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Abstract: This paper will show that the characteristics of Single Electron Transistor (SET) may be
calculated. In the model of SET, the electrons are transferred one-by-one through the energy
potential barriers by tunneling and a quantum dot is formed between two barriers. By determining
the wave functions in the regions, we have calculated the transfer coefficient of SET. The other
characteristics of SET as, currents through the Source and Drain regions, electron density in the
quantum dots and I-V characters are also calculated and investigated.
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1. Introduction

The Single Electron Transistor [SET] have been made with critical dimensions of just a few
nanometer using metal, semiconductor, carbon nanotubes or individual molecules. The operation of
most SET depends on the formation of a very thin conducting layer of electrons, which is formed at a
pn-junction (for example, AlGaAs/GaAs). In the layers of this nature, electrons flow laterally along
the heterojunctions. A SET consist of a small conducting island (Quantum Dot) and is coupled to the
source (S) and drain (D) by tunnel junctions and capactively coupled to one or more gates (G) [1].
Unlike Field Effect Transistor (FET), the single electron device based on an intrinsically quantum
phenomenon, the tunnel effect. In the FET, many electrons transmit from the Source to Drain and
make current, in the SET, the electrons is transferred one-by-one through the channel. The electrical
behavior of the tunnel junction depends on how effectively the electron wave transmit through the
barriers, which decrease exponentially with the thickness and on the number of electron waves modes
that impinge on the barriers. It is given by the area of tunnel junction and divided by the square of
wave length [2].
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Fig.1. The Schematic of a Single Electron Transistor [SET] (a) and the model for double barriers of the SET (b)

The SET consists of two electrodes known as the drain and the source, connected through tunnel
junctions to one common electrode with a low self-capacitance, known as the island. The electrical
potential of the island can be tuned by a third electrode, known as the gate, capacitively coupled to the
island (figure 1-a) [3].

In the our model, the tunneling of the electrons through double-barriers is described in figure. 1(b).
Where, The energy barriers are formed by two semiconductors with the different energy band gaps
(for example AlGaAs/GaAs). The heights of barriers are V; and V,, which are the difference between
two band gaps of the semiconductors. The widths of barriers are W, and W, respectively, which are the
thickness of the semiconductor with the wider band gap (for example AlGaAs). The Gate regions is
described as a quantum dot with the width is L and the shift of the bottom is V,,. The energy of
electron (holes) is supported by apply a voltage between S and D electrodes. The energy E of electron
(holes) in our model is always satisfied the condition that, £ is much smaller than the V, and V,. The
shift of energy in the quantum dot is controlled by an applied voltage on the G electrode.

2. Basic eqution and transfer matrix

The motion of the electron from S region to D region is described by the Schrodinger equation in

the one dimensional system.
2

I V) = By (1
2m

Where, V(x) is the energy potential, m is the mass of the electron and #is the Flank constant. In
the region I (Source), V(x) = 0. In the region II (barrier 1), V(x) = V|. In the region III (Gate), V(x) =
Vi In the region IV (barrier 2), V(x) = V,. In the region V (Drain), V(x) = 0. The wave function in
these regions are written in form

Yy, (x)=A, " +A.e™  with x<a

w,(x)=B,." +B,e™  with a<x<b
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v,(x)=C L.e”"”“ +C, e with b<x<c 2)
W, (x)=D, " +D,e™ with c<x<d

W, (x)=E, " +E,e™ with x>d

where the wave vectors are defined:

2mE

k= |2 3)

The coefficients A;, Ag, B, Bg, Cr, Cr, D;, D, E;, Er from the equation system (2) may be
calculated by boundary conditions (the wave functions and their first derivatives must be continuous
across each interface).

From the conditions for the wave function and their first derivative are continuous at the interface
between I and II regions, we have an equation system for transfer matrix and transfer coefficient in
this interface.

ika —ika __ ikja —ikja
{ALe +Ae™ =B " + Bye ™

. . e . i
ikaA, e™ —ikaAze ™ =ik,aB, ™ —ik,aBye "

“

Rewrite system (4) in the matrix form, we have

eika e*ika AL eikla e—ikla BL
. ika . —ika =, ikja . —ika (5)
ikae™ —ikae A, ikiae™ —ikae™™ )\ By

L)

where, we introduced

eika e—ika eik,a e*ik,a
ml . ika . —ika and m2 =, ikya . —ikja (7)
ikae™ —ikae ik,ae —ik,ae

and 77, is the transfer matrix between I and II regions. For more further, we rewrite the transfer matrix

or

in the form.
T12 T12
T,=| 1 . (8)
TLR TLL

The transfer matrices contain all physical information about scattering. The amplitude of the
transmitted wave is

kin
T, = " 9)

out

where ki, and k., are the wavenumbers of the incoming and outgoing waves. In all our calculations
kow = kin, so that the transmission amplitude 7,, and transmission probability ¢,, are as follows [4,5]:
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1
T, == and le :W (10)

LL L

In similar way, we can determent the transfer matrix for other interfaces

C B B
[ LJZ(&J[ LJ=T23( Lj’ f =y and by = — b
C, m, )\ By B, T, ‘TLZS‘
D C C
[ LJZ[EJ[ LJZTM( LJ’ fy=and = (12
D, m, )\ Cp Cy T, ‘TL3L4‘
E m, \[D D 1 1
[ Jz(_j[ LJ:T‘”[ j Ty =gead ty=rs (1)
ER m5 DR DR TLL ‘TLL‘

where
eikma e—ikma eikza e—ikza
m = ik,,a . ka2 ika . —ik,a and ms=m, (14)
ik, ae"™ —ik ae ™" ik,ae™" —ik,ae™™

