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Multiphoton excitations and nonlinear optical properties of exciton states in GaAs/AlxGa1−xAs coupled quantum
well structure have been theoretically investigated under the influence of a time-varying high-intensity terahertz (THz) laser
field. Non-perturbative Floquet theory is employed to solve the time-dependent equation of motion for the laser-driven
excitonic quantum well system. The response to the field parameters, such as intensity and frequency of the laser electric
field on the state populations, can be used in various optical semiconductor device applications, such as photodetectors,
sensors, all-optical switches, and terahertz emitters.
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1. Introduction
The terahertz (THz) regime of the electromagnetic spec-

trum is commonly recognized by the frequency range of
0.1 THz–30 THz.[1] In the last few decades, progressive
growth of various experimental techniques to control the di-
mensions and complexity of nanostructures as well as the
development of various THz sources such as free electron
lasers,[2,3] quantum cascade lasers,[4] and the accelerator-
based THz light sources that can emit radiation with peak
power in the megawatt region[5] has led to the expansion of
interest of researchers to study the optical properties of quan-
tum nanostructures. Immense literature work has been de-
voted to the optical studies of quantum nanostructures us-
ing THz sources that have profound utilization in the fields
of pharmaceutical and biomedical,[6] industrial, environmen-
tal and meteorological applications,[7] security systems,[8]

detecting explosive agents,[9] etc. Notably, semiconductor
quantum wells have been probed for the terahertz detec-
tion using intersubband transitions in GaAs/AlGaAs quan-
tum wells, which has led to the evolvement of new devices
operating in the infrared and far infrared regions such as
far-infrared photo-detectors,[10] all-optical switches,[11] high-
speed electro-optical modulators,[12] and infrared lasers.[13]

The structure parameters of the quantum structures, espe-
cially the shape of the quantum well and potential specifics,
are important criteria to study the optoelectronic properties
covering a wide spectral range.[14–19] In quantum wells struc-
tures, light irradiation creates the electrons and holes in the
quantum well, which are often bound to form neutral excitons.
The suitability of THz laser devices to study excitonic inter-

actions can be asserted on the fact that intraexcitonic energy
spacing between exciton states is comparable to the wave-
length range in which the THz laser devices operate. At
present, there are various experimental techniques that may
be used to investigate the excitonic optical properties, such
as photoluminescence (PL) spectroscopy, near-infrared (NIR)
absorption spectroscopy, etc., using THz light sources. The
analysis has many practical applications. For instance, Wag-
ner et al. observed the near-infrared transmission of a semicon-
ductor multiple quantum well probed under intense terahertz
illumination and provided a scheme for an ultrafast, normal-
incidence optical modulator.[20] Galbraith et al. experimen-
tally studied PL and terahertz absorption spectra of a GaAs
multiple quantum well, indicating the experimental detection
of a population of bound exciton.[21] Rice et al. experimen-
tally studied exciton transitions mediated by Coulomb inter-
actions in photoexcited semiconductor quantum wells. The
experimental evidence of the PL emission acted as a good fin-
gerprint to identify excitonic populations.[22] Su et al. demon-
strated the use of THz driven gated double quantum well for
voltage-controllable wavelength converter.[23]

In this paper, we introduce a four-level excitonic quantum
well (EQW) system made by two GaAs/AlxGa1−xAs quantum
wells, and study the multiphoton transitions using a periodic
laser field and static electric field. Perturbative methods have
been used to study the interaction of high-intensity lasers with
EQW under the influence of dc electric field as well.[24,25] The
perturbation theory has the disadvantage that it declines when
the radiation intensity is too large or when the radiation fre-
quency is close to one of the eigenfrequencies. Further, the
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perturbative methods are applicable when the energy differ-
ence between initial and final transition states is very large
as compared to the corresponding transition matrix element.
An exact, nonperturbative method, based on Floquet analysis
primitively introduced by Shirley,[26] has been pursued for the
problem. Using this approach, the Floquet states are obtained
in the Fourier domain. We provide the study of the variation
of Floquet states and quasienergies as a function of the laser
field parameters (strength and frequency) as well as dc electric
field. The method has been successfully applied in the molec-
ular as well as in quantum heterostructures[27–29] to study the
evolution of states. The quantum wells are the budding candi-
dates for these studies as they have the advantage in adjustable
design, prolong dephasing times, considerable dephasing rates
(∼ 10 ps), tractable interference strength, and large electric
dipole moment as compared to other quantum well structures.

