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In this article an asymmetric intersubband quantum well structure as a high temperature terahertz (THz)
optical switch is proposed. In our proposed structure the incoming low power energy photon (THz control
signal) causes an optical switching. In this structure we introduce an optical terahertz switch based on

coherent population trapping (CPT) phenomena. In the presence of electromagnetic THz field, quantum
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interference between the terahertz control field and short-wavelength probe field under appropriate
condition, the medium becomes transparent (zero absorption) for the probe field. So the absorption and
refraction characteristic of optical probe field can be modified with THz radiation. Therefore this idea is
suitable for all - optical terahertz switching.

© 2013 Elsevier GmbH. All rights reserved.

1. Introduction

In telecommunication, an optical switch is a switch that enables
signals in optical fibers or integrated optical circuits (IOCs) to
be selectively switched from one circuit to another. An optical
switch may operate by mechanical means, such as physically shift-
ing an optical fiber to drive one or more alternative fibers, or
by electro-optic effects, magneto-optic effects, or other methods
[1,2].

In optical switches that use the electro-optic effect, there is a
change in the optical properties of a material in response to an elec-
tric field that varies slowly compared with the frequency of light.
The electro-optic effect could be done by a change in the absorp-
tion or change in the refractive index. In quantum well structures
a change in the absorption index is called the quantum-confined
Stark effect (QCSE) which is described by the effect of an external
electric field upon the light absorption spectrum of a quantum well
(QW) [3,4]. In the absence of an external electric field, electrons
and holes within the quantum well may only occupy states within
adiscrete set of energy subbands. Consequently, only a discrete set
of frequencies of light may be absorbed by the system. When an
external electric field is applied, the electron states shift to lower
energies, while the hole states shift to higher energies. This reduces
the permitted light absorption frequencies.

In the terahertz (30-300 wm or 1-10THz) intersubband transi-
tion quantum-well structures [5,6], the incoming photon energy is
(4-41 mev) and maybe in the order of electron thermal broaden-
ing (KT ~6-25meV for 77-300K) [5-7]. Therefore in conventional
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electro-optic absorption structure, both the incoming photon and
the environment temperature can directly excite the ground state
electrons to higher energy levels and this problem inhibits the
correct optical switching in high temperature and terahertz fre-
quencies applications.

In our proposed CPT [8-10] based optical THz switch, the
incoming electromagnetic THz switch control field, according to
perturbation theory and atom-field interaction Hamiltonian [8]
in Schrodinger equation, interacts with the short-wavelength
(1-2 wm) electromagnetic probe field and causes like quantum-
confined Stark effect phenomena. The coherent modification of
the atomic spectrum in the electric field of a light field resem-
bles the Stark splitting and shifting in a static electric field. It is
therefore called optical Stark effect [11]. As a result there is a
change in the optical properties of material such as absorption and
refractive index of short wavelength electromagnetic probe field.
Under appropriate condition, the medium becomes transparent
(zero absorption) for the probe field.

The absorption and refraction characteristic of optical probe
field could be modified with THz radiation. So the electromagnetic
THz field can create sharp absorption peak where there was a trans-
parency or sharp transparency peak where there was absorption
in the transmission coefficient of probe field. The wavelength and
intensity of this absorption or transparency peak can be controlled
by the THz frequency and THz intensity.

In the THz range we are not dealing with electron transport
problems. The incoming terahertz light and the environment tem-
perature do not directly excite electrons, but affect the absorption
characteristics of short-wavelength probe optical field. In fact we
convert the incoming Terahertz signal to short-wavelength optical
field through CPT phenomena, where such problems are not critical
in this rang of switching.
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Fig. 1. Asymmetric double barrier intersubband quantum well structure as a THz
switch.

2. Model derivation

Our proposed intersubband quantum well structure as an
all-optical THz switch is shown in Fig. 1. In this structure the elec-
tromagnetic short wavelength probe filed and the electromagnetic
THz control filed are applied respectively. In quantum well struc-
tures the stark-like effect can be created with the coupling two
wells [8-11]. The barrier potential between two wells is thin (cou-
pled wells) and the eigen-states are in the same energy or in the
range of electron-LO phonon scattering or electron-electron scat-
tering and other scattering processes. So the wave functions of two
wells can see each other through thin barrier (resonant-mode).
Thus the two new states |a),|c) are created. This effect is like optical
stark effect [11] in an atomic system which is introduced by strong
pump field.

