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Taking account of the electron—electron (hole) and electron—hole interactions, the tunneling processes of the main

quantum dot (QD) Coulomb-coupled with a second quantum dot embedded in n—n junction have been investigated. The

eighteen resonance mechanisms involved in the tunneling processes of the system have been identified. It is found that the

tunneling current depends sensitively on the electron occupation number in the second quantum dot. When the electron

occupation number in the second dot is tiny, both the tunneling current peaks and the occupation number plateaus in

the main QD are determined by the intra-resonance mechanism. The increase of the electron occupation number in the

second dot makes the inter-resonance mechanism participate in the transport processes. The competition between the

inter and intra resonance mechanisms persists until the electron occupation number in the second dot reaches around

unity, leading to the consequence that the inter-resonance mechanisms completely dominate the tunneling processes.
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1. Introduction

Semiconductor quantum dot (QD) has become
one of the indispensable members in the electro-
optical devices such as light-emitting diodes, op-
tical switches and quantum information processing
unit.[!=8] A single QD can function as a microelec-
tronic unit such as a transistor, forming the basis
of nanoelectronics.”? The fine energy structures of
the resonant/bound state, such as exciton, charged
exciton (trion), or even biexciton structure due to

electron-hole correlations!'0—26]

have provided ways
of controlling the electron and hole dynamics by us-
ing the optical light, paving road for the solid state
realization of the quantum communication and quan-
tum computing.[413:21=23.27=30] Ty the studies of these
potential properties, many novel theoretical and ex-
perimental phenomena have been disclosed. Among
these findings, strong photon antibunching25=27 re-
sulting from the optical processes involved in the
fine structures due to the electron—hole exchange in
QD, Coulomb blockade due to Hubbard interaction

(31]

among the carriers, virtual photon intermediated
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Forster transfer,??) and Kondo effect in the QDs due
to the coupling of local degenerate state to the mo-
bile electron reservoirs,[32739 are the typical exam-
ples. Exploration of all these phenomena and appli-
cations in semiconductor QD necessitates the stud-
ies on the resonance energy structures in the trans-
port and optical processes of single-electron transistor
(SET), consisting of the three-terminals: source, gate
and drain. For example, the self-assembled direct-gap
InAs/GaAs QD buried into the source and drain[! is
a prototypical SET.

Ediger and co-authors studied the photolumi-
nescence of the close-symmetric InAs/GaAs and In-
GaAs/GaAs coupled QDs, where the fine structures of
exciton complexes, singly-charged, the trion, doubly-
charged and neutral excitons underline the peaks of
the spectra.l!”l In their investigations, the role of the
resonance mechanisms played by the electron—hole
correlations on the electronic transport properties of
QDs has been emphasized.
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where a single QD is embedded in p-n, and n-—

[10.40] Tt is found that the sharp peaks

n junctions.
both in tunneling current and emission spectrum, re-
veal the exciton, charged exciton, and even biexci-
ton mechanisms, coexisting in the complicated optical
and transport processes. Their studies provide a pre-
cise method for measuring the exciton binding energy
and electron—electron repulsion energy.[*?! Inspired by
their work, we introduce the second QD into the sys-
tem. The second QD can be considered as an impu-
rity dot or deliberately manufactured using Stranski—
Krastanow method, through which controllable multi-
dot system can be produced. The two QDs are cou-
pled together through the Coulomb interactions.'*:17]
Using the Keldysh formalism, we obtain a formidable
closed set of equations, through which the effect of the
Coulomb interactions among the charged carriers on
the tunneling current has been found. All the reso-
nance mechanisms involved in the tunneling processes
due to the electron and hole correlations have been
identified and analysed through the analytical and nu-
merical methods. The influence of electron number in
the second QD on the modification of the electronic
transport has been given in details, the neutral and
charged electron and hole complexes have been asso-
ciated with the resonance mechanisms in the tunneling
processes.

The rest of the paper is organized as follows: Sec-
tion 2 gives the background, where the Hamiltonian
governing the electron tunneling processes and some
assumptions are proposed. The analytical expression
of the tunneling current is derived in Section 3, where
the influences of the bias and gate voltages with the
different electron occupation number in the second
QD on the tunneling processes in the main QD is dis-
cussed in detail. Section 4 gives a summary of our

work.

