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Abstract : Using t he Keldysh2Green f unction ,we p resent a t heoretical study on t he elect ron t ransp ort p rop erties of

two coupled quantum dots under op tical p umping. Plateaus in t he I2V curve and resonant p eaks in t he t ransmission

coeff icient occur and can be explained by t he local elect ron density of states in t he quantum dots . The eff ects of

t he op tical p umping f requency and intensity on t he t ransp ort p roperties of t he system are also discussed. The elec2
t ron dynamical localization p henomenon occurs w hen t he op tical p umping f requency is equal t o t he discrete hole

energy level . This result can be used t o realize op tical cont rol switches .
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1 　Introduction

Due to recent develop ment s in microfabrica2
tion technology ,such as elect ron beam lit hograp hy
and molecular beam epitaxy , low2dimension artifi2
cial semiconductor st ruct ures ( including quant um
dot s ,quant um wells ,and quant um wires) as small
as a few hundred angst roms can be successf ully
fabricated. Mesoscopic elect ronic t ransport basical2
ly deals with elect ron t ransport across such small
systems , typically wit h dimensions comparable to
p hase2randomizing or the inelastic coherence lengt h
Lφ ,which can be as large as 1～3μm for a 2D layer
t ransport channel of a MOSFET at T = 412 K.
When t he t ransport dimension reaches such a char2
acteristic size , namely , t he charge2carrier inelastic
coherent lengt h Lφ ,and t he charge2carrier confine2
ment dimension approaches t he Fermi wavelengt h ,
t he macro scopic Ohm’s law may not hold. The
main reasons are as follows. First ,t he lengt h of the
mesoscopic system is smaller t han t hat of elect ron2
ic p hase breaking , so that elect rons can keep t heir
p hase memory and elect ron wave coherence can
play an important role. Second , elect rons are con2
fined in certain dimensions ,giving rise to quantized
elect ronic energy levels. In fact ,meso scopic p hysics
has been widely researched[1 ] for t he last two dec2

ades. A wealt h of interesting p henomena have al2
ready been revealed. Typical examples observed in
metallic wires are conductance quantization[ 2 ,3 ]

across a quant um point contact ,universal conduct2
ance fluct uation[4 ] , t he Aharonov2Bohm[5 ,6 ] o scilla2
tion of conductance t hrough a ring wit h a magnetic
flux ,and t he coulomb2blockade[7 ,8 ] effect in micro2
t unnel junctions.

Very recently ,t here has been a growing inter2
est [9～24 ] in understanding how external time2de2
pendent pert urbations affect t he p hase coherence of
low2dimensional semiconductor systems. This in2
terest stems f rom recent p rogress in several experi2
mental techniques[25 ,26 ] . External time2dependent
perturbations affect t he p hase factor of t he wave
f unction in different regions of t he system ,leading
to t he well2known p hoton2assisted t unneling
process ,in which an elect ron can go t hrough t he
system by emit ting or absorbing multiple p hotons.
This p rocess is responsible for side2band peaks in
t he curve of conductance versus the gate voltage
and for a plateau st ruct ure in t he current2voltage
( I2V ) curves. In t hese low2dimensional st ruct ures ,
t he p hase2dest roying scat tering process is consider2
ably reduced ,and interaction with external time2de2
pendent fields in low2dimensional systems leads in
many cases to completely new forms of elect ronic
t ransport ,in which t he time domain coherence also
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gives rise to many novel p henomena. Among t hese
are the dynamical localization observed in superlat2
tices ,ac2induced absolute negative conductance , e2
lect ron p ump s realized in different nanost ruct ures ,
and t he very recent microwave st udies demonst ra2
ting quant um coherence in double quant um dot s.

In this paper ,we st udy t he elect ron t ransport
p roperties of two coupled semiconductor quant um
dot s under optical p umping. U sing t he Keldysh2
Green f unction , we can solve t he time2dependent
quant um t ransport p roblem analytically. Plateau
st ruct ures in the I2V curve occur and can be ex2
plained by t he local elect ron density of states in
quant um dot s. The effect s of the optical p umping
f requency and intensity on t he t ransport p roperties
of the system are also discussed. When the f re2
quency of the optical p umping (relative to the Fer2
mi level of t he leads) is equal to the discrete hole
energy level , t he elect ron dynamical localization
p henomenon occurs. This result can be used to de2
sign optical cont rol switches.

