
第 26卷　第 7期
2005年 7月

半　导　体　学　报
CHIN ESE J OURNAL OF SEMICONDUCTORS

Vol. 26　No. 7
J uly ,2005

3 Project supported by t he National Natural Science Foundation of China (Nos. 60290081 ,60276019 ,90207004)

　Zhang Lihui　female ,was born in 1978 ,graduate student . Her research interest is in numerical simulation of single elect ron t ransistor .

　Received 11 December 2004 ,revised manuscript received 21 March 2005 Ζ 2005 Chinese Institute of Elect ronics

A Model of a Single Electron Transistor of Metallic
Tunneling Junctions and Its Validation 3

Zhang Lihui , Li Zhigang , Kang Xiaohui , Xie Changqing , and Liu Ming
( I nsti t ute of Microelect ronics , Chinese A cadem y of Sciences , Bei j ing　100029 , China)

Abstract : Based on the orthodox theory ,a model of a single elect ron t ransistor (SET) of metallic tunneling junctions

is built using the master equation method. Several parameters of the device ,such as capacitance ,resistance and tem2
perature ,are input into the model and thus the I2V curves are attained. These curves are consistent with those f rom

other experiment s ;therefore ,the model is verified. However ,there still exist s a difference between simulated result s

and experimental result s ,mainly comes f rom the stationary case of the master equation. In other words ,p recision of

simulated result s would be increased if the t ransient case of the master equation is considered. Moreover ,the current

increases exponentially at higher drain voltages ,which is due to the fact that the barrier suppression is caused by the

image charge potential.
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1　Introduction

For it s low2power ,high2speed ,high2sensitivity

p rop riety , single elect ron t ransistors ( SET) have

received a lot of at tention f rom specialist s and

scholars. In the 1980s ,Averin and Likharev found

t he ort hodox t heory of a single elect ron system

which can quantificational by describing t he p he2
nomenon of single elect ron t unneling[ 1 ,2 ] . Recently ,

with t he rapid develop ment of micro2fabrication

technology , islands in nanometer scale have been

successf ully manufact ured using different meth2
ods[3～5 ] . On t he basis of t hese small islands , SET

can be manufactured. Characteristic curves of SET

can be measured in very low temperat ures ,usually

several K or hundreds of m K. At a given tempera2
t ure ,whet her t he Coulomb p henomenon can be ob2
served is determined by t he size of t he island.

The p urpose of t his paper is to build a math2
ematic model of SET and to test it s veracity by

comparing the curves f rom simulations wit h t hose

f rom ot her experiment s.

2　Model

2. 1　Orthodox theory

The model in t his paper is based on t he ort ho2
dox t heory which describes t he charge t ransmission

in t he Coulomb blockade sit uation. In t his t heory ,

t unneling Hamiltonian HT is t reated as a weak per2
t urbation to t he system H0 and is calculated using

t he pert urbation approximation met hod. Consider2
ing the change in f ree energy ,as well as according

to Fermi’s golden rule ,t he tunneling rate f rom t he

initial state i to the final state f is given by[ 6 ,7 ]

Γi→f (ΔF) =
2π
∂

| Tif|
2δ( Ei - Ef - ΔF) (1)
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where | Tif | is t he t unnel t ransmission coefficient ,

andΔF is t he increase of system free energy. It is

reasonable to make approximations by neglecting

t he variation of t he t unnel t ransmission coefficient

with energy and moment um. U sing t he density of

states D ( E) , t he number of elect ron states in a

small energy interval d E is given by D ( E) d E and

t he density of states can be t reated as a constant .

For a metallic t unnel junction ,the Fermi level lies

well on the conduction band and t he t unnel rate of

t he elect ron which can be described as

Γ(ΔF) = -
ΔF

e2 RT 1 - exp
ΔF
kB T

(2)

where RT is t he t unneling resistance given by

RT =
∂

2πe2 | T| 2 Di Df
(3)

2. 2　Calculation of free energy

Free energy is an important parameter in a

single elect ron system. Only t he t unneling t hat

causes f ree energy to decrease can occor ,ot herwise

t here will be no elect ron t unneling. Figure 1 shows

t he circuit diagram of t he metallic t unnel junction

SET wit h gate voltage V g
[8 ] .