2. The model and formalism

The single-electron tunneling device considered
here consists of n-type source-drain junctions, the
main QD and the n-type second side-dot, whose
Hamiltonian can be separated into two parts, H =
Ho + Heoul- Ho describes the free electrons and holes
part together with the hopping between the main QD

and source-drain junctions, and can be written as fol-

lows:

HO = Z Eid;‘r,gdi,a + Z E?cdge’o-dQC,a

i=(e,h),o o

+ E EkCL,o,zCk,mz

ko l=LR
+ Z (Vk,mlc};,a,lde,o + Vlj,o,ldl,ockﬁJ) ) (1)
kol

where d; , (d;o) represents the annihilation (creation)
electron/hole operators with spin ¢ in the intrinsic
main QD; da, (dge), the annihilation (creation) elec-
tron operator with spin ¢ in the n-type second side-
QD; ¢k 0.1, (czﬂ,l), the annihilation (creation) electron
operators in source and drain, and the last term de-
scribes the hopping between the source, drain and
main intrinsic QD, the absence of hopping between the
main QD and the second QD has been assumed.'

A laser light excites the carriers in the wetting
layer, and this pumping process is described in a semi-
classical way as,

iwot
Hopex = E ()\Oe 0 be,k,nbh,k,—a
kol

+ )‘5 e_iWOthl,k,fab;k,a) ’

where be ;- and by i, —, are the paired electron-hole
annihilation operators in the wetting layer. The
optically-generated carriers in the wetting layer un-
dergoes relaxation processes, such as electron—phonon
and impurity scattering processes into the main QDs.
The phonon absorption is neglected here due to
the phonon-bottleneck effect in the low temperature
situation. 41l

Rough estimate for the tunneling rate I'g (= I, +
IR), (I1(r) is the tunneling rate between the main
QD and the left (right) lead) shows that it is much
larger than the electrons capture rate -, . from wet-
ting layer to the main QD. So the pumping-induced
electron occupation number can be safely neglected.
For the hole capture from the wetting layer to the
main QD, the situation is just the opposite, the hole

occupation number can be estimated semiclassically

as[w]
Ve Vh,k
nh’ = : : 5 2
7 'Yh,cNh,—k: + RehNeo + Fh,s ( )
where Ny = <b}L1 xOn.k), represents hole number in

the wetting layer generated by the light excitation;
“Vh,c is the capture rate from the wetting layer to
the main QD; R, and I3, s are the phenomenological
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electron-hole and nonradiative recombination rates
respectively. N., denotes the electron occupation
number in the main QD due to tunneling, which can
be determined self-consistently.

Since the tunneling rate I, is much larger than
the electron-hole recombination rate R.p, during the
time scale of interest, the holes are persistently present
in the process of the electron tunneling. The electrons
and holes Coulomb interactions H.ou can be written

as follows:

(e,2e,h)
Hcoul = Z Ui7idj’gdi,ad;7‘g i,—0
1,0

Heou = Z

o=",{

(e;h)
+ > Uigd digd) djo0
i#£j,0,0'
(e.h)
+ ) Uised] ,diodb, yidoeor,  (3)

i,0,0"'

where the first term describes the electron—electron,
hole-hole interactions in the main QD and electron—
electron interaction in the second QD; the second
term, describes the electron—hole interactions in the
main QD, and the last term describes the electron—
electron/hole interactions between the side QD and
main QD. The above Coulomb coupling term Hcoul

can be rewritten explicitly as,

UeNe,aNe,fo' - Ueh (Ne,aﬁh,a + Ne,aﬁh,fa) + Uhﬁh,aﬁh,fa

+ U2e(ﬁ26,0ﬁ2e,70) + Uey (ﬁe,aﬁZe,o’ + Ne,o"ﬁ‘Qe,fa) - Uhy (ﬁh,aﬁZeﬁa + ﬁh,aﬁ2e,70) ) (4)

where U,, Ugp, Uy, are the electron—electron, electron—
hole and hole—hole intra-interaction strengths in the
main QD respectively, while Us, is the electron—
electron interaction strengths in the second QD, Uy
and Uy, are the interaction strengths between the elec-
trons in the second QD and electrons and holes in the
main QD respectively.

In the following section, the closed form of solu-
tions for the tunneling current will be obtained in the

framework of the Keldysh formalism.

