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Single-electron tunneling (SET) and Coulomb blockade (CB) phenomena have been widely observed
in nanoscaled electronics and have received intense attention around the world. In the past few years,
we have studied SET in carbon nanotube fragments and fullerenes by applying the so-called “Ortho-
dox” theory [28]. As outlined in this review article, we investigated the single-electron charging and
discharging process via current—voltage characteristics, gate effect, and electronic structure-related fac-
tors. Because the investigated geometric structures are three-dimensionally confined, resulting in a
discrete spectrum of energy levels resembling the property of quantum dots, we evidenced the CB and
Coulomb staircases in these structures. These nanostructures are sufficiently small that introducing
even a single electron is sufficient to dramatically change the transport properties as a result of the
charging energy associated with this extra electron. We found that the Coulomb staircases occur in the
I-V characteristics only when the width of the left barrier junction is smaller than that of the right
barrier junction. In this case, the transmission coefficient of the emitter junction is larger than that
of the collector junction; also, occupied levels enter the bias window, thereby enhancing the tunneling
extensively.
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1 Introduction

Since the late 1980s, studies of quantum dots (QD) have
thrived and have become one of the most fruitful topics
in physics [1-3]. With a typical size of order less than

100 nm, QDs have revealed a large number of novel prop-
erties that are highly valuable in a wide range of physical
phenomena [4-8]. A first glance at the concept of QDs
seems to suggest an exceedingly small number of atoms,
but they turn out to include a variety of materials such
as molecules, clusters, and even nanotubes or nanowires.
Such systems might contain thousands of atoms but a
relatively small number of free electrons. Besides the
character of their general size, QDs also own a special
property, usually called charging energy, which is anal-
ogous to the ionization energy of an atom. This is the
energy required to add or remove a single electron from
the dot. When single-electron tunneling (SET) occurs,
the charge on the QD suddenly changes by the quantized
amount e. The corresponding electrostatic potential will
change with a quantity Ec = €%/(2C), which is defined
as the charging energy, where C' is the capacitance of
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the QD and the spin degeneracy is considered. Charging
energy is important when it is much larger than ther-
mal energy kT, where kp is the Boltzmann constant
and T is temperature. When AF < kT < E¢, it
is generally known as classical Coulomb Blockade (CB)
regime, where AF refers to energy level spacing around
Fermi energy, many levels are excited by thermal fluctu-
ations; when kT <« AFE < E¢, it is known as quantum
CB regime, where only one or a few levels participate in
transport. If Fo < kT, the temperature is so high that
no CB can be discerned. To gain a quantitative view of
how large AE normally is, let us consider an empirical
estimation assuming the shape of QDs to be boxes. We
have [4]

AE = (N/4)h?n?/(mL?) for 1-D
AE =(1/7)h?n?/(mL?) for 2-D

AE =[1/(37?)N]"/*n?7?/(mL?) for 3-D (1)

where N is the number of electrons residing in the QDs,
and L is the length of the box side. Thus, for a 1-D QD,
the energy level spacing increases when IV increases; for a
2-D QD, the energy level spacing remains constant when
N increases; and for a 3-D QD, the energy level spacing
decreases when N increases. For a 100 nm 2-D dot, AE
is ~0.03 meV, while the thermal energy at ~100 mK is
~0.0086 meV. Thus, electrons are confined well enough
in 2-D QDs. But for a 3D metal, the size needs to be
limited to less than ~5 nm.

Besides the quantization of energy levels, another im-
portant factor decides whether the SET effect will be
prominent in QDs; this is the typical time At to charge
or discharge the QDs. At is expressed as R;C, where Ry
is the tunnel resistance of the coupling barrier between
the electrodes and QDs. According to the Heisenberg
uncertainty relation AEAt¢ ~ h, for the energy uncer-
tainty to be much smaller than the charging energy F¢,
the typical time needs to be much larger, and thus R;
should be much larger than h/e? =25.813 k2. One way
to meet this condition is to weakly couple the dot to the
electrodes. The energy levels on the QD are thereby well
defined without correlations from the energy levels in the
electrodes, and a single electron can consecutively tunnel
into the QD. This is the condition of SET.

An early track of the increasing interest in single elec-
tronics dates back to 1987, when after a rapid progress in
advanced experimental techniques, such as nanolithogra-
phy and thin-film processing, Fulton and Dolan [8] first
clearly demonstrated the control of SET in an aluminum
structure. They observed that the current through the
junction was quite sensitive to the charge on the gate ca-
pacitor, which is the so-called Coulomb oscillation phe-
nomenon. The first experiments on narrow wires, made
by Scott—-Thomas et al. [2], revealed a periodically os-
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cillating conductance as a function of the gate voltage
applied nearby. With the advent of the scanning tunnel-
ing microscope (STM) [9-12], device control technologies
were revived at a more advanced stage. To avoid inter-
action between the QDs and the electrodes that will in-
fluence their electronic states, researchers often add an
inert layer between the QDs and the metal electrodes to
form a double-barrier tunnel junction (DBTJ) configura-
tion [13-15]. In this way, SET can be induced in DBTJ
and remain up to room temperature [16].

