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quantum coherence among multilevel transitions in quantum-dot molecule

port, we shall investigate controllable on- and off-resonance tunneling effects
of an incident electromagnetic wave through such a quantum-dot-molecule
dielectric film, of which the optical response is tuned by the switchable gate
voltage. We have found from the theoretical mechanism that a high gate vol-
tage can cause the EIT phenomenon of quantum-dot-molecule systems, and
under the condition of on-resonance light tunneling through the thin film, the
probe field will propagation without loss if the probe frequency detuning is
zero. By taking advantage of these effects sensitive to the tunable gate voltage,
such quantum coherence would be integrated in certain photonic structures,
and some devices such as photonic switching and transistors can be designed.
Transient evolution of optical characteristics in the quantum-dot-molecule
dielectric film (once the tunable gate voltage is turned on or off) is also consi-
dered in this report.
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1. Introduction

Light propagation control is one of the key technologies with the development of
photonic and optical science. Over the past two decades, utilizing one light to
control another light has attracted a lot of interest of a group of researchers [1]
[2] [3] [4] [5]. In quantum optics, quantum coherence can be used to realize
such applications. For example, quantum coherence in atomic physics has cap-
tured intensive attention because it exhibits some novel phenomena in various
multi-level atomic systems [3]-[9]. All of these effects can be found in three or
four level atomic systems, which control the weak probe field through construc-
tive or destructive quantum coherence among transitions driven by one or two
applied control lights. Quantum coherence effects are often observed in neutral
alkali-metal atomic vapors [3]-[8]. However, there are also some discrete energy
level structures in solid materials, which may also be used to realize quantum
coherence. One of them is the material of semiconductor quantum dots [10] [11]
[12]. As is well known, in a quantum dot, electrons and holes should only be in
some specific states of quantum mechanical wave functions, and this would
cause the effect of multilevel transitions. That is to say, lossless propagation of a
probe field in such a quantum-dot quantum coherent medium can be achieved
(electromagnetically induced transparency, EIT) if we tune the frequency of the
probe field resonant with the quantum-dot energy level transition. In this case
EIT effect results from the destructive quantum coherence among the quantum-
dot three-level transitions. Besides, we should also take into account the quan-
tum-dot molecules [13] [14] [15] [16]. A quantum-dot molecule is a system of
two or more coupled quantum dots, where coherent electronic states form
through inter-dot tunneling [17] [18]. There have been many interesting appli-
cations and effects realized in quantum-dot molecular media, e.g., optical bista-
bility [19] [20], slow light [21] [22], resonance fluorescence [23], electron-hole
excitons [24], quantum interference and unusual optical responses [25], as well
as tripartite hybrid quantum entanglement [26].

In this work, we will discuss the propagation effect controlled by a tunable
gate voltage through a quantum-dot molecule dielectric film. Our study is per-
formed based on the work of Zohravi and M. Mahmoudi [18]. We shall focus on
the controllable tunneling effect via quantum coherence, including the multi-
level transitions of quantum-dot molecules. The transitions of quantum-dot
molecules are both driven by a gate voltage (playing a role of controlling light in
the conventional EIT) and by an incident electromagnetic wave (playing a role
of probe light in the conventional EIT), and then the transmission characteristics
of the incident electromagnetic wave can be controlled by the gate voltage. We
expect that this tunable and sensitive optical response driven by quantum cohe-
rence in multi-level quantum-dot molecule systems may open prospects in new
domains for designing devices, e.g., microcircuits in integrated photonics/optics.

The central working mechanism of this work has been published in the litera-
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ture [27]. However, this paper [27] may be quite overelaborate for understand-
ing because there are various tedious physical details. In the present conference
report, we shall review briefly the physical mechanism and the main results of
this work on “quantum-coherence assisted tunable on-and off-resonance tunne-

ling through a quantum-dot-molecule dielectric film”.

