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Influence of time-periodic potentials on electronic
transport in double-well structure
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Within the framework of the Floquet theorem, we have investigated single-electron photon-assisted tunneling in

a double-well system using the transfer matrix technique. The transmission probability displays satellite peaks on

both sides of the main resonance peaks and these satellite peaks originate from emission or absorption photons. The

single-electron resonance tunneling can be controlled through changing the applied harmonically potential positions,

such as driven potential in wells, in barriers, or in whole double-well systems. This advantage should be useful in the

optimization of the parameters of a transmission device.
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1. Introduction

Photon-assisted tunneling (PAT) that originates

from harmonically driven mesoscopic systems has at-

tracted more and more researchers’ attention because

of its potential applications in designing high-speed

switching devices and high-frequency detectors, and so

on. PAT implies that electrons with energy E can tun-

nel through a mesoscopic system via photon absorp-

tion and emission, then its energy E±nh̄ω consists of a

resonant condition. In order to research the transmis-

sion properties of electrons in time-periodic potentials,

many methods have been developed. Experimentally,

Dayem and Martin[1] carried out an experiment of

quantum interaction between microwave and tunnel-

ing electrons in a sandwich structure and reported the

multiphoton phenomenon. Kouwenhoven et al.[2] ob-

served a quantised current in a lateral quantum dot

with oscillating tunnel barriers. And they also exper-

imentally observed the PAT through a GaAs/AlGaAs

quantum dot with a microwave signal in 1994.[3] Oost-

erkamp et al.[4] studied interaction between microwave

and electronic states in a quantum dot using PAT. Fu-

jisawa and Tarucha[5] described PAT in quantum dot

systems and reported the observed PAT current peak.

By van der Wiel et al.[6] was investigated the influence

of PAT in weakly- and strongly-coupled quantum dots.

Very recently, single-particle transmission in strongly

driven double-well potentials was reported by Kierig

et al.[7] They studied influences of frequency and am-

plitude on single-particle transport.

While in the theoretical aspect, a number

of researchers theoretically investigated electron

PAT in the presence of harmonically driven po-

tentials by using Green’s function approach,[8−11]

time-dependent perturbation theory,[12] multiple-

scattering approach,[13] Floquet theory[14] combined

with the transfer-matrix technique,[15−17] and so on.

Wagner[18] studied transmission spectrum in a sym-

metric triple-barrier diode driven by a spatially uni-

form harmonic ac field. Li et al.[19,20] researched into

electronic transport properties in quantum dot by us-

ing a recursion method. Sun et al.[21] investigated

electron transport in double-coupled quantum dots

driven by a microwave field. In these references, some

researchers calculated PAT under the condition of os-

cillating quantum wells simultaneously with oscillat-

ing barriers. Others discussed PAT in double-barrier

nanostructure where either the quantum well or the

barriers were subjected to harmonically driven poten-

tial. So far, to our knowledge, almost no one has

pointed out the differences between quantum well and

quantum barrier subject to harmonic potential in dou-

ble wells quantum structure.

Double-well system[22−26] have been intensively

investigated for its technological applications in

quantum information processing and low-dimensional

semiconductor optoelectronic devices. It provides the

basic necessity for exploring a two-qubit entangling

gate caused by exchange interaction between the two
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electron states in the wells.

In this work, we present theoretical results for a

single-electron PAT in a double-well system (DWS)

with harmonically driven potential by using the

transfer-matrix technique within the framework of

Floquet theory. The transfer-matrix technique is an

advantageous method in the theoretical investigation

of transport properties[16,17,27,28] because any poten-

tial can be approximately divided into infinite step-

wise constant potentials. The purpose of this work is

to point out the different influences of driven quantum

wells and driven quantum barriers on PAT in DWS.

For simplicity, we limit the situation to a tempera-

ture T = 0 case where the electron–phonon interac-

tion can be neglected. In Section 2, we give the solu-

tion of the time-dependent Schrödinger equation and

construct the transfer-matrix for this system. In Sec-

tion 3, we compare PAT in spatially uniformly driven

DWS with oscillating quantum wells and oscillating

quantum barriers. Finally, we give some conclusions

in Section 4.