Although the primitive interest for such studies is theo-
retical and various physical applications of the problem have
been theoretically explored earlier in quantum heterostructures
such as controlling electron transport in few-electron quantum
dots to fabricate a quantum switch,[30] production of currents
in an ac-driven quantum dot,[31] absorption and the nonlin-
ear sideband generation,[32] and low-frequency dynamics,[33]

these results may be experimentally observable. Floquet
bands and quasi-energies were interpreted by the spectro-
scopic techniques such as pump-probe experiments and time
and angle-resolved photoemission spectroscopy (Tr-ARPES)
in graphene[34] and in monolayer transition metal dichalco-
genides (TMD).[35] To the extent of our knowledge, no such
experimental studies are available in excitonic quantum nanos-
tructures. We hope that our theoretical results will stimulate
experimental researchers to carry out such experiments in ex-
citonic quantum nanostructures.

This paper is organized as follows: the theoretical frame-
work is described in Section 2 along with numerical parame-
ters considered for the study, the discussion of the results ob-
tained is given in Section 3, and the conclusions are drawn in
Section 4, followed by references.

2. Theoretical formalism
2.1. Excitonic states in a double quantum well

In this section, we provide the theoretical minimum
for the understanding of physics involved with an interac-
tion of our excitonic quantum mechanical system with the
time-dependent periodic perturbation in the form of a laser
field. The notation used is consistent throughout with con-
ventional symbols and atomic units (h̄ = e = me = 1) are used
throughout the manuscript. We consider a coupled quantum
well consisting of two GaAs quantum well layers and a thin

AlxGa1−xAs barrier in the growth direction, considered along
the z axis. We consider the conduction band electron effective
mass to be position-dependent denoted by m∗e . The valence
band consists of heavy-hole and light-hole subbands, and hole
mass is described in terms of the Luttinger parameters of GaAs
as: (m)−1

hhz = (γ1−2γ2)/me and (m)−1
lhz = (γ1+2γ2)/me, where

γ1 and γ2 are Luttinger parameters and me is the vacuum elec-
tron mass. The electron–hole reduced mass in x–y plane be-
comes µ = m∗em∗h/(m

∗
e +m∗h). In the effective mass approxi-

mation, the Hamiltonian of the EQW can be written as

Ĥex = Eg + Ĥe(ze)+ Ĥh(zh)+ Ĥr(ze,zh,r), (1)

where Ĥe(h)(ze(h)) is the z-direction Hamiltonian for the elec-
tron (hole). Ĥr(ze,zh,r) describes the relative motion of elec-
tron and hole in the plane perpendicular to the growth z axis.

We assume the total EQW wavefunction is of the form
Ψ(ze,zh,ρ), which can be expanded into a finite set of wave
functions

Ψ(ze,zh,ρ)
N

∑
λ=1

ψ
k
e (ze)ψ

k′
h (zh)φλ (ρ), (2)

where ψk
e (ze) and ψk′

h (zh) describe the set of Coulomb-
uncorrelated single particle electron and hole states in the cou-
pled quantum well determined by the Schrödinger equation in
the presence of static electric field applied along the growth z
direction in coupled quantum wells

Ĥe(h)(ze(h)) =
p2

e(h)

2m∗e(h)
+Ve(h)(ze(h))± eFz. (3)

Here, ze and zh are the electron and hole coordinates in the
growth z direction, respectively, F represents the static electric
field, and Ve(h) is the electron (hole) rectangular confinement
potential considered to be of the form

Ve(h) =

{
0, inside
V 0

e(h), outside

}
.