3. The tunneling current

The tunneling rate I7, g between the source/drain
and main QD is much larger than both the capture
rate of the electron 7., and the electron—hole recom-
bination rate Rep; the capture rate of the electron
is determined by the electron—phonon and electron—
impurity scattering mechanisms. This assumption
indicates that electron relaxation from the wetting
layer to the main QD has been neglected in the time
scale of interest.['%) The stationary tunneling current
flowing through the main QD can be calculated as

follows:[10-42,43]

2¢ [ de Iy(e)Iw(e)

h J 2r IL(e) + I'r(e)
x [fu(e — pr) — frle — pr)] As(€),  (5)

J=-

where A, (e) is the spectral function, and can be de-
termined from the imaginary part of the retarded
Green’s function GY, ,(€). It is worth while noting that
the spectral function A, (¢) here is determined by the
electron—electron as well as electron—hole interactions.
The chemical potential difference from left and right
electrodes defines the bias between the two electrodes:
UL — pur = eV, as the usual way. In order to calculate
the tunneling current, the central task is to calculate

the following retarded Green’s function,

Gio () = =10 (t) ({de (t) . dl , (0)}) (6)

where 0(t) is the Heavside step function. The equation
of motion for the retarded Green’s function can be ob-
tained by using the Heisenberg equation of motion for
the fermion operators. After the Fourier transforma-

tion, Gt (€) can be evaluated to be

(e —E. + 1];e> Ge o (€)
= 1+ UcGee o (€) = Uen [Gop (€) + Gopz (6)]
+ Uey [Géy,l (6) + G;y,2 (6)] ) (7)

where F, is the electron ground state energy level in
the main QD, Ie(e) = I'.(€) + I'r(¢); the lowest order
coupling between the electrodes and the main QD has
been adopted.1%]
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From the above equation, the calculation of the eha(t)
single-particle Green’s function necessitates the eval- 10(t) <{de70 (), —o (1) dl 0(0)}> 7 (8¢)
uation of the two-particle retarded Green’s functions )
Gée o () Geni (1), Gaa (1), £y1( ), and GeyQ( ), which vt . :
are defined as 19(’5) <{dc,a (t) frze,o (1), di o (0)}> ) (8d)
G o (1 vz (8
t) {de.o (t) fige —o (1), dl ) 8
= 1000) ({der (ONe o (0. L, 0))) . (80) "0 (e (P00 (0,2 O). - (86)
en1(t) The Fourier transform of the above two-particle re-
—10(t) ({de,o (t) in,o (t), d] <01, (8b)  tarded Green’s function can be obtained as follows:
|
F T T T
€— Ee - Ue +i- 2 Gee o ( ) = Ney—U - Ueh[GeheJ ( ) + Gehe 2 ( )] + Uey[Geye,l ( ) + Geye 2 ( )] (9&)
F T T T T T
(€= Bt U 415 ) G (0 = 1 + Ve )~ UGl (04 UGl 0+ Gl (90)
Fe T T T T T
(6 —Ee+Uen + 1 2) Genz (€) = nh,—o + UeGpen (€) — UenGepy, (€) + Uey |Gy y1 (€) + Goprya (€)], (9¢c)
: Fe T T T T
(€= B = Uy 555 ) 6241 (9 = e + Va0 + UGy (0) = UGl () + Gl () (90)
: Fe T T T T
(€= B = Uy 55 ) 6240 (0 = 00 + Uuilye () + UGy (0) = UGl (0 + Gl () (90)

The determination of the two-particle Green’s function requires the solutions of the three-particle retarded

Green’s function, which consist of the following 10 retarded Green’s functions:
et (1) = =10 (&) ({Ne,o () s (1) doo (1) L, (0} ),
Gies (1) = =10 () ({ Voo (O, (V) oo (1), (0)} ),
Gl (1) = =16 (1) ({ im0, o (1) deo (1) ., (0)}).
et () = =10 (0) ({ N (1) Aer (1) e (1) L5 (0) )
Loz () = =10 (8) ({ Mo () Pz, () dess (2). dz,g 0}).

GEyy () = =0 (8) ({fi2e.0 (1) 2o (1) do L)},
ehyl(t)=—19(t)<{ﬁh,a (t) e (8) deo (), dL , )}>»
g (1) = 10 (8) ({no (1) e, - <> 2 (1).db, (0)}),
G (8) = —10 (1) ({n—o (1) P30r (8) deyer (1) 1 E, (0)}),
G (8) = =10 () ({n—o (8) Rz (8) desr (£) . dE, (0)}).

(10a)

(10b)

The hierarchy of the equations of motion of the retarded Green’s function beyond the three-particles retarded

Green’s function will continue till the six-particle retarded Green’s function, where the hierarchy terminates.

