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Terahertz wave generation in coupled quantum dots*
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Based on coupled quantum dots, we present an interesting optical effect in a four-level loop coupled system.
Both the two upper levels and the two lower levels are designed to be almost degenerate, which induces a considerable
dipole moment. The terahertz wave is obtained from the low-frequency component of the photon emission spectrum.
The frequency of the terahertz wave can be controlled by tuning the energy levels via designing the nanostructure
appropriately or tuning the driving laser field. A terahertz wave with adjustable frequency and considerable intensity
(100 times higher than that of the Rayleigh line) can be obtained. It provides an effective scheme for a terahertz source.
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1. Introduction

A great deal of attention has been paid to the
generation of terahertz (THz) radiation (typically 0.1-
10 THz), which lies in the frequency gap between in-
frared and microwave radiation, due to its important
properties and significant applications in information
and communication technologies, biological and med-
ical sciences, homeland security, and global environ-
mental monitoring, etc.!!) However, the generation of
THz waves is a challengeable issue due to the lack
of natural objects with a suitable energy spectrum.
Benefitting from the technological innovations in pho-
tonics and nanotechnology, the situation has changed
greatly during the last decade.

The both
electronic? and optical methods.>~71 The devel-

THz wave can be obtained by

opment of quantum cascade laser®=13! based on
semiconductor superlattices is a breakthrough for
THz wave generation. Many researchers have also

studied other sources.4=1

Recently, an interest-
ing approach based on semiconductor nanostructures
driven by acoustic waves was suggested,?”) and a
photonic—crystal THz laser pumped electrically was
developed.?!) Moreover, THz wave generation by us-
ing the up-conversion method through high-order har-
monic generation (HHG) in a semiconductor quantum
dot (QD) was also suggested in our previous work.[22]

Despite many studies, there is still an urgent require-
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ment to improve the THz sources, especially the re-
quirement for powerful THz sources. There are sev-
eral promising techniques used for the realization of
high-intensity THz sources, such as the accelerator-
based laser, ultrashort electron-bunch transition, and
the synchrotron radiation mechanism.[?3l Other types
of intense THz source can be produced by the
laser-induced wakefields in plasma via linear mode
conversion, 24 or by femtosecond electron bunches at a
plasma—vacuum boundary via transition radiation.2!

In strong laser fields, the emission spectra con-
tain a Rabi frequency!?®l that is much smaller than
the frequency of the driven laser (located in the low-
frequency region). It is an effective method to obtain
THz waves from Rabi frequency components by using
the laser field at a higher fundamental frequency. For
quantum systems with inversion symmetry, the mini-
mal radiation frequency is close to the incident laser
frequency. One should break the inversion symmetry
of the atomic and molecular systems to obtain low-
frequency radiation corresponding to slow oscillations
which can be realized by the degenerated energy lev-
els combined with the initial coherent superposition
states of a certain parity or applying a weak static
electric field.l?”] The terahertz emission from the Rabi
frequency components due to the parametric oscilla-
tor behaviour of a two-level system with broken inver-
sion symmetry exposed to a strong electromagnetic
field is theoretically demonstrated to be experimen-
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tally observable.l’l Many theoretical studies have been
carried out for low-frequency components of photon

a,(28732] most of which require coher-

emission spectr
ent superposition states.

An interesting issue of THz wave generation is
the generation of high-power radiation from the low
frequency component of a photon emission spectrum
in coupled QD systems, which are more flexible than
atomic and molecular systems in tuning structure pa-
rameters, such as the size of the QDs, inter-dot dis-
tance or the relative position of the dots, and the
In this

paper, we propose a scheme for the generation of

height and width of the tunneling barriers.

powerful THz radiation in a four-level system based
on double coupled InAs quantum dot system where
sub-interband and band-to-band transitions are con-
sidered. Compared with the three-level system in an
atom (or a molecule), the four-level system is supe-
rior in terms of adjustability. A laser at 50 THz is
used as the driven field, which implies that the sin-
gle electron approximation is appropriate, considering
the life time of an exciton is about 1 ns. By designing
the structure of degenerate levels to induce consid-
erable dipole moment,?” a considerable strength of
THz radiation can be obtained, without considering
the initial coherent superposition state or the external
electric field. The frequency of the THz radiation can
be controlled either by tuning the energy levels of QDs
or the magnitude of the external field. Furthermore,
the intensity of THz waves is raised by enhancing the
dipole coupling between two degenerate levels.