Fig. 1　Equivalent circuit diagram of the SET with gate

voltage V g

The island Q is located between two t unnel

junctions whose capacity and resistance are C1 and

R1 , C2 and R2 , respectively. Cg is t he gate capaci2
tance. When the island possesses N elect rons , t he

change of f ree energy is given by[7 ,8 ]

ΔE
±
1 =

e
CΣ

e
2
±[ ne - Qp + ( C2 + Cg / 2) V a - CgV g ]

(4)

ΔE
±
2 =

e
CΣ

e
2
±[ ne - Qp - ( C1 + Cg / 2) V a - CgV g ]

(5)

where Qp can be considered as a polarization back2
ground charge induced by t he gate field. The total

capacity can be expressed as CΣ = C1 + C2 + Cg . Ob2
viously ,f ree energy increment is affected by C , R ,

and t he charge of t he island.

2. 3　Adopted method

Numerical simulation met hods of SET mainly

include t he master equation and Monte Carlo [6 ,7 ] .

The master equation method is adopted in t his pa2
per due to it s high precision. In order to acquire t he

state p robability when t he quant um dot is occupied

by different numbers of elect rons ,t he master equa2
tion is expressed as

5 p( n , t)
5 t

= [Γ+
1 ( n - 1) +Γ+

2 ( n - 1) ] p ( n - 1) +

[Γ-
1 ( n + 1) +Γ-

2 ( n + 1) ] p ( n + 1) -

[Γ+
1 ( n) +Γ+

2 ( n) +Γ-
1 ( n) +Γ-

2 ( n) ] p ( n)

(6)

where n denotes t he number of elect rons wit hin t he

island and p denotes t he occupation probability.

The current I ( t) can be exp ressed as - eΓ( t) . Be2
cause any occupation state cont ributes to t he cur2
rent ,inp ut current I1 (V ) and outp ut current I2 (V )

are given by[9 ,10 ]

I1 (V ) = e ∑
∞

n = - ∞
p ( n) [Γ-

1 ( n) - Γ+
1 ( n) ] (7)

I2 (V ) = e ∑
∞

n = - ∞
p ( n) [Γ+

2 ( n) - Γ-
2 ( n) ] (8)

In order to get steady solution ,t he lef t part of Eq.

(6) is set to zero and t he equation is simplified as

[Γ+
1 ( n) +Γ+

2 ( n) ] p ( n) - [Γ-
1 ( n + 1) +

Γ-
2 ( n + 1) ] p ( n + 1) = 0 (9)

whereΓ± ( n) is t he sum of Γ±1 ( n) and Γ±2 ( n) .

Γ+ ( n) denotes t he increasing rate of elect rons of

t he island whileΓ- ( n) denotes the decreasing rate

of elect rons of t he island. Figure 2 shows a flow

chart of state p robability according to Eq. (9) .

3　Simulation results and analysis

Figure 3 is t he I2V characteristics of t he Al/
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Fig. 2　Flow chart of state probability

AlO x / Al SET which is manufact ured by t he so2
called self2aligned in2line technique[4 ] as reported

by Blüt hner in 1997. The SET is composed by me2

Fig. 3　I2V curves of the same Al/ AlO x / Al SET ( T =

150m K)

tallic t unneling junctions , so it can be numerically

described by t he model of this paper . In the report ,

t he parameters are Cg = (215±011) ×10 - 17 F , CΣ =

(217±013) ×10 - 16 F , C1 = (117 ±012) ×10 - 16 F ,

and RΣ≈10MΩ. Figure 4 shows t he simulation re2
sult s using t he above parameters. There are obvi2
ous Coulomb blocks in both plot s and t he open

voltages are t he same when Qg is zero . When Qg is

e/ 2 ,Coulomb block p henomenon will not happen.

However , t heir current values are different . From

t he simulated result s ,it can be concluded t hat if t he

current values are also same , resistance of a single

t unneling junction will reach 12MΩ. Because R of

t he t unneling junction in t his experiment is esti2
mated by asymptotes of t he〈 I〉2V in t he experi2
ment ,it is not an accurate value.

