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Theoretical study of structure-dependent Coulomb blockade in carbon nanotubes
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Thel-V characteristics and tunneling effects of several carbon nanotubes are studied by electronic transport
calculations with a semiclassical approach. The electrical currents are obtained by solving master equations
connecting different charge states. The charging energies and electronic structures of the nanotubes are calcu-
lated by theab initio density-functional theory. The results show that the Coulomb blockade is closely related
to the structures of systems, and that the necessary condition for the Coulomb staircase to occur is that the
cathode junction is narrower than that of the anode. The Coulomb staircase, evident at lower temperatures,
could be suppressed by temperature elevation.

DOI: 10.1103/PhysRevB.66.045404 PACS nuni®er73.63.Fg

[. INTRODUCTION by several theories. In a simple classical capacity th&bry,
the system of the island and the junctions is represented by

Some additional types of electronic devices can be dean equivalent circuit of a parallel combination of the tunnel-
signed with intrinsic quantum effects of nanostructures, ining capacity and resistance. Based on the truth that the sys-
which the single-electron-tunnelif§ET) effect is one of the tem has to evolve from a state of a higher energy to the one
most interesting observable phenomérBecause the SET of a lower energy, the theory gives that current-voltage curve
only appears noticeably in very small quantum islands ompresents the step feature with a step width inversely propor-
dots!? nanoparticles, nanotubes, and nanowires becomgonal to the capacity. Although it is an excellent approxima-
ideal candidates for constructing molecular electronic detion for metal islands, it only takes into account the differ-
vices, or nanodevices. To enable electrical transport througbnce of electrostatic energy before and after the injection of
them, external electrode, which provides electrons to and a@n electron and ignores the separation of electronic states
cepts electrons from the nanostructures, must be appliedccupied by the introduced electrons. Therefore, there would
Such systems have been achieved using a scanning tunnelibg limitations for such a theory to describe the electrical
microscope(STM) by locating a metallic tip above a quan- transport of nanoparticles. Nevertheless, the capacity-
tum dot separated from a conducting substfafeNanode- represented electrostatic energy is still applicable to other
vices have also been realized by connecting a nanotube witheories:8-2°
two lithographic metallic electrodés! or by mechanically Sander, Stanton, and Cha&hgproposed a quantum-
manipulating nanotubes accurately using atomic forcanechanical method that incorporates band structure with
microscopé:® With the advances of nanotechnology, hugephonon scattering. The electronic states are calculated by
guantity of studies on carbon nanotube based tunneling sysight-binding approach, and the scattering rates are deter-
tems has arisen in recent years? mined by Fermi golden rule. The results form the input of the

The atomic and electronic structural studies of single-Boltzmann transport equation, from which the transport
walled carbon nanotube§SWNT9 by STM and scanning properties of the system are obtained. Green’s-function
tunneling spectroscop8TS were first reported in 19981 method??is also effective in studying the conductance of a
At low temperature, the electron transport in nanotubes i:ianotube. In this case, the conductance is given by the Lan-
usually dominated by Coulomb blockat® ™’ Once an dauer formula, in which a transmission function was ob-
electron is imported into the quantum dot, it inhibits othertained using the Green’s function. The couplings of a nano-
electrons from joining until it is exported out, due to their tube with electrodes are described by self-energy terms of
Coulomb interactions. This inhibition could be broken downthe interactions.
upon applying a bias voltage between the two electrodes so Another theory invoked widely is the so-called orthodox
as to overcome the charging energy. With the bias voltagéheory® developed by Averin and Likharévit adopts a ki-
increasing, this breakdown appears repeatedly, inducing metic equation for the occupation distribution of the charging
transport current increase in a steplike manner, which istates of the dot, reflecting the balance of in-scattering and
called Coulomb staircase. If temperature rises, the Coulombut-scattering flows of electrons. Solving this equation, one
staircase could be covered up by thermal effects. However, ifan obtain the stationary occupation probabilities of the
the quantum dot is so small that its charging energy is greatestates. Based on them and the forward and backward tunnel-
than the thermal energy, the Coulomb blockade may be oling rates of junctions, the average current is obtained. This
served even at room temperatdrianotube transistor with theory has been further detailed by BeenakReFhe ap-
such a behavior has been reported by Dekker angroach allows one a straightforward understanding of the
co-workers>® It represents a remarkable progress towardphysics involved in the theoretical results. However, the sys-
practical quantum devices. tems of quantum dots used for demonstrating the theory are