2. Theoretical Mechanism of Controllable Tunneling of Light
through a Quantum-Dot-Molecule Dielectric Film

Novel optical and electromagnetic responses relevant to quantum coherence can
be exhibited through level transitions caused by phase coherence in quantum-
dot systems, including quantum-dot molecular systems. A three-level system
model can be used to describe the interaction between an incident probe light
and a quantum-dot molecule, in which the light-molecule coupling is manipu-
lated through a tunable gate voltage, e.g., an A -configuration three-level sys-
tem (see Figure 1(a)) consists of two lower level |O> , |2> and one upper level
|1> . As is well known, in a traditional atomic EIT, a control light couples the pair
of |2> - |1> and a weak probe light drives the transition of |0> - |1> Now in
the present quantum-dot molecule (see Figure 1(a)), a low-frequency gate vol-
tage plays the role of the control light, which excites the |2> - |1> transition
(causing inner-dot electron tunneling between two quantum dots in a quan-
tum-dot molecular system [18]).

We define the frequency detuning of control light and probe light as
A.=w,—-w, and A, =w,—-w,, respectively, where @, and @, represent

the level transition frequencies, and @,, w, denote the angular frequencies of

p
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Figure 1. Schematic diagrams of three-level configuration in a quantum-dot molecule (a)
and the propagation of light in quantum-dot molecule film (b). The three-level A -con-

0)-[1

1) transition

figuration quantum-dot molecule system consists of two quantum dots (a), Ze.,
and [2) -
and a low-frequency gate voltage (T,) couples the |2) - ‘1) level pair. A quantum-dot

1) systems. An incident probe light (Q,) drives the \O) -

molecule film or dielectric slab (b) can be used to control the incident weak probe light
propagation via both EIT (electromagnetically induced transparency) and on/off-reson-
ance light tunneling effect though the quantum-dot molecule film (medium 2).

DOI: 10.4236/0pj.2017.78B008

51 Optics and Photonics Journal


https://doi.org/10.4236/opj.2017.78B008
http://www.baidu.com/link?url=iVBtepBIljhfzr9H4zSC9Bt1HFF0AgQDs7rvMS_B_CSLrZyUgyB7zgOaFmaQ9DcNP0roqLSUn-Mzlq4NKsEIvqWLgqZ4tU0GAKFjfVnCJ2q

R. X.Zengetal.

the control and probe fields, respectively. Since the incident probe light (Q)
drives the |0> - |1> transition and the low-frequency gate voltage (T, )
couples the |2> - |1> level pair, by using the Hamiltonian of such interactions
and according to the quantum mechanical Schrédinger equation, we can derive
the equation of motion of the density matrix elements p; of the present

three-level quantum-dot molecule system [27]:
. i .
Ao / At = 110011 + V20 P2 _E(Qppm _Qppl())!
. i .
APy, / At = 11200 ~ Voo Pr2 — E (Qcpn = Qo)

) i i, . x
dpy /dt ==y + 712) Pry + E(Qppm +Q.py) _E(Qppm +Q.pp,),
. , (1)
. . | « * |
dpg, /dt =—(Tg, - 1AL) Poy _E(QppOO +Qpy) +EQppll’

) . [ . [
dp,, /dt= (T —1A) psy _E(QppZO +Qpp) + EQanv

*

. . i i
dpo, /dt =T, —i(A, = A)]pp, _EQcpm +§Qpp12'

The Rabi frequency of the weak probe light and the gate voltage are defined as
Q, =ppe, [ h and Q =2T, /#, respectively, where & denotes the envelop
of the probe light and T, is the gate-voltage electric potential energy of the |1>
- |2> transition dipole in the quantum-dot molecule. From the density matrix

Equation (1), we can see when a destructive quantum coherence condition

Qpo +Qcpy =0 @)

for |l> - |2> transition and |0> - |1> transition is fulfilled, the coherent
population trapping (CPT) will be achieved (e.g., p,; > 0). That is to say, the
whole driving contribution, e, the sum of Q_p,, (caused by the incident elec-
tromagnetic wave) and Q p,, (caused by the gate voltage), vanishes through
the interference pathways (|2> - |1> and |0> - |1>), and so the upper level
|2> seems to be absent. There is no net interaction (Ze., no net |0> - |l> tran-
sition) driven by the incident electromagnetic wave (probe light), and the quan-
tum-dot molecule dielectric is transparent to this incident electromagnetic wave.