2 　Model and calculations

Consider a system that consist s of two coupled
semiconductor quant um dot s , with lef t and right
leads. There is an interband t ransition in each dot
under optical p umping at f requency ω. Since the
holes are much heavier t han the elect rons in the
quant um dot s , we need only to consider elect ron
t ransport in this p roblem. In ot her words ,t he holes
are only spectators and do not participate as charge
carriers ,just as in Ferreira’s experiment [ 27 ] . Elec2
t rons are allowed to tunnel f rom the lef t lead to the
right lead via t he two coupled quant um dot s. The
Hamiltonian of t his system is t hen

H = HL + HR + Hdots + HT (1)

where

HL = ∑
k

εkL a
kL a kL (2)

HR = ∑
k

εkR a
kR a kR (3)

Hdots = ∑
i = 1 ,2

[εe i c
i c i +εh i d

i d i ] +

tc
1 c2 + tc

2 c1 + ∑
i = 1 ,2

[λexp (iωt ) c i d i +

λexp ( - iωt ) d
i c


i ] (4)

HT = ∑
k

[ TkL a
kL c1 + TkR a

kR c2 + c. c ] (5)

where HL and HR are the Hamiltonians of the lef t
and right leads ,which can be described by t he f ree
elect ron model . The corresponding annihilation op2
erators are akL and akR , respectively. Hdot s is t he
Hamiltonian of t he two coupled semiconductor
quant um dot s under t he interband optical p um2
ping[28 ] . ci and di are t he elect ron and hole annihila2
tion operators for t he it h quant um dot . Note t hat
we only consider interband t ransitions wit h dipole
moment d in t he rotating2wave approximation. The
parametersλ, d , and t he elect ric2field st rengt h E

should satisfy t he relation λ = Ed. Additionally ,
since t he sizes of t he quant um dot s are very small
and t he f requency of t he elect romagnetic field ω is

not very high , the inequality[29 ] E µω2 ∂ c/ c2 is
easily satisfied. It is reasonable to t reat t he optical
p umping field as a semi2classical field. The last
Hamiltonian describes t he hopping term between
t he leads and t he quant um dot s wit h hopping ma2
t rix element s TkL and TkR .

We now calculate t he elect ronic current
t hrough t he lef t lead ,which is defined as (we use ∂
= 1 in t he whole paper)

IL ( t ) = - q∫d t 1 [ Gr
11 ( t , t 1 )Σ<

L ( t 1 , t ) +

G <
11 ( t , t 1 )Σa

L ( t 1 , t ) - Σ<
L ( t , t 1 ) Ga

11 ( t 1 , t ) -
Σr

L ( t , t 1 ) G <
11 ( t 1 , t ) ] (6)

where t he related Green’s f unctions in t he Keldysh
formulation can be defined as

Gr , a
11 ( t 1 , t 2 ) = º iθ( ±t 1 º t 2 )〈{ c1 ( t 1 ) , c

1 ( t 2 ) }〉
(7)

G <
11 ( t 1 , t 2 ) = i〈c

1 ( t 2 ) c1 ( t1 ) 〉 (8)

and t he corresponding self2energies due to the leads
are of t he form

Σr , a , <
L ( t 1 , t 2 ) = ∑

k

T 3
kL T kL gr , a , <

kL ( t 1 , t 2 ) (9)

in which gr ,a , <
kL are t he retarded ,advanced and lesser

Green’s f unctions for t he noninteracting lef t lead ,
respectively.

By int roducing t he double2time Fourier t rans2
formation

F( E1 , E2 ) = κd t1 d t2 F ( t1 , t2 ) exp [ i ( E1 t1 - E2 t2 ) ]

(10)

t he charge current is expressed as

IL ( t ) = - qκ
d E1

2π
×d E2

2π
exp [ - i ( E1 - E2 ) t ] ×

[ Gr
11 ( E1 , E2 )Σ<

L ( E2 ) + G <
11 ( E1 , E2 )Σa

L ( E2 ) -
Σ<

L ( E1 ) Ga
11 ( E1 , E2 ) - Σr

L ( E1 ) G <
11 ( E1 , E2 ) ]