2. Calculation

We consider a four-level (|i),i = 1,2,3,4) loop
coupled quantum system. The two upper levels |1)
and |2), as well as the two lower levels |3) and |4), are
both dipole coupled. Levels |2) and |3), as well as lev-
els |1) and |4) are both dipole coupled from band to
band with a resonance band gap (g2 —e3) = 1. Here,
g; is the energy of level |i). A linearly polarized driven
field at a frequency of wy (wo/2m = 50 THz) is used.
By treating the driven field semiclassically and in the
dipole approximation, the Schrodinger equation in the
energetic representation, i.e., the set of equations for
the probability amplitudes a; is as follows (h = 1):

da;
10 = ai+ Y Gy, (1)

where G;;(t) = F(t)- p;; is the Rabi frequency caused
by a periodic laser field F(t) = E'sin(wot)e. Herein,

E is the magnitude of the laser field, e is the unit
polarization vector, p;; = (iler|j) is the dipole be-
tween state |i) and state |j), and e is the charge of an
electron.

With the help of Fourier transformation we can
obtain the intensity of the emission spectrum S(v) =
| [ dtexp(—ivt)D(t)|?, where D(t) = ((t)|D|(t)) is
the time-dependent expectation value of the dipole op-
erator and (t) = Zle a;(t)|i) is the time-developed
initial state. We set the photon energy of the driving
field fiwg as the unit of energy. The electron is initially
set at the lowest level. Low-frequency radiation is gen-
erated and controlled by setting system parameters
appropriately, such as the energy spacing, the magni-
tude of the external field, and the dipole coupling, as
will be displayed in the following section. If not men-
tioned specially, €; satisfies €1 = €5 and €3 = g4, with
the resonance energy spacing €2 — €3 = 1. The mag-
nitude of the external field F = 0.3 and the dipoles
satisfy p19 = pos = ps4 = p14 = 0.6 e-nm, which
are verified both experimentally and theoretically to

be appropriate values in QDs.[33:34]

3. Results and discussion

With the help of numerical calculation, we pro-
pose a method to generate and optimize the THz ra-
diation. As will be depicted in the last section, a
four-level quantum system is considered. In what fol-
lows, we will realize the related optical processes in
InAs double perpendicular coupled QDs based on both
subinterband and band-to-band transitions.

As shown in Fig. 1, one InAs QD contains levels
[1) and |2), which are from the conduction band, and
the other InAs QD contains levels |[4) and |3), which
are from the valence band. Both the two upper lev-
els [1) and |2), and the two lower levels |3) and |4) are
dipole coupled (dashed lines in Fig. 1(b)). Meanwhile,
levels |2) and |3) (|1) and |4)) are dipole coupled from
band to band with resonance band gap. The higher
states within conduction or valence bands do not affect
our conclusion. Firstly, for band-to-band transitions
in our system (initial vacuum state), the low-energy
excited states are dark states. That is to say, the tran-
sitions from the ground states in valence band to the
excited states in conduction band are forbidden. Sec-
ondly, the probability of interband transitions is much
smaller than the recombination probability of the ex-
citons. Thus, it is reasonable to ignore the higher
states within conduction and valence bands. Combin-
ing the two upper degenerate levels and the two lower
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degenerate levels, the four-level system is appropriate
to describe the double coupled QD system.

InAs (a)

InAs

dot 1 dot 2

conduction band @

-sa

)

Fig. 1. (a) Simulated model of InAs double coupled QDs.
(b) Schematic representation of the four-level system and
the related optical processes.

Under the linearly polarized driven field, the en-
ergy spacing in our theoretical model is 0.42 eV, which
matches the interband energy gap of InAs QD. One
can tune the size of InAs QDs, the inter-dot distance,
the height and width of the tunneling barriers to con-
trol the subinterband energy to realize the designated
THz frequency, as will be presented later. The great
tunableness of coupled QDs makes the four-level sys-
tem a prior model as compared with the two- and
three-level systems realized in atom/molecular.