The propagation of the electron (hole) from Source region to Drain region is then described by the

product of the transfer matrices:
E L
ER

E, D,
E =T,;T;,T,:T,, D and =T = IT,T1,1, = D—L (15)
D

R R

R

and the transmission coefficient 7 and transmission probability ¢ are as follows

(16)

Z'=L and 7=
TLL |TLL|

2

3. The results and discussions
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Fig.2. The model for calculation of characteristics of the SET [6].
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The model for calculation of characteristics of the SET is built and shown in figure 2 [6]. Where,
the heights of the energy barriers are V|, = V, = 0.3 eV for the Aly3Gay;As/GaAs [7,8] and V|, =V, =
0.1 eV for the Aly;GayoAs/GaAs [8,9]. The widths of the energy barriers are the thickness of the
AlGaAs layer and that is 70 nm. The width of the quantum dot is the thickness of GaAs layer in the
middle and L = 300 nm.

From the formula of the transmission coefficient 7 (10), (11), (12), (13) and (16), we can find out
the dependence of transmission coefficient 7 on the energy E. The peaks of the transmission
coefficient are located in the energy levels of quantum dots. The peaks in the higher energy levels are
higher and wider than themselves in the lower energy levels. The results are shown in figure 3 and 4.
When the height of the energy barrier decrease, the resonant peaks are moved forward to the lower
energy (figure 4). The first peak is higher and the second peak is wider. An other theoretical study of
electronic transmission in resonant tunneling Diodes based on GaAs/AlGaAs double barriers under
bias voltage [10] with different model has obtained a similar transmission coefficient as function of
incident energy. Our results of the transmission coefficient are good agreement with [10].
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Fig. 3. The transmission coefficient of the SET Fig. 4. The transmission coefficient of the SET
Aly3Gay7As/GaAs. Where Wy =70 nm, W,="70 Aly1Gag9As/GaAs. Where Wy =70 nm, W,="70
nm, V;=03eV, V,=03¢eV,V,=0eVand L= nm, V;=0.1eV, V,=0.1eV,V,=0eVand L =
300 nm. 300 nm.
The current through the S and D regions are defined as following:
Hg Hp
Jy= [ 2(E)dE and J, = | ©(E)dE (17)

Emin Emin

Where &, is the lowest energy of electron, g5 and gy, are Fermi level in the S and D regions
respectively. Calculating the integrates in (17) numerically, the current Js and Jp are shown in figure 5
and 6.

The electronic density on the energy is defined as follow
L

N(E)=[lyof (18)
0

So the electronic density on the energy in the quantum dot are shown in figure 7 and 8.
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Fig.5. Current Js (square), Jp (triangle) and Jiyy
(open circle) of the SET Aly;Gay;As/GaAs. Where
W;=70 nm, W,=70nm, V;=0.3eV, V,=0.3¢V,
Vin=0¢eV and L =300 nm. The ¢5=0.5V; and 1

=0.4V,.

Fig.6. Current Js (square), Jp (triangle) and Jyy
(open circle) of the SET Aly;GagoAs/GaAs.
Where W, =70 nm, W,=70nm, V,=0.1eV, V,=
0.1eV, Vy=0eV and L =300 nm. The us= 0.5V,
and o= 0.4V,.
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The electronic density N(E)
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Fig.7. The electronic density on the energy of the

SET Alj3Gay,As/GaAs. Where W, =70 nm, W, =

70nm, V,=0.3eV, V,=03¢eV,V,=0eVand L =
300 nm.

Fig.8. The electronic density on the energy of the

SET Aly GagyoAs/GaAs. Where W, =70 nm, W, =

70nm, V,=0.1eV, V,=0.1eV, V,=0eV and L
=300 nm.

From these figures, we see that, the peak in the first energy level is much higher and sharper than

the peaks in the excitation energy levels.

The I-V characteristics of SET is also calculated in the formula

Us+U 12 Hup=U12
?(E)IE and J,= [ T(E)E

Jg =
Enin tU 2 £ U/

‘min ‘min

The total currents are shown in the figure 9 and 10.

(19)
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Fig. 9. The I-V characteristics of the SET Fig. 10. The I-V characteristics of the SET
Aly3Gay;As/GaAs. Where Wi =70 nm, W,=70nm, Aly 1Gag9As/GaAs. Where Wy =70 nm, W,="70
Vi=03eV, V,=03¢eV, V,=0¢eV and L = 300 nm. nm, V;=0.1eV, V,=0.1eV,V,=0eVand L =

300 nm.

From these figures we see that, because of peaks in the spectra of the transmission coefficient, the
currents are stepped with the increasing of the voltage. An other simulation [11], base on the classical
theory, has been calculated and obtained a I-V characteristics with stepped curve. Our results are in
good agreement with the simulations [11] and experimental data [12].

4. Conclussion

We have written the program with MALAB for two models of SET (Aly;Gag;As/GaAs and
AlyGagoAs/GaAs) and calculated the dependence of the transmission coefficient and the electron
density on the energy. The dependence of the current on the shift of bottom of quantum dot and I-V
characteristics of SET are also calculated. These results from our calculation base on the quantum
model are good agreement with the other simulation and the experimental data. Our model can
calculate more characteristics of SET than other model or simulation.
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