Many investigations have been undertaken to reveal
the physics of SET. Van Bentum et al. [17] first ob-
served the incremental charging of single isolated small
particles, where step-like -V characteristics were found
to result from charge quantization. Wilkins et al. [18] re-
vealed Coulomb steps in a small metal droplet by STM.
Dorogi et al. [19] designed adding a thin dithiol film be-
tween Au clusters and the substrate to create an isolated
QD tunnel junction. They also found SET at room tem-
perature. Porath et al. [20] resolved the discrete energy
spectrum of a single Cgg molecule by room temperature
and cryogenic scanning tunneling spectroscopy (STS),
and found rich I-V structures resulting from both res-
onant tunneling and SET. Chen et al. [21] evidenced
a transition in the charging mechanism from metal-like
double-layer capacitive charging to redox-like charging.
Banin et al. [22] made semiconductor QDs from indium
arsenide and revealed atom-like electronic states with s
or p wave symmetry via spectroscopic studies. Hou et
al. [23] measured a two-dimensional gold cluster by sin-
gle electron spectroscopy and observed nonclassical be-
havior in the capacitance of the tunnel junction. Wang
et al. [24] made different-sized gold particles by STM
and found equidistant and irregular Coulomb staircases
for larger and smaller particles, respectively. They at-
tributed this difference to effects from both particle size
and tip-particle distance. Wu et al. [25] controlled the
rate of tunneling rates by tuning the tip-molecule sep-
aration. Development of the molecular beam epitaxy
technique allowed fabrication of quantum wells and het-
erostructures with energy levels quantized along the tun-
neling direction. Reed et al. [1] attributed the I-V char-
acteristics obtained from their experiments to resonant
tunneling through quantized states arising from lateral
confinement. Resonant tunneling generally takes place
when the coupling between QDs and electrodes is strong
(26, 27], bonding covalently instead of by the weak cou-
pling in SET.

In a typical system where SET takes place, there are
left/right electrodes, QDs as well as gate. The chemical
potentials of the left, right electrodes and the QD are
expressed as u%, W, and u. ulF and p open an en-
ergy window, and the current is (non)zero when there
are (non)zero available states on the QD. The p¢ is cal-
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culated according to the states in the energy window by
the following formulae: pu¢ = E(N) — E(N — 1), where
E(N) is the ground state energy with N electrons on the

N
dot, which is expressed as E(N) = Z gi+(Ne)?/(2C) -
i=1

alNeV,. Here, ¢; is the single electron energy spectra of
the QD, « is the ratio of the gate capacitance to C, and
V, is the gate voltage. When SET happens, the addition
energy is calculated according to

uly = B(N) — E(N — 1)

=Enx+ (2N —-1)Ec — aeVy (2)

Note there is no charging energy except EFr. Ec takes
into account the many body interactions between the
charging states on the dot. From this formula, the addi-
tion energy will increase if the energy spitting increases
and/or the charging capacitance decreases. A non-zero
addition energy can lead to a blockade for the tunneling
of electrons on and off the dot where N electrons are al-
ready occupying it. Thus, the (N + 1)th electron cannot
tunnel to the dot if pd | > pb, pf, while pufy < pb, pf,
which is known as the CB (Figure 1 shows a schematic
diagram.). CB can be broken down upon applying bias
voltage to overcome the charging energy. As the bias
increases, this breakdown appears repeatedly, inducing
a current increase in a Coulomb staircase. To physically
understand the mechanism behind these experimental
findings, we would like to introduce some theoretical
models. The most widely invoked theory is the so-called
“Orthodox” theory [28], in which a kinetic equation is de-
rived for the distribution function describing the charge
state of a junction or system of junctions. By solving this
equation, one can obtain the stationary occupation prob-
abilities of the states. The average current is obtained
based on these and the forward and backward tunnel-

Conlomb blockade

AE@N-1)E,

~AE

Fig. 1 Schematic diagram of Coulomb blockade. On the condi-
tion: ,uﬁl\, < ,ui.;,u} < ,u‘fv+1, single electron is blocked. It can
be removed when V}, is increased to a certain value to break the
condition. V} is the bias voltage applied between the source-drain
electrodes. The gate voltage Vj is not demonstrated here.
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ing rates of the junctions. Although some studies have
demonstrated the Orthodox theory with hypothetic sim-
ple models, they lack application research in interpreting
experimental phenomena. In this paper, we outline our
work [29-31] adopting this theory to investigate the SET
effect in carbon nanotube fragments and small fullerenes.
The following sections are arranged in three parts. Sec-
tion 2 describes the theoretical formalism of Orthodox
theory, Section 3 applies the theory to carbon nanotube
and fullerenes, and Section 4 discusses the results.

