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Optical absorption and electromagnetically induced
transparency in semiconductor quantum well

driven by intense terahertz field*
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An approach for solving the excitonic absorption in a semiconductor quantum well driven by an intense terahertz

field is presented. The formalism relies on the stationary single-photon Schrodinger equation in the full quantum

mechanical framework. The optical absorption dynamics in both weak and strong couplings are discussed and compared.

The excitonic absorption spectra show the Autler—Townes doublets for the resonance terahertz field, a replica peak for

the non-resonance terahertz field, and the electromagnetically induced transparency phenomenon for modulating the

decay rate of the second electron state in the weak coupling. In particular, the electromagnetically induced transparency

phenomenon window range is discussed. In the strong coupling region, the multi-order energy level resonance splitting

due to the strong optical field is found. There are three (non-resonance terahertz field) or four (resonance terahertz

field) peaks in the optical absorption spectra. This work provides a simple and convenient approach to deal with the

optical absorption in the exciton system.
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1. Introduction

In recent years, the light-matter interaction has
been a subject of intense and fruitful research, such
as optical nonlinear absorption, 3! coherent popula-
tion trapping (CPT),*5 electromagnetically induced

6—10]

transparency (EIT),! electromagnetically induced

absorption,''=14 lasing without inversion (LWTI),[!]
and giant Kerr nonlinear effect.['6:17 In particular,
much attention has been devoted to studying the in-
teraction of the light with the semiconductor quan-
tum well (QW).['8=27] The achievement may lead to
the implementation of optical switches and optical
modulators based on the tunable excitonic absorp-
tion. Some of those investigations are aimed at ex-
ploring the optical absorption properties at the near
It is
well known that the interband absorption and the

band edge in the semiconductor QW system.

intersubband absorption or emission23=31 in an un-
doped QW can be modified by an intense far-infrared
laser beam polarizing along the growth direction. The
quantum-confined Stark effect (QCSE)B? occurs for
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the intense far-infrared laser driven dipole transitions
between two electron subbands or two hole subbands.
The terahertz (THz) field, which is applied to tune
the interband absorption[®3 of the semiconductor, is
particularly interesting. The intersubband transition
frequency in the conduction band or the valence band
falls in the frequency range of the THz field.

There have been a large number of efforts made
to theoretically study the optical absorption in the
semiconductor QW system driven by an intense THz
field. To study the dynamical Franz—Keldysh effect
of the optical absorption®*3% in the QW system, the
THz wave is applied in the QW layer plane, the inter-
subband (1s—2p) transition is realized in the semicon-
ductor QW. When an intense far-infrared field only
drove two conduction subbands, the optical absorp-
tion in a symmetric QW system was investigated by
Liu and Ning.1*%l Maslov and Citrinl*" calculated the
optical absorption of the light interacting with an in-
finitely deep single QW system when only two va-
lence subbands were tuned by the THz field. The
Autler—Townes (AT) splitting in the optical absorp-
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tion spectrum has been observed in the above study
for the resonance far-infrared or THz field. In par-
ticular, Maslov and Citrin found that replicas and a
sideband®8! emerged for a low frequency THz field
coupling with the subbands. The features of the first
and the second order Stark effects were shown in that
study. The authors also studied the case of a strong
direct-current (dc) bias mixing with the THz field, and
the multi-replica emerged on both sides of the main
absorption peaks. Recently, Zhang and Allsopp!?
improved the model of interband absorption for the
The work
was based on the study of the Maslov group. The

asymmetric semiconductor double QWs.

interband absorption of the asymmetric semiconduc-
tor double QWs driven by an intense THz field has
been explored. Several factors were considered in the
discussion of the optical absorption, such as the near-
infrared (NIR) beam energy, the frequency and the
intensity of the THz field. The absorption spectra
showed peak variations due to the Coulombic coupling
effect and the multi-order Stark effect. For asymmet-
ric semiconductor double QWs, they comprehensively
studied the replica and sideband phenomenon between
near-resonance and non-resonance THz cases. How-
ever, they dealt with the semiconductor QW system
with the semi-classical method, whereas the probe
beam and the THz field were treated in the classi-
cal form. Many questions of the interband absorption
remain unresolved in the region where the NIR probe
beam strongly interacts with the QW system in the
presence of an intense THz field.

