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T=4.2K
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Coulomb blockade oscillation 
in Multiwalled Carbon nanotubes

observed by 4-probe techniques

V+I+ V- I-

4-probe = measuring the intrinsic properties of wires
contacts are irrelevant

→ tunneling related phenomena such as SET should not appear

V



Asymmetric SET    Asymmetric SET    (simulations)
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Capacitance of a dielectric  disk      : C = 8ε0εr r
Capacitance of a dielectric  sphere  : C = 4ε0εr r

For a GaAs sphere, C = 1.47 × 10-18 r  farad for radius r in nm

Charging effect probed by STMCharging effect probed by STM

p. 801

C≈7aF for εr=10
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Chip layout
80 µm

500nm

10 µm

Au leads made by photo-lithography

Ni/Au leads

Device fabrication

Wires from
台大凝態中心林麗瓊教授
中研院原分所陳貴賢教授
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After lift-off

E-beam lithography for nano-scaled electrodes
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Bi-layer polymer system (PMMA/LOR)
We chose to use a PMMA/LOR bi-layer polymer system because LOR is a polydimethylglutarimide 
(PMGI)-based polymer and has a much higher charge-sensitivity than that of top PMMA layer. 

LOR Development time 25sec

35sec

45sec

200nm

500nm



Sample fabrication facilities

Measurement equipment



Fabrication of metallic electrodes with nanometer separation
by electromigration [APL, 75, 301 (1999)]

IV at 1.5K

5nm CdSe

7nm CdSe

Break junction approach for electrical measurement of a single nano-particle



IV characteristics of a single C60 transistor at 1.5K

Nature 407, 58 (2000)

Figure 1 Current–voltage ( I–V) curves obtained from a single-C60 transistor at T= 1.5 K. Five I–V curves taken at 
different gate voltages ( Vg) are shown. Single-C60 transistors were prepared by first depositing a dilute toluene
solution of C60 onto a pair of connected gold electrodes. A gap of,1 nm was then created using electromigration-
induced breaking of the electrodes. Upper inset, a large bias was applied between the electrodes while the 
current through the connected electrode was monitored (black solid curve). After the initial rapid decrease (solid 
arrow), the conductance stayed above ,0.05 mS up to ,2.0 V . This behaviour was observed in most single-C60
transistors, but it was not observed when no C60 solution was deposited (red dotted curve). The bias voltage was
increased until the conductance fell low enough to ensure that the current through the junction was in the 
tunnelling regime (open arrow). The low bias measurements shown in the main panel were taken after the 
breaking procedure. Lower inset, an idealized diagram of a single C60-transistor formed by this method.
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J1 J2

What makes electrons flow?

Fermi function:

biasing:  µ1-µ2=qVD

[ ] )(
)(exp1

1)( 10
1

1 µ
µ

−=
−+

≡ Ef
TkE

Ef
B

[ ] )(
)(exp1

1)( 20
2

2 µ
µ

−=
−+

≡ Ef
TkE

Ef
B

Coupling strength for J1 and J2 = γ1 and γ2

( )pfeI −⎟
⎠
⎞

⎜
⎝
⎛= )( 11

1
1 εγ

h
( )pfeI −⎟
⎠
⎞

⎜
⎝
⎛= )( 22

2
2 εγ

h

At steady state, I1=I2

p = average number of electron in the QD 10 ≤≤ p

21

2211

γγ
γγ

+
+

=
ffp

)]()([ 21
21

21
21 εε

γγ
γγ ffeIII −
+

=−==⇒
h

Handbook of Nanoscience, Engineering, and Technology
Section: 12.2.2 Current flow as a balancing act
By Magnus Paulsson,  Ferdows Zahid and Supriyo Datta, 
Edited by William A. Goddard,III et al. CRC Press, 2003

Quantum transport: atom to transistor
Sec. 1.2 What makes electrons flow



Two-dimensional differential conductance (∂I/∂V) plots as a function of the bias
voltage (V) and the gate voltage (Vg). Data were obtained from four different devices
prepared from separate fabrication runs. The dark triangular regions correspond to the
conductance gap, and the bright lines represent peaks in the differential conductance.
a–d, The differential conductance values are represented by the colour scale, which
changes from black (0 nS) through pink to white (white representing 30 nS in a, b and c
and 5 nS in d). The white arrows mark the point where ∂ I/∂ V lines intercept the
conductance gap. During the acquisition of data in d, one ‘switch’ where the entire ∂ I/∂ V
characteristics shift along the Vg axis occurred at Vg = 1.15 V. The right portion of the plot
d is shifted along the Vg axis to preserve the continuity of the lines.

Charging energy > 270meV

In large bias range



Single-walled carbon nanotube
with quantum dot behavior

SEM image

∆E=2.5~3.0 meV
EC=6~9 meV (70~100K)



Where is the Fermi Energy?

Vacuum level

Work function-electron affinity

-ionization potential

Fermi energy

Weakly coupled molecule
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Work function
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contact potential
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