2 Theoretical model and the Orthodox theory

We describe the basic formalism of the theory with an
assumed QD between two metal electrodes. We assume
that the chemical potentials of both electrodes change
with the applied bias voltage V; having the following
form: pta = Ep +(1—n)eV, and pf = Ep —neV,, where
Er is the Fermi energy of the electrodes in the equilib-
rium state, and 7 defined as d,./(d; + d,) is a parameter
related to the strength of the coupling between the QD
and the electrodes. The arising of electrical current at
0 K demands that the bias voltage be high enough for
the QD to provide at least one excited energy level lo-
cated between ,ué, and p%. Supposing that the tunneling
processes from the nanotube to the electrodes or in re-
verse are elastic, we find only those electrons satisfying
energy relation Eé;f = p4; could transfer between them
[32]. The transition rates I" of the electrons through the
tunnel barriers can be calculated using the Fermi golden
rule [32, 33]; thus, we have

I(N) = 2r/B)| TN 2D (un ) f(EYT = )
I (N) = @n/B) TN 12Dy (i)
1= FEY = )] (3)

where I';' (N) and I}, (N) represent the in-tunneling
and out—‘éunneling rate of electrons from the electrodes
to the QD, respectively, D(uy) is the density of states
of the metal electrodes, and Ty is the tunneling matrix
elements. We then adopt the WKB approximation [34]
to replace Ty:
4v/2m
Tvl = exp{ = 7 "l — (o —ev) R} (@)
where ¢ is the highest height of the barrier stridden over
by an electron with energy py. Then, the time evolu-
tion of probability P(N) of extra N electrons in the QD
becomes
OP(N)

or Z {FJ%(N_I)P(N—l)—FFj(N_'_l)

Jj=l,r

PV ) = [ (V) + 17 (NP0} 6)
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Making Eq. (5) equal to zero, we solve the linear equa-
tions and obtain the stationary non-equilibrium proba-
bility. We then write the average macroscopic current
through the junctions as

I=e>" PN (N) ~ Iy (V)]
N
— 3" P(N)I; (N) = L (V)] (6)
N

where the sum goes over the number of all possible extra
electrons injected into the QD.

3 Applications in carbon nanotubes and

fullerenes

Single-walled carbon nanotubes (SWCNT) are ideal sys-
tems for investigating the fundamental properties and
applications of one-dimensional electronic systems [35—
40]. As a result, CNT-based tunneling junctions have
received very wide interest. Postma et al. [35] fabricated
room-temperature single-electron transistors by using a
metallic single-wall CNT and revealed Coulomb charg-
ing. Hu et al. [36] made heterojunctions with CNT's
or silicon nanowires to demonstrate rectifying behavior.
Bockrath [37] investigated the Luttinger-liquid behavior
in CNTs caused by weak Coulomb interactions. With
magnetic defects, the SET in CNTs exhibits strong cor-
related effects, such as the Kondo effect [11]. Regarding
single spins, CNT-based QD devices are very attractive
for quantum information processing [38, 39]. At low tem-
perature, the electron transport in nanotubes is usually
dominated by CB. Under certain bias voltages, the en-
ergy window between the chemical potential of the left
and right electrodes allows only one electron to inject
into the QD and inhibits others owing to Coulomb inter-
actions.

We investigated the quantum transport of carbon nan-
otubes by applying the Orthodox theory. Figure 2 shows

|

—|— CNT fltulgnmul |

—_—

< <]

ﬂ{a.-_
Ey™ 77

Fig. 2 (a) A schematic diagram of a nanotube fragment coupled
with two electrodes through the tunnel junctions under a bias volt-
age. (b) A schematic diagram of the energy levels of a nanotube
and the bias-induced energy band of both metallic electrodes. Re-
produced from Ref. [29].
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reservoir

r (b)
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a typical system, where a carbon nanotube fragment is
weakly coupled with two electrodes through the vacuum
tunnel barriers. The tunnel barrier is at least sufficiently
large so that no chemical valence bond forms at the junc-
tion. In the figure, the width of the left and right barriers
is denoted as d; and d,, respectively. The nanotube has a
series of discrete single electronic levels €;, each of which
is occupied by either one or zero electrons. An extra elec-
tron will induce a charging energy E¢ (defined above).
Both ¢; and E¢ were obtained by the B3LYP [41, 42]
level of theory within density functional theory and with
a 3—21 G basis set, carried out by the Gaussian 98 [43]
package.

We investigated the transport properties of the (3, 3),
(5, 0), (5, 5), and (6, 0) carbon nanotubes referred to in
Fig. 3. Nanotubes (3, 3) and (5, 0) have been predicted
theoretically to be the smallest energetically favorable
carbon nanotubes. To reveal the transport property in
relation to the dimensional parameter, we modeled four
(3, 3) tubes of different lengths. We considered a (5,
5) tube because it is possibly the smallest free-standing
SWNT found so far [44]. All these nanotubes were ter-
minated with H in their two ends to form closed-shell
finite fragments. The charging energy can be acquired
by the difference in the energy level before and after be-
ing occupied by an extra electron [45]:

EC: [EHOMO(N>_5LUMO(N_1)]/27 N=172,...

(7)

As stated above, the energy levels are calculated within
DFT. Thus, the charging energy calculated this way
probably does not represent the real charging energy. To
acquire a more reasonable charging energy, we scaled E¢
calculated by Eq. (7) with the experiments of Cgg. The
experimental current—voltage result of adsorbed Cgg by
scanning tunneling spectroscopy is around 0.20 eV, while
the calculated E¢ are all around 1.50 eV [refer to F¢
(isolated) in Table 1]. Thus, we chose a factor of 0.15
to scale E¢ [refer to F¢ (coupled) in Table 1]. From
Table 1, the (3, 3) tubes show that the larger the size
of the clusters, the smaller the corresponding E¢. This
might explain why our results differ greatly from the ex-
perimental charging energy (25 meV) by Cobden et al.
[46], where the nanotubes were 100—200 nm in length,
much longer than the nanotubes we considered here. In
addition, the (5, 5) tube clusters give a smaller F¢ than
that for (3, 3) with the same length (b structure). This
can also be explained by the size effect.