The last but only six-particle retarded Green’s function Gty (t) is defined as follows:

e (1) = —10 (1) ({doo () Ne,—o (0 (D), o (D20, (120, (8), L5 (0)} )
This six-particle retarded Green’s function obeys the following equation of motion

e
lha Gehhyye( ) =9 (t) NE —oMh,0Mh,—oM2e,0M2e,—0 + E, Gehhyye (t) - 1? ehhyye (t)
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+ UeGennyye (1) = 2Ueh Gennyye (t) + 2Uey Gepnyye () -

Fourier transform of the above six-particle retarded Green’s function G

Ne,fo'nh,anh,fan2e,an26,70

(12)

r

ehhyye () leads to the following expression,

éhhyye (6) =

€ — Ee — Us — 2Uqy + 2Uep + i1 0/2"

(13)

For saving space, the definition and equations of motion of the four-particle retarded Green’s function and

beyond are left out. The final result for the single-particle retarded Green’s function Gy () can be obtained

as:

7l = (

+

Gto(€) = (1 = Ne,—g) Fi(€) + Ne,—o Fa(e), (14)
where Fi(e) and Fz(e) are defined as follows:
(]- - M1,a + Sh,a) (]— - NQe,o + SQe,a) (Nh,o - 28}1,0) (]- - NQe,a + SQe,a)
€e—FEo+1il/2 €—Fo+Ueh +ilc/2
+ (1 - Nh,a + Sh,a) (N2e,a - 2829,,0) Sh,a (1 - N2e,a + S2e,0) S2e,a (1 - Nh,a + Sh,a)
¢ — B — Uey + 114/2 € — Eo+2Ueh + i10)2 ' € — Eo —2Uqy + i10)2
+ (Nh,o - 2Sh,a) (NQe,o' - 282@0) Sh,o’ (N2e,a - 2826,0)
€ — FEo — Usy + Uen +11,/2 € — Ee — Usy +2Uep + il /2
SZe,o' (Nha' - 2Sh,a) SQe,JSh,a' ) (15)
€ — o — 2Uey + Uen + 11e/2 | € — Eo — 2Uey + 2Uen + 102

(1 - Nh,a + Sh,o) (1 - N2e,a + S2e,a)

(Nh,tf - 28}1,0) (1 - N2e,a + SQe,a)

7o) = (

¢ — Be—Uc+il./2

« (1 - Nh,o’ + Sh,a') (N2e,a - 2826,0‘)

Sh,o’ (1 - NZe,o’ + 826,0')

€—FEo—Us+ Ugpy +11,/2
828,0' (1 - Nh,o’ + Sh,a)

€ — B~ Ue— Uny + 110/2
(Nh,U - 2Sh,0) (N2e,z7 - 2826,0‘)

€= FEo— Us + 2Uey, + i1/2

¢ = Eo— Uy — 2Usy + il0/2
Sh,cr (N2e,a - 2826,0‘)

€ —Fe —Us — Uey + Uep + 1% /2

Sose0 Mo — 28h &
N 9¢,0 (N, h,o)

€ — FEe —Us — Uey + 2Ue, + 1 /2

€—FEe—Us—2Usy + Uy + i1/2 +

with Ny, »
Sh,o = Mh,6Mh,—0> S2e,0 = N2e,6M2e,—0-

Inspection of Egs. (14)—(16) makes it clear that
the electrons in the second QD participate the evolu-

= Nh,ec + Nh,—0 N2e,o = MN2e,0 + N2e,—0

tion of the retarded Green’s function G¥, ,(¢) through
the two approaches. Besides modifying the reso-
nance energy structures (see below for detailed anal-
ysis) in the denominators, they also make the corre-
sponding probabilities of these resonance mechanisms
change substantially. The retarded Green’s function
in Egs. (14)—(16) looks very cumbersome, however
subsequent detailed analysis shows that the resonance
structures can be classified into two main categories.

One category is intra-dot interactions induced res-
onance structures, which include intra-single electron
€intra; (€ = Fo); intra-exciton Xintra, (€ = Ee — Uen);

intra-positive trion X;' .. (¢ = E. — 2Ue,); intra-

€ — FEe —Us — 2Usy + 2Ueh + i1l /2

SQC,USh,cr > (16)