Generally, various results of interband absorption
for the NIR beam interacting with the QW system
are obtained with the aid of semiconductor Bloch
equation.l®?] In Ref. [39], the excitonic absorption in
the asymmetric double QWs driven by an intense ter-
ahertz field was obtained by solving the Heisenberg
moving equation of interband polarization. Though
the results of excitonic absorption in the semicon-
ductor QW have been reported many times, a large
proportion of the results were obtained in the semi-
classical framework. Due to the development of the
quantum mechanics and a deeper understanding of the
theory of quantum dynamics, a full quantum Hamil-
tonian of the optical field and the interaction term
between the optical field and the semiconductor QW
system was obtained by Kira and Koch.*? Under-
standing of the physics underlying the light-QW inter-
action for the excitonic absorption in the QW system
is important in the calculation and analysis of their ab-

sorption features. The exciton (electron and hole pair)
is formed because the photons stimulate the electron
transition from the valence band to the conduction
band. For this reason, we can obtain the optical ab-
sorption coefficient from the probability amplitude of
the excitonic state. This basic idea has been perfectly
applied to calculate the photon transmission and re-
flection coefficient for photon scattering by a three-
level emitter in a one-dimensional waveguide.!41:42]
In this

Schrédinger equation is employed to study the exci-

work, the stationary single-photon
tonic absorption in the semiconductor QW in the full
quantum regime. The merit of this approach is that
we not only easily obtain the evolutions of the op-
tical absorption spectra by governing the detuning,
but also more conveniently and accurately study the
multi-feature of the optical properties. In order to ob-
tain the rich features of the interband optical absorp-
tion, we set up a three-level system (TLS) in the semi-
conductor QW. The absorption peak shows a sym-
metric evolution feature when the detuning changes
from a negative value to a positive one. The Autler—
Townes double peaks emerge when the detuning is
zero (i.e., the THz field frequency equals the tran-
sition frequency between the first electron subband
and the second electron subband) due to the optical
Stark effect (OSE). When we increase the coupling
strength of the THz field, the space between the two
main peaks of the AT splitting becomes very large.
Simultaneously, the EIT phenomenon emerges when
the decay rate is decreased to zero in the resonance
THz field. The transparency window (TW) is tuned
by changing the coupling constant of the THz field.
When increasing the coupling constant of the probe
beam, the multi-resonance phenomenon occurs, and
the absorption spectrum of the QW system shows that
two small peaks emerge between the two main peaks
in the presence of resonance-THz field for the large
NIR coupling constant. The multi-absorption peaks
emerge with the change of the THz frequency in the
strong coupling region. This method may become an
effective way for solving the excitonic absorption in
the semiconductor QW, and the results may help to
realize an optical detector and converter.

2. Model and solution

The method of
Schrédinger equation has been successfully applied

stationary  single-photon
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to the calculation of transmission and reflection co-
efficients in a one-dimensional waveguide. Now, we
adopt it to study the optical absorption properties
of the semiconductor QW. The electron and the hole
states of the semiconductor QW are calculated by
using the k - p perturbation theory. We can write the
single particle Hamiltonian as

(92 +02) 0?2

—— t V()

H(r) = 72mr‘(x,y) B 2m* (z)

where mj(z,y) is the effective mass for the motion in
the QW layer plane, m’ (z) is the effective mass for the
motion along the z direction of the QW. We set A =1
in this paper. The V(z) is the potential energy, which
is determined by the band offsets of the conduction (or
valence) band in the QW region. We can obtain the
electron envelope function |¢f,(r)) and eigenenergy
£¢ (the hole envelope function |1} (7)) and eigenen-
ergy E?) by solving a set of secular equations, which
comes from the eigenequation by imposing the peri-
odic boundary condition, where n and [ are the in-
dexes of the conduction and the valence subbands, re-
spectively.