The index k (k′) refers to the quantum state of an electron
(hole) in the conduction band (valence band). The allied index
λ figures all basis states and runs onto the indices of electron
and hole quantized states: ne electron states and nh hole states
give a total of N = nenh basis states. These states can be ob-
tained by using the numerical finite difference method to ob-
tain the uncorrelated electron or hole single particle states. The
method has the advantage that it can be used even for compli-
cated potentials and complicated boundary conditions and is
used very often by engineers and physicists to solve partial
differential equations which cannot be solved analytically. We
use the central second-order finite difference formula based
on Taylor series expansion, which consists of discretizing the
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electron and hole Hamiltonian on an equidistant spatial grid
by approximating the partial derivatives as follows:

∂ 2ψ(z)
∂ z2 =

ψ(z+∆z)−ψ(z)+ψ(z−∆z)
∆z2 +O(∆z2), (4)

where ψ(z) corresponds to electron or hole single-particle

wavefunction. The grid is taken to be one-dimensional with
N + 2 points and the grid steps over each variable have been
taken to be the same, i.e., ∆z = ∆ze = ∆zh. Equation (3) gets
reduced to a set of algebraic equations each for electron and
hole which can be written in the form of a matrix equation


β1 −α2 0 0 0 · · · · · · 0
−α2 β2 −α3 0 0 · · · · · · 0

0 −α3 β3 −α4 0 · · · · · · 0
...

...
...

...
...

...
...

...
0 0 · · · · · · · · · · · · 0 −αN




ψ1
ψ2
ψ3
...

ψN

= Ee(h)


ψ1
ψ2
ψ3
...

ψN

 , (5)

where

β j =
h̄2

4∆ 2

(
1

m j−1
+

2
m j

+
1

m j+1

)
+Vj,

α j =
h̄2

4∆ 2

(
1

m j−1
+

1
m j

)
,

assuming that the wave function satisfies the boundaries of the
quantum structure. The Hamiltonian for electron and hole is
reduced to a tridiagonal matrix which is diagonalized numeri-
cally to obtain the electron and hole single-particle states wave
functions. Further, in Eq. (2), φλ (ρ) denotes the in-plane com-
ponents of the total wave function which can be solved em-
ploying finite difference method by writing the relative term
of the total Hamiltonian in cylindrical coordinates

Ĥr(ze,zh,r) =
−h̄2

2µ

(
∂ 2

∂ r2 +
1
r

∂

∂ r
+

1
r2

∂ 2

∂ϕ2

)
+HC, (6)

where HC = −e2/4π𝜖ρ is the negative Coulomb interaction
term between carriers screened by the background dielectric
constant and 𝜖, r and ϕ are the polar coordinates of electron–
hole relative motion, where ρ =

√
r2 +(ze− zh)2 is the rela-

tive electron–hole distance. The methodology can be applied
to obtain the in-plane components of the wave function, φn(ρ),
and the exciton transition energies achieved on a finite grid in
the area 0 < ρ < R, where R is the exciton confinement length
taken to be 200 nm. The total wavefunction for EQW can be
determined using Eq. (2).

