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Abstract

density matrix method are discussed.

signal and incoherent pumping field.

Incoherent pumping field

Background: The transient and steady-state behaviour of the absorption and the dispersion of a probe field
propagating at A= 1.55um through an InGaAs\InP double coupled quantum well are studied. The effect of terahertz
signal excitation, electron tunnelling and incoherent pumping on the optical properties of the probe field is discussed.

Methods: The linear dynamical properties of the double coupled quantum well by means of perturbation theory and

Results: We show that the group velocity of a light pulse can be controlled from superluminal to subluminal or vice
versa by controlling the rates of incoherent pumping field, terahertz signal and tunnelling between the quantum wells.
The required switching time is calculated and we find it between 3 to 15 ps.

Conclusions: In the terahertz (30 ~ 300 um or 1 ~ 10THz) intersubband transition, the incoming photon energy is

(4 ~ 41mev) and maybe in the order of electron thermal broadening (KT ~ 6 meV-25 meV for 77 K -300 K). Therefore in
the conventional structure, the incoming photon can directly excite the ground state electrons to higher energy levels.
It is shown that the absorption and the dispersion of the probe field can be controlled by the intensity of terahertz

Keywords: Electro-optical switching, Dispersion and absorption, Group velocity, Terahertz signal, Tunnelling effects,

Background

It is known that the absorption and the dispersion
properties of a weak probe field can be modified effect-
ively by atomic coherence and quantum interference
[1-5]. Atomic coherence can be achieved by the strong
coupling fields, the spontaneous emission and incoher-
ent pumping fields. It is known that atomic coherence
due to the coherent laser field has essential roles for
modifying the optical properties of atomic systems such
as spontaneously generated coherence (SGC) [1], lasing
without inversion [2], modifying spontaneous emission
[3], coherent population trapping (CPT) [5], optical
bistability [6—10] and so on [11-16]. furthermore, it
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has been shown that quantum interference arising from
SGC [8] and incoherent pumping field [17] can be used
for analyse of some interesting phenomena such as
lasing without population inversion [4], optical bistabil-
ity [17], and superluminal/subluminal light propagation
[18]. Similar phenomena involving quantum coherence
in solid state systems such as semiconductor quantum
wells (QWs) and quantum dots (QDs) [19], can also be
occurred [20, 21]. In the past decade, there has been an
increasing interest in optical properties of quantum dot
molecules (QDMs) and quantum wells (QWs), due to
important role in optoelectronic devices. Recently, investi-
gators have examined the effects of an external field and
inter-dot tunnel coupling on the optical properties of QDs
and QWs [22-28]. Quantum well semiconductors were
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chosen because of their advantage in flexible design,
controllable interference strength, long dephasing times
[29, 30], large dephasing rates [~10 ps-1] [31] and large
electric dipole moment which make them suitable for
application in the optoelectronic devices. Quantum co-
herence in a QW structure can be induced by electron
tunnelling or applying a laser field [32, 33]. Coherence
induced by incoherent field and tunnel coupling in the
QW system plays an important role in light—matter
interaction and has found numerous implementations
in semiconductor optics. On the other hand, coherent
control [34-37] over the dispersive and absorptive
properties of solid-state media such as photonic crystals
and semiconductors has recently attracted a lot of at-
tention [38—42]. Several proposals for quantum coher-
ence and interference in QWs have been performed
and analysed. To utilize the tunnelling effect, an elec-
tron is excited by a laser field, then tunnels to the sec-
ond QW by controlling the external voltage between
the wells [43]. An interesting application of QWs is
modification of light pulse to make a fast electro-
optical switch by controlling the propagation of a weak
light pulse in a semiconductor system, which depends
on the dispersive properties of the medium.

In this paper, we introduce a compact four level
quantum wells system composed of two QWs. Then,
we investigate effect of terahertz signal, incoherent
pumping field and tunnelling between QW's on the ab-
sorption, dispersion and the group velocity of a weak
probe field. The required switching time when propaga-
tion of light changes from subluminal to superluminal
and vice versa is also discussed. We find that the dis-
persion/absorption spectra of the probe pulse can be
changed via the effect of terahertz signal, incoherent
pumping field and tunnelling effect.