Fig. 4　Simulated I2V curves of the metallic tunneling

junction SET( T = 150m K) with different resistances

Figures 5 and 7 show t he I2V g curves and I2V a

curves of a Nb/ Nb oxide2based SET fabricated by

utilizing a scanning probe microscope (SPM)2based

anodic oxidation technique and thermal oxidation ,

as reported in 1997 by Shirakashi [ 3 ] . The parame2
ters are C1 = 0108aF , C2 = 0105aF , Cg = 01026aF , R1

= 619 ×1012Ω , and R2 = 918 ×1012Ω. Importing

t hese parameters into t he model , t he simulated re2
sult s are illust rated in Figs. 6 and 8.

Fig. 5　I2V g characteristics with several drain voltages

at 298 K

The four plot s can be divided into two group s ,

one composed of Fig. 5 and Fig. 6 and t he ot her of

Fig. 7 and Fig. 8. Comparing the two figures in each

group ,it can be seen t hat t he current values are

different in simulated and experimental result s ,al2
t hough t hey do have t he same t rend. The parame2
ters of t he experiment are acquired using t he

Monte Carlo method and t he time evolution of t he
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Fig. 6 　Simulated I2V g characteristics with several

drain voltages at 298 K

junction is calculated[3 ] . In our model ,if time evo2
lution is considered , t he occupation probability is

different f rom that of the stationary case ,which re2
sult s in current discrepancy. Moreover ,t he current

increases exponentially at higher drain voltage in

Fig. 7 ,which is also due to t he fact that t he barrier

suppression is caused by the image charge poten2
tial [ 3 ] ,which is well known as t he Schot t ky effect .

Fig. 7　I2V a characteristics with various side2gate volt2
ages at 298 K.

Except for Fig. 8 , t he oscillation periods wit h the

various gate voltages of t he ot her t hree plot s are

t he same , so t he periods of t he simulated result s

are correct . The reasons for t he periods of figure

different f rom t he ot hers still needs to be f urt her

investigated. On t he other hand , t he experimental

curves are not as perfect as t hose of t he simula2
tion. Because the current value of SET is very

small ,feeble environment noise will greatly influ2
ence t he result .

Fig. 8　Simulated I2V a characteristics with various side2
gate voltages at 298 K

4　Conclusion

In t his paper , t he model of a single elect ron

t ransistor of metallic tunneling junctions has been

carried out using ort hodox t heory and t he master

equation met hod. In addition ,t he increment of f ree

energy caused by elect ron t unneling is given in de2
tail .

The shapes of simulated and experimental

SET I2V curves are similar ,t herefore the model is

validated. Furt hermore ,for t he same open voltages

and t he same operiods of t he I2V a curve in simula2
ted and experimental result s ,t he capacitance relat2
ed part s in t he SET model , such as C1 , C2 and Cg ,

are accurate. On t he ot her hand , resistance related

part s such as current values are different in simula2
ted and experimental result s. The reason which re2
sult s in these differences is also discussed and t he

model must be improved f urt her in the f ut ure.
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金属结单电子晶体管的模型建立及实验验证 3

张立辉　李志刚　康晓辉　谢常青　刘　明

(中国科学院微电子研究所 , 北京　100029)

摘要 : 在正统理论的基础上 ,使用主方程法建立了金属结单电子晶体管的器件模型和算法流程.将电容、电阻和温

度等参数代入器件模型得到的 I2V 特性曲线与实验结果吻合较好 ,从而验证了模型、算法以及程序流程的正确性.

此外 ,通过详细讨论模拟与实验的三组曲线差别 ,得到模型使用主方程的稳态解是导致模拟与实验之间结果存在

差别的主要原因 ,即求解含有时间的主方程将增加模拟精度 ;而且 ,指出镜像电荷引起的电势使电流随电压呈现指

数增加的主要影响因素 ,明显偏离理论模拟的线性增加趋势.

关键词 : 单电子晶体管 ; 正统理论 ; 库仑阻塞 ; 量子隧穿
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