Next, we study the interaction of our EQW system with
a periodic field in the form of a monochromatic laser using
Floquet quasienergy formalism. We discuss how the quasi-
energy-state eigenvalues and eigenvectors may be determined
through the solution of a stationary matrix eigenproblem, a
method first introduced by Shirley[30] for a two-level quan-
tum system in a periodic field. The theory has proved to be
quite useful in studying the evolution of bound states with the
periodic laser field. We consider the interaction of our EQW
with a monochromatic linearly polarized periodic laser field

along the z-axis and transition dipole moments are taken to be
aligned with the polarisation direction. The Schrödinger equa-
tion for the interaction can be written as

ĤI(𝑟, t)Ψ(𝑟, t) = 0, (7)

where

ĤI(𝑟, t) = Ĥex + L̂(𝑟, t)− i
∂

∂ t
,

L̂(𝑟, t) =−e𝐸0 ·𝑟 f (t),

𝐸0 is the electric field amplitude, and f (t) is the pulse shape
of the periodic laser field considered to be sinusoidal with fre-
quency ω . The unperturbed Hamiltonian has a complete set of
orthonormal eigenfunctions

H0(𝑟)|α(𝑟)〉= E0|α(𝑟)〉,

such that 〈β (𝑟)|α(𝑟)〉= δβα .
According to the Floquet theorem, the wave function Ψp,

called the quasienergy-state, can be written in the following
form:

Ψp(𝑟, t) = e−iεpt
Φp(𝑟, t), (8)

where Φp(𝑟, t) is called the Floquet wave function periodic
in time and εp is the Floquet characteristic exponent or the
quasienergy. Expanding Φp(𝑟, t) in a Fourier series, we can
obtain

Ψp(𝑟, t) = e−iεpt
∞

∑
n=−∞

B(n)
p (𝑟)e−inωt . (9)

Therefore, a quasienergy state can be considered as a su-
perposition of stationary states with energies equal to εp+nω .
The function B(n)

p can be further expanded in terms of an or-
thonormal set of unperturbed eigenfunctions |q(𝑟)〉, so that

B(n)
p (𝑟) = ∑

q
Φ

(n)
pq |q(𝑟)〉. (10)

Substituting Eqs. (9) and (10) into Eq. (7), we obtain the
following system of coupled equations:

∑
n

∑
q

[〈
p
∣∣Ĥm−n∣∣q〉− (εp +mω)δmnδpq

]
Φ

(n)
pq = 0, (11)
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where

Ĥα(𝑟) =
(

ω

2π

)∫ 2π/ω

0
ĤI(𝑟, t)e inωt dt.

The above set of coupled equations can be recalibrated
into an eigenvalue matrix equation

∑
s

∑
s′

〈
pn
∣∣ĤF
∣∣ss′
〉
Φ

(s′)
sq = εqΦ

(n)
pq , (12)

where ĤF is called the time-independent Floquet Hamiltonian.
We use the nomenclature: |αn〉 = |α〉|n〉, where the index
α represents a quantum well excitonic state and the index n
represents a Fourier component, (n = 0,±1,±2, . . .), such that
〈t|n〉= e inωt . The matrix elements are given by 〈pn|ĤF|qm〉=

Ĥ(n−m)
pq +nωδpqδnm. The quasienergies are eigenvalues of the

secular equation det
∣∣ĤF− εI

∣∣ = 0. The Floquet Hamiltonian
acquires a block tridiagonal form. The quasienergies εpn and
quasienergy

∣∣εpn
〉

state can be determined by the solution of
a time-independent Floquet matrix eigenproblem. ĤF has a
periodic structure with only the number of ω’s in the diago-
nal elements varying from one photon block to other blocks.
This structure owns the quasienergy eigenvalues and eigen-
vectors of Floquet Hamiltonian with the periodic properties:
εpn = εp0 +nω and

〈
α,n+ p

∣∣εβ ,m+p
〉
=
〈
α,n

∣∣εβm
〉
.