Such an effect can be called “quantum-dot molecular EIT”.
Now we can obtain the steady solution of the equation, noting that in the eq-

uation of dp,, /dt the small term %Q; Py can be ignored. The result of the

steady solution that characterizes the |O> - |1> transition is given by

%[_(Ap —A)+ iFZO:IQpIDOO

Pro = 3)

. . 1.
(Ty +iA,)[ Ty +i(A, —Ac)}rZQCQc

In order to comply with the “notations and conventions” of Zohravi and M.

Mahmoudi [18], we will choose the probe frequency detuning A ) — -5 and
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n .
IQch —T?2. Since the Rabi frequency of the probe field is Q cg, (the
electric field strength of the incident electromagnetic wave), the electric suscep-
tibility » of a dielectric film doped with the present quantum-dot molecules is

proportional to the density matrix element p,;:

A hS +ihT,, @
d (AT, —ihS) (AT, —ihS) + T2

If the gate voltage T, islarge enough (e.g., T.” > (55)* or
T? >| (A, —ihS) (AT ,, —ihS)|) and the probe frequency detuning §=0, the
AR(hS +iHT )

= — 0 (the dephasing

electric susceptibility » will approach

rate [',; is negligibly small). This means that a resonant laser beam will not be
absorbed by the present quantum coherent system (due to EIT effect).

Next we shall discuss the reflection and transmission of the incident probe
light in the thin film system. Figure 1(b) and Figure 2 shows that a uniform
electromagnetic plane wave (probe field) which travels along z-direction in me-
dium 1 (&, &) is normally incident on the left boundary of medium 2 (s,, 1, ),
then it passes through medium 2 and finally it is transmitted into medium 3
(&, 143). The reflection and transmission occurs on both interfaces of medium 2
(quantum-dot molecular dielectric film). So by using the theory of film optics
and the electromagnetic boundary conditions [28], the reflection coefficient at

the left interface of medium 2 is

AP T

Figure 2. Schematic diagram of the propagation of a probe light through a quantum-dot
molecule film. The probe field is incident on the film, and is reflected back and transmit-
ted through the film. The thick arrow represents the control field or the voltage gate.
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-

r= : , (5)
cos gd —'2(\/18_2+ \/gjsin pd
and the transmission coefficient of the film is
tz%z expl(iﬂd) 6)

' cosﬁd—iz(\/g+ ngsinﬁd

In Equations (5) and (6), d denotes the quantum-dot molecular film thick-
ness and S is the phase constant ( f =\/g ®/C) in medium 2 (quantum-dot
molecular film). In the following illustrative example, medium 1 and medium 3
are vacuum.

Now the theoretical model for “quantum-coherence assisted tunable on- and
off-resonance tunneling through a quantum-dot-molecule dielectric film” has
been established, and in the following sections, we shall give some numerical
examples of controllable tunneling of light through the quantum-dot-molecule

dielectric film.

3. Numerical Example of Quantum Coherence for
Manipulating Electromagnetic Wave Transmission

The tunable light tunneling through a quantum-coherent dielectric film doped
with quantum-dot molecules will be considered in what follows. The definitions
of “on resonance” and “off resonance” are given as follows: when the thin film
thickness d agrees with d=2m4i;/ (4\/5 ), where 4, is the wavelength of
the incident probe wave in vacuum, it can be referred to as “on-resonance” light
tunneling, because the thin film thickness d is an integral multiple of half wa-
velength in the bulk dielectric 2 (thin film). However, when the thin film thick-
ness d is d=(2m+1)4,/ (4\/5 ), this can be called the condition of “off-re-
sonance” light tunneling. Here, m is an integer. In the following numerical
example, the parameters of the quantum-dot molecules in the electric suscepti-
bility y are given by T',, =5.5meV/h, 'y, =5.0ueV/h, A=5.0meV /7. We
assume the gate-voltage frequency detuning A =0. These parameters will be
used throughout the present paper. The dispersion behavior of the tunable elec-
tric susceptibility y of the quantum-dot-molecular dielectric is plotted in Fig-
ure 3 and Figure 4. The susceptibility » of the quantum-dot-molecule dielec-
tric can be controlled by tuning the gate voltage T,, namely, the gate voltage can
be turned on or off, and T, can be chosen as any magnitudes. The optical cha-
racteristics of the quantum-dot-molecular dielectric film can be adjustable with
the tunable gate voltage T,.

