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ABSTRACT: It has been well established that the electrical
resistance of metal is insensitive to gate voltage and unsuitable
for making field effect transistors. However, we find that
telescoping pristine double-walled metallic carbon nanotubes
are extremely sensitive to gate voltage with an on/off ratio up to
10* based on the first principles quantum transport calculations.
This remarkable feature is closely related to the antiresonances
in the transmission spectra. Besides, robust negative differential
resistance effects are also found in the same device.

o
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B INTRODUCTION

The ability to control electrical transport of a material by an
external electrical field is the core of modern electronics. It is a
persisting pursuit to use metal as a channel material in a field
effect transistor (FET) because the semiconductor industry
based on Si is approaching the limit of performance improve-
ment. All-metallic FETs could be scaled down to smaller sizes
with less energy consumption and performance at higher
frequency." However, no metal or semimetal has shown any
notable field effect until the appearance of graphene.”* Graphene
is semimetal, but its current is sensitive to an electrical field due to
its extreme thickness. However, the on/off current ratio of
graphene is less than 30, whereas the subthreshold swing of
graphene is larger than 3000 mV/decade, and this greatly limits
the application of pure graphene in electronics.” One funda-
mental and intriguing question arises: Is it possible to fabricate
high-performance FET with metals or semimetals?

Carbon nanotubes (CNTs) can be divided into two categories,
semiconducting and metallic, according to their chirality and
diameter. Semiconducting CNT's are well suited for nanoelectro-
nic devices because the electrical resistance of semiconducting
CNTs is sensitive to gate voltage as in silicon-based FETs with a
maximum on/off ratio up to 10°.*" ' By sharp contrast, pristine
metallic single-walled and multiwalled CNT's cannot be used to
make FET's since their electrical resistance is insensitive to gate
voltage.">** Telescoping CNTs have been fabricated by an
electrical sharping technique.'® In these systems, the interaction
between the inner and the outer shell plays a crucial role in the
electronic and transport properties. By sliding one shell along the
tube axis, the telescoping CNT's have been utilized as nanoelec-
tronic devices experimentally, such as in nanomotors,'” nano-
rheostats,'® and nanoresonantors.'® Theoretical calculations based
on density functional theory (DFT) coupled with nonequilibrium
Green's function (NEGF) method found that the conductance
of telescoping pristine double-walled metallic carbon nanotubes
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(TPDWMCNTS) can be turned via the overlap length of the
two shells. However, the maximum on/off conductance ratio is
only 6.5.%°

In this article, we investigate the gate dependence of the
transport property of TPDWMCNT's based on the first principles
quantum transport calculations. Surprisingly, the transport prop-
erty of such an all-metallic structure turns out to be very sensitive to
gate voltage, and the corresponding on/off conductance ratio is up
to 10, typically desired in logic circuit applications and comparable
with those in many semiconducting CNTs.>*'* Moreover, robust
negative differential resistance (NDR) effects are also found in this
structure. The two fascinating properties of TPDWMCNTSs are
closely associated with the oscillation character of the transmission
spectra and their response to gate or bias voltages.

B COMPUTATIONAL METHODS

A typical (5,5)/(10,10) TPDWMCNT contact, where a (5,5)
single-walled CNT (SWCNT) slides into a coaxial (10,10)
SWCNT, is shown in Figure la. The system is divided into three
parts: left electrode, scattering region (SR), and right electrode.
The finite ends are saturated by H atoms to eliminate the dangling
bonds. The distance between the electrode and the contact region
is set to six-layer C atom long. The transport progerties are
calculated by using the Atomistix Toolkit 2008.10 code,”"** which
is based on the combination of DFT as implemented in the
SIESTA code™ with NEGF method. The local density approxima-
tion (LDA)** to the exchange-correlation functional and norm-
conserving pseudopotentials are used.”* A single-§ atomic orbital
basis set is employed to calculate the Hamiltonian (H) and overlap
(S) matrices of the SR, and the convergence criterion for the total
energy is 10 > Ry. The mesh cutoff and the Monkhorst—Pack
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Figure 1. H-saturated (5,5)/(10,10) TPDWMCNT contact. (a) A gated two-probe model. (b) Zero-bias transmission spectra. (c) PDOSs of the inner
and outer tube and zero-bias transmission with a contact length of N = 20. (d) Conductive transmission eigenchannels at the extended and quasibound
states with N = 20. The isovalue is 0.005 au. Red and blue are used to indicate the positive and negative signs of the wave functions, respectively. Gray and
white balls represent C and H atoms, respectively. The Fermi level is set to zero.

