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Abgtract : Based on the orthodox theory ,a model of a single electron transistor (SET) of metallic tunneling junctions

is built usng the master equation method. Several parameters of the device,such as capacitance,res stance and tem-

perature ,are input into the model and thus the |-V curves are attained. These curves are consistent with those from

other experiments;therefore ,the model is verified. However ,there still exists a difference between smulated results

and experimental results,mainly comes from the stationary case of the master equation. In other words ,precison of

simulated results would be increased if the transient case of the master equation is cons dered. Moreover ,the current

increases exponentialy at higher drain voltages ,which is due to thefact that the barrier suppressonis caused by the

image charge potential.
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1 Introduction

For its low-power ,high-gpeed ,high-senstivity
propriety , single electron transstors (SET) have
received a lot of attention from specialists and
scholars. In the 1980s,Averin and Likharev found
the orthodox theory of a sngle electron system
which can quantificational by describing the phe

nomenon of single electron tunneling'**

. Recently ,
with the rapid development of micro-fabrication
technology ,idands in nanometer scale have been
succes§ ully manufactured using different meth-
ods® ®'. On the basis of these small isands,SET
can be manufactured. Characteristic curves of SET
can be measured in very low temperatures,usually
several K or hundreds of mK. At a given tempera
ture ,whether the Coulomb phenomenon can be ob-

served is determined by the sze of theidand.
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The purpose of this paper is to build a math-
ematic model of SET and to test its veracity by
comparing the curves from smulations with those
from other experiments.

2 Modd

2.1 Orthodox theory

The model in thispaper is based on the ortho-
dox theory which describes the charge transmission
in the Coulomb blockade stuation. In this theory,
tunneling Hamiltonian Hristreated as a weak per-
turbation to the system Ho and is calculated using
the perturbation approximation method. Cons der-
ing the change in free energy ,as well as according
to Fermi’ s golden rule ,the tunneling rate from the
initial statei to thefinal statef is given by!®”

) :%mﬂs(e- E-AP (1

* Project supported by the National Natural Science Foundation of China(Nos. 60290081 ,60276019 ,90207004)
Zhang Lihui  female,was born in 1978 ,graduate student. Her research interest isin numerica Smulation of sngle electron trangstor.

Received 11 December 2004 ,revised manuscript received 21 March 2005

(€2005 Chinese Institute of Electronics



1324

26

where | Ti| is the tunnel transmisson coefficient ,
andA Fisthe increase of system free energy. It is
reasonable to make approximations by neglecting
the variation of the tunnel transmisson coefficient
with energy and momentum. Using the density of
states D ( E) ,the number of electron states in a
small energy interval dEis given by D(E) dE and
the dendty of states can be treated as a constant.
For a metallic tunnel junction ,the Fermi level lies
well on the conduction band and the tunnel rate of
the electron which can be described as

AE
rerm =- (2)
2 AF ]
€ RT[ 1- expt ke _J
where Rr is the tunneling res stance given by

_—h
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2.2 Calculation of free energy

Free energy is an important parameter in a
dngle electron system. Only the tunneling that
causes free energy to decrease can occor ,otherwise
there will be no electron tunneling. Figure 1 shows
the circuit diagram of the metallic tunnel junction
SET with gate voltage V¢ .

Fig.1 Equivalent circuit diagram of the SET with gate

voltage V4

The idand Q is located between two tunnel
junctions whose capacity and resstance are G and
R, G and R, respectively. G is the gate capaci-
tance. When the idand possesses N electrons,the
change of free energy is given by!"®

AE = o —Zet[ne- Q>+ (G + Gl 2)Va - Cgvgﬁ

(4)

AE = - —g'i[re— Q- (G + C/2)Va- Cngﬁ
(5)

where Q, can be consdered as a polarization back-
ground charge induced by the gate field. The total
capacity can be expressedas G =G + & + G. Ob-
vioudy free energy increment is afected by C, R,
and the charge of the idand.