The dispersion of I (reflection coefficient), R (reflectance) and t (trans-

mission coefficient), T (transmittance) of the thin film in the cases of both on-
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Probe susceptibility (real part) Probe susceptibility (imaginary part)

0.01

T (eV)

Figure 3. Both the real and imaginary parts of the susceptibility y of the quantum-
dot-molecule dielectric depending on both the gate voltage T, and the probe frequency
detuning & (76 =ho, —haw, =¢&,). The single quantum-dot gate voltage T, is de-

fined as the electric potential energy of |2) -

1) transition electric dipole in an indi-

vidual quantum-dot molecule.

Probe susceptibility (narrow band) Probe susceptibility {(narrow band)
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Figure 4. Both the real and imaginary parts of the susceptibility y of the quantum-dot-
molecule dielectric depending on both the gate voltage T, and the probe frequency de-
tuning & (70 =hw, —ho, =¢;).

and off-resonance tunnelling are plotted in Figure 5 and Figure 6, where we
have considered the effect of quantum coherence in the cases of small gate

voltage T,=0.0 and 2.0 meV. EIT does not occur since the gate voltage T,
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Figure 5. The dispersion characteristics of the reflection coefficient I, reflectance R
and transmission coefficient t, transmittance T of the quantum-dot-molecule dielec-

tric film when the gate voltage is turned off (T, = 0). In the film thickness d =2mA4, / (4\/g )
(on resonance) and d =(2m+1)4, /(4\/5) (off resonance), the integer m =60. Since

the gate voltage is zero, there is no EIT effect at the probe resonance frequency (5 =0).
The two-level resonant absorption (caused by \0} - \1} transition) reduces both the

reflectance and transmittance, e.g., even when the transmittance T vanishes, the reflec-
tance Q_ p, +Q o, =0 is small because of |0) - |1) resonant absorption. (a) 7, =

0.0 meV, on resonance; (b) 7, = 0.0 meV, on resonance; (c) 7, = 0.0 meV, off resonance;
(d) 7,= 0.0 meV, off resonance.

is zero or small. For the following figures, we have chosen the background per-
mittivity of the dielectric film ¢, =4, the vacuum wavelength

A, =3x10%/ (242x10°) m for the incident probe light, and the integer m =60
in the film thickness d =2m4,/ (4\/5 ) (on resonance) and

d=02m+1)4,/ (4\/5) (off resonance). The parameters of &, =4 and

A, =3x10%/(242x10°) m will be used throughout this work. Since the gate
voltage is zero in Figure 5, there exhibits no EIT effect at the probe resonance
frequency (& =0). In this case, both the reflectance R and the transmittance
T are reduced by the two-level resonant absorption (caused by the |O> - |1>
transition).

In the above figures, the EIT effect is not dominant because the gate voltage
T, is low. In what follows, we shall show that the gate-voltage-driven inter-dot
tunneling in a quantum-dot molecule can enable the typical quantum coherence
effects (e, EIT) to be exhibited. The behavior of tunable on- and off-resonance
light tunneling through a quantum coherent quantum-dot-molecule dielectric

film, where EIT is involved, will be addressed below.
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Figure 6. The reflection and transmission spectrum of the thin film in the cases of both
on- and off-resonance tunneling, i.e., the effect caused by two-level absorption (|0) - |1)

transition) at small detuning frequency & and small gate voltage T,.. Since EIT is not

exhibited in the present quantum-dot-molecule systems at the probe detuning frequency
6 =0 when the gate voltage T, is small, the transmittance T is negligibly small. The

reflectance R of the probe field at the left interface of the thin film is also small because
of strong absorption due to two-level resonance (|0) - |1) transition). In the film

thickness d =2m/, /(4\/@ (on resonance) and d =(2m+1)4,/ (4\/5) (off reson-

ance), the integer m=60. (a) 7. = 2.0 meV, on resonance; (b) 7. = 2.0 meV, on reson-
ance; (c) 7, = 2.0 meV, off resonance; (d) 7, = 2.0 meV, off resonance.

The reflection and transmission spectra of the thin film in the case of on-re-
sonance tunneling with the film thickness d =2mA,/ (4\/5 ) are plotted in
Figure 7 and Figure 8, respectively. It can be found that when the gate voltage
T, increases, the EIT effect occurs at the probe resonance frequency
(g5 =hd=ho, —hew,=0). This gives rise to the resonant tunneling of the
probe light, and the reflectance R vanishes at the probe detuning frequency
0=0.