Methods

In Fig. 1 we consider a compact double coupled quantum
well nanostructure which is fabricated using InGaAs/
InP nanostructures in material grown by an attractive
growth technique i.e. organometallic vapor phase epi-
taxy (OMVPE). The QWs consist of two periods of
alternating 10 nm InGaAs and 10 nm InP layers. The
sample can be grown in a horizontal OMVPE system at
atmospheric pressure. The growth chamber should
contain a system that allows the growth of a QW as
narrow as 10 A° with an average roughness of half the
lattice constant of InGaAs. Typical growth rates are
10 A° s for InGaAs and 5 A° /4 for InP [44]. An inco-
herent pumping field and weak probe field are ap-
plied to first quantum well (QW;). According to the
band gap difference between In.47Ga0.53As (0.7 eV)
and InP (1.35 eV), the wave length of the incoherent
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Fig. 1 Schematic of system, which shows the detailed band structure
and quantized energy levels for proposed double coupled QW

pump field can be in the range of A =1-2um [44].
For controlling of the tunnelling rate between QWs,
the system is placed between two connected elec-
trodes, as electrodes are in contact to this system. By
applying independently tuneable gate voltages, elec-
tron tunnelling can easily be accomplished between
QW; and QW,. The range of the applied voltage to
the electrodes varies as V ~ 0 —30 mV. For more de-
tails we refer to [44—46]. Figure 1 shows the detailed
band structure and energy levels of the system. Lower
level |0) and upper level |1) are conducting band
levels of QW ;. Level |2) and level |3) are the excited
conducting levels of the QW, of the right of QW;. It
is assumed that the energy difference of three excited
levels and the lower level is large, so their tunnelling
couplings can be ignored. By applying a gate voltage
the level |2) and the level |3) get closer to the level
|1). A weak tuneable probe field of the frequency w,
with Rabi frequency Q :EZ";
pumping field A are applied to the transition
|0) — |1). Here, @ is electric dipole moment and E is
amplitude of the probe field laser. By forming the res-
onant coupling of the probe field with the QW3, an
electron is excited from the |0) band to the |1) band
of the QW;. By providing the tunnelling conditions
the electron can be transferred to level |2) in QW2
and the Oz, (terahertz signal) prompt the electron
from the level |2) to the level |3). The total Hamil-
tonian in the rotating-wave approximation method
[47, 48], which represents the interaction of the probe
laser field, terahertz signal and incoherent pumping

and an incoherent
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field with the double coupled QWs system, can be
expressed in the form of

H=Y Eljl+ [(ope*"wv‘|o><1| T ey 1]+ Twl)2| +
j=0

Qe 2) (3] + H.C.

(1)

Where E; = hw; denotes the energy of state |i). ¢ is the
dipole moment of the atomic transition corresponding
to the pumping of the electrons from level |0) to level
|1), and the electric field ¢ implies the electrical ampli-
tude of the incoherent pumping field. T}, correspond to
tunnelling between “QW;” and “QW,”. The tunnelling
can be described by perturbation theory which can be
given by Bardeen’s approach [49]. According to this
approach, the tunnelling probability of an electron in
state ¥ with energy Ey from the first QW to state @
with energy E4 in the second QW is given by Fermi’s
golden rule [50]

2
W =" Te"8(Ev-Eo). (2)
The tunnelling matrix elements can then be acquired

by an integral over a surface in the barrier region lying
between the QW's

h Y4 Rlox
T, =— oF— -y
= ( Al )ds, (3)

0z

where zg lies in the barrier, and m is the effective mass of
the electron. Applying a bias voltage V, the current is

%4

4are [
= p1(Er—eV + &)p,(Er + &0)| Te|*deo,

==
hJo

(4)

where ¢, is the energy difference between two discrete
states in two wells. The current corresponds to the local
density state of each QW (po, p1) of the Fermi energy
(Eg). The magnitude of coupling between two QWs can
be adjusted by the bias voltage applied to the wells. Note
that T, is relevant to the applied bias to the molecule.
For T,=T;;#0 some interaction terms should be
appeared in total Hamiltonian as depicted in Eq. (1).
The density-matrix approach given by