2. Model and method

In this paper, we consider a single-electron tunnel-

ing through a DWS. The single-electron Schrödinger

equation can be written as

i h̄
∂

∂t
Ψ(z, t) = i h̄

h̄2

2µ∗
∂2

∂z2
Ψ(z, t) + V (z, t)Ψ(z, t), (1)

where µ∗ is the single-electron effective mass. V (z, t)

is the time-periodic potential (see Fig. 1). The poten-

tial with the oscillating barriers is given by

V (z, t) =


0 (emitter and collector),

Vb + V1 cos(ωt) (layers of barrier),

Vw (layers of well),

(2)

or with the oscillating wells it is given by

V (z, t) =


0 (emitter and collector),

Vb (layers of barrier),

Vw + V1 cos(ωt) (layers of well),

(3)

where Vb and Vw are the static barrier height and well depth, respectively. The V1 cos(ωt) is the applied field

with amplitude V1 and frequency ω.

Using the Floquet theorem,[29] when an electron incident to a harmonically driven region, it will be scattered

into Floquet sideband. Thus, in regions of emitter and collector, the wave function can be written as

Ψ e(z, t) =

∞∑
n=−∞

(ei k0z−iE0t/h̄ + rne
− i kenz−iEnt/h̄), (4)

Ψ c(z, t) =

∞∑
n=−∞

(tne
− i kcnz−iEnt/h̄), (5)

where rn and tn are the probability of the reflecting and transmission waves in the nth sideband, respectively.

En = E0+nh̄ω, with E0 being the incident electron energy. The wave vectors in regions of emitter and collector

are ken = kcn =
√

2µ∗(E0 + nh̄ω)/h̄, and h̄ω is the energy of one photon.

Since harmonically driven potential exists in quantum wells or quantum barriers in the DWS, this leads to

the following wave functions in the DWS for oscillating quantum wells or barriers, respectively:

Ψ(z, t) =


∞∑

n=−∞
(anei

qbnz + bne
− i q

b
nz)e− iEnt/h̄, (barriers),

∞∑
n,m=−∞

(amei q
w
mz + bme− i q

w
mz)Jn−m

(
V1

h̄ω

)
e− iEnt/h̄, (oscillating wells),

(6)

Ψ(z, t) =


∞∑

n,m=−∞
(amei q

b
mz + bme− i q

b
mz)Jn−m

(
V1

h̄ω

)
e− iEnt/h̄, (oscillating barriers),

∞∑
n=−∞

(anei
qwn z + bne

− i q
w
n z)e− iEnt/h̄, (wells),

(7)
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where the wave vector in the region of barrier(well) is q
b/w
m =

√
2µ∗(E0 +mh̄ω − Vb/w)/h̄, with an/m and bn/m

being constant coefficients; and Jn−m(V1/h̄ω) is the (n − m)th-order Bessel function of the first kind, and n

and m are sidebands (Floquet channels) indexes. At each interface, by using the transfer-matrix technique and

satisfying conditions for the wave functions and their derivatives, one can write the relations between reflection

and transmission amplitudes rn and tn in matrix form as

t−N

.

tN

0

.

0


= M(Xj+1)M(Xj) · · ·M(X1)



0

1

0

r−N

.

rN


, (8)

where M(Xj) = [MR(Xj)]
−1ML(Xj), Xj denotes the position of the jth interface. R and L denote the regions

of the right and left side of the Xj interface, respectively.

Considering the matrix equation (8), the total transmission probability can be obtained

T =
N∑

n=−N

Tn =
N∑

n=−N

|kcn
k0

| | tn |2 . (9)

In general, the minimum number of Floquet channels depends on the relation: N > V1/h̄ω.
[29]

3. Results and discussion

We have considered the numerical calculations for a DWS consisting of AlxGa1−xAs/GaAs material with

static potential Vb = 0.248 eV, Vw = 0 eV, and the effective mass µ∗ = 0.0944µ,[30] where µ is the free electron

mass. Widths of barriers and wells from left to right are 5, 3, 2, 3, and 5 nm. The potential profiles to which

this Floquet scattering is applied are shown in Fig. 1 (for clarity, V1 is enlarged in Fig. 1).

Fig. 1. Potential profile of a double-well structure. V1 is the amplitude of the periodic potential. (a) oscillating

quantum barriers, (b) oscillating quantum wells.
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Figure 2 shows the total transmission probabil-

ity as a function of the incident electron energy for

different frequency of applied field ω. In Fig. 2, the

applied field with amplitude V1 = 30 meV, and the

energy of photon h̄ω changes from 10 to 50 meV. For

clarity, each curve has been given an offset by 0.5 in

Fig. 2. The top one shows transmission resonance

without the PAT, that is, applied field V1 cos(ωt) = 0,

and there are two resonant split peaks positioned at

E1
0 = 0.145 eV and E2

0 = 0.186 eV (indicated by ver-

tical arrows in Fig. 2). This is due to the inter-wells

coupling of the DWS. Considering the effect of PAT,

some satellite peaks appear on both sides of the two

main resonant peaks, and as the energy of photon in-

creases, the satellite peaks move away from the two

main resonant peaks. These satellite peaks appearing

at positions E
1(2)
0 ±nh̄ω, where ’+’ and ’−’ denote the

emission and absorption of n photons, respectively. In

Fig. 2, the dotted and the solid-sloped lines indicate

the positions of satellite peaks that belong to the same

number of photon absorption and emission of E1
0 and

E2
0 .

