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Dipolaritons are mixed light-matter quasiparticles formed in double quantum wells embedded in
microcavities. Because of resonant coupling between direct and indirect excitons via electronic tunneling,
dipolaritons possess large dipole moments. Resonant excitation of the cavity mode by a short pulse of

light induces oscillations of the indirect exciton density with a characteristic frequency of Rabi flopping.

This results in oscillations of a classical Hertz dipole array which generate supperradiant emission on a
terahertz (THz) frequency. The resulting THz signal may be enhanced using the supplementary THz

cavity in the weak coupling regime.
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Introduction.—The generation and frequency modula-
tion of terahertz radiation are among the major technologi-
cal challenges nowadays [1]. Applications of terahertz
sources span from communication technologies to medi-
cine and security. The existing terahertz (THz) emitters are
based on a large variety of physical principles [2]. One
possible solution is a conventional solid state oscillator
based on a high frequency Gunn or tunneling diode [3].
The operating frequency of such an oscillator is limited to
the microwave region and the lower boundary of the ter-
ahertz range. Second, quantum cascade lasers (QCL) allow
for coherent emission of radiation in a terahertz range
[4,5]. Exploiting the multiple photon emission from inter-
subband transitions of wide quantum wells [6], QCL cover
the upper boundary of THz range with a relatively high
power of emission (up to 50 mW). QCL operate at cryo-
genic temperatures which strongly limits their application
area. The laser driven terahertz emitters form a third group
of THz sources, where a femtosecond optical pulse illumi-
nating the semiconductor structure leads to an oscillation
of carrier density which generates terahertz radiation
[7-10]. Finally, the wide group of THz emitters are free
electron based sources like klystron or a free electron laser.
These are powerful but quite bulky sources. Optimization
of spectral characteristics, size, efficiency, cost, and opera-
tion temperature of terahertz devices is one of the priority
objectives of modern optoelectronics. Here, we propose a
compact optical to terahertz radiation converter allowing
for efficient frequency modulation and operation at high
temperatures.

Theoretical proposals for THz sources in solid state and
semiconductor physics present a rich diversity. One ex-
ample is the use of carbon nanostructures, in particular,
carbon nanotubes (CNTs) [11,12], or Aharonov-Bohm
quantum rings [13]. Another area where a possibility of
THz generation has been widely studied theoretically is
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polaritonics—the interdisciplinary research area at the
boundary of solid state physics and quantum optics
[14,15]. Polaritonic devices are based on the strong cou-
pling between excitons in semiconductor quantum wells
and confined photons. Proposals include the polariton
based THz emitters where signal is generated from
transitions between upper and lower polariton branches
[16—-18] and transition between 2p and ls exciton states,
the latter one strongly coupled to the cavity mode [19].
Recent theoretical studies also include the proposal
for bosonic cascade lasers realized due to the multiple
THz photon emission by excitons (exciton-polaritons) con-
fined in a parabolic potential trap [20]. Our present pro-
posal is based on the recent experimental realization of
dipolaritons —cavity exciton-polaritons characterized by
large dipole moments [21].

The mechanism for terahertz signal generation
described in this Letter relies on the beats between
spatially direct and indirect excitons. Spatially indirect
excitons are composed of electrons and holes situated in
separate quantum wells (QWs) [22]. Coupled QW systems,
where the separation of electrons and holes and energy
splitting between direct and indirect excitons can be con-
trolled by applied electric fields, have been studied in the
recent decades [23-25]. The radiative lifetimes of indirect
excitons are usually much longer than those of direct
excitons due to the lower electron—hole overlap. Another
important feature of indirect excitons is their large dipole
moments in the normal to QW plane direction, resulting in
strong exciton-exciton interactions [26].

