particles did not stick anymore to the tip and the movement of the particle could be
observed in situ, which speeded up the manipulation routine. Fig. 5.9 illustrates this
moving procedure.
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Moving Algorithm
1) Topography
image of the
sample surface is
taken in NCM to
locate the particles.
2) Line scan
position (
) is
selected with the
help of the NCM
image.
Topography

3) The exact
position of the
particle is found by
looking at the
topography of the
linescan and by
varying the linescan
position slightly.

NCM Amplitude

4) Feedback-loop is
turned off and NCM
amplitude is
acquired from the
scanned line. The
particle is visible in
the data.

NCM Amplitude

5) The tip is lowered
until plateaus start to be
visible at the position of
the particle in the NCM
amplitude data.

NCM Amplitude

6) After lowering the tip
some nanometers
more, the particle
moved as is obvious in
the NCM amplitude
data.

7) Steps 2-6 or 1-6
may be iterated to
arrange the particles
onto desired positions.

Figure 5.9: Steps in the algorithm to move aerosol particles.

Fig. 5.10a illustrates the tip vibration amplitude when it approaches the particle
with the feedback-loop turned off. Three different regimes can be resolved. In the
first regime, the vibration amplitude is solely determined by the cantilever excitation
and the distance to the sample surface. In the next regime, the tip starts to sense the
particle, which reduces the vibration amplitude substantially. In the last regime, the
tip touches the particle, sticks to it and the vibration amplitude drops to zero. After
sticking, the tip starts to track the particle. At the angle θ0 , the tip starts to push the
particle. With classical arguments using parameterization in Fig. 5.10a the pushing
force may be written
F=

k0 (sin θ − sin θ0 )R p
,
tan θ

(5.2)

where k0 is the force constant of the cantilever. Fig. 5.10b illustrates a measurement
of the cantilever deflection in the situation where the tip is about to push the particle.
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Figure 5.10: a) Schematic view of the cantilever amplitude when the AFM tip approaches a
particle with the feedback-loop switched off. b) The measured cantilever amplitude when the
tip is about to move particle.

Fig. 5.11 illustrates 45 nm Ag aerosol particles that where manipulated with the
scheme described above to form letters ’LTL’ in order to demonstrate the moving procedure.
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Figure 5.11: Ag aerosol particles forming letters ’LTL’. The particles were moved with the
AFM manipulation.

5.8 Nanotube manipulation using AFM
Nanotube manipulation with the AFM was first reported in 1997 by Falvo et. al. In
their experiment nanotubes were bent with the AFM in order to examine the strain
[59]. There are still only few papers describing experiments where AFM has been
used to manipulate nanotubes. In 1998 the method was used to explore interactions
between the nanotube and the surface [60]. The method has also been used to probe
nanometer-scale sliding and rolling of the nanotubes [61].
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Figure 5.12: AFM images during the moving procedure.

In our experiment we used AFM manipulation as a tool to fabricate a single electron transistor. It was done by moving a 410 nm long MWNT with diameter 20 nm between two gold electrodes separated a distance 250 nm. For the purpose we employed
Park Scientific Instruments (PSI) CP AFM with Ultralever cantilevers. The AFM was
operated with the ProScan software from PSI. The moving method was almost the
same as that described above for the aerosol particles. The main difference was, that
first the MWNT had to be loosened from the surface by pressing the tip hard against the
surface. Once the MWNT started to move, it was moved with the following procedure:
First an NCM image of the surface was taken in order to locate the tube. Then the tip
was positioned to scan along a single line over the tube end. Feedback-loop was cut off
and the distance between tip and the sample was decreased in small steps (1–10 nm).
Simultaneously, the NCM vibration amplitude was monitored. As the distance was
decreased, the amplitude decreased and the tube location could be observed in situ. At
the stage when the tube was hardly anymore visible in the NCM amplitude signal, the
tube usually moved. A new image was taken and the previous steps repeated until the
MWNT was in the right place. The aim was to push the tube with the tip. The moving
was composed from a set of rotations as in Ref. [61]. Sometimes the tip dragged the
tube instead of pushing. This happened in 1/3 of the cases. The pushing succeeded in
2/3 of the cases and it followed that the moving procedure was an iterative trial and
error process which lasted couple of days (≈100 pushes/images). Another difference
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between moving the tubes and aerosol particles was that with MWNTs the NCM amplitude signal was hardly visible just before the tube moved instead of the clear signal
with aerosol particles. This may be due to the different diameters of the MWNT (20
nm) and the aerosol particles (45 nm). Fig. 5.12 displays a selection of AFM images
taken in the course of the moving process. Fig. 5.13 illustrates the tube in its final
position. Note that the MWNT was lifted on top of the electrode which had thickness
larger than the tube radius. One end of the MWNT is well over the electrode while the
other one is hardly touching. This is the geometry that was measured.