We consider a typical TLS system, an NIR probe
beam couples with the first electron subband and the
first hole subband (Xec1n1), and a strong THz beam
couples with the first and the second electron sub-
bands. We prohibit the transition from the first hole
subband to the second electron subband by the NIR
excitation for exactly exploring the cases of excitonic
absorption in this system, because the exciton Xein1
has much larger optical dipole matrix elements than
the exciton Xeon1 (the second electron subband and
the first hole subband) (|p11x] ~ 3|u21x]).*” The
Hamiltonian of the TLS system in second quantiza-
tion in the presence of the optical field (NIR probe
beam) and the THz laser can be written as H =
Hope + Hsrs + He, where Hop and Hapg represent the
free photons and the three-level system, respectively,
H_. denotes the interaction term between the probe
beam and the TLS. The free photons are described
for considering the contribution of positive and nega-
tive photon momental*!l as

Hop = —icy 3 [ dea(@0sasla), (1)
j=1,2

where ¢, is the group velocity of the photons, and
we set ¢ = 1 for simplicity, j = 1,2 represent re-
spectively the positive and the negative free photon

momenta, a} (a;) denotes the creation (annihilation)
operator of photons with the negative or positive mo-
menta in the photon incidence direction. We con-
sider the TLS consisted of two upper states |5, (7)) =
AG1(2)et* P |ps, (1)) = AGa(2) e'*P and one lower
state [}, (r)) = AR1(z)e'*P. The |¢S, (r)) of the
TLS is coupled to state |$,(r)) by a THz beam with
Rabi frequency {2y, and detuning A. We set the
energy of the lower state ’1/}111,6(7“)> to zero as the ref-
erence for simplicity. The A is the area parameter of
the QW plane, 3 is the two-dimensional (2D) in-plane
position vector, G¢, (2) and RE (z) denote the confine-
ment envelope functions of electron and hole in the z
direction corresponding to energies €, and 5%‘, respec-
tively. Thus, the TLS Hamiltonian in the rotating

wave approximation is written as

(B, —im1/2)Cl,Cri

Hais = | +(EY, + A+ wrw, — 1'72/2)C;k02k , (2)
—&-QTHZ(CLCC% + C;rkclk)
where
k2 W 2
{5} e
— —_— E —_—
1k €1+2mZH + g+61+2m§‘|

is the energy of the upper state |¢, (7)), C;rk and Co,
(Cirk and Cij) are the creation and the annihilation
operators for the electron in state |5, (7)) (J¢7,(7))),
respectively, iv2/2 and iy, /2 are the decay parts from
|5, (r)) and |5, (r)) due to the spontaneous emis-
sion. The NIR beam interacts with the TLS in the
QW at x = 0. The interaction Hamiltonian term can
be written as

Ho= Y [2nmraf(0)S- + QrS+a;(0)],  (3)

7j=1,2

where Sy (S_) is the creation (annihilation) operator
of the electron—hole pair, {2yir denotes the Rabi fre-
quency for the NIR beam interacting with the exciton
Xelni-

The Hamiltonian of the full system is simplified
by using the (anti)-symmetric transformation. The re-
lation equations deyen(z) = [a1(x) + az(—2)]/v2 and
oad () = [a1(x) — az(—2)]/v/2 are introduced.[*!] In
the transformation basis, the full Hamiltonian is split
into the part which contains the interaction term be-
tween the even modes with the TLS and the part of
noninteracting odd mode optical field. We structure
the single-photon eigenstates of the full system as
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Beven Alk(x)a‘lven(x) O’ ilk(r)>
wy=| V2" A2 10, 5 (1)) + Asi 0, 03,(r) | || )
B