3.1 Basic properties and thermal effects

Next, we chose the (5, 0) carbon nanotube as a repre-
sentative to study the transport properties. The energy
level spectrum is illustrated in the inset of Fig. 4. When
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Table 1 Charging energy E¢ of the nanotube models. E¢ of the model structures coupled with electrodes are obtained by scaling
the E¢ of the isolated model structures by a factor of 0.15. The E¢ of Cgo are also listed for comparison. They are calculated

based on the data provided in Ref. [14]. (Unit of energy: eV)

Nanotube Atom number Length/nm eLumo(0) eromo(1) Ec(Isolated) Ec(Coupled)
(3, 3)a 30 0.49 —1.828 0.818 1.32 0.198
(3, 3)b 42 0.74 —2.625 —0.223 1.20 0.180
(3, 3)c 54 0.99 —2.330 —-0.128 1.10 0.165
(3, 3)d 66 1.24 —2.819 —-0.927 0.95 0.142
(5, 5) 70 0.74 —2.431 —0.451 0.99 0.148
(5, 0) 50 0.64 —3.147 —1.417 0.86 0.129
(6, 0) 60 0.64 —3.410 —0.936 1.24 0.186
Fullerene Extra electron number N eLumo (N-1) egomo (N) Ec(Isolated) Ec(Coupled)
Ceo 1 —4.760 —1.770 1.50 0.225
c2r 2 ~1.770 1.285 1.53 0.230
c3y 3 1.335 4.305 1.48 0.222
cls 4 4.305 7.310 1.50 0.225
foris 5 7.310 10.300 1.50 0.225
css 6 10.300 13.240 1.47 0.220

(5. 0)

(6. 0)

Fig. 3 The atomic structures of several nanotube models reproduced from Ref. [29]. The dangling bonds in both ends of these

nanotubes are terminated with hydrogen atoms.

the biased voltage increases to a value, it enables the
electronic energy level of a tube entering the range be-
tween ph and ph. The nanotube acts as a path for
electron transport, resulting in a sudden rise in the cur-
rent. Figure 4 also presents the -V characteristics of
this fragment dot at different temperatures. An obvi-
ous feature is the Coulomb staircase, especially at low
temperatures. The widths of these plateaus appearing
between two contiguous steps AV are determined by

(1—’/’])€AV1:,LL1—EF:€1—EF—|—EC (8)

(1-=n)eAVN = un — pun-1 =N —en—1 + 2E¢
N=2,3, ... 9)

One can determine capacity C' if AVy and the energy
spectra are determined. In addition, the effective re-
sistances of the junctions may also be obtained from
the step heights. After several steps, the plateau fea-
ture stops and the current falls. We try to explain
this below. When the bias is increased to a certain
value, the left junction barrier is too high compared to
its right-hand-side counterpart. The superiority of the
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left junction in the transmission coeflicient because of
d; < d, is deteriorated by its barrier height increase.
As a result, the transmission coefficient of the left junc-
tion becomes lower than that of the right junction, and
the Coulomb staircase and the plateaus will not appear.
Consequently, at most five electrons can be injected into
the (5, 0) tube model. Calculations from another group
[47] were carried on Cgg and resulted in Cgg being ca-
pable of containing 3 electrons at most, which might be
explained by the same reason. On the other hand, the
energy levels of the nanotubes are spin degenerate, each
of which is occupied by two electrons with different spins.
If extra electrons join the tube, the energy levels are split
off. For example, the 1 = €1 + E¢ and ps = €2 + 3E¢,
in the inset of Fig. 4, corresponding to the two steps at
both ends of AV; in the -V curves, are split from a pair
of degenerate levels (1 = e2) of the nanostructure be-
fore the extra electrons join in. Similarly, pus and p4 are
from e3 = e4. Consequently, AV, = AV, =¢/C(1 — 1)
can be obtained from Eqs. (8) and (9). These are the
smallest plateau widths. Such a feature of small, equal-
width, alternatively appearing plateaus provides an im-
portant identity for tracing the spin-degenerate level
evolution. In other words, the steps appear pair by pair
with the increase in bias voltage, corresponding to even
and odd extra electrons consecutively joining the nano-
tube. It has been evidenced experimentally that there
are alternative changes in the conductance peak with
gate voltage [46], which also correspond to the accom-
modation changes from odd to even extra electrons in
the nanotube. Our spin-related tunneling events are
similar to those observed in experiments. When the
temperature rises, the steps become less abrupt, indi-
cating that the Coulomb staircase could be suppressed
by the thermal effects. If we replace the short nanotube
fragment with a longer one (with smaller charging energy