k-mesh are chosen as 150 Ryand 1 X 1 x 500, respectively, and the
selection of them both is tested to be appropriate for the calculation
accuracy. The electron temperature is set to 300 K. The transmis-
sion spectrum can be calculated from the Green's function
approach,

T(E) = Tr[t't] = Tr[[ G TrG™] (1)
Here, t is the transmission matrix, G' and FL(R) represent the

retarded Green's function in the SR and coupling matrix between
the left (right) electrode and the SR, respectively

G = (ES—H-3 — )" (2)

Tir) = i(Zwr) — Zur)’) 3)

where 2 () is the corresponding self-energy term. For the system
at equilibrium, the zero-bias conductance G is evaluated by the

following
G = GoT(E) (4)

where Gy = 2¢*/h is the conductance quantum and Ey is the Fermi
level. The current is calculated using the Landauer—Buttiker
formula®®

1) = 2 [ 10, (B VIR B — 1) — (B — )]}

7 (s)

where Ty, (E, V) is the transmission probability at a given gate
voltage V, and bias voltage Vy, fr/r is the Fermi—Dirac

distribution function for the left/right electrode, and ur/ug is
the electrochemical potential of the left/right electrode. In our
model, to achieve a balance between calculation efficiency and
accuracy, we take the effect of gate voltage into account by
adding a constant shift to the electrostatic potential of the SR.
We also consider another more accurate method to simulate
the effect of gate, in which the Poisson equation is solved in a
bounding box, and the results of the two methods are qualita-
tively similar.*”

B RESULTS

First of all, we investigate the zero-bias transmission spectra
under different contact lengths (L.) measured by overlapping
C atom layers (N.) and show the results in Figure 1b. Oscilla-
tion is observed in the transmission spectra, including anti-
resonances (e.g., transmission pesudogaps) and resonances,
and a similar phenomenon has been reported previously.**>’
The maximum transmission coefficient increases with L. until
L. = 3.7 nm. The maximum conductance can reach 0.98 G,
which is in good agreement with the value obtained in the
previous calculation®® and quite close to one quantumized
conductance and half of the conductance of a single-walled
metallic CNT. A further increase in the contact length causes
long-wavelength oscillation, leading to resonant cavity-like
states and reduction of maximum transmission coeffi-
cients.>*" The antiresonances can be elucidated by a two-
channel model. It assumes that the actual incident channel

6934 dx.doi.org/10.1021/jp112285t |J. Phys. Chem. C 2011, 115, 6933-6938



The Journal of Physical Chemistry C

| ARTICLE

-
L=}

1.0

(b) (c)

Vp=—2.5\a"

Transmission

1.0
V,=0V

0.5¢

PDOS (1/eV)

1 T
(d) o4
001 e
(_’)Cl ~
Q S
o 1E3) s _Bamw)
DWCNT ';
1E—4|’ 10” L
] \}ngz -- Ng=20
1E-5L— . ; ' '
12 8 4 0 4
Vg (V)

—Ng =12

1E-4
- Ne=30 |

L T I B
Vg (V)

Figure 2. (a—c) PDOSs of the inner and outer tube and transmission spectra of the (5,5)/(10,10) TPDWMCNTSs with N, = 20 under different gate
voltages. (d and e) Transfer characteristics of the (5,5)/(10,10) TPDWMCNTs with different contact lengths. The transfer curves of the pristine
metallic (5,5) SWCNT and (5,5)@(10,10) DWCNT are also plotted in the inset of panel d for comparison. The Fermi level is set to zero.