The probability of the occurrence of a transition between
two quantum states, which is important for understanding
many aspects of laser behavior, is given by

Pp→q(t, t0) =
∣∣Ûqp(t, t0)

∣∣2 = ∑
s

∑
m

〈
qs
∣∣e−iĤF(t−t0)

∣∣p0
〉

e imωt0
〈

pm
∣∣e−iĤF(t−t0)

∣∣qs
〉
, (13)

where Ûqp(t, t0) is the time evolution operator that gives the
amplitude that a system in the initial state at the time t0 evolves
to the final state in time according to the time-independent Flo-
quet Hamiltonian ĤF. The experimental interest, however, is
the transition probability which is averaged over initial times
t0 and keeping the elapsed time (t− t0) fixed. This gives

Pp→q(t− t0) = ∑
s

∣∣〈qs
∣∣e−iĤF(t−t0)

∣∣p0
〉∣∣2. (14)

Finally, averaging over , one obtains the long-time average
transition probability

Pp→q(t− t0) = ∑
s

∑
vv′

∣∣〈qs
∣∣εvv′

〉〈
εvv′
∣∣p0
〉∣∣2. (15)

The method has advantages which include the removal
of rapidly varying optical frequency from the time-dependent
interaction Hamiltonian by transforming it into a time-
independent Floquet Hamiltonian which can be easily diag-
onalized using standard coding in various scientific software
including Fortran and Matlab, which are quite simple and ac-
curate. We obtain the eigenvectors which are the dressed states
or the adiabatic Floquet states of our quantum system and the
eigenvalues are the quasienergies. Various nonlinear effects
such as power broadening, dynamical Stark effect, etc., can
be interpreted using the avoided crossing patterns in the quasi-
energy diagram. The slow variation of amplitude and strength
of laser field, multiphoton transitions between various levels,
the shift of various states, etc., can be incorporated easily using
this dressed picture representation which cannot be visualized
using even the lowest-order perturbation theory.

2.2. Numerical parameters and computation

The material parameters considered in this study are in
accordance with the reference.[36] The coupled quantum well

under consideration consists of two GaAs wells with the right
well width (RWW ) of 8 nm. The AlGaAs barrier width (BW )
is taken to be 2 nm. The aluminium concentration (x) is kept
constant at 0.33. We define the skewness parameter (SP) as
the ratio of right well width to left well width (LWW ). The
background dielectric constant is ε = 12.5, and the energy-
band offset ratio Voe : Voh = 65 : 35. The bandgap discontinu-
ity at the GaAs/AlxGa1−xAs interface is linearly approximated
as 1.247x eV. The GaAs electron effective mass is taken to be
m∗e = 0.0065me and the Kohn–Luttinger parameters for pure
GaAs are: γ1 = 6.79 and γ2 = 1.92, giving the hole effective
mass to be m∗h = 0.34mh; and for AlAs, the electron effective
mass is taken to be m∗e = 0.015me and γ1 = 3.79, γ2 = 1.23,
giving m∗h = 0.75mh. The AlxGa1−xAs alloy parameters are
linearly interpolated between those of GaAs and AlAs, thus
giving m∗e = 0.0941me and m∗h = 0.476mh for the barrier re-
gion. We take the in-plane reduced mass to be µ = 0.042me.
We use the numerical finite difference method to obtain the
states of the EQW system as explained in Section 2. The en-
ergy levels of the coupled quantum well excitonic system thus
obtained are given by

Eλ = E(e)
k +E(h)

k′ +Eg. (16)

The single-particle states and the corresponding wave-
functions are shown for the two cases of the static electric
field: F = 0 and F = 10 kV/cm in Fig. 1. In the present study,
we consider the four quantum states (λ = 1–4) labelled as:
e+h+ (k = 1; k′ = 1; GS state), e+h− (k = 1; k′ = 2; EX1
state), e−h+ (k = 2; k′ = 1; EX2 state), and e−h− (k = 2;
k′ = 2; EX3 state), where + and − denote the parity of elec-
tron or hole states and hence, N = 4. On reviewing the symme-
try of states under the inversion of coordinate axes along the
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growth z direction, it is observed that GS and EX3 states are
symmetric while EX1 and EX2 states are antisymmetric. At
F = 0 kV/cm, in a symmetric quantum well, the electrons and
holes can tunnel through the barriers and direct exciton states
can be formed as all levels are flat-banded. The pair states EX1
and EX2, formed with electron and hole in the same quantum
well have close proximity and are electrically neutral. These
form states in which radiative recombination takes place with-
out phonon participation. In contrast, GS and EX3 that have
a large spatial separation between electron and hole and have
nonzero dipole moment are called indirect exciton states. The
involvement of an impurity center, phonon, or another exciton
is required for the radiative recombination of electron and hole
in the formation of the indirect exciton. As the static electric
field is increased, the symmetricity of the wave functions di-
minishes and they get localized in either of the quantum wells,
as shown in the second panel of Fig. 1. Thus, a crossover
of the exciton state occurs from direct to indirect type as the
electric field grows. The result has been verified by previous
researchers both theoretically[37] as well as experimentally.[38]

