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We have investigated the optical switching in a dielectric slab with a novel configuration of solid
-state medium. This new scheme combines the attractive features of all-optical switching in di-
electric medium doped with asymmetric quantum well nanostructure with the ability to convert the
optical bistability to multistability (or vice versa) by using the strength of Fano interference and
the energy splitting effect. The dependence of optical bistability behavior on the intensity of the
strong coupling field and the slab thickness is also given.
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1. Introduction

It is well-known that many kinds of optical phenomena based on the quantum coher-
ence and quantum interference are the basic mechanisms in semiconductor quantum
wells (SQWs), investigated extensively in recent years. There has been much interest
in a variety of new optical phenomena based on the quantum interference effect such
as coherent population trapping [1], enhanced index of refraction [2, 3], electromagnet-
ically induced transparency [4—6], enhancing Kerr nonlinearity [7], optical soliton [8, 9],
optical bistability (OB) and optical multistability (OM) [10—14]. SADEGHI ef al. [15]
showed that electromagnetically induced transparency (EIT) may be obtained in an
asymmetric QW with appropriate driving fields, provided that the coherence between
the intersubbands considered is preserved for a sufficiently long time. Propagation of
light in solid-state material, such as a slab system or photonic crystal (PC), is also im-
portant due to their potential applications. Propagation of an electromagnetic field in
one-dimensional PCs (1DPCs) has attracted a lot of attention in recent years. In fact,
periodic media called PCs are an important material for the optical properties of a light
pulse [16, 17]. A multi-layered medium is considered as a simple example of the 1DPCs.
In the past three decades, optical transistors and all-optical switches based on OB in two
and three-level atomic systems have been extensively studied both experimentally and
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theoretically [18-20]. OB processes were done in hot atoms rather than in cold atomic
media theoretically and experimentally in recent years [21, 22]. It is worth pointing out
that JosHr and Xi1ao0 recently have analyzed the OB behavior in a SQW that interacts
with two electromagnetic fields, a strong field and a weak field, and showed that the
threshold for switching to upper branch of the bistable curve can be reduced due to the
presence of quantum interference [23]. OB behavior based on intersubband transitions
in an asymmetric coupled quantum well (CQW) driven by laser fields in the unidirec-
tional ring cavity is analyzed in [24]. So quantum coherence and interference in QW
structures have attracted great interest due to their potentially important applications in
optoelectronics and solid-state quantum information science. In fact, phenomena such
as modified Rabi oscillations and controlled population transfer [25], ultra-fast all-op-
tical switching [26], and other novel phenomena [27] have been theoretically investi-
gated and experimentally displayed. Devices which take advantage of intersubband
transitions in QWs have inherent advantages which the atomic systems do not have such
as large electric dipole moments due to small effective electron mass, and a great flex-
ibility in the device design through a proper selection of the materials and their sizes.
Our investigation on the four level system are based on the [28, 29], while our
results are different from those proposals. ZHIPING WANG [30] proposed that the tran-
sient gain-absorption of the probe field in asymmetric SQWs can be controlled by in-
tensity coupling field and the strength of Fano interference. However, to our best
knowledge no related theoretical or experimental work has been carried out to study
OB or multistability in asymmetric QWs doped into the dielectric slab, which has mo-
tivated us to carry out this research. Here, it should be pointed out that Fano interfer-
ence through a tunneling barrier is used for an efficient and convenient manipulation
of the OB and OM via various parameters in a slab which is doped by a SQW. There-
fore, previous investigations into OB generation in gaseous, QW and quantum dot me-
dium are usually based on the coherence induced by a strong external driven field and
so are substantially different from our proposed scheme based on a dielectric slab.

2. Model and equations
2.1. Pulse propagation in a slab

We consider a weakly absorbing and nonmagnetic slap which is extended from z = 0
to z = d in the z direction with the complex relative permittivity £(@,) = €, + i€; where
€, and ¢, represent the dispersion and the absorption parts, respectively, as depicted
in Fig. 1. Both sides of the slab are vacuums and a light pulse with Gaussian form at
the surface of the slab in plane z = 0, incident on it. The transfer matrix of a normally
incident monochromatic wave with frequency @, is given by [31]

cos(kd) i sin(kd )

1
n(a)p)
in(a)p)sin(kd) cos(kd)

(1)
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Fig. 1. Schematic of the weakly absorbing dielectric slab.

where n( w,) = 1e( @,) is the refractive index of the slab. We assume that the slab
is doped by QD nanostructure, so the dielectric function, i.e. @,, can be divided into
two parts,

e(w,) = &g+ y(m,) ()

where ¢, = nlz7 is the background dielectric function and y(@,) represents the suscep-
tibility of the medium doped in the dielectric slab. Using the transfer-matrix method,
the reflection and transmission coefficients of the monochromatic wave can be de-
scribed as [32]

,L(L, ﬁ) sin (kd )

2
r(w,) = f( 7 [) 3)
cos(kd) — —| —— + Je |sin(kd)
2\
(@,) - 1 @
3 cos(kd) — %(—j—: + Jg) sin(kd)
€

These equations show that the susceptibility of the doped elements has a major role
in determination of reflectivity and transmission of a light pulse through the slab. More-
over, these coefficients depend on the thickness and the refractive index of the slab. For
the resonance condition, the thickness of the slab is employed as d = 2mA,,/(4 @).