Fig. 2. The total transmission probability as a function

of the incident electron energy for the energy of photon

h̄ω changed from 10 to 50 meV, and free-field(no photon).

Fig. 3. (a), (b) and (c): The total transmission probability as a function of the incidence electron energy for different bias

potentials (from 5 to 45 meV). (d), (e), and (f): Peaks maxima as functions of amplitude V1 for oscillating barriers, oscillating

wells, and whole oscillating DWS. The corresponding resonant peaks are indicated by vertical arrows with solid square and

circle, respectively.
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We now turn to considering the different effects

of oscillating quantum barriers (Fig. 3(a)), oscillating

quantum wells (Fig. 3(b)), and the whole oscillating

DWS (Fig. 3(c)) on electron transport in the DWS.

Figure 3 shows these results for the oscillation field

with photon energy h̄ω = 15 meV and amplitudes

V1 = 5, 15, 25, 35, and 45 meV. For clarity, each curve

has been given an offset by 0.5 in Figs. 3(a)–3(c). Fig-

ure 3 shows that, as the driven potential changes, the

positions of the two main transmission peaks do not

shift to lower or higher energy regions. This is due to

the fact that the resonance-energy-level is dependent

on structure parameters of DWS, especially quantum-

well width. The satellite peaks’ position, the same as

in Fig. 2, depends on frequency of the driven poten-

tials and has a relation of E
1(2)
0 ± nh̄ω.

As the amplitude of the harmonically driven po-

tential increases, transmission probability displays

drastic change as shown in Fig. 3. At low potential

amplitude there is two main peaks with only some

small satellite peaks. At high amplitude, however, the

two main peaks lose its dominant intensity. For clar-

ity, peaks maxima as functions of amplitude V1 at dif-

ferent conditions (oscillating barriers, oscillating wells,

and whole oscillating DWS) are plotted in Figs. 3(d),

3(e), and 3(f). The corresponding resonant peaks are

indicated by vertical arrows with solid square and cir-

cle, respectively. The four resonant peaks are peaked

at energies E1
0−h̄ω, E1

0 , E
2
0 , and E2

0+h̄ω (0.130, 0.145,

0.186, and 0.201 eV), respectively. Figure 3(d) shows

that as the amplitude of driven barriers increases, the

main transmission peaks (energies at E1
0 and E2

0) de-

crease and the satellite peaks increase. However, in-

tensities of main peaks and satellite peaks are not

reversed for V1 ≤ 45 meV. From Fig. 3(e), we ob-

serve that by increasing driven potential amplitude

the peaks have more drastic change than in Fig. 3(d),

and intensities of main peaks and satellite peaks are

reversed for V1 ≥ 35 meV, due to the lifetime of quasi-

bound levels at higher energy being shorter than those

at lower energy region, so that electrons do not have

enough time to interact with the driven barriers. How-

ever, in driven wells, electrons reflect back and forth

several rounds, and consequently, transmission peaks

show a very different shape in the driven wells. For

the driven whole DWS, as shown in Figs. 3(f) and

3(c), the influence of driven potential on lower and

higher resonant levels is almost in the same way, and

intensities of main and satellite peaks are reversed for

V1 ≥ 22 meV. When V1 ≥ 25 meV, as the amplitude of

driven potential further increases, the peaks located at

energy E
1(2)
0 ± h̄ω decrease their intensities, however,

the higher and lower resonant peaks (E
1(2)
0 ± 2h̄ω) in-

crease.

4. Conclusion

Within the framework of the transfer matrix tech-

nique and the Floquet theorem, we have studied the

influence of harmonically driven potential on single-

electron transport in DWS for different situations,

such as driven barriers, driven wells, and driven whole

DWS. Numerical results demonstrated that frequency

and amplitude of harmonic field strongly affected

transmission probability; and driven wells, driven bar-

riers, and driven whole DWS have quite different influ-

ences on electrons going into the different sidebands,

arising from the emission and absorption of photons.

These properties may be useful for the optimisation of

the parameters of a transmission device, such as high-

speed switching devices and high-frequency radiation

sources and detectors.
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