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ABSTRACT: We have developed a simulator for nanoelectronics devices, NEMO-VN2. [n this

work we use the simulator to explore the performance of single electron transistor. The model is based

on non-equilibrium Green function method and implemented by using graphic user interface of Matlab.

The current-voltage characteristics such as drain current-voltage, drain current-gate voliage ones are

explored. Some characteristics reproduced by the proposed model are compared with experimental

results of single electron transistor and good agreements are validated.

Keywords: single electron transistor, non-equilibrium Green function, current-voltage

characteristic, Coulomb blockage, Coulomb oscillation.

INTRODUCTION

Rapid progress in microelectronics has
pushed the MOSFET dimension toward the
physical limit (10 nm). In the future it is
probable that the nanoMOSFETs could be
replaced by new fundamental devices, such as
single electron transistor (SET). SETs have
attracted much attention for IC applications
because of their nano feature size, ultra-low
power dissipation, high frequency, new
functionalities, and CMOS compatible
fabrication process. SET shows unique
advantages in terms of low power consumption
and of new characteristics related to its
Coulomb oscillations and Coulomb blockade.
Recently, there are various groups achieving
success in pursuing to build simulator for SET
[1, 2]. The Monte Carlo simulations (e.g.
SIMON [3], MOSES [4], and KOSEC [5]) and

master equation methods [6, 7] that are quite
accurate but also very time consuming, and
they are not simple. In contrast, model used
non-equilibrium  Green function method
(NEGF) [8] commonly used in the nanoscale

devices and are superior in terms of simplicity.

In this work, we simulate current-voltage
characteristics in single electron transistor by
non-equilibrium Green function method using
graphic user interface (GUI) of Matlab. Here,
we use a model of multi level device for SET
(i.e. it takes quantumization into account). We
also summarize the theoretical approach based
on NEGF, review the capabilities of the
simulator, NEMO-VN2 [9], give examples of
typical simulations of SET’s current-voltage
characteristics, and compare simulated results

with experimental ones.

METHODS
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A model of single electron transistor
usually called a capacitance model is shown in
figure 1. A SET is made from two tunnel
junctions that share a common electrode. A
tunnel junction consists of two pieces of metal
supported by a very thin (about | nm) insulator.
The only way for electrons is from one of the
metal electrodes to travel to the other electrode
is to tunnel through the insulator. Since
tunneling is a discrete process, the electric
charge that flows through the tunnel junction in

multiples of e, the charge of electron.

A quantum dot (QD) is usually formed in
two dimensional electron gas (2DEG) in
GaAs/AlGaAs using standard electron beam
lithography. The quantum dot is connected to
the source and drain electrodes through tunnel
barriers. The potential in the dot can be

controlled by the gate electrode which is
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capacitively coupled to the quantum dot
(Figure 1b). The current through the quantum
dot can be periodically modulated by the gate
voltage (Vg = (2n+1)xe/2Cg, Coulomb
oscillations). When the current is zero
(Coulomb blockade, CB), the number’ of
electrons is fixed. Therefore it differs exactly

by one on both sides of the current peak.

A proper operation of a SET device
requires: 1) the tunnel junction resistances
(drain resistance, Rp and source resistance, Rg)
to be greater than the quantum resistance (25.8
kQ) to confine the electrons in the quantum
dot, 2) the charging energy of the QD
capacitance to be larger than the available
thermal energy to avoid electron tunneling due
to the thermal emission, and the total
capacitance is equal to the summation of all

device capacitances, i.e. Ct = Cg + Cp + Cs.
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Figure 1. a) Structure of single electron transistor, b) equivalent schematic diagram of SET. The quantum dot is

connected to the source and drain electrodes through small tunnel barriers. The potential in the quantum dot can

be modified by the gate electrode which is capacitively coupled to the quantum dot (Vg = (2n+1)e/2Cg). The DC

bias (Vp) is applied and the current is measured as a function of Vp, and V. The SET’s parameters are: Cs, Cp,

C(;. rg. rD-

We describe a SET’s model for a multi level device whose energy levels are described by a

Hamiltonian matrix [H] and whose coupling to the source and the drain contacts is described by self-

energy matrices IZ] (E )J and I.Zz (E )J respectively (Figure 2).
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Figure 2. Multi-level device whose energy levels are described by a Hamiltonian matrix [H] and whose coupling to

the source and drain contacts is described by self-energy matrices lzl (E )J and |.Zv (E )J respectively.

The flow of current is due to the difference but maintained at different electro-chemical

in potentials between tie source and the drain, potentials 4, ,and hence with two distinct

each of which is in a state of local equilibrium, ) ,
Fermi functions:

ol N 1 M
M= A~ 1)= = T
1 (2)

e A~ )= T

by the applied bias V: i, — 1, = —qV . Here, E- energy, kg - Boltzmann constant, T- temperature.