2.2. Quantum well system

We consider an asymmetric double SQW structure consisting of the subband in the
shallow well |a) and the subband in the deep well |b), which are separated by a narrow
barrier as shown in Fig. 2a. The sample was grown as a 6.8 nm thick Alj5Ga g5 As
shallow well and a 7 nm thick GaAs deep well separated by a 2 nm thick Alj;Ga, - As
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Fig. 2. Schematic band structure and level configuration of a double QW (a). Levels taken into account
by Hamiltonian model and the basis of states used to describe it (b). The lower and higher subbands in
the deep and shallow wells are denoted by levels |1) and |4), respectively.

tunnel barrier, which due to the mixing of the states |a) and |b), and under exactly
resonant conditions leads to |2) = (|a) — |b)) /J2 and [3) =(|a) +|b)) /N2 . The split-
ting @, on resonance is given by the coupling strength and can be controlled by adjusting
the height and width of the tunneling barrier with applied bias voltage [33]. The lower
subband in the deep well is denoted by level | 1), and the higher subband in the shallow
well is represented by level |4) (see Fig. 2b). A weak probe laser field with frequen-
cy @, (amplitude £,) and Rabi-frequencies €2, = @, E,/2h and 2, = @3, E,/2h
drive the transitions |1) <>|2) and |1) <> |3), respectively, where ¢, and @ 5, are the
relevant intersubband dipole moments. Also, 2. = @, E./2h and 2., = @ 43 E. /2]
are the corresponding Rabi-frequencies of the strong coupling field to transitions
|[4) <> |i) (i=2, 3), where E_ is the amplitude of strong coupling field and @ ,, are
the relevant intersubband dipole moments. The interaction Hamiltonian of the system
is given by

H = Hy+H, +H, (5)

where H,, stands for free-energy part, 4, and H, display the interaction of probe laser
field and coherent coupling field with QW states, respectively. The detailed form of
these terms can be written as

Hy, = hay| 11|+ hw,|2)2| + has|3)(3| + hw,|4){4| (6)
H, = fh_Qp]exp(fivpt)|1)<2|thpzexp(fivpt)|l>(3|+c.c. (7
H, = fh_chexp(fivct)|4>(2|thCZexp(fivct)|4)<3|+c.c. (8)

Using the density operator, the time evolution of the system is governed by the
Liouville equation which leads to the following equations of motion for the density
matrix elements:
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Here, A4, = ) — @, and 4.= & — @, are the detuning between the frequencies of the probe
and coupling laser fields and the average transition frequencies 0; = (@, + @;3)/2 and
0, = (wy, + wy3)/2. The energy splitting between the states |2) and |3) is denoted by
o, = E; — E,, and given by the coherent coupling intensity of the tunneling. The pop-
ulation decay rates for the subband |i), denoted by %, are due primarily to longitudinal
optical (LO) phonon emission events at low temperature, and the total decay rates are
givenby 77 (i # /) [34, 35]. Because the subband |) is strongly coupled to a continuum
via a thin barrier, the decay from state |b) to the continuum inevitably results in these
two dependent decay pathways: from the excited doublet to the common continuum.
That is to say, the two decay pathways are related: the decay from one of the excited
doublets can strongly affect the neighbouring transition, resulting in the interference
characterized by those coupling terms. Such interference is similar to the decay induced
coherence in atomic systems with two closely lying energy states and occurs due to
quantum interference in the electronic continuum [33]. The intensity of the Fano inter-
ference [33] is defined by p = n/,/I}, |5 , where the values p =0 and p = 1 corre-
spond to no interference and perfect interference, respectively, and 7 =,/% %
represents a coupling term between the states |3) and |2) via the LO phonon decay.

The nonlinear transfer matrix method produces the relation between transmitted
pulse T and scaled dimensionless incident field intensity E;. We used the expression
I, = (c&yE,)/[2Re(x3))] for the incident field intensity. So, we summarize our results
for the steady-state behavior of the output field intensity versus the input field intensity
for various parameters illustrated in Figs. 3—6. Moreover, we show the behavior of out-
put-input fields for various Fano interference. For the transmitted intensity U, given
parametrically, the incident intensity U, is given by

U =U, /T (10)