_|_

where

Beven = 1/\/5(1/\/5), Bodd = 1/\/5(_1/\/5)

are for the incoming photons from the left (right)
of the TLS, A;x is the excitation amplitude of the
i-th state. The |0,—) denotes zero photon in the
state of the TLS. We obtain different coefficients
of the eigenstates by solving the stationary single-
model optical Schrédinger equation with Aq,(0) =

\;;T:/dx {A4k(a:)aldd(a:)

(25 — %)

T,:
FTAE Ok

(1]

0,4 ()]

\

[A15(0—) + A15(04)]/2, while the photon is a single
plane wave before interacting with the TLS. Here, the
absorption coefficient is obtained by solving the sta-
tionary single-photon Schrédinger equation, and we
write the absorption coefficient as

1-77
2 )

(5)

o(WNIR) =

where

(wnir — Efy +171/2) [4 (wnir — B, — A — wrng +172/2)] — 2%y,

4 (wnr — B, — A — wrw, +i72/2)

The parameters(*3! for the GaAs QW at low tem-
peratures are mZH =my, = 0.067my, mlﬁ” = 0.109my,
mj, = 0.34mg (myp is the free-electron mass), and
E, = 1.424 eV. The well width of the GaAs QW is
150 A (1 A=0.1 nm). The temporal pulse of the NIR
is 20 fs, and the lattice temperature is set to T' = 77 K.

3. Discussion

Exploiting the above results, we can analyze the
dynamical behavior of the optical absorption of the
TLS and compare the results for different THz cou-
pling constant, NIR coupling strength, decay rates
of various electron subbands, and detuning. In fact,
several authors have obtained optical absorption fea-
tures using the semiconductor Bloch equation. Our
results are given by using the stationary single-photon
Schrodinger equation in the quantum framework. We
can know that the absorption coefficient is propor-
tional to the square of coefficient Aoy of the first elec-
tron state. We discuss the optical absorption dynamic
and sort the results according to the different coupling
strengths of the NIR probe beam (weak and strong in-
teractions).

3.1. Weak interaction

Figure 1 shows the optical absorption spectra
of the TLS for different detunings. A small replica

\
peak is found at the left side of the main peak for

A = —0.3 eV. The replica peak moves to the main
peak for the near-resonance THz field by adjusting the
detuning. When the detuning is tuned to zero, the
first electron state is split into two dressing states by
the resonance THz field, the replica peak vanishes, and
the main peak is split into two equal-magnitude peaks,
which is the AT double-peak phenomenon. In fact,
the result is that the carriers are redistributed by the
THz field. The AT double peaks become two asym-
metric peaks and one of them becomes smaller with
the increasing detuning. When we continue to increase
the detuning, the replica peak appears in the optical

0.20r
0.15
0.10

0.05

0 05 10 15 20 25 30
Eopt/eV

Absorption coefficient/arb. units

Fig. 1. Absorption spectra measured with the NIR beam
in the presence of the THz field for the NIR beam cou-
pling constant 2x1r = 0.1 meV, the decay rates of states
2 = 0.1 meV and 71 = 0.1 meV, the THz field frequency
fru, = 3.8 THz, and the THz field coupling strength
O71H, = 3 meV.

107102-4



Chin. Phys. B Vol. 21, No. 10 (2012) 107102

absorption spectrum again, but the replica peak is lo-
cated at the right side of the main peak, because the
detuning is set at a positive value. When the detun-
ing increases from A = 0.3 eV to a greater value, the
replica peak moves to the far right hand side of the
main peak, and the magnitude of the replica peak be-
comes smaller. The theoretical results are consistent

with the experimental results.

0
0.02000
0.04000
0.06000
0.08000
0.1000
0.1200

Absorption coefficient /arb. units

—0.4

0.4 0.2 0
AleV

—-0.2

Fig. 2. Plane-three-dimensional plot of absorption spec-
trum on the optical field frequency and detuning, the pa-
rameters are 2Njg = 0.1 meV, v2 = 0.1 meV, v =
0.1 meV, fryg, = 3.8 THz, and 21y, = 3 meV.