(11)
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In order to calculate t he charge current s ,one has to
know t he expressions of bot h t he retarded Green’s
f unction and lesser Green’s f unction for the quan2
t um dot s. Since t he lesser Green’s f unction and re2
tarded Green’s f unction are related by t he Keldysh
equation G< = GrΣ< Ga , t he core p roble m is re2
duce d t o calcula ti ng t he reta rde d Gree n’s f unc2
t ion . In ge ne ral , a p e rt urbation app roac h is needed

t o solve a ti me2dep e nde nt p roble m . Fort unately ,

f or t he Ha milt onia n we conside r he re , t he reta rd2
ed Gree n’s f unctions f or t he qua nt um dots ca n be

solve d exactly. The detailed calculations a re as

f ollows : Fi rst , we calculate exactly t he reta rded

Gree n’s f unctions f or two i ndep e nde nt qua nt um

dots 1 a nd 2 under op tical p umpi ng. This p rocess

is ve ry si mila r t o t ha t in Ref . [ 30 ] , a nd t he results

a re

gr
11 , ee ( E1 , E2 ) =

2πδ( E1 - E2 ) g0r
11 , ee ( E1 )

1 - λ2 g0r
11 , ee ( E1 ) g0r

11 , hh ( E1 - ω)

≡2πδ( E1 - E2 ) G ⌒r
11 , ee ( E1 ) (12)

gr
22 , ee ( E1 , E2 ) =

2πδ( E1 - E2 ) g0r
22 , ee ( E1 )

1 - λ2 g0r
22 , ee ( E1 ) g0r

22 , hh ( E1 - ω)

≡2πδ( E1 - E2 ) G ⌒r
22 , ee ( E1 ) (13)

w here g0r
11 , ee ( E) ≡1/ ( E - εe1 + iΓL / 2) , g0r

22 , ee ( E) ≡
1/ ( E - εe2 + iΓR / 2) , g0r

11 , hh ( E) ≡1/ ( E +εh1 ) , a nd

g0r
22 , hh ( E) ≡1/ ( E +εh2 ) a re t he elect ron a nd hole

Gree n’s f unctions f or t he qua nt um dots 1 a nd 2 i n

a bse nce of t he op tical p umpi ng. N ote t ha t we have

assumed t he wide2ba nd app roxi mation a nd rega r2
de d t he coup li ngs betwee n t he lea ds a nd qua nt um

dots as tw o consta nt li newidt h f unctions ΓL a nd

ΓR . O nce we have obtai ne d gr
11 , ee ( E1 , E2 ) a nd

gr
22 , ee ( E1 , E2 ) , we go t o t he next step a nd de rive

t he f ull Gree n’s f unctions via t he D yson equation

Gr = G ⌒r + G ⌒rΣr Gr ,

Gr
11 , ee ( E1 , E2 ) =

2πδ( E1 - E2 ) G ⌒r
11 , ee ( E1 )

1 - t 2 G ⌒r
11 , ee ( E1 ) G ⌒r

22 , ee ( E1 )

(14)

Gr
22 , ee ( E1 , E2 ) =

2πδ( E1 - E2 ) G ⌒r
22 , ee ( E1 )

1 - t 2 G ⌒r
11 , ee ( E1 ) G ⌒r

22 , ee ( E1 )

(15)

Gr
12 , ee ( E1 , E2 ) =

2πδ( E1 - E2 ) G ⌒r
11 , ee ( E1 ) t G ⌒r

22 , ee ( E1 )

1 - t2 G ⌒r
11 , ee ( E1 ) G ⌒r

22 , ee ( E1 )

(16)

3 　Results and discussion

Substit uting all of the above relations into Eq.

(11) ,we finally obtain

IL = q∫
d E
2π

T ( E) { f R ( E) - fL ( E) } (17)

where T( E) ≡
ΓLΓR t 2 | G

⌒r
11 , ee ( E) | 2 | G

⌒r
22 , ee ( E) | 2

| 1 - t 2 G

⌒r
11 , ee ( E) G

⌒r
22 , ee ( E) | 2

.

Equation ( 17) , which is t he cent ral result of this
work , expresses t he dissipative current t hrough
two coupled semiconductor quantum dot s under
optical p umping in terms of two local retarded
Green’s f unctions. In Fig. 1 ,we plot t he t ransmis2
sion coefficient T ( E) as a f unction of t he energy
E. There are four resonant peaks. To demonst rate

Fig. 1 　Transmission coefficient T versus the energy E

　We set the parameters as ΓL =ΓR = 012 , t = 015 ,εe1

= 2 ,εe2 = 115 ,εh1 =εh2 = 1 ,λ= 1 , and ω= 3.