L ), @

Can be used to obtaining the density operator in an
arbitrary multilevel QWs system. Substituting Eq. (1) in
Eq. (2), the density matrix equations of motion can be
expressed as
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por = (i8y=Lo1-A)po; + iT12P03 -1 (Pog—P11)

por = iT2poy + (i + ©12) -Lo2-4/2)pgy + iQ712Po5 + i1,
Poz = iQ7Hzpgy + (i(8p + @12 + w23) ~To3—A/2)pos + iQpp 13,

Pra = iQppoy=(iw12 + T2 + A/2)pyy + iQ112p15 + iT12(P11~P2a)
P13 = iQppo3 + iQ1rp1y = (@12 + 023) + 13 + A/2)p13-iT12p03,
Pos = —iT12p13—i(023 + Q112 )pys + iQ7h, (Pzz_/’as)7

poo = =i (Po1=P10) ~APoo + (Y10 +A)P11 + Y20P22 + V30P33:

P11 = i (por=p10) + 400~ (110 + A)p11 + iT12(pro=Pa),

Pz = ~iT12(P1yPa1) + Q112 (Pr3P32) =V 20P22:

P33 = ~iQ11z (P25~P32) =V 30P 33

(6)

Where p,,, = |m)n|(m,n=0,1,2,3) and p,,,=|m)
(m|(m=0,1,2,3) [51] represent the coherent terms and
thepopulation operators for the QWs, respectively. We
get w1n = w19 — Wy and wy3 = Wy — w3p. The probe field
detuning with respect to the QW transition frequencies
is 8, = w10 - ®,. The term A = 2(p*/A*)Ip is the incoher-
ent pumping rate. Note that the incoherent pumping
process can also take place in unspecified auxiliary
levels. So we assume that the electric field has a broad
frequency spectrum or effectively 8-like correlation, i.e.,
(e"(t)e(t)) = T,,0(t - t). The spontaneous emission rates
for sub band |[i), denoted by y;0, are due primarily to
longitudinal optical (LO) phonon emission events at low
temperature. The total decay rates I;(i =) are given by

Ton =Y,0/2 Y36 Ton = (Vuo + Youo) /2 + Vit 1 =
1,2,3and m = n, here y%", are the dephasing rates of
the quantum coherence of the |i)« |j) pathway and
determined by electron—electron, interface roughness,
and phonon scattering processes. Usually, y%" is the
dominant mechanism in a semiconductor solid-state
system. Equation (3) can be solved to obtain the steady
state response of the medium. The susceptibility of the
compact double QWs to the weak probe field is deter-
mined by coherence term po;

2N
X= E—sO‘DOI’ (7)

Where N is the carrier density in the proposed QW's
system. Ssusceptibility comprise two parts, real and
imaginary (y=yx +iy ). Note that the real part of the
susceptibility y correspond to the dispersion and im-
aginary part y correspond to absorption. The dispersion
slope of the probe field has a major role in the group
velocity. The group velocity v, of the light, which is
propagates in the medium, given by [52]:

¢
L 2my (@) + 210, () (@p) /00p)

(8)

Vg

Equation (8) implies that for a negligible real part of
susceptibility, the light propagation can be superluminal
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as a negative slope of dispersion, on the other hand, for
positive dispersion slope, the light propagation in the 10 — ———m
medium can be subluminal. a

Re[py,]

- |m[p01 ]

Results and discussion

Now, we analyse the numerical results of the above
equations and discuss the transient and the steady-state
behaviour of the absorption and the dispersion. It is
assumed that the system is initially in the ground state,
i.e. poo(0) =1 and p;(0) =0 (i, j = 0, 1, 2, 3). We take typ-
ically spontaneous emission y;0=1THz [45] and other
relevant parameters by the factor of these rates. Intro-
duced rates are equivalent to dephasing times in the
order of picoseconds. Here the according to the Eq. (8),
the positive and negative dispersion slope are represent-
ing the propagation of light subluminal and superlumi-
nal respectively. xi0®