In Fig. 2, it is not difficult to find that the absorp-
tion spectrum evolution is symmetric for the detuning
from the negative value to the positive one. The pro-

nounced absorption single peaks emerge at the vicini-

ties of the left (Eopy = 1.5555 eV, A = 0.45 eV)
and the right (Eope = 1.5555 eV, A = —0.45 eV)
When the absolute

value of the detuning is decreased, a replica peak is

sides for the large detuning.

found in Fig. 2. When the detuning is decreased to
A = 0.0eV, the equal-magnitude double peaks emerge
at Eopy = 1.300 eV and Eqpy = 1.811 eV. The feature
indicates that the intensity of the main peak becomes
weaker and the small replica peak becomes stronger
when the THz field frequency is close to the frequency
difference between the first and the second electron
states.

Having investigated the interband absorptions
for different detunings, we now explore the absorption
coefficients with different THz field coupling con-
stants. In Fig. 3, it is shown that these features
only depend on the coupling strength of the THz
field. Varying the coupling strength of the THz field
causes a significant change in the shape of the op-
tical absorption feature, which evolves from a single
peak to the equal-magnitude double peaks. Figure
3(a) shows the single absorption peak in the op-
tical absorption spectrum with the absence of the
THz field at E,pe = 1.5555 eV, this is because
the energy of the first electron state is 1.5555 eV.
We now proceed to increase the THz coupling con-

stant to study the evolution of the absorption peaks.

0.20
(a) (b)
wn
-‘é’ 0.10 + .
s 71, =0 meV Q11 =2 meV
'% Onir = 0.1 meV I iR = 0.1 meV
E Yo =0.1 meV Y2 =0.1 meV
= 0 . .
S 0.20
B (c) (d)
g
2, - L
-
2
=
0.10 + L
71, =8 meV O1, =12 meV
L O2nir = 0.1 meV L 2nr = 0.1 meV
¥2=0.1 meV ¥2=0.1 meV
0 . . . . .
0 1.0 2.0 3.00 1.0 2.0 3.0
Eopi/eV

Fig. 3. The optical absorption spectra for different THz field couplings: (a) 21u, = 0 meV, (b) 21, = 2 meV, (c)

27, = 8 meV, and (d) 271, = 12 meV, where v2 = 0.1 meV, A = 0 eV, and the other parameters are the same as

before.
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In Fig. 3(b), the main peak is split into two smaller
peaks when the coupling constant is 27y, = 2 meV.
This is the Aulter—Townes splitting, the manifestation
of the resonance THz field. In Figs. 3(c) and 3(d), the
exciton peaks may be resolved clearly. We observe
that as the THz field coupling strength increases, the
dip between the two main peaks becomes deeper and

broader. Comparing Fig. 4 to Fig. 3, we find that the

optical absorption spectrum shows a dramatic phe-
nomenon (EIT) when the decay rate of the second
electron subband is decreased. The electromagneti-
cally induced transparency phenomenon becomes vis-
ible and obvious when the decay rate is zero and the
coupling constant of the resonance THz field becomes
much larger. The EIT window becomes broader with

the increasing coupling strength.

0.20
(a) (b)
w 0.10F L
h=1
E 7, =0 meV 711, =2 meV
Fc% r 2nr = 0.1 meV - 2nr=0.1 meV
E Yo =0 meV Y2 =0 meV
.% 0 . ) . 1
g 020
3
d
E (c) (d)
2 L L
ol
-
2
o)
< 0.10} -
'QTHZ =8 meV QTHZ =12 meV
" O2nir = 0.1 meV " O2nir = 0.1 meV
Y2 =0 meV 72 =0 meV
O 1 1 1 1 1
0 1.0 2.0 3.00 1.0 2.0 3.0
Eopt/eV

Fig. 4. The optical absorption spectra (EIT absorption spectrum) for different THz field couplings: (a) 27g, = 0 meV,
(b) 21, =2 meV, (¢) 21, = 8 meV, (d) 21, = 12 meV, where 72 = 0.0 meV, A = 0 eV, and the other parameters

are the same as before.