The Coulomb staircase has been described quantitativeBll hypothetic simple models. It is expected that this ap-
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1 | using aGAUSSIANS8 package€? BecauseC is not easy to
v obtain accurately, we calculated the charging en&gwlso

CNT fragment by the B3LYP method.
We assume that the two gold electrodes acting as electron
Left Right reservoirs possess continuum states in thermal equilibrium.
Reservoir I Reservoir Thus, the occupations of these states obey Fermi-Dirac dis-
O 878 & tribution
—dd, Hd, @) FEM = up) ={1+exd (E" — ug)lke T L (3)
™~ S~ Here, the chemical potentials of both electrodes change with
the applied bias voltag¥,,,
1 -
H -
— — R E, pE=Eet+(1-7m)ev,,
F 1 /1;'
/J,,r:=E|:— nevy, (4)
in which Eg is the Fermi energy level without the bias, and
(b) is a parameter related to the strength of coupling of the nano-

tube to the electrodes. We assumggddrops over both junc-
tions according to their widthgy=d, /(d,+d,). The arising

_FIG. 1. () A schematic diagram of a r_nanoyube fragment (.:OUpledof electrical current 80 K demands that the bias voltage is
with two electrodes through the tunnel junctions under a bias volt-

age.(b) A schematic diagram of the energy levels of a nanotube an(?no,UQh high so that the n,anOtUbe could pI’OVrIde at least one

the bias-induced energy band of the both metallic electrodes. excited energy level IOF:_faltlng betwegﬁ and ug . Such an
energy level would facilitate the transport of electrons from

proach would find excellent application in the interpretationthe left to the right electrodgsee Fig. 1b)].

of experimental phenomena. In this work, we adopted this SuPposing that the tunneling processes from the nanotube

theory to investigate the quantum transport of carbon nand® the electrodes or on the reverse direction be elastic, only

tubes. We aim to reveal the general trends about the electricil€ €lectrons satisf%/ing energy relatiBh’= uy could trans-

through the tunnel barriers can be calculated by using Fermi
golden rulet®? For the tunneling ajy from the electrodes

Il. THEORETICAL FORMALISM AND MODELS to the nanotube and for the reverse tunneling, we have

OF CARBON NANOTUBES

Figure ¥a) illustrates a carbon nanotube fragment which I (N)=(2a/h) | TR 12Dy () F(E = ),
is weakly coupled with two electrodes through vacuum tun-
nel barriers. We selected gold as the STM tip and substrate T’ (N)=(2a/%)|T\|?D; ,(un)[1—F(E" = )], (5)

and the transport of electrons can be described as the StatiSti%ereD( ) is the density of states of gold metal, afigis
MN J

results of subsequent tunneling events through the gold’—" itoni i el ; i h )
nanotube-gold junctions. Hamiltonian matrix element for tunneling across the barriers.

The nanotube fragment is a confined quantum region, andn|? may be replaced, for simplification, by the transmis-
therefore has a series of discrete single electronic lexels sion coefficient of a relevant triangular barrier with the WKB
(|

. . 5
each of which is occupied by either one or zero electron@PProximatiof

When extra electrons join the region, charge state is resulted. T

A joined electron increases the electrostatic energy by charg- ITp|2= exp( _ m d[ 43— (p—eV)3?] (6)
ing energyE.=e?/2C, whereC is the capacitance of the dot N 3h '

to its surroundings. IN extra electrons fill the unoccupied

levels, the increased total energy of the dot wiltbe in which ¢ is the highest height of the barrier stridden over

by an electron with energy,, andV is the bias voltage

N drop over the junction. Thermal distribution is not applied to
En= E g+ (Ne)?/2C, (1 the nanptube fragment because its energy-level separation is
i=1 much bigger tharkgT even at room temperature.