In many aspects the eigen-states in quantum well are like atomic
systems, therefore the wave-function and total Hamiltonian (non-
interaction and interaction terms) as follows respectively [8-12]:

() = cp(£)Ib) + ca(t)la) + cc(t)lc) + cq(t)ld) (1)
Ho = hawy|b)(b| + hwala){al + hiwc|c)(c| + fiwy|d)(d] (2)
Hy = 7q<2p|b)(al + h<2p|b)(c| + hikQ1h,|d)(al + AS2TH,|d)(C] (3)
H =Hy + Hq (4)
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In the above equations W(t), cp(t), ca(t), cc(t), c4(t) are the wave
function and the probability amplitude of finding the atom in states
|b),la),|c),|d), respectively. £2p,L21y, are the Rabi frequencies of probe
signal and terahertz signal. Where Hy, Hy, H represent the unper-
turbed and the interaction and the total Hamiltonian respectively.

In the structure in Fig. 1 the probe field could interact with both
the subband transitions |b)«>|c) and |b)<>|a) simultaneously with
the Rabi frequencies €2, and q€2, where q = [t/ 1Lcp is the ratio
of dipole moment of relevant transition). On the other hand the
terahertz-infrared field could interact with both |d)<>|c) and |d) < |a)
with the Rabi frequencies Qry, and KQ2ty,. Where K = qq/heq iS
the ratio of dipole moment of relevant transition).

The dynamic response of the proposed quantum well THz switch
is described by using the density matrix formalism [13-15], under
the electro-dipole and rotating-wave approximations, [8,16,17].

, i
p= f%[H, ol (6)

Pap = —li(Ap + 75) + Laploap +192p oop — 192p Paa + k2R o
—iQp Pac (7)
Peb = —[i(Ap — 75) +Leplpch +1€2p pop + iS2Rr Pap — 1G2p Pca
—iQp pec (8)
Pdc = —li(AR+ 75) + Laclpdac — i€2ppap — IR Pad + 12R Pec

+ k2R Pac (9)

Pap = —i(Ap + A+ Tap)oap + iQUROch + ikSAUR Pab — 12p p4c
—1qQ2pPua (10)

Pda = —li(AR = 75) + LCaalpda — 1982p pap — ikS2r Pga + 1kS2IR Paa

+iQURPca (11)

pac = —liws + Taclpac — i82p pap + 1G€2p Opc
— IQURPad + IKUR Ogc (12)

where  @s=vgp —Vep, Vo = (Vap + Vep)/2, Vg = (Vag + Veq)/2  and
Ap=v9-Up, Ap=vy—vr. The population and dephasing
decay rates are added phenomenologically in the above den-
sity matrix equations. The population decay rate for subband

lj) (due to LO-phonon emission events) is denoted by y;. The
total decay rates are given by: 'y, = yc + yflfh, Cap=Va+ yggh,

Tab=Va+ V" Va = Ve + Yaa)  Tac=Va+ve + V" To=
Ve + Va+ yggh and Tyg=va+ya+ yggh. In these expressions
vij (determined by electron-electron, interfaces roughness, and
phonon scattering process) is the dephasing decay rate of the
liy<>|j) transition.

In terms of the density matrix notation, we have [8]:

P(z, t) = [pab(pab(z’t) +c.0)+ ggcb(pcb(“) +c.0)] (13)

where P(z, t), gy is the optical polarization and dipole moment
matrix element between sates |i),|j) respectively. The optical polar-
ization can be calculated as follows [8]:

P(z,t) = g XE(z, t) (14)

where y,E(z,t) are the linear susceptibility and the electric filed
respectively.
We can write the linear susceptibility as|]:

_ P 2Na(©2 Pab + 4893 Pch)
T goE T Sogpﬁ

(15)

where €2, and N, are the Rabi frequency of the probe field and the
carrier density respectively.

By using analytical solution the optical susceptibility is obtained
as [8]:
RO (2N/eoh]§2,(LiLy + Q2,,) + 92 (K Quuz + qLsLz + KR, )]

? Lilols +13Q2,, + L +K2Q2,

where L1 = [i(Ap — (ws/2))+ Tl Ly = [i(Ap + Ar) + Tapl, L3 =
[i((Ap + (ws/2)) + Tapl, K = fLaa/ der § = Hab/ Heb-

In the terahertz (30-300 pm) intersubband transition quantum-
well structures, the incoming photon energy is (4-41 mev) and
maybe in the order of electron thermal broadening (KT ~ 6-25 meV

(16)
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