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Under Optical Pumping’
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Abstract : Using the Keldysh- Green function,we present a theoretical study on the electron transport properties of
two coupled quantum dots under optical pumping. Plateaus in the I-V curve and resonant peaks in the transmission
coefficient occur and can be explained by the local electron density of statesin the quantum dots. The effects of
the optical pumping frequency and intensity on the transport properties of the system are also discussed. The elec-
tron dynamical localization phenomenon occurs when the optical pumping frequency is equal to the discrete hole
energy level. This result can be used to realize optical control switches.
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1 Introduction

Due to recent developments in microfabrica
tion technology ,such as electron beam lithography
and molecular beam epitaxy ,low-dimension artifi-
cial semiconductor structures (including quantum
dots,quantum wells,and quantum wires) as small
as a few hundred angstroms can be success ully
fabricated. Mesoscopic electronic transport bascal-
ly deals with electron transport across such small
systems, typically with dimensons comparable to
phase-randomizing or theinelastic coherence length
Ly ,which can beaslargeas1l 31 mfor a2D layer
transport channel of a MOSFET at T = 4 2K.
When the transport dimenson reaches such a char-
acteristic sze, namely ,the charge-carrier inelastic
coherent length Ly ,and the charge-carrier confine-
ment dimension approaches the Fermi wavelength,
the macroscopic Ohm’ s law may not hold. The
main reasons are asfollows. First ,the length of the
mesoscopic systemis smaller than that of electron-
ic phase breaking,so that electrons can keep their
phase memory and electron wave coherence can
play an important role. Second,electrons are con-
fined in certain dimensions,giving rise to quantized
electronic energy levels. In fact ,mesoscopic physics
has been widely researched™ for the last two dec-
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ades. A wealth of interesting phenomena have al-
ready been revealed. Typical examples observed in
metallic wires are conductance quantization'”*
across a quantum point contact ,universal conduct-
ance fluctuation'® ,the Aharonov-Bohm"®*® oscilla
tion of conductance through a ring with a magnetic
flux ,and the coulomb-blockade'”* effect in micro-
tunnel junctions.

Very recently ,there has been a growing inter-
est® * in understanding how external time de
pendent perturbations affect the phase coherence of
low-dimensional semiconductor systems. This in-
terest stemsfrom recent progressin several experi-
mental techniques'®?® . External time dependent
perturbations affect the phase factor of the wave
function in different regions of the system ,leading
to the well-known photonasssted tunneling
process,in which an electron can go through the
system by emitting or absorbing multiple photons.
This process is responsble for side-band peaksin
the curve of conductance versus the gate voltage
and for a plateau structure in the current-voltage
(I-V) curves. In these low-dimensional structures,
the phase-destroying scattering processis cons der-
ably reduced ,and interaction with external time-de-
pendent fields in low-dimensional systems leads in
many cases to completely new forms of electronic
transport ,in which the time domain coherence al 0
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gives rise to many novel phenomena. Among these
are the dynamical localization observed in superlat-
tices,ac-induced absolute negative conductance,e
lectron pumps realized in different nanostructures,
and the very recent microwave studies demonstra
ting quantum coherence in double quantum dots.

In this paper ,we study the electron transport
properties of two coupled semiconductor quantum
dots under optical pumping. Usng the Keldysh
Green function, we can solve the time dependent
quantum transport problem analytically. Plateau
structuresin the |-V curve occur and can be ex-
plained by the local electron density of states in
guantum dots. The effects of the optical pumping
frequency and intensity on the transport properties
of the system are also discussed. When the fre-
guency of the optical pumping (relative to the Fer-
mi level of the leads) is equal to the discrete hole
energy level , the electron dynamical localization
phenomenon occurs. This result can be used to de-
sign optical control switches.