[

2-electron ¢i,., (€ = Fo + U,); intra-negative trion
Xi(r;r)a, (e = Eo + Us — Uqn); and the intra-biexciton
[X2)intras (€ = Bo+Us—2Ug,). Compared to the single
QD case in Ref. [10], all these six terms have already
been present in the single-QD case, but the probabili-
ties for these resonance structures are altered remark-
ably in the presence of the Coulomb interaction be-
tween the two QDs. As far as the resonance structures
are concerned, the newly developed twelve terms be-
long to the other catergory which are listed as follows
(the subscript inter is used to denote the resonance
mechanisms involving the interdot Coulomb interac-
tions): the double electron q?n;er, € = F + Ugy; the
first kind triple-electron qi}nter, € = E+2U,y; the sec-
ond kind triple-electron qg;nter, € = B+ U, + Ugy; the
quadruple-electron qfn;er Eo+U.+2U,y; the negative-
trion X, .., € = Ee+Uecy—Uepn; the biexciton [X?|inter,

inter?
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€ = Eo + Uey — 2Ucp; the first kind double extra elec-
trons attached exciton (3e + h quartet complexes)
Xg;t)cr, € = Fo 4+ Us + Ugy — Ucn; the second kind
double extra electrons attached exciton (3e+h quartet
complexes) XQ(i;t)Cw € = FEe+2Uey — Uen; the first kind
single extra electron attached biexciton (3e+2h quin-
tet complexes) [XQ](l;)lter, € = Ee + 2Uey — 2Uen; the
second kind single extra electron attached biexciton
(3e+2h quintet) [XQ]ggr)lter, € =Fo+Us + Usy — 2Ueh;
the triple extra electrons attached exciton (4e+h quin-
tet) Xi(jt;), € = Eo+ U +2Uey — Uep; the double extra

electrons attached biexciton (4e+2h sextet) [X 2]1(31;63,
€ = Eo + Us + 2Ugy — 2Uqn. The roles of all these
resonance terms in the denominator together with the
corresponding probabilities in the numerator played
in the tunneling current have been analysed and dis-
cussed in detail in the following.

In order to give a quantitative picture of how the
occupation number nge » (0 =1, 1), in the second QD
influences the tunneling current, we give the detailed
numerical analysis in the following. In the numerical
simulation, we use the following parameters for the
main QDs,['% the electron and hole energy levels in
the main QD in the absence of the biased voltage are
E. = —140 meV, Ey, = —125 meV respectively, the
Fermi level in the electrodes is chosen to be 70 meV
below the electron energy level in the main QD, and
is assumed to be 60.0 meV above the conduction
band minimum, i.e., EFr = 60.0 meV. The electron—
electron, hole-hole, and electron—hole Coulomb inter-
action strengths are estimated to be U, = 16.1 meV,
Un = 18.5 meV and U, = 16.7 meV. The tunneling
rates from both the left and the right leads have been
taken to be equal, I, = I'gr, In the presence of both
the gate voltage V, and biased voltage V,, the energy
levels for electron and hole in the main QD change
according to the following rule, E, + aeV, — feV,,
En + aeV, — BeVy with o = 0.5 and 8 = 0.7. In
order to obtain the tunneling current in Eq. (5), the
electron occupation number N, , due to tunneling in
the main QD should be determined self-consistently
through the following equation

[ deLOF(O + TR(Fr(O) ,
Neo = /7r o g A 1

Without loss of generality, it is assumed that the hole
number in the wetting layer generated by the light
excitation Ny is linearly proportional to the light
excitation power for low pumping intensity, which is

characterized through a dimensionless quantity 7 =
Yh,eNhk/Ih s In the following numerical simulation,
Ihs = 0.20 meV, Rep, = 10.0 peV, Z = 0.90. It is tac-
itly assumed that tunneling rate I, = I'y = 0.5 in the
following numerical presentation, unless we mention
explicitly. The electron—electron and electron—hole
Coulomb interaction strengths among the charged car-
riers between the two QDs are taken to be 14 meV and
12 meV respectively.

Figure 1 illustrates the electron occupation num-
ber in the main QD as a function of the gate volt-
age eV, when the electron occupation number in the
second QD takes the values 0.1, 0.5, 0.7, and 1.0 re-
spectively. The plateaus correspond to the particu-
lar resonance mechanisms described above. When the
electron occupation number in the second QD is small,
say, Nge,s = 0.1, the eminent plateaus are similar to
the case of the single QD,[% but closer inspection of
the curves indicates that there exist tiny shoulders be-
tween the main plateaus. This phenomenon becomes
more pronounced in the tunneling current, as shown
in Fig. 2, where the occupation number in the second
QD is gradually increased from 0.1 to the maximum
value of unity in steps 0.1. From Fig. 2, it can be
clearly seen that when the electron occupation number
is small (see Fig. 2(a)), the peaks appear in the same
positions as in the case for a single QD, except that
two additional peaks appear at eV, = 119.6 meV and
143 meV, and a number of shoulders emerge as satel-
lites around some of these sharp peaks. The satellite
peak at eV, = 119.6 meV is attributed to two possi-

(2-)

Linter» Whose resonance

ble mechanisms: ¢, and X

energies are almost identical.