UsingI” we may write the master equati§rf> describing
the time evolution of the probabiliti?(N) of extraN elec-
trons in the nanotube

and the chemical potential will take

un=En—En-1=ent(2ZN-1)E.. 2
In the present work, the; were obtained by calculations JP(N) _ I D) 4T (N+ n
with a B3LYP method which uses Becke-type 3-parameter dt j:ZLr Ty (N=DP(N=1)+T; (N+1)P(N+1)
and Lee-Yang-Parr correlation functional of the density- N B
functional theory and with a 3-Z basis set, carried out [T (N)+T (N)JP(N)}. )
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Setting JP(N)/dt=0 and solving the linear equations, the

stationary nonequilibrium probabilityP(N) is obtained.
Then, the average macroscopic current through the junction:
is written as

| e% P(N)[T} (N)=T[ (N)] *a: 3

(3.3)b

- @
e% P(N)[T; (N)-T; (N)], (8) " B

where the sum is over the number of all the possible extra
electrons introduced to the nanotube. From thé curves
solved in this way, some microscopic quantum effects in the
transport of nanotubes would be expected.
In this work, we selecte(,3), (5,0, (5,5, and(6,0) car-
bon SWNT’s as the quantum dots sandwiched between the
electrodes for study. Thé€3,3) and (5,0) tubes have been > »s 550 03
theoretically predicted to be the smallest energetically favor- ~ (5.0) (6,0)
able carbon nanotub@8 Their diameters are about 0.4 nm.

As observed experimentally, tl8,3) or (5,0) tube may exist FIG. 2. The atomic structures of several nanotube models

as the innermost tube of multiwalled nanotuddWNT)  adopted in this work. On the both ends of tubes, the dangling bonds
with more than 10 shells, either deposited using massare saturated with hydrogen atoms.

selected carbon ion beam depositidihe MWNT's are
aligned in aa-C matrix on silicon substrate in this cag®ef. €t al32 As seen from the data listed in Table I, the calculated
27) or produced by the arc discharge of graphite rods in & are all around 1.50 eV. However, tiig values obtained
hydrogen atmosphefé.Such small carbon nanotubes were by fitting to experimental current-voltage results of adsorbed
also found inside the one-dimensional channels of a singleCeo by STS are just 0.35 or 0.20 é¥The large difference
crystal zeolite?® Although no free-standing3,3) and (5,00 ~ may be mainly due to the fact that the system measured in
carbon nanotubes have been observed experimentally, a th@xperiment involves considerable interactions betwegn C
oretical study on their electrical transport with respect to theand the metallic electrodes. Direct calculations of charging
tube and device structures based on first-principle calculeenergy for the nanotube-electrode interaction systems are
tions of electronic structures may provide insight to the basidlifficult using ab initio theory. In order to include the
characteristics of nanotube based quantum devices. We delectrode-nanostructure interaction in our calculations so that
signed four models of th€3,3 nanotube with different the calculated transport characteristics could be compared
lengths in order to reveal the transport property in relation tovith experimental results, we scaled the calculated using
the dimensional parameter.(&,5) tube was also considered Ed. (9) by a factor of 0.15estimated by referencing to the
in this work, as it is possibly the smallest free-standingCso System. The scaled, are shown in Table | and will be
SWNT found so far with a diameter of 0.7 nihin addition, ~ used in the calculation of thieV curves.
a (6,0 tube was used for comparison with tk®,0) tube, For the four(3,3) tubes in Fig. 2 marked with, b, c, and
since they are all zigzag-type tubes but with different diam-d according to their differences in lengths, the calculated data
eters. The adopted nanotube models are shown in Fig. 2. of E. as listed in Table | show clearly that the bigger the size
of clusters the smaller the correspondiag, and vice versa.