splits into two fictional channels in the contact area, and then,
the two channels recombine into one channel . Therefore, the
transmission is obtained from the Breit—Wigner antiresonance
form

Csin?(ky 4 ko)Le/2 + @)
T = G+ k)l/2 + 9] + T ©

where k; and k, denote the wave vectors of the two channels in
the contact region, ¢ and I' are an arbitrary phase and line
width, respectively. Because the linear bands of the (5,5) and
(10,10) tubes are parallel, eq 6 is simplified to

T sin?[k, L. + o] )

sin?[k, L. + @] + I

Ineq 7, if the electron energy E fulfills the condition k;L. 4 ¢ =
n7t, where 1 is an integer, an antiresonance appears. We can
further demonstrate that the energy difference of two neigh-
boring antiresonances, AE o< Ak = 7r/L,, is inversely propor-
tional to the contact length.

The antiresonance can also be elucidated by relatively quasi-
bound states caused by the finite ends, which backscatter the
incoming wave with identical energy. We plot the zero-bias
projected density of states (PDOS) of the contact area (N, =
20) of the two tubes, respectively, in Figure lc. Interestingly, the
maxima and minima in the PDOS have a one-to-one correspon-
dence with the minima and maxima in the transmission spectra.
This clear correspondence suggests that relatively quasibound
states are formed on the two tubes separately at the maxima
of the PDOS, which scatter the incoming wave with identical
energy (the scattering of the quasibound state to the incoming

wave with identical energy is often referred to as resonant
backscattering31733) and result in the antiresonances. On the other
hand, relatively extended states are formed on the two tubes
separately at the minima of the PDOS, which allow the incoming
wave to pass through and result in the resonances. There are two
eigenchannels contributing to the total transmission: One is
conductive (77 channel), and the other is almost totally closed
(7r* channel). The conductive transmission eigenchannels of the
extended state at E = 0.20 eV (resonance) and quasibound state at
E = —0.09 eV (antiresonance) are displayed in Figure 1d. It is
apparent that the incoming electrons from the left electrode have
much larger probability to reach to the right electrode in the
extended state than in the quasibound state.

The zero-bias conductances are G = 0.026, 0.36, 0.49, and 0.31
Gy for N, = 8, 12, 20, and 30, respectively, indicating that the four
configurations can be identified as metallic. When gate voltages
(Vy) are applied, the quasibound states shift due to the field-
induced change of the screened electrostatic potential, and thus, the
antiresonances in the energy space are modulated by the transverse
electric field. The PDOSs of the inner and outer tubes and the
transmission spectra for TPDWMCNT contact with N. = 20 under
three applied gate voltages are shown in Figure 2a—c, and the zero-
bias conductances of four different TPDWMCNT contacts as a
function of applied gate voltage are shown in Figure 2d,e. The
transfer curves of the pristine metallic (S,5) single-walled and
(5,5)@(10,10) double-walled CNT are also plotted in the inset of
Figure 2d for comparison. For all of the TPDWMCNT contacts,
the quasibound states, denoted by the PDOS peaks, shift toward
the higher energy direction under negative V,, while toward the
lower energy direction under positive V. As a result, the transmis-

g
sion spectrum shifts with the PDOSs congruously.

6935 dx.doi.org/10.1021/jp112285t |J. Phys. Chem. C 2011, 115, 6933-6938



The Journal of Physical Chemistry C

(a

Vo

H-saturated (5,5)/(5,5) PPSWMCTs

o e i i e -

Right
electrode

Left
electrode

et

b —— (5.5)(5.5) PPSWMCNT
(b) 1.0} - - -(5.5M10,10) TPDWMCNT

. .. . Ng=20

'] #L

0.5¢

Transmission

10° -
© t.-°
10°F
-2
,_‘_:10 3 .
S 100 ! Ne=20
o 1% ; c= 1
10" 5
[ —— (5,5)/(5,5) PPSWMCNT ]
S} - - = (55)(10,10) TPDWMCNT
10 P R

108 6 4 2 0 2 4 6
Vg (V)

Figure 3. H-saturated (5,5)/(5,5) PPSWMCNT contact. (a) A gated two-probe model. (b) Zero-bias transmission spectra. (c) Transfer characteristics.
The zero-bias transmission spectra and transfer curves of the (5,5)/(10,10) TPDWMCNTs are also plotted for comparison. Gray and white balls

represent C and H atoms, respectively. The Fermi level is set to zero.