1.0 L L ~
—— nge,s =0.1 Foo
--- N2e,0 =0.5 ",
081 naen = 0.7 v
—-—-N2e,0 = 1.0 \|
0.6 - !
°
]
= 0.4 A
0.2
0 e T
0 50 100 150 200

eVg/meV

Fig. 1. The occupation number of the electrons Ne o in
the main quantum dot versus the gate voltage potential
eVy for different values of the electron occupation number
in the second QD at zero temperature: nge, = 0.1 (solid),
0.5 (dashed), 0.7 (dotted) and 1.0 (dot-dashed).
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0.2 ‘ ‘ ‘ ‘ ‘
(b) N2e.s = 0.2
" MU
0.2 A . } | “
(d) N2e,0c = 0.4
. MU\_/MLA
0.2 ,
=~ (e) n2e,c = 0.5 (f) Noe,o = 0.6
&
= 02
o U ’ , : , , ]
(8) N2e,0 = 0.7 { (h) N2e.0 = 0.8
0.1 1
0.2 . - ——
® ()
0.1 ]
0 , ‘ ! T T T
50 100 150 50 100 150
eVy/meV eV /meV

Fig. 2. The tunneling current J in the main QD versus the gate voltage potential eV for different values of

occupation number of electrons in the second QD at zero temperature: the value of the occupation number of

electrons in the second QD changes from 0.1 to maximum 1.0 in steps of 0.1 from Fig. 2(a) to Fig. 2(j), showing

the detailed variation of the tunneling current.

While the other peak at eV, = 143 meV re-
sults from the first-kind inter-triple electron mech-
anism ¢>~ . The number of peaks in the tunnel-
ing current has a tendency to increase and reaches
maximum when the occupation number in the sec-
ond QD is close to 0.5. Beyond 0.5, the number of
the peaks begins to decrease, and only four sharp
peaks survive when no. , reaches unity. Let us focus
on the two subpanels, where 1., = 0.5,1.0 respec-
tively. In the former subpanel (Fig. 2(e)), 10 peaks
as well as additional two shoulders emerge, and these
peaks and shoulders match in sequence the follow-
ing resonance mechanisms from lower to higher en-
ergies: X;I  (~52.2 meV); [X?|inter, (= 72.4 meV);
(XJintra, (= 76 meV); [X2J0, (= 914 meV); X,
(% 96 meV); Xp.., (% 99.2 meV); X320 . (=
116 meV); X ., (and ¢2,,), (= 119.4 meV); g2y,
(= 123.7 meV); qf;mer (and Xi(jt;g), (= 139.5 meV);
qg;nteﬂ (~ 143 meV); and the last one, the quadruple
electrons ¢jw ,(~ 163 meV).

From these two subpanels of the Fig. 2, the 14
mechanisms of the total 18 resonance mechanisms can
be identified in the tunneling current as peaks and
shoulders when the occupation number of the electron
in the second QD varies from 0.5 to 1.0. The pres-
ence of shoulders results mainly from the fact that
the corresponding resonance mechanism has a lower
probability than the neighbouring peaks. In the last

[

subpanel of Fig. 2 (Fig. 2(j)), the first peak corre-
sponds precisely to the shoulder in the subpanel of
N2e,s = 0.5 (Fig. 2(e)). This can be attributed to
the fact that the increase of ng., makes the prob-
ability for the single extra-electron attached biexci-
ton (3e+2h complexes) [Xg](_)

inter Y€SONance mechanism

dominate over the other two neighbouring resonance
mechanisms, the inter-negative-trion X, and the

The other

three sharp peaks in Fig. 2(j) are the consequences

intra-negative-trion X . . (see Fig. 2(e)).
of the boosting of the corresponding tiny peaks in
Fig. 2(e).