3.2. Strong interaction

Now we study the absorption features in the pres-
ence of intense THz driving field and the strong NIR
in the semiconductor QW.

In Fig. 5, we demonstrate the optical absorp-
tion features for different NIR coupling constants
(2n1r = 0.02 €V, Onir = 0.04 €V, 2nir = 0.06 €V,
Nn1r = 0.09 €V) in the presence of the resonance THz
field (A = 0.0 eV). The AT double peaks emerge in
the optical absorption spectrum when the optical cou-
pling constant is 2yig = 0.02 eV. When the coupling
constant of the NIR beam is increased, the left one
of the double peaks is red-shifted, but the right one
is blue-shifted, and the peak magnitude is increased.
However, the interesting features are in the interpeak
dip. One remarkable feature is that two small peaks

emerge in the dip when 2yir = 0.04 eV. For in-

creasing {2n1r, the small peaks become bigger, and the
separation between the two small peaks becomes nar-
rower. When 2ng = 0.02 eV, two main peaks emerge
at Eopt = 1.49 eV and E,p = 1.61 eV. However, two
dips emerge at Fope = 1.49 eV and Eop = 1.61 eV
when nir = 0.09 eV. Similarly, the intensity of the
main absorption peak becomes stronger with the in-
creasing optical coupling constant. For the dramatic
changes, the physics underlying is that the two split-
ting energy levels from electron state |¢5,(r)) due to
the resonance THz field are split into four sublevels
(the second order dressing state) for the strong reso-
nance NIR probe beam. The two internal sublevels are
nearly together and the two external sublevels become
further separated for the increasing coupling constant.
Thus, the locations of the emerging absorption peaks

in the weak coupling region evolve into two deep dips
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in the strong coupling region. When 2ng = 0.11 eV,
the two internal sublevels move to merge to form a
big absorption peak in the optical absorption spec-

trum (not shown in Fig. 5).

1.0

—— QNIR =0.02 eV
""" 2nir = 0.04
- 'QNIR =0.08 eV

0.5

Absorption coefficient/arb. units

E.pi/eV

Fig. 5. The interband absorptions for different coupling
constants of the NIR probe beam: nr = 0.02 eV,
QNIR = 0.04 OV, QNIR = 0.06 OV, QNIR = 0.09 eV in
the near-resonance THz (A = 0.0 e¢V) and the THz cou-
pling constant (27, = 5 meV), the other parameters are
the same as before. The insert figure is the optical ab-
sorption spectrum for the optical frequency from 1.2 eV
to 2.0 eV.

As the THz field can tune the electron transition
between two subbands in the TLS, we now consider
the optical absorptions with different THz field fre-
quencies when 2yg = 0.05 eV and 27y, = 5 meV,

as shown in Figs. 6 and 7.

Two pronounced peaks and a small peak are
found in the optical absorption spectrum in Fig. 6(a).
The two main peaks come from the first electron state
for the strong NIR beam probing (2xr = 0.05 eV),
and the ground state has no splitting for the reso-
nance NIR beam. The small peak is the result of
the carriers being stimulated from the second elec-
tron state by the high frequency THz field. When
A = —0.2 eV and the other parameters are the same
as before, the small peak merges to the left one of the
two main peaks, and the magnitude of the left main
peak becomes small; the right one is unchanged. This
phenomenon is because the THz frequency is near the
transition frequency between the second electron state
and the lower one of the two dressing states of the first
electron state. When the THz frequency is decreased
to the transition frequency between the two electron
states of the bare system (i.e. A =0.0¢€V), two small
replica peaks are observed in the dip between the two
main peaks in Fig. 6(d). This is because the THz
frequency , though it is greater than the transition
frequency between the upper dressing state and the
second electron state, is less than the lower one. The
absorption peak for the nonresonance THz field be-

comes small compared to the case of resonance.