1072
(5,0) nanotube

10 K
[ =----100K
1078 eeeeee 300 K
< ===800 K .
- < 3.0
15) = _—
= Z 3F 15
Z 10~ =
6} 10 S —4.0F ==y
a 5 — 13
= TEE e fl2 !
E —5.0F = M T“"‘
107 & st Er
A AR 77
0 1 2 3 4 5 6 7

Bias voltage /V

Fig. 4 The [-V characteristics of the (5, 0) nanotube model at
different temperatures, with the junction widths of d; =0.5 nm and
dr =0.8 nm. The inset shows the chemical potentials of the tube
above the Fermi energy level of electrodes without a bias. The
trends of Fermi chemical potential change of the electrodes with
the increased bias voltage are marked with arrows. Reproduced
from Ref. [29].
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and energy-level separation), the plateaus will be nar-
rower and thus be easily smeared by the thermal effects.
Therefore, the Coulomb staircase should vanish beyond
a lower temperature for a longer nanotube. We general-
ized a proportional trend for the threshold temperature:
for a step width of 0.1 V, the Coulomb staircase would
not be observable over 30 K.

3.2 Structure and contact effects

Figure 5 shows the -V curves for all modeled nanotube
fragments where there is always a range of zero current
in each case. The width of the ranges is very important
in designing molecular devices. In Fig. 5, (3, 3)c is a
prolonged fragment of (3, 3)a, while (3, 3)d is a pro-
longed fragment of (3, 3)b. The figure shows that the
current-blocked range of the shorter fragment is wider
than the longer fragment. The -V curve for (5, 0) and
(6, 0) are quite different from others: they have much
smaller noncurrent ranges, thus much smaller gaps. The
coupling of nanotubes with electrodes can be adjusted
by the junction widths except for the scaling of charging
energies. The transmission coefficient is very sensitive
to the width ratio of both junctions. Figure 6 presents
the I-V curves for different junction width ratios. When
widths d; , of the left and right junctions increase pro-
portionally, although the positions of the steps remain
unchanged, the currents fall very sensitively within the
same plateau range. Keeping the d; unchanged but in-
creasing the d,, one can find the ascent of the plateau
widths and the descent of the current [(a) and (d)].
In contrast, keeping the d, unchanged but increasing dj,

1072
10—41 (6 0) r——J-’—J——_J-—
1076 . . r r
1074 (5, 0) ‘______J-——’_'—_J_
10-° . . ,
41
10 _,1 (57 5) r—_f—_
= 10 : : :
E 1()*"1 (3. 3)(1 ’___F__——_
5 1075 . _ ,
11
1071 3, 3)c ,
1076} . . .
"
10 _,1 (3 3)}) ‘——_f—"
105 . : .
.1
1074 (3, 3)a l
1001 . . . .
0 1 2 3 4 5

Bias voltage /V

Fig. 5 The I-V characteristics of all nanotube models consid-
ered at 10 K and with the junction widths of d;= 0.5 nm and d,=
0.8 nm. Reproduced from Ref. [29].
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Fig. 6 The I-V characteristics of the (5, 0) tube cluster at 10 K,
with the junction widths of (Units in nm) (a) d;=0.5, d,=0.8; (b)
d=0.55 , dy=0.88; (c) d;=0.44, d,=0.88; and (d) d;=0.5, dr=1.0.
Reproduced from Ref. [29].

the current does not change, while only the plateau
widths increase [(b) and (c)]. Therefore, the current is
approximately controlled by the right junction. Relating
to the junction width, d; is always less than d,., mean-
ing that the transmission coefficient of the left junction
is larger than that of the right under a moderate bias.
The right electrode is the transport bottleneck. Once
the available states of the nanotube are occupied, the
tunneling rate of an extra electron depends on whether
an occupying electron tunnels out from the right elec-
trode. According to our calculation, ]B(Nmax)(Nmax is
the maximum possible electron quantity in the nanos-
tructure for a given bias) is much larger than that for
other N. This means that all energy levels of the tube
between ulF and p’, tend to be occupied completely. As
the bias increases, uk rises and u7. falls. Once an energy
level falls into the range between uk and uf., it is occu-
pied immediately, resulting in a new path in the tube for
collecting (emitting) electrons out of (to) the reservoir
and a rapid rise or an abrupt step of the current. On the
other hand, when d; is greater than d,., the transmission
coefficient of the left junction is smaller than that of the
right, and this time the left junction acts as the trans-
port bottleneck. Although a current can be produced,
the tube remains unoccupied for all energy levels above
EF according to our calculation, which means that the
energy levels between pl, and p% cannot enhance the
transport capability of the tube. Therefore, no Coulomb
staircase appears for this case.