The reflection and the transmission spectra of the thin film in the case of
off-resonance tunneling with the film thickness d =(2m+1)4,/ (4\/5 ) are il-
lustrated in Figure 9 and Figure 10, respectively. In this off-resonance tunneling
of the probe light, the transmittance T of the probe light is relatively low.
Though there is EIT effect to the probe light, the film thickness
d=02m+1)4,/ (4\/5 ), which agrees with the condition of off-resonance

tunneling, leads to a small transmittance.
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Figure 7. The reflection spectrum of the thin film in the case of on-resonance light
tunneling with the film thickness d =2m/,/ (4\/5 ) . Here the integer m=60. Since
EIT effect occurs at the probe resonance frequency ( &; =116 = hw, — hw,, =0 ), this leads
to the resonant tunneling of the probe light, and the reflectance R vanishes at the probe
detuning frequency §=0. (a) 7,=2.0 meV; (b) 7,=2.5meV; (c) 7,=3.0meV; (d) 7.=
3.5 meV.

0 5 E [ 2 4 [
g5 (€V) i g5 (€V) xio*
() (d)

Figure 8. The transmission spectrum of the thin film in the case of on-resonance tunne-
ling with the film thickness d =2m/,/ (4\/5 ) . Here, the integer m =60. Since EIT ef-
fect occurs at the probe resonance frequency (&, =#%d = fiw, —hw, =0), this gives rise
to the resonant tunneling of the probe light. The transmittance T through the film be-
comes large when the gate voltage T, increases (at the probe detuning frequency
6=0).(a) T.=2.0meV; (b) 7.=2.5meV; (c) 7,=3.0meV; (d) 7,=3.5meV.
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Figure 9. The reflection spectrum of the thin film in the case of off-resonance tunneling
with the film thickness d =(2m+1)4,/ (4\/g ) . Here, the integer m=60. In this case,

the EIT occurs. However, the film thickness satisfies the off-resonance condition. (a) 7, =
2.0 meV; (b) 7,=2.5meV;(c) 7,=3.0meV;(d) 7,=3.5meV.

5
e, (eV)
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Figure 10. The transmission spectrum of the thin film in the case of off-resonance tunne-
ling with the film thickness d =(2m+1)4, /(4\/5 ) . Here, the integer m=60. Since

this is the off-resonance tunneling of the probe light, the transmittance T of the probe
light is low. (a) 7.=2.0 meV; (b) 7.=2.5meV; (c) 7.=3.0 meV; (d) 7.=3.5meV.
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Since there are some tunable parameters, e.g., the gate-voltage Rabi frequency
and gate-voltage angular frequency, the optical response of quantum-dot mole-
cular systems can be modified by external control fields (e.g., gate voltage), and
the tunable reflection and transmission characteristics of the quantum-dot mo-
lecular film in the states of on- and off-resonance light tunneling can, therefore,
be utilized to design some devices such as photonic switching and transistors.

It can be found in Figure 10 that when the probe frequency detuning
(e5=nho= ho, —hay,) becomes large, the transmittance T tends to zero be-
cause the EIT phenomenon in the quantum-dot molecular dieclectric is absent.
The larger gate voltage T, will give rise to relatively large transmittance T . For
example, the transmittance T in the case of T, =3.0 meV is larger than that
in the case of T, =2.0 meV at each probe frequency detuning. It should also be
noted that the EIT dispersion is quite strong compared with most of the elec-
tromagnetic dielectrics. In general, its disepesion (dy/dw) is five orders of
magnitude larger than that of metals. This, therefore, implies that the optical
characteristics of the present quantum-dot molecular dieclectric is extremely
senstitive to the incident probe light frequency in the narrow frequency band

close to the resonance frequency ( &; = 16 = hw, —hay,, =0).