↩ ↩                

z/nm

↩ ↩                

z/nm

-0.1

0

0.1

1.6

1.7

1.8

1.9

2.0

E
n
e
rg
y
/
e
V

-0.1

0

0.1

1.6

1.7

1.8

1.9

2.0

E
n
e
rg
y
/
e
V

Fig. 1. The wavefunctions and the well potential for F = 0 kV/cm and
F = 10 kV/cm for SP = 1.0 and BW = 40nm.

To study the evolution of EQW states with a periodic
laser, the Floquet theory is implemented to obtain the Floquet
time-independent Hamiltonian in the form of the infinite ma-
trix HF, as discussed in Section 2. The Floquet Hamiltonian
thus obtained is shown below

HF =



. . . Q 0 0 0 0 0
Q P+2Iω Q 0 0 0 0
0 Q P+ Iω Q 0 0 0
0 0 Q P Q 0 0
0 0 0 Q P− Iω Q 0
0 0 0 0 Q P−2Iω Q

0 0 0 0 0 Q
. . .


, (17)

where

P =


E0

1 0 0 0
0 E0

2 0 0
0 0 E0

3 0
0 0 0 E0

4

 ,

Q =


0 D12 0 0

D21 0 D23 0
0 D32 0 D34
0 0 D43 0

 .

The Floquet Hamiltonian is an infinite tridiagonal matrix
with a periodic structure featuring only terms in the diagonal
elements in various photon blocks. The structure endows the
dressed quasienergy eigenvalues and eigenvectors of HF with
periodic properties. The Floquet matrix includes the interac-
tion of the quantum system with the periodic laser field in the
off-diagonal terms of matrix type Q featuring elements

Di j =

(
1
2

)
F0µi j,

where µi j are the corresponding transition dipole matrix ele-
ments between states i and j. The E’s in the Floquet matrix are
the zero laser and static electric field energy values of various
states of our system. We obtain the quasienergies and the cor-
responding Floquet states by diagonalizing the Floquet Hamil-
tonian in Eq. (17). The infinite matrix eigenvalue equation has
to be truncated in these calculations. It is observed that the re-
sults converge after truncating HF to only a few photon blocks.
Thus, using the Floquet Hamiltonian representation of a time-
dependent Hamiltonian to a time-independent infinite matrix,
we can easily calculate the dressed states and transition prob-
abilities which are important parameters for the study in the
laser physics and astrophysics.

3. Results and discussion
We considered the interaction of a single-mode sinu-

soidal periodic laser field with the exciton states of coupled
GaAs/AlxGa1−xAs coupled double quantum well with a rect-
angular confinement potential. We apply the electric dipole
approximation for the carrier–radiation interaction. The cor-
responding electron wave functions and quasienergies are ob-
tained by the Floquet formalism. The analysis of our numeri-
cal results is as follows.