3.3 Gate effect

The differential conductance dI/dV; of the (3, 3)a, (3,
3)b, (3, 3)c, (3, 3)d, and (5, 5) nanotube fragments
considered in this work are illustrated with gray plots
in Fig. 7 as a function of bias voltage V;, and gate
voltage V; for a representative temperature 40 K. The
inset shows the differential conductance of the (3, 3)d
nanotube at 300 K. The white regions in the figures indi-
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cate high conductance, while the black regions illustrate
blocked transport, with the gray regions being interme-
diate. When V, is smaller, a series of black triangular
regions can be found for different V,. Although there
may be extra electrons in the tube (the numbers for the
(3, 3)d nanotube are marked in the figure), they are re-
stricted and cannot result in conductance. The outside
electrons are also inhibited from joining the tube, that
is, a Coulomb blockade occurs. In particular, in the re-

1'-|L's

Via
1"|,1

Fig. 7 Gray plots of differential conductance at 40 K as a func-
tion of Vj, and Vy with d;=0.9 nm and d,=1.08 nm for (from upper
to lower) (3, 3)a, (3, 3)b, (3, 3)c, (3, 3)d, and (5, 5) nanotubes. In
the figure of (3, 3)d, an inset corresponding to differential conduc-
tance at 300 K is provided, and five specific bias voltages V31—Vp5
are indicated at which the electrical transport of the tube changes
essentially. The numbers marked in this figure inside the black
triangles are the quantity of extra electrons in the states of the
Coulomb blockade. A vertical line is to mark a specific gate volt-
age Vg =6.1 V for discussion. In the figure of (5, 5), an inset is
provided to show the resonance in conductance for V,=0 V at 300
K. Reproduced from Ref. [30].
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gion where V; is small, the differential conductance is
zero for a smaller V4, which indicates that there are no
energy levels entering the u%furp region as the trans-
port channels. If this blocked region is narrow, then the
nanostructure possesses good conductance; otherwise, it
is insulating or semiconductive. Accordingly, among the
five nanotubes considered here, (3, 3)a, (3, 3)c, and (5,
5) show very poor conductivity, while the (3, 3)b and (3,
3)d tube models show good conductivity because of their
small threshold of gate voltage.

The thermal effects on the transport can be observed
from the inset of the differential conductance of the (3,
3)d nanotube in Fig. 7. When the temperature rises, the
straight lines become thick and the transition between
the white and black regions is blurred. This implies that
the tube becomes conductive from the original insulat-
ing state; in other words, the Coulomb blockade is sup-
pressed by thermal effects. The small black triangles can
be easily smeared off by the temperature elevation. This
is why the Coulomb blockade effect is difficult to observe
for large nanostructures, which have smaller energy sep-
arations and charging energy, or in other words, denser
energy spectra.

If V} is set to zero, several sharp conductance reso-
nance peaks can be seen when Vj increases, as shown
in the inset of the differential conductance of the (5, 5)
nanotube in Fig. 7 (T'=300 K). The resonance positions
indicate the energy spectrum of the tube. Obviously,
these positions appear pair by pair. The distance be-
tween both positions of every pair is equal. This can
be explained by the spin-degenerate energy levels. The
single-electron energy levels of the nanotubes, each of
which is occupied by two electrons with different spins,
are spin degenerate. When two extra electrons occupy
such an empty level, their energies differ by double charg-
ing energies not involved in the level spacings. Hence,
the equal distance that is obtained for every pair of join-
ing electrons within the constant interaction model in-
dicates that only a Coulomb interaction exists between
the paired electrons. The left and right ends of the dis-
tance correspond to odd and even extra electrons joining
the tube. If the level spacings are much smaller than
the charging energy, then the conductance tends to be
perfect resonance versus Vj, as observed in the exper-
iment on GaAs/AlGaAs junctions [48-50]. The slopes
in the figure can be expressed as —a/(1-n) and «a/n for
the negative and positive ones, respectively. Here, « is
a parameter that represents the relative magnitudes of
electrode capacities and is thus a constant for a certain
device structure (set «=0.5). The 7 indicates the relative
strength of the coupling of the tubes to both bias elec-
trodes. In Fig. 7, all of the positive-sloped lines are par-
allel, as are the negative-sloped lines. They are divided
into several segments by one another, and each corre-
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sponds to a certain bias voltage range. For the negative-
sloped lines, every segment is almost the same in thick-
ness and gray shade. This indicates that the transport
channels that are opened from the ulF side always play
a role in inducing the conductance resonance. For the
positive-sloped lines, in contrast, as the bias voltage in-
creases, the segments become thinner and darker, and
even disappear in the gray background. This means that
as more channels are introduced, it becomes increasingly
difficult to enhance the conductance by a channel newly
opened from the p} side. The difference between the
two transport mechanisms is more apparent if the left
junction differs greatly from the right junction in width.
This is because the Coulomb staircases only take place
for the case of d; < d,- and a small V}, in which the trans-
mission coefficient of the left junction is larger than that
of the right junction. Hence, the transport bottleneck is
the right barrier [29, 30]. As soon as an electron tunnels
out of the tube through the right junction, the tube is
replenished through the left junction. The corresponding
tunneling channel is undertaken by the states with en-
ergies between pb and p’.. The high-energy states have
larger transmission coefficients through the junctions and
thus play a more important role in the transport than the
low-energy states. In other words, as the bias increases,
a rapid rise of current and a clear negative-sloped line
in a gray plot of conductance are induced if a transport
channel joins u% and pf from the u% side. In contrast,
if the channel comes from the pf}. side, a dark positive-
sloped line is produced, especially for a higher bias (Fig.
7). If d; is set close to d, in the case of d; < d,, then
the transmission coeflicients of high-energy channels and
low-energy channels do not differ much, and the channels
that enter from p7 can also induce positive-sloped lines.
In other words, a longer positive-sloped line can appear
in the case of d; < d, and d; close to d,.