4. The Tunable Dispersion Characteristics of the Reflection
and Transmission Spectra in Quantum Coherence
for Manipulating Electromagnetic Wave Transmission

The three-dimeniosional dispersion characteristics of the reflection and trans-
mission spectra of the thin film, in which the film thickness (defined as
d=2m4,/ (4\/5 ) ) and the probe frequency detuning (defined as

&5 =hd =hw, —ha,) are the two variables, have been plotted in Figures 11-13.
In Figure 11, the EIT effect can occur when the probe frequency detuning
g;=hé=hw, —hw, =0 and the gate voltage T, =3.0 meV, and the trans-
mittance T can increase and the reflectance R decreases. In Figure 12, the
gate voltage is relatively small (T, =1.0 meV), and the resonant tunneling effect
of the probe light cannot be exhibited. Whereas, in Figure 13, the gate voltage
becomes large (T, =3.0 meV), the resonant tunneling effect of the probe light
can be exhibited at the probe frequency detuning &, =76 =hw, —haw, =0.

The three-dimeniosional dispersion characteristics of the reflection and
transmission spectrum of the thin film, in which the film thickness is defined as
d=2m4,/ (4\/5) (on resonance) and d =(2m+1)4, /(4\/5) (off resonance)
with m =40, have been plotted in Figure 14 and Figure 15. The on- and off-
resonance conditions for the film thickness exhibit different tunable dispersion
characteristics. For example, when the gate voltage T, is large at the probe fre-
quency detuning &; = A8 =hw, —haw,, =0, the EIT of the probe field can be
exhibited. Under this condition, in the case of on resonance, the resonant tunne-
ling of the probe field will occur, namely, the reflectance R is small and the

transmittance T approaches unity. In contrast, in the case of off resonance, the
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Figure 11. The tunable dispersion characteristics of the reflection and transmission spec-
trum of the thin film, of which the thickness is defined as d =2mA, / (4\/g ) . When the
incident probe frequency detuning &; =#06 =ho, —hw, =0 and the gate voltage
T, =3.0 meV, the EIT effect can occur, and hence the transmittance T increases and
the reflectance R decreases.
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Figure 12. The tunable dispersion characteristics of the reflection and transmission spec-
trum of the thin film, of which the thickness is defined as d =2m/4, / (4\/5 ) when the
gate voltage is T, =1.0 meV. Since the gate voltage is relatively small, the resonant
tunneling effect of the probe light cannot be exhibited.
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Figure 13. The tunable dispersion characteristics of the reflection and transmission spec-
trum of the thin film, of which the thickness is defined as d =2m/4, / (4\/5 ) when the
gate voltage is T, =3.0 meV. Since the gate voltage becomes large, the resonant tunne-

ling effect of the probe light can be exhibited at the probe frequency detuning
& =ho=hw,-ha,=0.

m=40, on resonance m=40, on resonance

0.005

T (eV)

Figure 14. The tunable dispersion characteristics of the reflection and transmission spec-
trum of the thin film, of which the thickness is defined as d =2m4,/ (4\/g ) with
m = 40. In the case of on resonance, when the gate voltage T, is large at the probe fre-
quency detuning ¢, = %6 = hw, —hew,, =0, the EIT of the probe field can be exhibited,

and hence the resonant tunneling of the probe field will occur, Ze., the reflectance R is
small and the transmittance T approaches unity.
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Figure 15. The tunable dispersion characteristics of the reflection and transmission spec-
trum of the thin film, of which the thickness is defined as d =2m/, /(4\/5) (on reson-

ance) and d =(2m+1)4,/ (4\/5) (off resonance) with m=40. In the case of on re-
sonance, when the gate voltage T, islarge at the probe frequency detuning
gs=ho= ha)p —haw,, =0, the EIT of the probe field can be exhibited, and hence the re-

sonant tunneling of the probe field will occur, ie, the reflectance R is small and the
transmittance T approaches unity. However, in the case of off resonance, the reflec-
tance R increases and the transmittance T decreases compared with the case of on
resonance.

reflectance R of the probe light increases and the transmittance T decreases.
This, therefore, means that the transmission and reflection spectrum of an inci-
dent electromagnetic field (probe field) can be tuned via the gate voltage that is

applied on the quantum-dot molecular thin film.