Il. RESULTS AND DISCUSSION This is probably the main reason why our results are very
] ' different from the experimental charging ener@®b me\)
A. Charging energies by Cobderet al, ** where the nanotubes are 100—200 nm in

The charging energy is a key factor in determining thelength, much longer than the nanotubes we considered here.
electrical transport of quantum nanostructures. The extr# addition, our calculations gave smallgg for the (5,5
electrons entering a quantum dot would fill up empty energyiube clusters than that for tfi8,3) with same lengtiib struc-
levels possibly with some relaxation occurring. The chargindgure). This can also be explained with this size effect.
energy can be obtained by the difference in an energy level
before and after being occupied by an extra eleétron B. Basic characteristics and temperature effects

_ _ We selected th€5,0) carbon nanotube as a representative
Ec=lenomo(N) ~erumo(N=D)1/2, N=1.2,... (9 study the transport characteristics of nanotubes. Its elec-

where g, ymo(N—1) and eyomo(N) are, respectively, the tronic energy-level spectrum is illustrated in the inset of Fig.

lowest unoccupied level of the nanostructures With 1 ex- 3. By applying a bias voltage, the chemical potent}d{sand

tra electrons and the highest occupied level of the nanostrug:r of the left and right electrodes move away from the

tures withN extra electrons. Using E¢9), we calculated the Fermi level. When the bias voltage increases to a value that

E. of C4 for N=~1,2,...,6 from the data reported by Greenenables the electronic energy level of a tube entering the
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TABLE I. The charging energ¥, of the nanotube models. THe, of the model structures coupled with
electrodes are obtained by scaling #eof the isolated model structures by a factor of 0.15. Eyeof Cgq
are also listed for comparison. They are calculated based on the data provided in RehiBaf energy: eV

Nanotube  Atom number Lengilmm) eLumo(0) enomo(l)  E (Isolated E. (Coupled
3,9 a 30 0.49 —1.828 0.818 1.32 0.198
(39 b 42 0.74 —2.625 —0.223 1.20 0.180
(33 c 54 0.99 —2.330 —0.128 1.10 0.165
33d 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 numbbr erumo(N—1)  epomo(N)  E. (Isolated E. (Coupled
Ceo 1 —4.760 —1.770 1.50 0.225
(oF3 2 —-1.770 1.285 1.53 0.230
(orn 3 1.335 4.305 1.48 0.222
Cao 4 4.305 7.310 1.50 0.225
C3 5 7.310 10.300 1.50 0.225
(o 6 10.300 13.240 1.47 0.220

range betweenu'F and uf, the nanotube acts as a path for resistances of junctions may also be obtained from the step
electron transport, leading to a sudden rise in the currenbeights? After several steps, the plateau feature stops and the
Figure 3 presents thieV curves of this cluster at different current falls down. This will be further discussed in Sec.
temperatures. An obvious feature is the Coulomb staircasell E.
especially at low temperatures. Some plateaus ranges presentlt is noted that single-electron energy levels of nanotubes
between two contiguous steps. The widths of these plateauge spin degenerate, each of which is occupied by two elec-
AVy are determined by trons with different spins. If extra electrons join, the energy
levels are split off. For example, the;=¢,+E; and u,
=¢g,+3E,, in the inset of Fig. 3, corresponding to two steps
at the both ends oAV, in the |-V curves, are split from a
pair of degenerate levels:{=¢,) of the nanostructure be-
N=2,3,.... (10p  fore the extra electrons joining. Similarly; and u, are

) . ) ) ) from g3=¢,. ConsequentlyAV,=AV,=e/C(1—5) can
Using this equation, one can o_btaln the C?Paﬁt!‘ AV . be obtained from Eq(10). They are the smallest plateau
and energy spectra are determined. In addition, the eﬁeCt'V\?/idths. Such a feature of small, equal-width, alternatively

appearing plateaus provides an important identity for tracing

(l—7])eAV1=,u1—E,:=£1—E,:+ez/2C, (10@

(1—7)eAVy=pun— un-1=en—&n—1T€%/C,

-2

10 50 b the spin-degenerate level evolution. In other words, the steps
E"TE,T(U ° appear pair by pair with the increasing of bias voltage, cor-