When an appropriate V, is applied, an antiresonance shifts to
E; and thus, the system shows a “metal-to-semiconductor”
transition due to the strong increase of the resistance
(Figure 2a). For the contacts with N, = 8 and 20, the antiresonances
nearest to E; are lower than Ej so relatively small negative gate
voltages (Vo = —1.5 and —2.5 V) are applied to elevate these
antiresonances to E; to switch the contacts to “off-state”
(Figure 2d). The “on-state/off-state” conductances for the contacts
with N.=8and20are 2.9 X 10 '/1.4 x 10 *and 6.4 x 10~ '/1.0
% 10~* Gy, respectively, and hence, the on/off ratios are 2.1 x 10*
and 6.4 x 10, respectively. The subthreshold swings are 108.6 and
84.3 mV/decade, respectively, approaching the theoretical limit of
60 mV/decade at room temperature.** The subthreshold swing of
graphene at room temperature is larger than 3000 mV/decade, far
larger than those of TPDWMCNTS. On the other hand, for the
contacts with N, = 12 and 30, appropriate positive gate voltages
(Vog=6.0 and 1.8V, respectively) can easily switch the contacts to
“off-state” (Figure 2e). The “on-state/off-state” conductances here
are 5.7 X 10 /3.0 x 10 *and 6.2 x 10 '/4.0 x 10~ * Gy, and
the on/off ratios are 1.9 x 10° and 1.5 x 10°, respectively. The
subthreshold swings are 123.6 and 114.9 mV/decade, respectively.
The corresponding transverse electric fields of the Vg of the
contacts are of 10 ' V/ A order of magnitude, which is under
the tolerance field of SWCNTSs.* By sharp contrast, the conduc-
tance of pristine metallic CNTs is clearly shown to be insensitive to
gate voltages, regardless of single-walled or double-walled (see the
inset of Figure 2d), as well proved before. Because there are several
antiresonances in the transmission of TPDWMCNT contacts,
there are more than one Vg due to the periodicity of the G—V,
curves. However, the transmission suffers stronger distortion under
higher V,, so shifting the antiresonances nearest to Eg by gate
voltages can probably achieve the best “on/off” switching effects.

Because field switching in TPDWMCNTs is closely associated
with the oscillation behavior of their transmission spectra, the
transport properties of other systems having oscillating transmis-
sion spectra probably also depend on the gate voltage. Oscillating
transmission spectra are available in parallel pristine single-walled
metallic CNT contacts (PPSWMCNT, see Figure 3a).31%

6936

Taking the H-saturated (5,5)/(5,5) PPSWMCNT as an example,
we further investigate the transfer properties of PPSWMCNTSs
and compare them with those of TPDWMCNTSs. The mechan-
ism of the gate dependence of the transmission spectra in the
PPSWMCNT and the TPDWMCNT is nearly the same. The
states formed on the upper and lower tube at the energy with the
maxima and minima of the PDOS are quasibound and extended,
respectively. The quasibound states scatter the incoming wave
with identical energy and result in the antiresonances. On the
other hand, the extended states allow the incoming wave to pass
through and result in the resonances.*"*® When gate voltages are
applied, the quasibound and extended states shift due to the
screened electrostatic potential, and thus, the transmission
spectra are also modulated by the gate.