In Figs. 1 and 2, there exist common phenom-
ena that both the plateaus for the electron occupation
number and the tunneling current peaks in the main
QD experience shift to the higher gate voltage (eVj)
side. The first prominent plateau (nge, = 0.1) in
Fig. 1 becomes diminishing with the growing of nse »
and disappears when ny. , reaches unity. The peaks
in the lower gate voltage side are suppressed while the
peaks in the higher voltage side begin to dominate.
This can be interpreted as the effect of the Coulomb
interactions’ competition between the charged carri-
ers in the intra-dot and inter-dot mechanisms on the
transport properties of the main QD. That is to say,
the occupation number nye , in the second QD influ-
ences the tunneling through adjusting the probabili-
ties of the different resonance mechanisms. When the
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occupation number is small, the tunneling current is
determined by the Coulomb interaction processes in
the main QD, with the increment of the occupation
number nge o, the inter-dot Coulomb interactions be-
gin to take effect, leading to the generation of the rich
structures of the tunneling current.

As a matter of fact, almost all resonance mecha-
nisms can be resolved by decreasing the tunneling rate
I',r). Figure 3 shows the occupation number N, , in
the main QD, when the tunneling rate I, = I'g has
been set to 0.1. The original main plateaus of the oc-
cupation number in Fig. 1 begin to split in Fig. 3, and
more tiny plateaus emerge. The peaks in tunneling
current in Fig. 4 become sharper and the linewidths
of the peaks become narrower due to the lessening of
the flow in/out of electrons in the main QD and the in-
crease of the lifespan for the electron’s dwelling in the
main QD. Compared to the counterpart subpanel of
Fig. 2 for the case of nye , = 0.5, the amplitude of the
tunneling current in Fig. 4 becomes diminished and

l

the original shoulders in Fig. 2 begin to form clear-
cut satellite peaks due to reduction of the broadening
of the peaks’ width. The resonance mechanisms of the
12 peaks in Fig. 3 correspond precisely to the mecha-

nisms for the peaks as well as shoulders in Fig. 2.

1.0 : =
—— N2e,0 = 0.1 ;__
--- Nge,os = 0.5 ¥ b
08 7. .. Noew =07 ) A0 .
—=-N2e o =10 [ |
0.6
°
s 1 -l
2 0.4 1
0.2
0 - T T
0 50 100 150 200

Fig. 3. Same as Fig. 1, except that the tunneling rate
It,(r) has been set to be 0.1, resolving almost all 18 reso-
nance mechanisms discussed in the text.

0.06 1 1 1 1 1 1
(a) N2e,0 = 0.1 (b) N2e,0 = 0.5
0.03 A i
: (L
£ 006 e L ~ﬂ | ; .
5
¢ (c) nze,c =0.7 (d) ngeoc = 1.0
0.03 A1 4
0 T T T T T b T
0 50 100 150 200 50 100 150 200
eVg/meV eVg/meV

Fig. 4. The plot of the tunneling current in the main quantum dot using the same parameters as those in Fig. 3.

The electron occupation number and the tunnel-
ing current in the main QD at the finite tempera-

ture kT = 2 meV have also been studied, which

\
are shown in Figs. 5 and 6 respectively. The broad-
ening effect from the finite temperature is clearly

seen in Fig. 5, where the sharp plateaus are blurred.

027302-8



Chin. Phys. B Vol. 19, No. 2 (2010) 027302

For the tunneling current, we only give the cases of
Noe,e = 0.1,0.5,0.7,1.0. The tunneling current bears
the similar trend to those in Fig. 1, namely, the inter-
dot interaction mechanisms dominate the tunneling
processes with the increase of the electron occupation
number in the second QD. By comparing the tunneling
current peaks for the case of nge » = 0.5 in Fig. 6(b) to
the counterpart in Fig. 2(e), it is found that the satel-
lite peaks in Fig. 2(e) have merged together forming
six main peaks in Fig. 6(b) due to the thermal broad-
ening. Among these six main peaks, some of the peaks
can be regarded as the linear mixing of two or three
peaks. For example, the second peak in Fig. 6(b)
is the admixture of the inter-biexciton [X?]iper and
intra-exciton [Xintra in Fig. 2(e); the third peaks are

the admixture of the inter-negative-trion X, , ., with
the two satellite peaks, inter-negative trion X, .., and
intra-negative-trion X, , ., in Fig. 2(e).
Lo —— N2e,0 = 0.1 ",/"/
--- N2e,0 =0.5 l
0.81.... n2e,o = 0.7 S
—-—-- N2e,oc = 1.0 /’ /’
0.6 ER
= 04+ Y
!
,Il
0.2 1
0 R T
0 50 100 150 200

eVg/meV

Fig. 5. The finite temperature counterpart plot of the
Fig. 1 at kT = 2 meV.