Recently, it has been shown that exciton polaritons and
spatially indirect excitons can be intermixed in the biased
semiconductor microcavities with embedded coupled QW's
[21,27,28]. In these structures, new quasiparticles, which
are a linear superposition of the cavity photon (C), direct
exciton (DX), and indirect exciton (IX), appear. They form
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three exciton-polariton modes, namely, the upper polariton
(UP), middle polariton (MP), and lower polariton (LP)
modes. These modes may be characterized by large dipole
moments which is why they are referred to as dipolaritons
[21]. Here, we study theoretically the effect of beats
between dipolariton modes due to the tunnel coupling
between direct and indirect excitons, which result into
superradiant THz emission by an array of Hertz dipoles.
Its characteristics can be tuned by the applied bias, and the
calculated efficiency of proposed emitter is comparable
with state-of-art generators.

The model.—The structure we consider represents two
QWs separated by a barrier which is sufficiently thin to
allow for resonant electron tunneling (Fig. 1). The electron
wave function is shared between two QWs in this case. The
optical microcavity is tuned to the wider QW exciton
resonance (LQW in Fig. 1), while the right QW remains
decoupled from the optical pump. Pulsed pumping creates
electron-hole pairs which form direct excitons. The bias
applied in the growth direction induces mixing of direct
and indirect exciton states. Coupling of the cavity photons
to direct excitons resulting in appearance of two polariton
modes has been extensively studied [14,15]. The coupling
and anticrossing of DX-IX resonances tuned by an electric
field is also a well-known effect in GaAs/AlGaAs
QW structures [29-31]. Both effects combined result
in the appearance of dipolaritons studied recently by
Cristofolini et al. [21].

The correct treatment of a real dipolariton system
involves both coherent and decoherent parts for the

Hamiltonian, 5:[ = 3:[ coh T 5:[ dec- The Hamiltonian cor-
responding to the coherent part reads

A ata 5t afag ML n oy
Hcoh :ha)ca a+ thXb b+ thXC C +7(Cl b+b Cl)
eth)+ Pat + Pra, (1)

where at, a, bT, b and é1, and ¢é are creation and annihi-
lation operators for cavity photons, direct excitons, and
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FIG. 1 (color online). Sketch of the system. (a) Double quan-
tum well (DQW) heterostructure with resonantly coupled elec-
tron levels and a hole in the left quantum well (QW). The right
QW has a larger bandgap than the left QW tuned by the presence
of an indium alloy or the width of the well. (b) Electron-hole
bilayer with schematic picture of coupled spatially indirect and
direct exciton which form a dipolariton.

indirect excitons, respectively. Here, hw ¢, hopy, and hwrx
denote cavity mode, direct exciton, and indirect exciton
energies, and the first three terms of the Hamiltonian
describe the energy of the bare modes. The fourth and fifth
terms describe coupling between the modes, where ()
denotes the coupling constant between the photon and
direct exciton, and the tunneling rate corresponding to
DX-IX coupling is J. The last two terms in the
Hamiltonian describe the optical pumping of cavity mode
with amplitude P(t) = P,(t)e”'?!, where wp is a pumping
frequency.

The decoherent part of dynamics of the system is mainly
governed by the radiative lifetimes of the modes and
phonon-scattering processes, which lead to population of
thermalized exciton reservoirs [32]. They can be described

by the exciton-phonon interaction Hamiltonian H;,, =

H' + H ™, where

A

+ AL A ~ A A
3'[ - DDXZbTbR,de + DIXZCTCR,kd]I’ (2)
k k

H™ = Dpx D bl bdy + D> ¢k éd,, (3)
k k

correspond to processes with emission (ﬁ ) and absorption
(dk) of phonon with in-plane momentum k, respectively.
Here, b} Rk b Roke> c;E, > and Cg ;. are creation and annihilation
operators for direct and indirect excitons in reservoirs.
Dpx1x denote exciton-photon interaction constants.
These incoherent processes can be conveniently treated
usmg master equation for the density matrix, ihdp/dt =
[H oo p] + Lp 9 + Lp®  where 7p@9 corresponds
to standard Lindblad superoperator describing the finite
lifetime of the modes [17,19], and .Zp(‘h) is responsible
for phonon-assisted processes (see details of derivation in
the Supplemental Material [32]).