5. Transient Evolution of Controllable Tunneling of Light

In the preceding sections we have addressed the steady optical properties of the
quantum-dot molecular dielectric film, where the gate voltage has been turned
on and hence all the physical quantities of the three-level quantum-dot molecu-
lar system are time-independent (ie., steady). However, when the magnitude of
gate voltage changes from one value to another one, e.g., the gate voltage is
turned off before time t<O0 and is turned on at t=0, this will lead to the
transient evolutional optical behavior of the quantum-dot molecular dielectric
film (ie., the population in the present three-level quantum-dot molecular sys-
tem will evolve from one steady state to another one). In this process, the trans-

mission and reflection spectra of the probe light will also change from one
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steady case to the other one. Now we shall briefly discuss the transient solution
of Equation (1). We will consider the approximate solution, of which the dy-

namical equations can be given by

) . i
dpy /dt =—(Tyy + IAp)plo +E(Qpp00 +Q.py),
: (7)
dpyy /dt =Ty + (A, —A)]py +EQcplO'

where the small terms such as —%Qppll and —lZQpp21 have been ignored.

We assume (ground state population) p,, =1. These two equations in (7) can

be rewritten as a matrix equation

. i .
. —(,, +1A —Q . [
i[ﬂmjz (T p) 2 ¢ (p1oJ+ EQP ) (8)
dt\ £ i . ;

P20 S [Ty +i(a, -a)] M2 0

The steady solution when time t—+400 (dp,/dt=0, dp,,/dt=0) is
given by

1 .
o E[—(Ap—AC)Jrurzo]Qp

Po : . 1 . '
(Typ +iA,)[ T +i(A, —AC)J+ZQCQC o)
i ..
A
P =

Ty +i(A, -A,)

We assume the time-dependent solution is of the form p,,(t) =ce”,
Py(t) =C,e™. Then by substituting these solutions into Equation (8), we can

obtain a matrix eigenvalue equation

. i
—(1“10 +|Ap) —Q,
SR HE
| .
S [Ty +ia, —A) ]|
The determinant of the matrix is
([ +iA,)— Lo,
det i 2 -0, (11)
EQ’; [Ty +i(A,-A) -2

This leads to the relation [on +i(A, —A,) +/1] (Fm +iA, + ﬂ)+%QZQC =0,

which can also be rewritten as A% +bA +c¢c =0. Here, the two coefficients are de-
fined as

b=Ty+Tp+i(24,-A,),
. _ 1 . (12)
c :[on +i(A, —AC)J(Fm +'Ap)+ZQch-
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b++b*-4c

The solution of A?+bl+c=0 is A, =— > . Now from Equation

i
EQCCZi
(10), we can obtain the coefficients of the solutions ¢, =—%————. Then
Lo +1A, + 4,
the general solution of the matrix Equation (8) appears to be in the form

-Q -Q
Po) |2 | |2 | (A
. = ; C, 6" + : c, e +|" (13)
(on(t) Ly +1A, +4, |72 Lo +iA,+4 72 Y
1 1

Some coefficients C,, can be determined by using the initial conditions
(steady solution) at time t <0 when the gate voltage has been turned off. It can
be found that the two eigenvalues A, are complex numbers with negative real

parts, the solution p(t)=ce™ +p\, p,t)=ce™ + i will oscillatorily

decay to a new steady one, ie, P\’ and pf’. The transient evolutional dy-
namics (Ze., turn-on dynamics) is essentially important for device design (e.g.,

photonic switching and transistors).

6. Concluding Remarks

Quantum coherence, which occurs in alkali-metal atomic vapor and semicon-
ductor quantum-dot media, has been studied in the literature [1]-[12]. In this
report, we have considered the quantum-dot molecule dielectric film to realize
the quantum coherence following the work [18] of controlling the propagation
of light via external gate voltage in dielectric film doped with quantum-dot mo-
lecules. The gate voltage driving the inner-dot tunneling can make the quantum-
dot molecule system exhibit quantum coherence—EIT. We study both on-and
off-resonance tunneling behavior in the quantum-dot molecule dielectric film
related to the EIT effect. Reflection and transmission spectra of an incident elec-
tromagnetic field (probe field) can be tuned by the gate voltage applied on the
quantum-dot molecule system. Under the large gate voltage and on-resonance
tunneling condition, the probe light will propagate without loss through the
quantum-dot molecule dielectric film if the probe frequency detuning is zero.
The effects associated with the interaction of light with quantum dots as well as
quantum-dot coupling effect would find potential applications in photonic de-

vice design such as optical switching and photonic logic gates.
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