0.20
a N2e,0 = 0.1 b N2e.o = 0.5
oasl @ | (b) e
0.10 t
~ 0.05f M
- M
54 0
5 =0.7
& o1t © n2e,0 =004 (d)  ngeo =10
0.10 +
VAN
0
0 50 100 150 200 50 100 150 200
eVg /meV eVg /meV

Fig. 6. The tunneling current in the main QD plotted as
a function of the gate voltage eVy for different electron
occupation numbers in the second QD, where the same
parameters as those in Fig. 5 are used.

The actual position of a certain main peak in
Fig. 6(b) is determined by the resonance energies as

well as the corresponding probability. For example,
the second peak’s position in Fig. 6(b) is located
around the half way of the two participating peaks
in Fig. 2(e), which have the almost equal resonance
While
the position for the third peak in Fig. 6(b) is mainly

peaks’ ampltudes (viz. equal probabilities).

determined by the middle peaks in Fig. 2(e), which
has the highest peaks (viz. the largest probability).

0.6

— N2e,0 = 0.1

--- Nge,s = 0.5 e
- Nge,o = 0.7 N

- N2e,0

ZE» 0.3 1
0 f f
0 75 150 225

eVa/meV

Fig. 7. The occupation number of electrons in the main
QD versus the bias potential eV, for different occupation
numbers of electron in the second QD at finite tempera-
ture; the gate voltage eV has been set to vanishing, and
the other parameters are the same as those in Fig. 5.

1.00
—— N2e,0 = 0.1
co- Mges =05
0.75  Mgee =07
—=-N2e0 = 1.0
~
~X
= 050
I
-
=}
®)
0.25
0 44 88 132 176 220

eVa/meV

Fig. 8. The plot of the tunneling current versus the bias
potential eV,, where the same parameters are used as
those in Fig. 7.

The electron occupation number and tunneling
current in the main QD have also been calculated as
the functions of the source-drain bias voltage V,. The
electron occupation number in the main QD reaches
the saturation state at different biases with the dif-
ferent electron occupation numbers in the second QD
(shown in Fig. 7). The larger the electron occupa-
tion number attains in the second QD, the higher the
source-drain bias is required to make the electron oc-
cupation number in the main QD culminate. The tun-

neling current versus the source-drain bias is plotted
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in Fig. 8, where Coulomb staircases can be distinctly
identified.

It can be seen from the figure that the introduc-
tion of the second QD makes the attraction-repulsion
resonance complexes flourish, leading to the gain of
the tunneling channels for the electron—hole complexes
to pass through. This effect can be seen in the cases of
Nge,e = 0.5,0.7 in Fig. 8, where the common actions
from both the inter and intra electron—hole complexes
induced resonance mechanisms render the rich struc-
tures of the Coulomb staircases.[®!] For the extreme
cases where ny. , = 1.0, the first plateau for both the
electron occupation number and tunneling current in
the main QD are shifted toward the larger bias voltage
V., and some plateaus completely disappear. All these
mean that the inter resonance mechanisms will dom-
inate the tunneling processes with the increase of the
electron occupation number introduced in the second
QD. In technical viewpoint, one can use this effect to
switch on/off the electron tunneling in the main QD
for a particular plateau by modulating the electron
occupation number in the second QD.

4. Concluding remark

In summary, we have investigated the quantum
tunneling processes from the Coulomb-coupled QDs

embedded in the n—n junction. Using the Keldysh

formalism, the analytical expression for the tunnel-
ing current through the main QD has been obtained.
Eighteen resonance mechanisms in the tunneling cur-
rent have been found analytically and interpreted term
by term, making it clear that the introduction of the
second QD not only increases the resonance mecha-
nisms in the system but also modifies the probabil-
ity for a certain resonance. Further numerical anal-
ysis shows that the electron occupation number in
the second QD influences significantly both the occu-
pation number plateaus and tunneling current peaks
in the main QD. The effect of Coulomb interactions
among the charged carriers in the main and the second
QDs on the transport processes can be classified into
two classes, intra-resonance mechanisms in the main
QD and inter-resonance mechanisms between the two
Coulomb-coupled QDs. With the increase of electron
occupation number in the second QD, the coexistence
of the intra- and inter-resonance mechanisms appear
both in the tunneling current and the occupation num-
ber plateaus. The inter-resonance mechanisms domi-
nate the tunneling current when the electron occupa-
tion number in the second QD reaches the maximum.
Some of the fine resonance structures found in the tun-
neling current can provide a clue for the applications
of the Coulomb interactions among the carriers to the

quantum information processing. [1323,25,26,28,29]
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