Figure 2(a) shows the dispersion (dashed) and absorp- ;
tion (solid) properties of a probe field versus wavelength, b i
in the absence of incoherent pumping field A and ’4'
tunnelling effect. We observe that the absorption peak 1
accompanies by a negative dispersion. Thus, superlumi-
nal light with large absorption propagates through the
medium. In Fig. 2(b) we show at the steady state behav-
iour of the probe dispersion (dashed) and absorption
(solid) in the presence of the first tunnelling effect 77,
and absence of an incoherent pumping field. It can easily
be seen that the absorption of the probe field reduced
around A = 1.55umijust by applying tunnelling rate T, =
1y. We find that the slope of dispersion is very sensitive 155 1552 1554 1556 1558 155
to the tunnelling effect. When we increase T, from 0 to A [ura]
1y, slope of dispersion changes from negative to positive.
Figure 2(c) Shows the effect of the terahertz signal on 10
the system, when keeping all other parameters fixed in
Fig. 2(b), and with applying the terahertz signal, the dis-
persion slope does not change, but tow windows trans-
parency created that is accompanied by three absorption
peaks.

In Fig. 3. We investigate the incoherent pumping field
effect on the system. In Fig. 3(a) we applied an incoherent
pumping filed to condition of Fig. 2(a) with values A = 8y.
By increasing the incoherent pumping field A from 0 to
8y, the absorption peak of the probe field becomes
broaden, while the slope of the dispersion is still negative
around the A = 1.55um. Physically, by increasing the inco- 5 —_— T

i T54 1542 1544 1546 1548 155 1552 1554 1586 1.558 156
herent pump rate, the upper levels are populated, for this % [um]
condition the probe absorption will reduce in transition Fig. 2 Real (dashed) and imaginary (solid) parts of susceptibility as a
|0) — |1), thus the peak maximum of the probe field probe field wavelength for (). T;> =0, THz signal = of. A=0, (b) T1»= 1Y,
absorption gets reduce. In Fig. 3(b), by applying the THz signal = of, A=0, () T1o =1y, THz signal = on/A =0, Other
tunnelling rate T;, mid incoherent pumping field, one parameters are wsz = wys =1y, for = = 1 THz, fo2 = 0.1 [, Fo3 = 001 oy,

. L [15=005 o1, [13=0025 [y, [3=005 1, y10=06 THz,

absorption peak of the probe field is crated at A = 1.55um. Va0=0.1 Vi Y30= 001 y1o0% = 001 y
By applying the incoherent pumping field, when keep-
ing all other parameters fixed in Fig. 2(b), the slope
of dispersion changes from positive to negative that is
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Fig. 3 Real (dashed) and imaginary (solid) parts of susceptibility as
a probe field wavelength for (). T;, =0, THz signal = of, A = 8y, (b)
T1, =1y, THz signal = of, A=8y, (c) Ty, =1y, ,THz signal = on,\ = 8y,
Other parameters are as in Fig. 2

shown in Figs. 2(b) and 3(b). This indicates that group
velocity of light propagates, increasing from subluminal to
superluminal through the medium. In Fig. 3(c), we simul-
taneously apply the tunnelling rate T1, between QW; and

Page 5 of 7

QW) and the terahertz signal, while the incoherent pump
rate is still A = 8y. Figure 3(c) show the probe dispersion
(solid) and absorption (dashed) in the presence of the
terahertz signsl and tunnelling effect. It can easily be seen
that the slope of dispersion changes from negative to posi-
tive as the presence of terahertz signal. Here, by taking
into account the incoherent pumping field, tunnelling
effect and terahertz signal, the probe gain is appeared
around A = 1.55um in the spectrum. Physically, by taking
into account the inter-dot tunnel coupling, the coherence
in the system is created. So, the electromagnetically in-
duced transparency is established by the inter-dot tunnel
coupling. But in the presence of the incoherent pump
field, the upper levels are populated, for this condition the
probe absorption will reduce in transition. Then, by
applying the terahertz signal there will be a population
inversion between level |1 > and level |0>, which may
lead to a probe field amplification. This probe amplifi-
cation (or gain) might be remarkable for laser applica-
tions. Also, it is clear that the dispersion around the
probe wavelength A = 1.55umis positive, corresponding
to the superluminal light propagation. In fact, the group
velocity of the probe field strongly sensitive to the rate
of the incoherent pump and the tunnelling effect. This
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O
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Fig. 4 Dynamical behaviour (a) and switching process (b) of
dispersion slope for T,, = (0, 1y), THz signal = of, A = 0. Other
parameters are as in Fig. 2
A\
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is an important mechanism in which the probe field
absorption and dispersion can be controlled by the
incoherent pump field in the quantum well.