1.0
A=—0.5¢eV (a) A=-0.2¢eV (b)
xR =0.05 eV O2nir = 0.05 eV
Q71p, =5 meV Q71, = 5 meV

s 05F L
g
=
£
<
=
=
% O 1 1 1 1 1 1 1 1 1 1
&
L 1.0
: A=-0.1eV (c) A=0eV (d)
2 O2nir = 0.05 eV 2nr = 0.05 eV
2 Q7. =5 meV O1H, =5 meV
é
< o5l -

0 1 1 1 1 1 1 1 1 1 1

0 1.0 2.0 30 0 1.0 2.0 3.0
Eopi/eV

Fig. 6. The interband absorption spectra with (a) A =0.5

eV, (b) A=02¢€V,(c) A=0.1€V, and (d) A =0¢eV are

shown for 2nir = 0.05 €V and 27y, = 5 meV in the region of THz frequency near the transition frequency between

the second electron state and the low-energy dressing state

from the first electron state.
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Figure 7 shows the evolution process of the right
peak with the decreasing THz frequency in the low
frequency region. The left main peak recovers, and
the small replica peak emerges at the left side of the
right main peak, because the distribution of carri-
ers is changed when the detuning is changed from
A=0.0eV toA=0.1eV. Two equal altitude small
peaks emerge when the THz frequency equals the tran-

sition frequency between the second electron state and
the upper dressing state (not shown in Fig. 7). The
asymmetric double peaks are obtained again and the
replica locates at the right side of the main peaks in
Fig. 7(c). In Fig. 7(d), the two main peaks recover to
the shapes of a non perturbative case, and the replica

moves far to the right.

1.0

A=0eV (a) A=0.1eV (b)

QNIR:0-05 eV QNIRZO.OE) eV

-QTHz =5 meV QTHZ =5 meV
@ 0.5 r
‘g
3
2
3
~
E
%]
g 0 1 1 1 1 1 1 1 1 1 1
g
3 1.0
ot A=0.2eV (c) A=0.5eV (d)
2 Onp = 0.05 eV 2nir = 0.05 eV
£ 21y, =5 meV Q71H, =5 meV
2
<

0.5 L
0 1 1 1 1 1 1 1 1 1 1
0 1.0 2.0 3.0 O 1.0 2.0 3.0
Eopi/eV

Fig. 7. The interband absorption spectra with (a) A =0¢eV, (b) A=0.1¢eV, (c) A=0.2¢eV, and (d) A =0.5¢€V are
shown for 2R = 0.05 eV and 271, = 5 meV in the region of THz frequency near to the transition frequency between

the second electron state and the high-energy dressing state from the first electron state.

4. Conclusion

In summary, the optical absorption dynamics
are obtained by solving the stationary single-photon
Schrédinger equation, which is much simpler than
the other approaches.!3®%4 The formalism shows the
quantum process of the interaction between the opti-
cal field and the QW system. With realistic param-
eters, in weak coupling, the optical absorption spec-
trum shows the AT doublets for the resonance THz
field, a replica peak for the non-resonance THz field,
and the EIT phenomenon for modulating the decay
rate of the second electron state. Particularly, the EIT
window range only depends on the coupling constant.
In strong coupling, when the coupling constant of the
NIR probe beam is increased for the same resonance
THz field, the absorption spectrum shows that the

former main peaks blue/red shift, respectively, small

We note

that there are replica (non-resonance THz field) and

replica peaks emerge and merge together.

replica-main peak transitions (resonance THz field) in
the optical absorption spectra. The results may be
useful for the investigation of optical devices. Our ap-
proach may become a powerful tool for solving the op-
tical absorption properties of semiconductor well sys-

tems.
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