electrode

electrode

nm
nanotube
dirt

800 nm
Figure 5.13: AFM image of measured MWNT between two gold electrodes.
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6 Measurements and results
6.1 Cooling the sample
The sample was cooled using the 3 He/4 He dilution refrigeration method, which is the
only continuous cooling method for the temperatures below 0.3 K. Today it is the most
important method for low temperature experiments between about 5 mK and 1K. The
first dilution refrigerator was built 1965 at Leiden University [62].
The dilution refrigerator is based on the specific properties of 3 He/4 He mixture.
Below 0.9 K, the 3 He/4 He - mixture separates into two insoluable phases. One is
so called concentrated phase which is almost pure 3 He. The other phase consists of
around 6.5 % of 3 He in 4 He and it is called the dilute phase. The heart of the dilution refrigerator is the mixing chamber embodying the phase boundary between these
two. The 3 He in the dilute phase is transferred by osmotic pressure to another chamber called still, where it is pumped away. Because the 6.5 % 3 He concentration in
the dilute phase is energetically optimum, equal amount of 3 He is transferred from
the concentrated phase to the diluted phase. This transfer costs energy and cools the
mixture. The 3 He that was removed from the mixing chamber via still is cooled down
and pumped back into the concentrated phase. This makes up a continuous circulation,
cooling the mixing chamber. The sample is thermally connected via copper and silver
sinter to the mixing chamber.
We used in the experiment a commercial plastic dilution refrigerator built at the
University of Jyväskylä. It is a ’dipstick’ -type which means that it is immersed in
liquid 4 He inside a movable dewar (a big thermos flask). The thermal contact between
the sample and the mixing chamber was done by gluing the sample with GE varnish
7031 to the copper-plate in thermal contact with the mixing chamber. The electrical
contact to the sample was made by soldering manually copper wires to the pads with
indium.

6 Measurements and results

51

6.2 Measurement configuration
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Figure 6.1: MWNT measurement configuration.

The measurement configuration is illustrated in Fig. 6.1. We measured simultaneously
voltage over the MWNT and the current through it. A separate side gate with voltage
Vgate was used to modulate the current. Also differential voltage and current were
measured with lock-in technique.
We used two HP 33120A arbitrary waveform function generators as voltage sources
for Vbias . One generated a DC bias voltage and the other a low-frequency AC signal
( 1–2 Hz). The voltages of these signals were added together to form a DC voltage
signal with a small AC ’wiggle’ on top of it. The signal was fed through a 300 kΩ
resistor and it was brought via twisted pairs and coaxial cables to the sample. The
voltage over the sample was measured at room temperature with a Stanford Research
Systems SR560 low-noise preamplifier (with an input impedance of 100 MΩ) and with
a HP 34401A multimeter. The current was measured with a Stanford Research Systems
SR570 low-noise current preamplifier and with HP 34401A multimeter. The signals
from both preamplifiers were taken also to EG& G Instruments 7260 lock-in amplifiers
which measured differential voltage and current. The gate voltage was generated with
a HP 33120A function generator and was brought directly to the sample via cable.
The whole measurement system was controlled by LabView software in PC computer (200 MHz Pentium) with Windows NT operating system. The measurement
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speed was such that around one point per second was registered.
We also tracked in the beginning the sample resistance using 100 mV DC voltage
and found that it increased from 5 MΩ to 9 MΩ, when the sample was cooled from
300 K (room temperature) down to 4 K (liquid helium).

6.3 Transport measurement results
Owing to the small conductance of the sample, constant voltage biasing was employed
in our measurements. Two different types of measurements were done. In the first the
gate voltage was kept constant and the current was measured as a function of Vbias . In
the second Vbias was kept constant and current was measured as a function of the Vgate .

Figure 6.2: IV-curves at different temperatures. The magnification shows a hysteretic corner
where the arrows indicate the voltage sweep direction.

Fig. 6.2 illustrates current-voltage measurements at different temperatures. At 77
K (liquid nitrogen) there is not much structure and the tube is almost an ohmic resistor.
At 22 K there is a visible 15 mV wide plateau across Vbias = 0. As the temperature was
decreased down to 0.12 K the structures of the IV-curve became a bit sharper. At 0.12
K temperature the curve is hysteretic.
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Figure 6.3: a) I(Vbias ,Vgate )-surface constructed from I(Vgate ) data at different Vbias values.
b) The same data represented as a constant-current contour plot.

Fig. 6.3 illustrates surface and contour plots constructed from I(Vgate ) curves at
different Vbias values at 120 mK. A gate modulation is visible, but it cannot make the
tube to conduct at zero bias voltage. This is a signature of a semiconducting nanotube.
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Figure 6.4: dI/dVbias plot as a function of Vgate and Vbias . A lighter color denotes higher
value. From the slopes the capacitances C1 , C2 and Cg may be extracted as is illustrated.