The transport states of the tube can be easily deduced
through the conductance spectrum that is presented with
the gray plots. Taking V,=6.1 eV for the (3, 3)d nan-
otube as an example, when V;, < V1, five energy levels
exist below u}, in each of which an extra electron is
restricted by the gate voltage, thus not inducing conduc-
tance. When V}, rises over V1, the highest of the five
levels, as a channel, enters between p, and pf. from be-
low, and an electron contributes to the transport. How-
ever, the number of extra electrons does not increase.
When the bias is raised over V3, a new channel en-
ters between pb, and u}, from above. This channel does
not belong to those originally occupied by an electron,
and hence a transport electron is introduced, resulting
in six extra electrons in the tube. By continually raising
the bias over Vj3, another originally restricted electron
becomes a transport electron, but the contribution to
conductance is weak (there are still six extra electrons).
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Over V4, there are seven extra and four transport elec-
trons. When the bias reaches V5, the conductance does
not change at all, but the transport electrons indeed in-
crease to five. It should be pointed out that these cal-
culations are based on the constant interaction model;
nanostructures as small as this tube could hardly hold
so many extra electrons because of the rapid increase in
the repulsion between electrons. Nevertheless, this work
describes the basic features of the Coulomb blockade and
quantum.

Figure 8 shows the I-V; curve of the (3, 3)d tube at
Vo= 6.1 eV (see Fig. 7). The Coulomb staircases are
very obvious, and the steep current change is smeared at
room temperature. One can also clearly see how intro-
ducing transport electrons influences the current through
the nanotube. When an electron transfers into the pl.—
iy region, the current will increase. For this situation
at Vio and Vi, the electron is supplied by the electrode
from the region above the pb.—u%. gap. But if it comes
from the electrons originally restricted in the tube by V,,
then it cannot increase the current remarkably (which is
the case at Vi3 and Vp5) except at Vi1, where only one
transport channel is applied. Because of the two dif-
ferent sources of transport electrons, the tubes provide
abundant forms of I-V} curves, each possessing a differ-
ent threshold bias voltage and plateau regions of current.
Therefore, nanotubes can be expected to act as molec-
ular transistors by carefully introducing bias and gate
electrodes.

100 |

I/nA

10}

V,/V

Fig. 8 [-V} curves of a (3, 3)d nanotube for V3=6.1 V with
d;=0.9 nm and d,»=1.08 nm at two temperatures. V;1—V,5 are the
same as those of Fig. 7. Reproduced from Ref. [30].

3.4 Coulomb blockade in small fullerenes

Since the 1980s, fullerenes have been extensively re-
searched for the purpose of producing new materials
with promising physical and chemical properties [51—
53]. Larger sized fullerenes, such as Crg, Crg, Crs, Csa,
Csa, Cygo, and Cgg, have been synthesized in macroscopic
quantities [51]. Smaller fullerenes, such as Csg, Cso,
Cs6, Cao, and Cpg, have also been detected by anion
photoelectron spectroscopy and mass spectroscopy [52].
Fullerenes smaller than Csg have been difficult to iso-
late because of the presence of energetically competitive
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isomers such as rings, bowls, and sheets. Csyp, which
is topologically the smallest fullerene, has also been ex-
amined but exhibits a very short lifetime [53], whereas
Csp is experimentally considered to be the smallest sta-
ble fullerene [54]. More recently, Cgo-related structures,
such as derived oligomers [55] or a single C59N molecule
[56], have been made as conduction rectifiers. Li et al.
[15] investigated the SET effect of a single Cgg in DBTJ
by comparing STM experiments and calculating results
from the Orthodox theory. Previous studies on the elec-
trical transport of fullerenes have concentrated on Cgo,
but there has been less work on small fullerenes, per-
haps because of the difficulties involved in synthesis and
isolation. However, small fullerenes show significant dif-
ferences in surface curvatures, whose study can enhance
the understanding of transport properties in relation to
the electronic and structural features, and facilitate the
development of molecular devices with new functions.
Toward this purpose, we investigated the transport prop-
erties of small-size fullerenes in the classical CB regime.

Figure 9 shows the studied geometrical structures of
fullerenes. Each was placed between the electrodes to
study its transport properties. Figure 10 shows the -
V' characteristics at two temperatures without a gate
voltage. CB occurs when bias voltages are small. At
lower temperatures an obvious current step appears,
whereas at higher temperatures thermal effects smear
the step. As the bias increases, current plateaus appear
whose width is proportional to the charging energy of

Fig. 9 Fullerene molecules considered in Ref. [31]: (a) Cao, (b)
Ca4, (c) Cas, (d) Cso, (e) C32, and (f) Cso. Reproduced from
Ref. [31].
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Fig. 10 Current—voltage (I-V') curves of the fullerenes at 40 and
300 K, without gate voltages. Reproduced from Ref. [31].