R ----100K responding to even and odd extra electrons consecutively
0y gggﬁ joining the nanotube. It has been evidenced experimentally

that there are alternative changes in conductance peak with

§ — gate voltagé? which also correspond to the accommodation
& 10*- % changes from odd to even extra electrons in the nanotube.
::; ] — ,’ig The spin related tunneling events presented in our work are
— 4 similar to those observed in their experiments. Such a corre-
10°4 H T E, lation between the spin interaction and the Coulomb block-
] 1“]: ade in nanotubes has also been demonstrated in other theo-
- - - - - - retical work.?°
0 1 2 3 4 5 8 7

When temperature rises, the steps become less abrupt.
This indicates that the Coulomb staircase can be suppressed

FIG. 3. Thel-V characteristics of thé5,0) nanotube model at DY the thermal effects. If we replace the short nanotube frag-
different temperatures, with the junction widths dy=0.5 andd, ~ ment with a longer onéwith smaller charging energy and

=0.8 nm. The inset shows the chemical potentials of the tube abov@nergy level separationthe plateaus will be narrower and
the Fermi energy level of electrodes without a bias. The trends ofhus be easily smeared by the thermal effects. Therefore, it

Fermi chemical potential change of the electrodes with the incan be deduced that the Coulomb staircase will vanish at a
creased bias voltage are marked with arrows. lower temperature for the longer nanotube. Estimated by a

Bias Voltage (V)
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RICEC — | L
10_41 Bias Voltage (V)
1071 (33 j o
10-60 ; FIG. 5. Thel-V characteristics of thés,0) tube cluster at 10 K,

Biag Voltagg V) 4 o with the junction widths of(a) d,=0.5, d,=0.8; (b) d;=0.55, d,
=0.88;(c) d;=0.44,d,=0.88; and(d) d,=0.5,d,=1.0 nm.
FIG. 4. Thel-V characteristics of all nanotube models consid-

ered in this work at 10 K and with the junction widths ¢=0.5  in addition to the scaling of charging energies. The narrower

andd,=0.8 nm. the junctions are, the stronger the coupling is. Because the
transmission coefficient is very sensitive to junction width as

proportional trend, the Coulomb staircase phenomenon for described in Eq(6), the width ratio of both junctions is an

step width of 0.1 V would not be observable over 30 K.  important factor affecting the transport properties. Figure 5
presents thé-V curves for different junction width ratios.

C. Effects of nanostructure With the widthsd, ; of the left and right junctions increased

. . . . roportionally, although the positions of steps keep un-
With the_ increasing of the bias th_e elec_trons keep bIOCke.@hanged, the currents fall very sensitively within the same
from entering the quantum dots until the first steps appear i

thel-V curves. The forbidden rangesV, provide the infor- plateau ranggcurves @)—(b); (c)—(d)]. Keeping thed,

mation about charging energies and band gaps of the nanlﬂjj-nch"’mged but increasing tg, one can find the ascent of
tubes, as seen from E(LOg for N=1. Figure 4 shows the e plateau widths and the descent of the curféat and

-V curves of the(3.3). (5.5, (5.0, and(6,0) nanotubes, in (d)]. On the contrary, keeping thie unchanged but increas-

: ¥ & . ing thed,, the current is hardly changed and only the plateau
\(’)VSS'(l:h S(;lérr:er_:_thte)k\),\(;’ilafgs r;”%?’:;gos; ;Jerrsreﬂ; ai:ﬁ 8Pt\zgnt fo\r/vidths are increasefb) and (c)]. Therefore, the current is
desi}g;ning rﬁolecular devices 9 y imp approximately controlled by the right junction, which will be

Among the four(3,3) tube models¢ can be obtained by further discussed in the following section. In the plateau

. ) / ; ranges, the currents, in fact, increase exponentially with the
extending a lattice period, respectively, at both ends ahd bias. This can be attributed to the fact that the transmission
so cand from b. Consequentlya and ¢ show some related

feature and the current-blocked range of the former is bigg coefficient follows nearly an exponent relation to the product

e . . . .
than that of the latter. Similar features are shown between 6f width and bias voltage drop of junction, as deduced from

andd. From the trends, one can expect the reduction of thgq' ©).