The density matrix is given by

I “G" I f[Al(E)ﬁ(E)mz(E) (E)] 3)

-0

The current Ip flows in the external circuit is given by Landauer formula [8]: -

- (/) [dET(EXA(E)- A (E) .

The quantity T(E) appearing in the current by propagating through the device. Knowing
equation (4) is called the transmission function, the device Hamiltonian [H] and its coupling to
which tells us the rate at which electrons the contacts described by the self-energy

transmit from the source to the drain contacts
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matrices ZI.E’ we can calculate the current Ca]cmatf the transmission from the Green's

function method, using the relation
from (4). For coherent transport, one can ° 8

T(E) = Trace|l[\GI\G* |= Trace|r,6T,G" )

The appropriate NEGF equations are obtained:

G=[EI-H-%,-5,]'\I,, =[5, -, } 4(E)=6r,G*, 4,(E)=GI,G*,  ©®
G =[41(E)+ [4)1(E) a=ilG-G"]=[4]+[4,]

Where H is effective mass Hamiltonian, | G" is correlation function. We use a discrete

is an identity matrix of the same size, [, are lattice with N points spaced by lattice spacing a
, to calculate the eigenenergies for electrons in
the broadening functions, A,, are partial g g. : o

: ; the quantum dot. The Hamiltonian H is given
spectral functions, A(E) are spectral function,

by
1 2 we Y =] N
1 205 it 0 0 (6)
H = 2 =ity By 0 0
N -1 0 0 21, = I
N 0 0 i 24
2 By utilizing the simulator namely NEMO-
e T = 2ma’’ X i e edistive VN2, the Ip-V; characteristics of SET having

’ ; the given parameters are shown in Figure 3.
mass of electron, A is the modified plank BY=p g

constant, a is the lattice spacing in quantum RESULTS AND DISCUSSION
dot.
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Figure 3. Typical I5-Vg characteristics (Coulomb oscillations) of SET simulated by the simulator NEMO-

VN2 for various values of Vo = 50 mV, 100 mV and 200 mV at room temperature, T = 300K. The SET device

parameters are: L=10nm, Cg = Cs =Cp=1aF andRs=Rp=1 MQ .

Figure 3 demonstrates the typical Coulomb

oscillation  behavior in  SET  Ip-Vg
characteristics. It shows that the SET Coulomb
oscillation period (e/Cg, € is the electronic
charge) is dictated by SET’s gate capacitance.
Values of gate voltage at the first and the
second peaks are ¢/2Cg (80 mV) and 3e/2Cg
(240 mV) respectively. Here, it should be
emphasized that the peak and the valley
currents of Coulomb oscillations are perfectly
represented by the model. The results
calculated according to model (e/2Cg for Cg =
| aF) coincide well with the simulated ones.
(Ip-Ve)

showing the suppression of the Coulomb

Current-voltage characteristics

oscillation by broadening current peaks

increased at high Vp (200 mV). It also reveals

the fact that it is difficult to obtain the Coulomb
oscillations in the device characteristics at high
Vp greater than 3¢/Cy (Cr is total capacitance
of SET), (160 mV). It should note that high
drain voltage, Vp undermines SET’s current-

voltage characteristics.

Figure 4 reproduces SET’s Ip-Vp
characteristics at room temperature (T = 300 K)
for different gate biases, Vg = 0 mV and Vg =
¢/2Cg (Coulomb oscillation). For Vg = 0 mV,
Vp starts from the Coulomb blockage (CB)
region and increases (or decreases) through the
single-electron tunneling region. For Vg =
e/2C¢ (at the first Coulomb oscillation peak),
I, starts from zero and increases (or decreases)

linearly.
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Figure 4. Ip-Vp, characteristics simulated by the simulator at room temperature T = 300 K for vari
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ous values of

Vi =0mV and Vg = ¢/2Cq. The SET device parameters are: L =10nm, Cg=Cs=Cp=1aFandRg=Rp=1

MQ.

Figure 5 represents Ip-Vg characteristics
with the value of Vp = 10 mV at different
temperatures. One can note that the effects of
temperature on Coulomb oscillations are
strongly. The Coulomb oscillations of SET are
clear at low temperature (at 50 K). Current-
voltage (Ip-Vg) characteristics showing the

suppression of the Coulomb oscillation by

broadening current peaks increased at higher
temperature (100 K, 200 K, and 300 K). It also
reveals the fact that it is no more possible to
obtain the Coulomb oscillations in the device
characteristics at high temperature. It should
note that high temperature undermines SET’s

current-voltage characteristics.
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Flgl‘.ll‘! & Typicnl Ip'Vg charactedshcs simulated by the simulator for value of Vp = 10 mV at different
temperatures: 50 K, 100 K, 200 K, 300 K. The SET device parameters are: L = 10 nm, Cg = Cs = Cp = 1aF and