the fullerenes. As the bias further increases, new steps
appear on top of the first plateau when the Coulomb
staircase occurs. It has been revealed that electron trans-
port in a nanostructure is very sensitive to the way that
bias is applied. For this reason, d;= 0.9 nm and d,=
14.0 nm were selected in the above calculations, as the
Coulomb staircase exists only for the case of d; < d,.
Figure 11 shows the differential conductance with respect
to V4 and V. The white lines indicate a large current
(high conductance), black regions mean no current, and
the gray regions are intermediate transitions from low
conductance to high conductance. When the bias volt-
age is smaller, a series of black triangular regions can
be observed for different gate voltages. Although there
may be extra electrons in the fullerene (the numbers are
marked in the figure), they are restricted there and can-
not induce conductance. The outside electrons are also
inhibited from joining the fullerene. Therefore, the bias
voltage at the threshold current can be adjusted by the
gate voltage. More plateau regions may also be revealed
in the -V curves in this way. The thermal effects on the
transport can also be observed in Fig. 11. When the tem-
perature increases, the straight lines become thick and
the black/white transition is blurred, as shown in the
lower figure of Fig. 11. This implies that the fullerene
becomes conductive as the temperature increases. The
CB is suppressed in this way by the thermal effect.
When the bias is zero, several conductance resonance
positions can be observed with increasing gate voltage;
these positions are the chemical potentials of fullerenes
with an increasing number of electrons. The distances
between neighboring positions are the same for the first
six positions. This can be explained by the three degen-
erated LUMO levels of Cgp and their spin degeneracy.
The distances are twice the FEo value of Cgg. With
increasing gate voltage, the seventh resonance position
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Cigy di=0.5 nm, d,=0.6 nm

Bias voltage / V

2 3 4 5

Gate voltage /V
Fig. 11 Differential conductance (dI/dV;), as a function of bias
voltage V;, and gate voltage Vg, using Cgp as an example. White
lines indicate large current (high conductance), black regions de-
note a block of current, and the gray regions represent intermediate
conductance. Reproduced from Ref. [31].

occurs, and the distance from the sixth resonance to the
seventh is equal to 2E¢ plus the energy separation be-
tween LUMO and LUMO+1. For other fullerenes, there
exists at least a spin degenerate in their LUMO levels.
Thus, a distance of at least 2F¢ can be observed in the
gray plots for zero bias.

When the bias voltage increases, every resonance posi-
tion emits two resonance lines: one has a negative slope
and the other a positive slope. The negatively sloped
lines result from introducing channels from the region
above the ulF level, whereas the positively sloped lines
are from the region below the p% level. The lines of
each type are parallel to one another. For the nega-
tively sloped lines, the thickness is unchanged, indicat-
ing that the channels are always opened for conductance
from the b direction. On the other hand, the positively
sloped lines become thinner and darker with increasing
bias voltage and even disappear in the gray background.
This means that the transmission probability decreases
as the number of on-dot electrons increases from the '
direction when bias voltage is large. Consistent with
the previous discussion, the difference in conductance
comes from the difference between the left and right junc-
tion widths. Next, we take V;=2.35 eV to analyze the
transport properties when the gate voltage is on. When
Vi < Vi1, there exist two energy levels below the uf
level, in each of which one electron is restricted by the
gate voltage, which does not induce conductance. As the
bias increases over Vj1, the higher of the two energy lev-
els, as a channel, shifts upward to the region between ulF
and p'%, allowing an electron to take part in the trans-
port. However, the number of extra electrons does not
increase, remaining at two. When the bias is increased
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over Vja, a new channel enters between pb, and pf. from
the region above them. This channel does not belong
to those originally electron-occupied, and hence a trans-
porting electron is introduced, resulting in three extra
electrons in the fullerene. Continually raising the bias
above Vp3, another electron that was originally restricted
begins to transport, but its contribution to conductance
is small (still three extra electrons). At a bias voltage
over V44, all four extra electrons participate in the trans-
port. It has been reported that the number of extra elec-
trons held in a Cgg is just three in an equilibrium result-
ing from the repulsion between electrons. This feature of
triangular Coulomb blockade regions has been observed
in many transport measurements [57]. However, with
some extra indistinct high-conductance lines outside the
triangular regions, the experimental gray plots are not as
explicit as those shown in Fig. 11. This has been known
to result from some Cgp-anion excited states, which are
open as channels. In the present work, the fullerenes are
assumed to relax quickly from excited to ground states,
so that they are not involved in these complex structures
in the gray plots.

4 Summary

We outlined our recent work in single-electron tunneling
in CNT fragments and small fullerenes. We performed
applications combining density functional theory and the
Orthodox theory, which we successfully demonstrated in
comparison with experiments. The orthodox theory has
been widely regarded as describing the classical CB well
when AE < kT < E¢; thus, it has received much at-
tention for explaining the novel SET effects within classi-
cal CB regimes. The results indicate that CB took place
in every structure where weak coupling between the QD
and the electrodes was applied. However, the Coulomb
staircases occurred in the I-V characteristics when the
width of the left barrier junction was smaller than that of
the right barrier junction. In this case, the transmission
coefficient of the emitter junction was larger than that
of the collector junction, and the occupied levels entered
the bias window so that they extensively enhanced the
tunneling. Otherwise, when the width of the left barrier
junction was larger than the right barrier, the transmis-
sion coefficient of the emitter was smaller than that of
the collector. Although new channels opened when the
bias increased, they were unoccupied, which turned out
not to enhance tunneling.
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