energy gap of the tubes on increasing the dimension, where ) )
the gap V, is related to AV; by (1-7)eAV;=Vy/2 E. General discussion
+e?/2C. The (5,5 tube model has the same length as the We found that the Coulomb staircase only takes place for
(3,3)b model but possesses a bigger diameter than it. Théhe case ofl;<d,. This means that the transmission coeffi-
gap of the former should be narrower than that of the lattecient of the left junction is bigger than that of the right one
according to the report by Odoret al'®* However, Fig. 4 under a moderate bias. Therefore, the transport bottleneck is
gives a different result. We conjecture that the large gap othe right barrier. As soon as an electron tunnels out of the
the (5,5 tube might be due to its short length and largetube through the right junction, the tube is immediately re-
number of the hydrogen atoms used for saturating its darplenished through the left junction. In other words, the tube
gling bonds. In addition, the-V curves of thg5,0) and(6,0) always fills with electrons that can be offered to the right
tube models are very different from others: they have muchsjectrode. According to our calculatioB(Nz) (Nyaxis the
smaller noncurrent ranges, thus much narrower gaps. Thigaximum possible electron quantity in the nanostructure for
suggests some metallic characters of the both tube modelsy given bias is much bigger than those for othd&k This
means that all energy levels of the tube betw,aérand ME
D. Contact effects tend to be occupied completely. With the bias increasirlg,

The coupling of nanotubes with electrodes can be incorfises to be higher ang; falls to be lower. Once an energy
porated in the simulation by considering the junction widthslevel falls into the range betwearL anduf, it is occupied
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immediately, resulting in a new path in the tube for collect- IV. SUMMARY

ing (emitting) electrons out ofto) the reservoir and a rapid . .
fise or an abrupt step of the current. In the present work, we studied the electronic transport

On the other hand, whety>d, , the transmission coeffi- properties of several nanotubes sandwiched between two me-
L] r»

cient of the left junction is smaller than that of the right, andtalllic_electrodes by calculating their current—voltagg charac-
the transport bottleneck is the left junction. Although a cur-teristics. The currents are resulted from the tunnellng. effect
rent can be produced in the system, the tube keeps unocchetween the nanqtubes and t.he electrodes uqder a bias vplt-
pied for all energy levels abovEg according to our calcu- ade, and are obtained by solving master equations connecting
lation. This means that the appearance of the energy level§e different charge states of nanotubes. The charging ener-
between,u'F and - cannot enhance the transport capability 9i€s and electronic structures are calculated aly initio
of the tube. Therefore no Coulomb staircase appears for thidensity-functional theory. The calculatéev curves present
case. the feature of staircase, indicating the Coulomb blockade. It
As to the special current dropping at the tail of they  only occurs at lower temperatures, and may be covered up by
curve in Fig. 3, a possible explanation is given below. Wherthermal effect at elevated temperatures. Our study on the
the bias is increased to a certain value, the left junction bareffects of the nanotube structures and coupling to the elec-
rier is too high compared to its right-hand-side counterparttrodes on the Coulomb blockade indicates that the necessary
The superiority of the left junction in the transmission coef-condition of the Coulomb staircase occurring is that the cath-
ficient because ofl <d, is deteriorated by its barrier height ode junction is narrower than the anode junction.
increase. As a result, the transmission coefficient of the left
junction becomes lower than that of the right junction, and
the Coulomb staircase and the plateaus will not appear. Con-
sequently, at most five electrons can be injected intd5t®
tube model. It is worth mentioning that in transport This work was jointly supported by two grants from the
calculationg® only three electrons were found to be stored inResearch Grant Council of the Hong Kong Special Admin-
Ceo Which is of the similar size as thé,0) tube model we istrative Region, ChingProject No. 9040633/CityU, 1011/
considered here, probably due to the same reason. 01P; and Project No. 8730016/CityU, 3/0lLC
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