Now, we are interested in the dynamical behaviour of
the dispersion slope due to this properties can be used as
an electro-optical switch of group velocity from sublum-
inal to superluminal or vice versa. The dispersion slope is
variation of the dispersion (dashed line in Figs. 2 and 3)
around the A = 1.55um, which is controllable from nega-
tive to positive or vis versa by controlling of the parame-
ters. We are interested in the required switching time for
change of the light propagation from subluminal to super-
luminal or vice versa. In fact, this system can be used as
an optical switch, in which the propagation of a laser pulse
can be controlled with tunnelling effect, incoherent
pumping field and terahertz signsl. The transient behav-
iour of dispersion slope of probe field at A = 1.55um as the
controllable parameters are shown. Switching time for
subluminal/superluminal light propagation is defined as
the time to reach a steady-state from the superluminal
state to the subluminal state and vice versa. Figure 4(a),
shows the transition behaviour of the dispersion slope by
consecutively switching the tunnelling rate from 77, =0 to
T1, = 1y and vice versa. By increasing the normalized time

4 x 10
i TH signal=on
21 :I — — —TH signal=of [/
e
orhy :

Dispersion slope
=
)

25 30 35 40 45 50

| TH s.gnat=of TH signa=of -
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o & AN O N @
.

TH signal=on

7
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=

: L L L L
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ty
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Fig. 5 Dynamical behaviour (a) and switching process (b) of dispersion

for THz signal = (of, 0n), Ty, = 1, A = 8y. Other parameters are as in Fig. 2
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ty (y=I19=1THz), the dispersion slope takes a steady
negative values for T7, =0 corresponding to superluminal
light propagation, while it changed to negative on applying
the terahertz signal which is corresponding to subluminal
light propagation. In Fig. 4(b), we plot the switching
diagram of the dispersion slope for two different values of
T1,. The required switching time for propagation of the
light from subluminal to superluminal is about 8 ps and
from superluminal to subluminal is about 12 ps. The tran-
sient behaviour of the dispersion slope is displayed for two
various rate of terahertz signal, while keeping T}, = 1yand
A =8yfixed in Fig. 4. We are looking for the required
switching time for changing the group velocity from
subluminal to superluminal or vice versa by proper
manipulating the tunnelling rate 77, and terahertz signal.
Effect of the terahertz signal leads to superluminal propa-
gation of light in the medium (Fig. 5 (a)). Figure 5(b)
shows that the required switching time from subluminal
propagation light to superluminal propagation or vice
versa is about 7y. Now, we investigate the effect of the
incoherent pumping rate by consecutively switching
incoherent pumping rate from A =0 to A =8y and vice
versa, while the tunnelling rate T}, = 1yis fixed in Fig. 4(a).
It is clearly find that in the Fig. 6(a) the slope of the disper-
sion changes from positive to negative by adjusting the
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Fig. 6 Dynamical behaviour (a) and switching process (b) of
dispersion slope for T,, = 1y, THz signal = of, A = (0, 8y). Other
parameters are as in Fig. 2
A\




Shiri and Malakzadeh Journal of the European Optical Society-Rapid Publications (2017) 13:19

incoherent field. For A =0 the slope of the dispersion is
positive corresponding to subluminal light propagation,
while it changes to negative as the incoherent pump-
ing changes from A =0 to A =8y corresponding to
superluminal light propagation. The required switch-
ing time for change of the propagation light from sub-
luminal to superluminal is about 3 ps, and vice versa
is 15 ps Fig. 6(b). This approach can be utilized to
produce a switch operating only by controlling the
tunnelling rate T}, and incoherent rate A.

Conclusion

We investigated the transient and the steady-state be-
haviour of a weak probe field at A = 1.55um in a compact
double coupled QWs system with applying the tunnel-
ling between QWs, terahertz signal and one incoherent
pumping field. It is shown that the absorption and the
dispersion of the probe field can be controlled by apply-
ing the tunnelling between QWs, terahertz signal and
incoherent pumping fields. It has also been shown that
the medium can be used as an optical switch in which
the propagation of the laser pulse can be controlled with
tunnelling between QWs and the incoherent pumping
field. We obtained the switching time, between 3 to
15 ps as a high-speed optical switch of group velocity
from subluminal to superluminal or vice versa.
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