2 Modd and calculations

Consider a system that consists of two coupled
semiconductor quantum dots, with left and right
leads. There is an interband transtion in each dot
under optical pumping at frequency W. Snce the
holes are much heavier than the electrons in the
quantum dots,we need only to consder electron
transport in thisproblem. In other words ,the holes
are only spectators and do not participate as charge
carriers,just asin Ferreira’ s experiment'®’ . Elec-
trons are allowed to tunnel from the left lead to the
right lead via the two coupled quantum dots. The
Hamiltonian of this systemisthen

H= H. + Hr + Huaas + Hr (1)

where
Ho = Z\‘: W ak aw (2)
Hr = zt WR Akr AkR (3)

Haots = _zz[seic?Ci +€ hid'ii.di] +
tcic. + tcher + _zz[% exp (iwt) cidi +

)\exp(-I iwt) dich] (4

Hr = z[ Twak i + Twalrc + c.c] (5)

where H. and Hr are the Hamiltonians of the left
and right leads ,which can be described by the free
electron model. The corresponding annihilation op-
erators are a« and aw , regectively. Has is the
Hamiltonian of the two coupled semiconductor
guantum dots under the interband optical pum-
ping” . ¢ and d: are the electron and hole annihila
tion operators for the ith quantum dot. Note that
we only consder interband transitions with dipole
moment din the rotating-wave approximation. The
parametersA , d, and the electricfield strength E
should satify the relation A = Ed. Additionally,
snce the szes of the quantum dots are very small
and the frequency of the electromagnetic fieldw is
not very high,the inequality™ E >w’ thc/ ¢® is
easly satidied. It is reasonable to treat the optical
pumping field as a semi-classcal field. The last
Hamiltonian describes the hopping term between
the leads and the quantum dots with hopping mar
trix elements Tw and Twr.

We now calculate the electronic current
through the left lead ,whichis defined as (we use h
=1 in the whole paper)

L (t) =- dtz[ Gu(t,t1)Z (ta,t) +

G (t,t)Zf (te,t) - 205 (t,t1) Gia(ta,t) -

20(t,t1) Gaa(t,t)] (6)

where the related Green’ sfunctionsin the Keldysh
formulation can be defined as

Giff (t1,1t2) = FP(+ t1 F t2) {ci(t1) ,CI(tZ)}

(7)

Gfl(tl Jt2) =i CI(tz) ci(t1) (8)

and the corresponding self-energies due to the leads

are of theform

U8 (tr, t2) = ETk*L T g " (ta,t2)  (9)

r.a,<

inwhich ge™ " arethe retarded ,advanced and lesser
Green’ sfunctions for the noninteracting left lead,
respectively.

By introducing the double-time Fourier trans
formation

F(E, E) = J:fhdtzF(t1,tz)eXp[i(E111- Et2)]

(10)
the charge current is expressed as

IL(t) =- qffji‘ X%Ezexp[- i(E - E)t] x

[Gu(E ,B)I{(E) + Giu(E,E)ZI(E) -
50(E) Gh(E, B) - £l (E) Gi(E, E)]
(11)
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In order to calculate the charge currents,one has to
know the expressons of both the retarded Green’ s
function and lesser Green’ sfunction for the quan-
tum dots. Snce the lesser Green’ sfunction and re-
tarded Green’ sfunction are related by the Keldysh
equation G° = GZ~° G*,the core problem is re-
duced to calculating the retarded Green’ s func-
tion. In general ,a perturbation approach is needed
to solve a time-dependent problem. Fortunately,
for the Hamiltonian we consider here,the retard-
ed Green’ s functions for the quantum dots can be
solved exactly. The detailed calculations are as
follows: First, we calculate exactly the retarded
Green’ s functions for two independent quantum
dots 1 and 2 under optical pumping. This process
is very similar to that in Ref.[30],and the results
are

: __IO(E - B)glie(E)
e (B B) = e o (B gim (Er - @)
= A0 (E: - E2) Glie( Er) (12)

IO (E - E) ghe(E)

1-A2 gg§,ee( E1) ggE,hh( E - w)

= O (E - E) Ghe(E) (13
where gtiee(E) =1/ (E-€a +il (/2), g% (E) =
1/ (E-€e +ilr/2), g(ﬂ,hh (E) =1/ (E+&m) ,and
g%.m(E) =1/ (E+E€r) are the electron and hole
Green’ s functions for the quantum dots 1 and 2in
absence of the optical pumping. Note that we have
assumed the wide-band approximation and regar-
ded the couplings between the leads and quantum
dots as two constant linewidth functions . and
"r. Once we have obtained giie ( E2, E2) and
022« ( E1, E2) ,we go to the next step and derive
the full Green’s functions via the Dyson equation
G=G"+GX'G,

I0 (E - E) Gh.e(E)

géZ,ee( El, EZ) =

G:rll,ee( El y E2)

1- t° Ghie(E) Ghel(E)
(14)
TJO(E - E) Ghe(E)

G ( E1, E2)

1- t° Gle(E) Ghe(E)
(15)
2-[6( E:l = EZ) G:rl.l,ee( E:l) t G%Z,ee( E:l)

Gl (B, BE2) =
1- t? Glie(E1) Ghee(Er)

(16)

3 Resultsand discussion

Substituting all of the above relationsinto Eq.