In Fig. 2, we show the computational results of transi-
tion probabilities for various transitions from the ground state
and considered excited states of EQW with the frequency of
the single-mode laser field. The results are plotted for differ-
ent static field strengths and SP values indicated in the figure,
keeping the LWW and BW fixed at 8 nm and 2 nm. The GS
curves in the sub-figures of Fig. 2 show the ground state oc-
cupation probability (i.e., state character of ground state) and
the other curves in the sub-figures show the probability of oc-
cupation or character composition of other excited states after
the interaction with ground state takes place on the applica-
tion of the laser. Initially, the system is prepared in the ground
state. With the application of the laser, the transitions between
the states get initiated. The crossover from direct to indirect
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exciton states may be observed as resonances in the transition
spectra. The states are resonantly coupled with the laser field
when the field frequency is close to the energy separation be-
tween the excitonic states. The transitions between the states
occur whenever there are peaks in the probability curves. The
transitions correspond to one-photon, two-photon, and three-
photon for the transition from the ground state to first, second,
and third excited state, respectively. The resonance between
levels produces complete equilibration of the population. The
strength of transition is indicated by the width of the reso-
nance curve and not by the magnitude of the peak position
of the curve. The multiphoton transitions discussed above de-
pend heavily on the strength of the static electric field F . In
the symmetric well case, the impact can be seen in Figs. 2(a)
and 2(b), and the multiphoton transitions get augmented as the
strength of electric field increases from 0 kV/cm to 10 kV/cm.
There are secondary weak transitions which are not considered
to be resonances. Further, with the increase of the static field
strength, the interlevel transitions show a blue shift. For the
asymmetric coupled wells, with the increase of the static field
strength, the transition probabilities between the various states
cease to exist gradually as observed in Fig. 2(f). This can be
explained by the fact that the potential gets lowered due to an
increasing electric field so that an electron (hole) eludes from
the well towards left (right) and becomes free for higher elec-
tric field values. Thus, it becomes unavailable for transitions
inside quantum wells. Thus, all high-field transitions involve
the recombination of a hole and an electron localized on the

same well.
In Figs. 2(g)–2(i), we investigate the impact of the pe-

riodicity of the laser field on quasienergies of dressed states
obtained using Floquet formalism. The sub figures show the
shift in energies of the dressed states with the frequency of the
laser. This indicates how states change their character compo-
sition as laser intensity increases. In Fig. 2(g), at the frequency
of 1.278 THz, the dressed indirect exciton state GS picks up
the character of dressed direct exciton state EX1 and the level
repulsion occurs. This interaction drives the ground state to
lower energies and levels diverge from each other. Further
increase in the frequency again mixes the character of direct
and indirect exciton states GS and EX1 at the frequency of
1.966 THz and GS and EX2 at the frequency of 2.322 THz.
These positions represent the position of transitions from one
level to another. Further, the minimum separation between
the branches of two quasienergies is correlated with the width
of the resonance peak at its associated avoided crossing and
the placement of minimum separation determines the positions
where states divert from their character composition and res-
onance occurs. In Fig. 2(i), the levels almost level off due to
the non-interaction between levels at high field values. The
strong coupling between excitonic dressed states on the intro-
duction of a laser has a potential application in developing the
optical sensors that may be used to detect the THz radiation.
Attributing to their possible applications as sensors, substan-
tial attention to these structures can be foreseen.
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Fig. 2. Variation of long-time averaged transition probabilities and quasienergies with the frequency of the laser field for different static electric field strengths
and SP values. Panels (a)–(c) are plotted with SP = 1 and panels (d)–(i) are plotted for SP = 1.5. The laser intensity is kept constant at 2 W/cm2.
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Modern spectroscopy relies largely on high power lasers. The commencement of non-perturbative effects with radiation
intensity can be seen in Fig. 3. It is observed that the onset of laser excitation power or equivalently electric field strength 𝐸0