2.3 Adopted method

Numerical smulation methods of SET mainly
include the master equation and Monte Carlo!®".
The master equation method is adopted in this pa
per dueto its high precison. In order to acquire the
state probability when the quantum dot is occupied
by different numbers of electrons,the master equar
tion is expressed as

200~ [ (n- D) +F3 (- D1p(n- 1) +

Mi(n+1) +M53(n+1)]1p(n+1) -
M +T3 (0 +F () +F 5 (0 1p(n
(6)

where n denotes the number of electronswithin the
idand and p denotes the occupation probability.
The current 1(t) can be expressed as - ¢ (t).Be
cause any occupation state contributes to the cur-
rent ,input current 11 (V) and output current 12 (V)
are given by!**”

(V) = E[ Lp(n)J ri(n-Fi(n]

12 (V) = e[ Lp(n)J Fz(n -T2(n] (8

In order to get steady solution ,the |€ft part of Eq.
(6) is set to zero and the equation is s mplified as
Fi(n +F2(n]p(n - M1 (n+1) +

Fz(n+1]p(n+1) =0 (9)
wherel * (n) isthe sumof [y (n) and 3 (n).
" * (n) denotes the increasing rate of electrons of
theidand whilel" ~ (n) denotes the decreasing rate
of electrons of the idand. Figure 2 shows a flow
chart of state probability according to Eq. (9) .

3 Smulation resultsand analysis

Figure 3 is the I-V characteristics of the Al/
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Fig.2 Fow chart of state probability

AlOx/ Al SET which is manufactured by the so-
caled self-aligned irrline technique' as reported
by Bllthner in 1997. The SET is composed by me
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Fig.3 I~V curvesof the same Al/ AlO,/ Al SET(T=
150mK)

tallic tunneling junctions,so it can be numerically
described by the model of thispaper. In the report,
the parametersare G; = (2 5+0.1) x10° Y F,G =
(27+03) x10°F,G=(17%202) x10 *°F,
and R = 10MQ . Figure 4 shows the Ssmulation re-
sults usng the above parameters. There are obvi-
ous Coulomb blocks in both plots and the open
voltages are the same when Qg is zero. When Qg is
e 2 ,Coulomb block phenomenon will not happen.
However ,their current values are different. From
the smulated results,it can be concluded that if the
current values are also same ,res stance of a sngle
tunneling junction will reach 12MQ . Because R of
the tunneling junction in this experiment is esti-
mated by asymptotes of the | -V in the experi-
ment ,it is not an accurate val ue.
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Fig.4 Smulated I-V curves of the metallic tunneling
junction SET( T=150mK) with different resstances

Figures 5 and 7 show the I-V4 curvesand I-Va
curves of a Nb/ Nb oxide-based SET fabricated by
utilizing a scanning probe microscope (SPM)-based
anodic oxidation technique and thermal oxidation,
as reported in 1997 by Shirakashi'® . The parame-
tersare G =0 08aF,C =0 05aF,C =0. 026aF ,R:
=69 x 10°Q ,and R = 9 8 x 10%¥Q. Importing
these parameters into the model ,the smulated re-
sults areillustrated in Figs. 6 and 8.
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I-V4 characteristics with several drain voltages

The four plotscan be divided into two groups,
one composed of Fig.5 and Fig. 6 and the other of
Fig.7 and Fig. 8. Comparing the two figuresin each
group ,it can be seen that the current values are
different in smulated and experimental results,al-
though they do have the same trend. The parame-
ters of the experiment are acquired usng the
Monte Carlo method and the time evolution of the
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Fig. 6 Sdmulated |-V, characteristics with severa Fig.8 Smulated I-Vacharacteristics with various side-

drain voltages at 298K

31 In our model ,if time evo-

junction is calculated
lution is conddered,the occupation probability is
different from that of the stationary case ,which re-
sultsin current discrepancy. Moreover ,the current
increases exponentially at higher drain voltage in
Fig. 7 ,whichis a s due to thefact that the barrier
suppression is caused by the image charge poten-
tial” ,which is well known as the Schottky effect.
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I-Va characteristics with various sde-gate volt-

Except for Fig. 8,the oscillation periods with the
various gate voltages of the other three plots are
the same, 0 the periods of the smulated results
are correct. The reasons for the periods of figure
different from the others still needs to be further
investigated. On the other hand,the experimental
curves are not as perfect as those of the smula
tion. Because the current value of SET is very
small ,feeble environment noise will greatly influ-
ence the result.

gate voltages at 298K

4 Conclusion

In this paper ,the model of a single electron
trang stor of metallic tunneling junctions has been
carried out usng orthodox theory and the master
equation method. In addition ,the increment of free
energy caused by electron tunneling is given in de
tail.

The shapes of dmulated and experimental
SET I-V curves are smilar ,therefore the model is
validated. Furthermore for the same open voltages
and the same operiods of the I-Va curve in smula
ted and experimental results,the capacitance relat-
ed partsin the SET model ,such as G.,G and G,
are accurate. On the other hand,resstance related
parts such as current values are different in smula
ted and experimental results. The reason which re-
sultsin these differencesis a s discussed and the
model must be improved further in the future.
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