(11) ,wefinally obtain
I = %TET(E){fR(E) S (B} (17

Ml et’]| Guel(E) |?| Gre(B |?

where T(E) =
| 1- t* Gue(E) Gre(B|?

Equation(17) ,which is the central result of this
work , expresses the disspative current through
two coupled semiconductor quantum dots under
optical pumping in terms of two local retarded
Green’ sfunctions. In Fig. 1 ,we plot the transmis
son codficient T(E) as a function of the energy
E. There are four resonant peaks. To demonstrate
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Fig.1 Transmisson coeficient T versusthe energy E
We set the parametersasl . =R =0 2,t=05fa
=2f2=15fm =<t =1A=1,andw=3.

R=

2.5
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W
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e mmmen

Fig.2 Loca density of states (LDOS) for quantum
dot 1 (solid line) and dot 2 (dashed line) All the pa
rameters are the same asin Fig. 1.

the physcal original of these peaks,we plot the

electron’ slocal densty of states (LDOS= - #‘ X

ImMG) for two quantum dots. We find that the
poles of the Green’ s function exactly determine
both the podtions of the transmisson resonance
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peaksin Fig. 1 and those of the peaks in LDOS.
Figure 3 shows the current-voltage curves for dif-
ferent optical pumping intendties. The |-V curves
exhibit the well-known plateau shapes, and the
charge currents decrease with increasng optical
pumping intendty. In Fig. 4 ,we plot the transmis
sion coefficient Te-e.-o0 as afunction of the optical

pumping frequency. Surprisngly ,thereis a dip be
tween the two resonant tunneling peaks when the
frequency of optical pumping (relative to the Fermi
level of the leads) equals the discrete energy level
of holes in the quantum dots. This result can be
understood from the expresson of the zero energy
transmission coefficient Te-e.-o:

[ et?
Te= Eg=0 = 2 el 2 (18)
. o 22
| €a +8h1 o M) €e +8hz o irr) - t°|
0.08 .
007 4 Conclusion
0.06 . . :
0.05 In summary ,we have theoretically i nvestigated
\0'04 the electron trangport properties of two coupled
0'03 semiconductor quantum dots under optical pum-
0.02 ping. By using the Keldysh-Green formalism, we
ootk have solved the time-dependent quantum transport
0 : . . A , problem analytically. Plateau structuresin the |-V
0 1 2 3 4 5

Fig.3 Charge current versus voltage at zero tempera-
ture for different optical pumping intensitiesA = 1. 0
(solid line) ,1 5(dashed line) , and 2. 0(dotted line)
All the parameters are the same as those in Fig. 1.
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Fig.4 Transmisson coeficient T(E= Er =0) versus
optical pumping frequency®w We set the parameters as
M =Mr=05,t=08£c1 =€ =048mn =€ =1,
A =04

We al 0 have following physcal arguments:At ze-
ro temperature ,only the electrons at the Fermi en-
ergy level participate in the transport. These
electrons entering the quantum dotsfrom the leads
will resonate with the holesin quantum dots under
the optical pumping frequency @ =€ or€ nz2 ,leading
to the dynamical localization of electrons. Thisin-
teresting result can be used to design optical con-
trol switches.

curves occur and can be explained by the local elec
tron dendty of statesin quantum dots. We have al-
9 studied the effects of the optical pumping fre-
quency and intensity on the transport properties of
the system. When the frequency of the optical
pumping is equal to the discrete hole energy level ,
the electron dynamical localization phenomenon oc-
curs. This result can be used to realize optical con-
trol switching. Snce optical controls possess sever-
al advantages over control by gate voltage for ex-
ample, ultrafast lasers can control quantum sys
tems on the femtosecond time scale ,and with sha
ping techniques the amplitude and phase of the pul-
ses can be desgned at will and offer a great deal of
flexibility and eficiency® . We hope this work will
further stimulate the research of semiconductor op-
tical control nanostructures.
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