Fig. 2 　Local density of states (LDOS) for quantum

dot 1 (solid line) and dot 2 (dashed line) 　All the pa2
rameters are the same as in Fig. 1.

t he p hysical original of t hese peaks , we plot t he

elect ron’s local density of states (LDOS ≡-
1
π ×

Im Gr ) for two quant um dot s. We find t hat t he
poles of t he Green’s f unction exactly determine
both t he positions of t he t ransmission resonance
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peaks in Fig. 1 and t hose of t he peaks in LDOS.
Figure 3 shows t he current2voltage curves for dif2
ferent optical p umping intensities. The I2V curves
exhibit t he well2known plateau shapes , and the
charge current s decrease wit h increasing optical
p umping intensity. In Fig. 4 ,we plot t he t ransmis2
sion coefficient T E = EF = 0 as a f unction of t he optical

p umping f requency. Surp risingly ,t here is a dip be2
tween t he two resonant tunneling peaks when t he
f requency of optical p umping (relative to t he Fermi
level of the leads) equals the discrete energy level
of holes in t he quant um dot s. This result can be
understood f rom t he expression of t he zero energy
t ransmission coefficient T E = EF = 0 :

T E = EF = 0 =
ΓLΓR t 2

| (εe1 +
λ2

εh1 - ω - iΓL ) (εe2 +
λ2

εh2 - ω - iΓR ) - t 2 | 2
(18)

Fig. 3 　Charge current versus voltage at zero tempera2
ture for different optical pumping intensities λ= 1 . 0
(solid line) ,115 (dashed line) , and 2. 0 (dot ted line) 　
All t he p arameters are t he same as t hose in Fig. 1 .

Fig. 4 　Transmission coefficient T ( E = EF = 0) versus

optical pumping f requencyω　We set t he p arameters as

ΓL =ΓR = 015 , t = 018 ,εe1 =εe2 = 014 ,εh1 =εh2 = 1 ,

λ= 014 .

We also have following p hysical argument s :At ze2
ro temperat ure ,only t he elect rons at t he Fermi en2
ergy level participate in t he t ransport . These
elect rons entering t he quant um dot s f rom the leads
will resonate wit h t he holes in quant um dot s under

t he optical p umping f requencyω=εh1 orεh2 , lea di ng

t o t he dyna mical localiza tion of elect rons . This i n2
te resti ng result ca n be used t o design op tical con2
t rol switc hes .

4 　Conclusion

In summary ,we have theoretically investigated
t he elect ron t ransport p roperties of two coupled
semiconductor quant um dot s under optical p um2
ping. By using the Keldysh2Green formalism , we
have solved t he time2dependent quant um t ransport
p roblem analytically. Plateau st ruct ures in t he I2V

curves occur and can be explained by t he local elec2
t ron density of states in quantum dot s. We have al2
so studied the effect s of t he optical p umping f re2
quency and intensity on t he t ransport p roperties of
t he system. When the f requency of t he optical
p umping is equal to the discrete hole energy level ,
t he elect ron dynamical localization p henomenon oc2
curs. This result can be used to realize optical con2
t rol switching. Since optical cont rols possess sever2
al advantages over cont rol by gate voltage for ex2
ample , ult rafast lasers can cont rol quant um sys2
tems on t he femto second time scale ,and wit h sha2
ping techniques t he amplit ude and p hase of t he p ul2
ses can be designed at will and offer a great deal of
flexibility and efficiency[31 ] . We hope this work will
f urt her stimulate t he research of semiconductor op2
tical cont rol nanost ruct ures.
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光学泵作用下两个耦合量子点的输运性质 3

葛传楠 　温 　俊 　彭 　菊 　王伯根

(南京大学物理系 固体微结构国家实验室 , 南京　210093)

摘要 : 运用 Keldysh 格林函数 ,理论研究了在光学泵作用下的两个耦合量子点的电子输运性质. 发现了电流2电压
曲线上的平台结构以及透射系数的共振峰 ,可以由量子点的局域态密度来解释. 讨论了光学泵的频率以及强度对
系统输运性质的影响 ,发现当光学泵的频率等于空穴的分立能级时 ,发生电子的动力学局域化. 这个结果可以用来
实现光学控制开关.
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