3. Result and discussion

In the first step, we study the effect of coupling laser field £2,. which couples the upper
level |4) to the lower levels |3) and |2). In Figure 3, we display the bistable behavior
of probe field for different values of laser coupling field. Applied fields parameters
are 4,=0.1% 4,=0, £2,= 0.5y (solid line), £2. = 1y (dotted line). An investigation
in Fig. 3 shows that by increasing the intensity of laser coupling field (2., the OM is
converted to OB. However, with the increasing laser coupling from 0.5y to 1y, the OM
vanishes and changes to OB. This may be useful to control the hysteresis cycle width
of the bistable curve simply by adjusting the intensity of the coupling field. In fact, for
a low intensity of €2, the behavior of a four-level medium is similar to a usual three
-level V-type medium. It can be found that by increasing the Fano interference, the
threshold intensity of bistability is decreased (see Fig. 4). Finally, for the parameter
p = 0.7 (dotted line in Fig. 4) the bistability has disappeared and converts to the OM.
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Fig. 3. Output field versus input field for different values of the coherent control field £2.. Selected
parameters are: ¥, =2.5% 15=3% V4 =0.8% Yo =Vs3=0.4y I, =3y, I'3=4y, ', =13y, I,3=57,
Iy =1y, 13,=35y,4,=0,4,=0.1y, @, =1y, £,=4,m=50,p=0.2, £2,= 0.5y (solid line), £2.= 1y
(dotted line).
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Fig. 4. Output field versus input field for different values of the Fano interference p. Selected parameters
are: £2, =2y, w,=1y,p = 0.2 (solid line), p = 0.4 (dashed line), p = 0.7 (dotted line). The other parameters
the same as those of Fig. 3.

It can be realized that by adjusting the strength of the Fano interference, the switching
from bistability to multistability or vice versa can be controlled. These different be-
haviors in OB and OM can be explained via the fact that the two decay pathways are
related. The decay from one of the excited doublets can strongly affect the neighbour-
ing transition, as a result of the interference characterized by those cross-coupling
terms. Such interference is similar to the decay induced coherence in atomic systems
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with two closely lying energy states and occurs due to quantum interference in the elec-
tronic continuum. It is worth noting that the behavior of OB in a slab doped with QW
molecules is controlled (by applying the Fano interference), in respect to the free Fano
interference. Physically, quantum interference will occur when at least there are two
different ways to one final state which cannot be distinguished in principle. In the sys-
tem considered here, there are interfering pathways of spontaneous emission from dou-
blet levels, which affects the linear, nonlinear absorption and Kerr nonlinearity.
Therefore, there are interfering pathways of spontaneous emission between two upper
levels |2), |3) and lower level |1), leading to a reduction in the population in a lower
level |1). Thus Kerr nonlinearity and nonlinear absorption are affected by quantum
interference.

Figure 5 shows the dependence of the OB on the energy splitting of the levels |2)
and |3), in the presence of maximum Fano interference p = 0.7. It can be easily seen
from curves of Fig. 5 that an increase in the value of @, from 1y (solid line) to 10y
(dotted line) leads to a gradual increase in the multistable threshold and finally OM is
converted to OB. The reason for the above results can be qualitatively explained as
follows. With increasing @, between the energy levels |2) and |3), the coupling effi-
ciency of coherency decreases considerably. By applying an increasingly intense res-
onant tunneling through a thin barrier, the optical properties due to the intersubband
transitions of the electronic medium can be controlled. As mentioned, the splitting on
resonance is given by the coupling strength and can be controlled by adjusting the
height and width of the tunneling barrier. Therefore, the behavior of OB can be tuned
by appropriately adjusting the tunneling barrier. Consequently, when increasing a,,
the absorption for the probe laser at 4, = 0.1y can be destructed apparently as already
verified from Figs. 5, which makes the cavity field hardly to reach saturation. This
might be useful to manipulate the threshold value, converting OM to OB, and the hys-

10

Ur

Fig. 5. Output field versus input field for different values of the energy splitting w,. Selected parameters
are: £2.=2y,p=0.7, w,= 1y (solid line), w, = 5y (dashed line), @, = 10y (dotted line). The other pa-
rameters the same as those of Fig. 3.
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Fig. 6. Output field versus input field for different values of the thickness m. Selected parameters are:
02,.=2y,p=0.7, m=>5 (solid line), m = 20 (dashed line), m = 50 (dotted line). The other parameters the
same as those of Fig. 3.

teresis cycle width of the bistable curve via varying @,. In the next step, we study the
effect of the thickness of the slab on the OB behavior of the probe field. The bistable
behavior for different thickness is displayed in Fig. 6. It has been found out that the
thickness of the slab has a major role in characterizing the bistable behavior, so that
by increasing a thickness value, the OB is converted to OM only in the presence of
maximum Fano interference. It is observed that for m = 5, the OB has vanished and
for m = 20, the OB has appeared, while for a larger thickness value, i.e., m = 50, the
OB is converted to OM.

4. Conclusion

In summary, we have analyzed the bistable behavior in the dielectric slab doped with
an asymmetric quantum well driven by a coherent coupling field and weak probe field
inside a unidirectional ring cavity. It is clearly shown that the coupling field intensity
and the strength of Fano interference can affect the OB and OM, which can be used
to control the hysteresis loop of a bistable curve. In addition, the effects of the energy
splitting and slab thickness on the behavior of a bistable curve are also discussed, and
it is shown that the transition from OB to OM or vice versa can be realized by adjusting
these parameters.
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