As described above, THz radiation is obtained
from the low-frequency components of photon emis-
sion spectra, which can be controlled by designing the
nanostructure or tuning the external field. Let us first
consider the generation of THz radiation. Meanwhile,
we are interested in showing how the dipole coupling
affects the intensity of THz radiations in the double-
dot system. Take both the two upper and the two
lower degenerate levels as examples, for the typical
condition, i.e., the dipole coupling between the two
upper levels p72 is almost equal to that between other
two levels, THz lines are generated and their inten-
sity is lower than that of the Rayleigh line (the line at
50 THz in the spectrum as shown in Fig. 2(a)), which
is usually the most intense line in the emission spectra.
An optimized approach to obtain powerful THz waves
experimentally by increasing the coupling between the
two upper states is presented in Fig. 2(b). One can
see an interesting phenomenon that the intensity of
the low-frequency component is enhanced to a con-
siderable value which is even 1000 times higher than
that of the Rayleigh line. In this case, the enhanced
intensity of the low-frequency emission is due to the

degeneration of the two upper levels, which induces a
large dipole moment.
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Fig. 2. Low-frequency parts of radiation spectra for the
four-level quantum system of different dipole couplings:
(a) spectrum of dipole coupling p12 = 0.2 e-nm; (b) op-
timized spectrum, the THz radiation is greatly enhanced
due to larger dipole coupling p12 = 8 e-nm.
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Fig. 3. Low-frequency part of radiation spectrum for
dipole couplings p12 = 0.6 e-nm and p23 = 8 e-nm.

To make the physical picture clearer, we show the
emission spectrum for a larger value of o3, the cou-
pling between state |2) and state |3), which are non-

degenerate. Omne can clearly see in Fig. 3 that the
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intensity of the low-frequency component of the spec-
trum is not enhanced, yet it is weaker than that of the
Rayleigh line.
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Fig. 4. Generated low-frequency radiation lines fully fill
the THz gap as the energy spacing A is enlarged, where
A=¢€1 —eg=¢€3 —¢€4,and eg —e3 = 1.
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Fig. 5. Generated low-frequency radiation lines fully fill
the THz gap as the energy spacing €2 — €1 changes, where
e3 =¢€4,and €1 — ez = 1.

Next we provide two schemes to obtain THz waves
at a designated frequency, one by tuning the energy
spacings (as shown in Figs. 4 and 5), the other by tun-
ing the magnitude of the external field E (as shown
in Fig. 6). In the first scheme, level energies €5 and e3
are fixed simultaneously, level energy ¢ is tuned up-
wards, and level energy ¢4 is tuned in the opposite di-
rection in step. In other words, we realize the process
of designating the THz frequency by increasing the
energy spacings between two upper levels €; — g5 and
two lower levels €3 — €4 simultaneously. It can be seen
from Fig. 4 that radiation of 5 THz can be obtained by
tuning the spacings to be 17.4 meV. More abundant
radiation spectra can be obtained by simply moving
one (e.g., €3) of the four levels, as shown in Fig. 5. An
interesting zero point appears in Fig. 5, where there is
no low-frequency signal due to the particular spatial—
temporal symmetry[®5! of the system. This point can

be applied to make switches using the THz waves. In
the latter scheme, one can see from Fig. 6 that the
position of the THz radiation line shifts from the low-
frequency end of the THz gap to the high-frequency
end (from 0.1 to 10 THz) as the magnitude of exter-
nal field increases. In other words, any designated
frequency of terahertz waves can be obtained in this
situation. For example, radiation at 9 THz can be ob-
tained by tuning the magnitude of the external field

E = 0.3 (in units of 1/u;).
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Fig. 6. Generated low-frequency radiation line fully fills
the THz gap as the magnitude of the external field in-

creases.

4. Conclusion

Based on both the interband and band-to-band
transitions in double coupled QDs, a considerable
strength of THz radiation is obtained from the low-
frequency component of the photon emission spectra.
Two schemes are proposed to gain an arbitrary fre-
quency from 0.1 THz to 10 THz, one by tuning the
external field, the other by tuning the energy levels.
For a powerful THz source, optimized values of dipole
couplings are found based on the degeneration of the
levels, which induces a considerable dipole moment.
Our model proposed here provides an effective scheme
to obtain a considerable strength of THz waves exper-
imentally.
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