Rg=Rp=1MQ
The effect of temperature (T) on the device Therefore, an accurate model for SET
characteristics is also demonstrated in Figure 6, simulation must be to capture both the effect of
and it shows that the Coulomb blockade region temperature and the effect of high Vp on the
becomes thinner at higher temperatures, device characteristics..
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Figure 6. Typical Ip-Vp characteristics simulated by the simulator for value of Vg = 20 mV at different
temperatures (T): 50 K, 100 K, 200 K, and 300 K. The SET device parameters are: L = 10 nm, Cg = C5 = Cp

=laFandRg=Rp=1MQ.

Accuracy of the model is evaluated by
comparing simulated results with experimental

ones from [10].

According to the work [10], its authors
SET operates at room temperature, showing a
clear Coulomb staircase with a ~150 mV
period at 300 K. The drain current-voltage
characteristics of the SET were measured at
room temperature and are shown in figure 7a.
The gate bias was set to 2 V. In the figure, the
solid lines show the current of the SET, and the
dashed line shows the conductance of the SET.
Between the drain bias of 0 V and -0.75 V, four
clear Coulomb staircases with a ~150 mV
The conductance

period are observed.

oscillates with the increase of the drain bias
with almost the same 150 mV period. The
lower peaks of the conductance oscillation
correspond to the flat regions of the current of
the Coulomb staircase. The drain current versus
gate bias characteristics with 150 mV drain
bias at room temperature exhibit clear current
oscillations with a period of ~460 mV,
implying a periodic Coulomb oscillation of the
current. The tunneling capacitance (C,) and
gate capacitance (C,) could be roughly
estimated from the period of the Coulomb
staircase and oscillation. Their values were
found to be C,=~3.6 x 10" F and Cg =~3.5 x

10" F.
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Figure 7b,c reproduce Ip-Vy characteristics in simulated results on Ip-Vp characteristics
and conductance of the same SET having (Figure 7b). Four clear conductance peaks are
length, L = 10 nm at temperature of 300 K. also shown in Figure 7c. The results simulated
Figures 7b,c show simulated results of Ip-Vp according to the model coincide well with the
characteristics and conductance of the same experimental ones at least in the same shape.

SET. Four clear Coulomb staircases are shown
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Figure 7, a) Drain current versus drain voltage characteristics of the SET at 300 K [10]:Vp = 150 mV, C;=0.36
aF, Cg = 0,35 aF ; b) Ip-Vp characteristics simulated; ¢) Conductance characteristics simulated by the simulator,
NEMO-VN2 for value of Vg = 20 mV. The SET device parameters are: L = 10 nm, Cg = 0.35 aF, Cs = Cp = 0.36
aFandRg =Rp=1MQ,
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CONCLUSION characteristics, but also affects of gate

materials, size of SET, temperature on SET's
A model for SET device using NEGF

written in GUI of Matlab has been reported.

characteristics,  Different SET’s  device

characteristics (Ip-Vg, Ip-Vp, effect of

The proposed model has been verified at multi femperatire) have been - simulated. The

A ET" ice. A se imulations i ; .
level for SET’s device. A set of simulations is simulated results are also compared with

then  successfully performed for various experimental ones [10] and good agreements
are validated. NEMO-VN2 is a good tool for

the development and investigation of quantum

parameters of the SET’s device in multi-level
mode (i.e. it takes quantumization into account
in the quantum dot). The model is not only able

device such as SET.
to accurately describe Iy-Vg, Ip-Vp SET's

MO PHONG PAC TRUNG DONG-THE CUA TRANSISTOR PON DIEN TU SU
DUNG NEMO-VN2

Pinh Sy Hién
Trudng Pai hoc Khoa hoc Tu nhién, PHQG-HCM

TOM TAT: Ching t6i da phdt trién bé mé phong cho linh ki¢n dién tie nano, NEMO-VN2. Trong
cong trinh nay, ching t6i sir dung bé mo phong dé nghién cieu ky ddc tinh cia transistor don dién ti
Mo hinh cua transistor don dién tic dwa trén phwong phdp ham Green khong cdn bing va dwgce hign
thire b&ng str dung giao dién do hoa nguoi sir dung cia Matlab. Nhitng ddc trung ddng—thé nhir dong
thé mdng, dong mdng - thé cong dige nghién ciru kp. Mt 56 ddc tring dwgc mé phong biang mé hinh
nay da dwoc so sanh voi nhitng két qua thiee nghiém ciia transistor don dion e va cho két qua kha phi
hop.

Tir khéa: Transistor don dién ti, ham Green khéng cdn bdng, ddc trung dong-thé, khda

Coulomb, dao dong Coulomb.
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