Fig. 6.4 illustrates a dI/dVbias plot as a function of Vgate and Vbias . This plot has
the same information as Fig. 6.3 but the contrast is slightly better.
We expect to probe the outermost shell of the nanotube in the experiment. This is
because the section over which we are measuring the conductance is only 300 nm long,
i.e. about 1000 atomic spacings. Over such a short distance the intra-layer conductance
can be neglected, since it is expected to be 10−5 times smaller than the in-plane value
as in graphite [32].
We presume that the tunnel resistances of the junctions between the MWNT and
the electrode differ appreciably. There are two reasons to believe this. First, due to
the asymmetry according the AFM image, since we believe that the tunnel resistance
gets smaller as the area increases. Secondly, there are ridges in the IV curve in Fig. 6.3
which can be explained with the Coulomb staircase model (see section 2.4).
If we assume Coulomb staircase model and that the gate capacitance Cg is much
smaller than the other capacitances we can use Eq. (2.28) to extract the capacitances
C1 , C2 and Cg from Fig. 6.4 as is illustrated. The ridges correspond to the situations
where the optimum number of electrons in the tube changes by one. This is reflected
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as a jump (see Fig. 2.6) in the voltage over the more resistive tunnel junction (which
determines the current) and thus the current also changes. From the slope of the ridges
we extract C1 . The slope of the constant current curves determine the capacitance
C2 . The gate modulation period gives the capacitance Cg between the gate and the
tube. The extracted capacitances are C1 = 26 aF, C2 = 11 aF and Cgate = 0.8 aF. The total
capacitance yields for the charging energy EC = e2 /2(C1 +C2 +Cg ) = 2.1 meV. This
corresponds to a temperature of 24 K.
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Figure 6.5: Calculated I(Vbias ,Vgate )-surface using the extracted capacitances and assuming
a Coulomb staircase model.

Fig. 6.5 illustrates the calculated I(Vbias,Vgate )-surface, which was constructed by
using (4.3) with α =0.15 and (2.28) in (3.29) with the extracted capacitances. It has
sharper ridges than the measured surface. This is due to the assumption of the ideal
Coulomb staircase model, where the resistance ratio is expected to be infinite. Fig. 6.6a
illustrates calculated gate modulation curves with different values of the smaller resistance. It is to be noted that the calculation assumes constant density of states as is
the case for metals close to the Fermi-surface. With the case of MWNT the density of
states is a more complex function which may affect slightly the gate modulation curves.
It is obvious that as the ratio between the resistances gets larger the curve resembles
more and more a sawtooth form. Fig. 6.6b illustrates the measured gate modulation
curve. By comparing the two figures we extracted the value for the smaller resistance
to be 0.5 – 1.5 MΩ. This is the most unreliable quantity that was extracted.
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Figure 6.6: a) Calculated I-Vg characteristics with parameters Vbias = 10 mV, Cg =0.8 aF,
C1 =25.7 aF, C2 =10.8 aF, R1 ≈ 9MΩ and R2 as marked in the graph. b) Measured, low-passfiltered signal with Vbias =10 mV.

Fig. 6.7 illustrates a I(Vbias ) and conductance G = dI/dVbias curves. According to
the Coulomb staircase model we effectively measure the IV-properties of the higher
resistance tunnel junction. According to (3.29) the most dominating term in the conductance comes from the density of states. Thus we mostly measure the density of
states of the MWNT. The peaks in the density of states are due the van Hove singularities [39]. At these points a new band enters into the conduction. The curves are rather
symmetric with respect to the zero bias voltage. Thus the electron and hole transports
do not differ considerably.
There is clear hysteresis in the figure. We believe this phenomenon can be attributed to charge trapping [63], in which single electrons tunnel hysteretically across
the concentric tubes.
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Figure 6.7: a) I(Vbias ) curve. b) G = dI/dVbias curve which exposes the density of states in
the MWNT. The arrows indicate the sweep direction of Vbias . At the turning points the curve
is shifted vertically. A clear hysteresis is observable.

density of states

Fig. 6.8 illustrates the density of states calculated using (4.3). The peak positions
of Fig. 6.7b are rather close to the positions of the peaks in the density of states. There
is anyway some discrepancy which can be addressed to our simple derivation for the
density of states. The density of states for the outermost layer in MWNT may be
slightly different from the SWNT due to the inner tubes. Also any impurities and
dislocations can alter the picture which assumes a perfect hexagonal lattice.
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Figure 6.8: Calculated density of states using α =0.15.
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7 Discussion
We fabricated an asymmetric single electron transistor from a multiwalled carbon nanotube using scanning probe manipulation. This proves that the atomic force microscope is a dextrous research tool in the fabrication of molecular electronics. By using
AFM manipulation we can in principle alter the junction parameters. There are recent
findings that electron beam can be used to ’solder’ nanotube to the electrodes [64].
Combining the two methods above could give new opportunities in the fabrication of
single electron transistors.
Carbon nanotube seem to be ballistic conductors [65]. This means that electron
’waves’ in the nanotubes are in some sense analogical to the electromagnetic waves
in waveguides. By using these analogies it is may possible construct new generation
of radio-frequency components. Carbon nanotubes provide an ideal material for the
components of the next millennium.
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