leads to broadening of linewidth. The central part of the probability curve gets flattened for high excitation intensities as shown
in Figs. 3(a), 3(d), and 3(g) for SP = 0.5 when laser intensity is 5 W/cm2. This may be attributed to the higher pumping rate
that results in more absorption rate than the relaxation rate, causing a decrease of population in absorbing levels that leads to
saturation of population densities. This effect is known as power broadening. The saturation absorption occurs for EX1 and
EX2 states at the resonance position, i.e., at the center of a transition peak that leads to sideways shifting of photon absorption
as observed for the symmetric well in Figs. 3(b), 3(e), and 3(h). Also, the increase of electric field modification in energy-levels
occurs, which leads to blue-shift of the transition line in the symmetric well case. A further increase in SP to 1.5 leads to cleavage
of transition profiles of dressed EX1 and EX2 states as seen in Figs. 3(c), 3(f), and 3(i). This occurs due to the localization of
hole wavefunctions to the right well for SP = 1.5, whereas for low SP values, electron and hole wavefunctions are coupled
together since they are either localized on the same well or partially localized on both wells, the effect that has been observed
by Mcllroy.[39] This leads to a decrease in dipole matrix element values for the considered transitions and hence no significant
changes are observed on the increase in the intensity of the laser field for higher SP values.
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Fig. 3. Variation of transition probabilities with the frequency of the laser field for different laser intensities and SP values. The laser intensity is: (a)–(c)
5 W/cm2, (d)–(f) 20 W/cm2, and (g)–(i) 50 W/cm2. Static electric field strength is taken as 10 kV/cm.

In Fig. 4, we show the variation of quasienergies with laser intensity for different static field strengths, as indicated in
the figure. ω is taken to be 4 THz. At zero static field strength, quasienergies are a nonlinear function of laser field intensity
but are almost linear for high laser intensities. As the dc field strength is increased from 0 kV/cm to 20 kV/cm, significant
intermixing of bare states is observed with the increase of laser intensity. At higher field strength of 55 kV/cm as in Fig. 4(c),
the quasienergy associated with the unperturbed excited state EX2 exhibits a shift and undergoes an avoided crossing with the
quasienergy associated with excited state EX3, which further undergoes an avoided crossing with dressed GS state. The shifts of
the quasienergies against the unperturbed energy eigenvalues as the driving amplitude increases are generally known as ac-Stark
shifts, the effect that has been observed in various atomic and heterostructure systems.[40,41]

In Fig. 5, we show the variation of transition probabilities with the laser field intensity for different barriers widths while
keeping well-widths constant at 8 nm. It is observed that the smaller the barrier width, the stronger the interaction between
the levels for all laser intensities, as the values of transition probabilities have definite non-zero values for all intensities. As the
barrier width increases from 20 nm to 60 nm, the transitions get localized to a limited intensity range from 0 W/cm2 to 50 W/cm2.
Also, with the enhancement of laser frequency, the curves show broadening and shift in the resonance positions. The results may
provide insight into devising of laser devices suited for the particular frequency ranges.
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Fig. 4. Dressed states quasienergies as a function of the laser field intensity for different static field strengths: F = 0, 20, and 55 kV/cm.
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Fig. 5. Transition probabilities of various states with the laser field intensity for different barrier widths. In panels (a)–(c), ω = 6 THz and in panels (d)–(f),
ω = 8 THz, while SP = 1.0 and F = 5 kV/cm in all the panels.

4. Conclusion

In conclusion, in the preceding study, we have investi-

gated the interaction of EQW with a strong, periodic THz

laser field, and static electric field. The numerical technique

employed to obtain the unperturbed states of EQW system is

employed in this work, which is the well-constructed central

second-order finite difference. The interaction with the laser

field is described with a nonperturbative Floquet approach,

providing a time-dependent solution of the Schrödinger equa-

tion. We obtain analytical expressions for the variation of

the quasienergies and Floquet states as functions of the field

parameters. Many nonlinear effects are observed including

the avoided crossing of dressed states, power broadening,

and ac-Stark shift. The study can provide a strong impetus

for the development of novel optoelectronic devices such as

electro–optical modulators, photodetectors, sensors, and quan-

tum switches.
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