Given the same contact length, the oscillation frequency of the
(5,5)/(5,5) PPSWMCNT and the (5,5)/(10,10) TPDWMCNT
is nearly the same. However, the transmission peaks of the
PPSWMCNT are lower than those of the TPDWMCNT
because the effective contact area for electron tunneling in the
PPSWMCNT is less than that in the TPDWMCNT, which leads
to a lower “on-state” conductance (Figure 3b). On the other
hand, as shown in Figure 3c, obvious filed effect appears in the
(5,5)/(5,5) PPSWMCNT, in accordance with our expectation.
The on/off ratio of the (5,5)/(5,5) PPSWMCNT is 2.1 x 107,
which is smaller than that (6.4 x 10%) of the (5,5)/(10,10)
TPDWMCNT. This difference is because the antiresonances of
the transmission in the PPSWMCNT are not prohibited as
thoroughly as that in the TPDWMCNT, which leads to a larger
“off-state” conductance. The subthreshold swing of the
(5,5)/(5,5) PPSWMCNT is 1300 mV/decade, while the corre-
sponding parameter of the (5,5)/(10,10) TPDWMCNT is 84.3
mV/decade. Apparently, as compared with PPSWMCNTs,
TPDWMCNTS possess better performance as FET devices.

In PPSWMCNT contacts, oscillating transmission spectra also
play a crucial role in generating other intriguing transport char-
acters, such as NDR effects.*® NDR is widely utilized in a variety
of electronic devices, such as oscillators, amplifiers, frequency
mixers, logic cells, and memories. As an ideal electrode material,
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Figure 4. -V, characteristic of the (5,5)/(10,10) TPDWMCNTs with
different contact lengths.

CNTs can form a robust and reproducible covalent bond with
organic molecules, and thus, CNT-based NDR molecule junctions
have attracted broad interests both experimentally and theor
etically.>”~* By shrinking a CNT in vacuum, NDR was observed
when the diameter of the CNT is reduced to near zero, the limit of a
carbon atomic wire.”” Subsequent first principles scattering state
calculations confirm that the carbon chains covalently connecting
to metallic CN'T electrodes can induce NDR.** The DFT + NEGF
study is also widely used to investigate NDR effects, and its
reliability is generally recognized.® * Because of the oscil-
lating transmission spectra discussed above, we expect that the
TPDWMCNT: could also exhibit NDR effects under bias voltages.

The I—V;, characteristics of the (5,5)/(10,10) TPDW-
MCNTs are shown in Figure 4. Remarkable NDR effects appear
at four different contact lengths, and there are even two current dips
at N. = 16 and N, = 20 in the bias range of V= 0—2.8 V. In general,
the NDR effects have lower onset biases and larger current drops
when N, increases, except for N, = 16. The onset bias decreases
from Ve =2.5Vat N.=8—1.5Vat N.=12,0.8 Vat N. =20, and
0.7 Vat N, = 30. The current drops of the NDR are I, = 9.3, 5.7,
16.5, and 20.8 uA at N, = 12, 16, 20, and 30, respectively, and these
values are 1—2 orders of magnitude greater than those in most
CNT-based NDR devices.***”* Generally speaking, NDR effects
are enhanced with the increasing N... The physical origin of NDR in
TPDWMCNTs is similar to that in PPSWMCNTSs.* Extended
and quasibound states of inner and outer tube are stagger-arranged
in the energy space, forming two electron gratings, and bias causes a
relative movement of the two electron gratings. When the electron
gratings are staggered, the electrons are greatly prevented from
transmitting, leading to NDR effects.

B CONCLUSION

In summary, by using DFT + NEGF calculations, we report an
all-metallic FET device that consists of only two telescoping aligned
armchair CNTs. The corresponding on/off conductance ratio and
minimum subthreshold swing are up to 10* and 84.3 mV/decade,
respectively, typically desired in logic circuit applications and
comparable with those in many semiconducting CNTs. In addition,
significant NDR effects are also found in TPDWMCNT contacts
when the contact length exceeds 1 nm. All of these intriguing
properties are attributed to the oscillation in the transport spectra in
TPDWMCNTs, including resonances and antiresonances, and

their response to gate or bias voltages. Thus, our investigation is
expected to provide novel applications of TPDWMCNTs in
nanoscale electronic devices. More importantly, we propose a
new idea that pristine metallic CNTs can construct high-perfor-
mance FET's, which is opposite to the fundamental recognition.
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