In the following, we shall be interested in the large
occupation numbers of the modes, and the mean-field
approximation can be applied. The dynamics of the occu-
pation numbers of the modes can be found from the master
equation with operators treated as classical fields [32]

aay/at = —iQb)/2 — y(a)/2 — iP, 4)

a(by/ a1 = i8o(by — iJ(&)/2 — iQa)/2 — ypx(b)/2
+ WY Bk g = npn)B), )
k

ey ot = i(8g — 6;)(&) — i](l;>/2 — yx(&)/2
+ WZ«@}@R,Q — N {E) 6)
k
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3<B;,q51e,q>/3t = _7DX<E1TQ,qBR,q>
+ WZ{|<E>|2(<E}3,]{5R,k> + Dngp i
%

— (KB + 1)<5;rg,kl;R,k>(”ph,k + D} (D

ek er )/ 9t = —yix(eh ,Cr g)

+ WZ{|<6>|2(<6R,1{6R,1<> + l)nph,k
k
— () + D2k ier )i + DY (®)

where (...) = Tr{. .. p} denotes averaging using the density
matrix p. Here, we applied the rotating wave approximation
(a;) — (a;)e”'c’, and introduced the photonic &g =
we — wpx and excitonic J; = wyx — wpx detunings.
The pumping amplitude reads as P(r) = Py(t)e **'/h,
where A = wp — w, denotes detuning of the coherent
optical pumping. The damping rates of the modes are
defined by parameters y; =2#/7;, i = C, DX, IX.
Typical lifetimes of the modes are 7, = 3 ps, Tpx =
I ns, and 7x = 100 ns. The reservoir dynamics is gov-
erned by a scattering rate W = 8,z D%y, which is propor-
tional to a square of exciton-phonon interaction constant,
and 6, is a constant accounting for the energy conserva-
tion, which is taken to be inverse broadening of exciton
states divided by the square of the Plank constant. For
simplicity, we consider Dpy = Dix, assume N = 4 X 10°
reservoir states, and use total scattering rate W = 2 ps~!
[17]. nyy g is the Bose distribution of phonons.

Additionally, we derived dynamic equations for occupa-
tion numbers for the modes going to higher order of mean-
field theory and verified validity of the system [Eqgs. (4)—(8)]
for chosen pumping conditions. The former model repre-
sents the general description of a dipolariton system
and allows for accounting of various decoherent proce-
sses including pure and phonon-assisted dephasing,
which lead to faster decay of oscillations between modes
(see the Supplemental Material [32], section B). The
effects of nonlinearities introduced by exciton-exciton
interactions are discussed in section C of the Supplemental
Material [32].

Results and discussion.—We calculate numerically the
dynamics of the system with coupled quasiparticles sub-
jected to a picosecond pulsed optical pumping. The pres-
ence of mixing terms between different modes implies the
oscillating behavior similar to Rabi flopping in the classi-
cal model of a two-level system subjected to a time-
varying field. It is important to note that our system has
several characteristic frequencies. They are governed by
the exciton-photon coupling strength () and detuning &),
and the IX-DX coupling strengths J and detuning &;.
Additionally, the pumping frequency wp governs the
efficiency of the pump. Varying these characteristic

frequencies, one can control the frequency, magnitude,
and damping rate of indirect exciton density oscillations.

While the coupling constants () and J are dependent on
the geometry of the structure and can hardly be tuned for a
given sample, the detunings between modes 6; and o, are
strongly sensitive to the applied electric field F and the
incidence angle of the cavity pump, respectively [21].
Tuning these parameters, one can bring the oscillating
dipole system to different regimes. If the cavity mode is
far detuned from IX-DX anticrossing, the light-exciton
coupling is weak, which will be referred to as the
regime 1. If the detuning &, is small, the strong intermix-
ing of IX, DX, and C modes takes place, which corre-
sponds to the regime II.

First, we assume low temperature of the system, when
phonon processes are suppressed. The behavior of the
system in the regime I is shown in Fig. 2(a) for the detuning
6o = —10 meV. We observe antiphase oscillations of IX
and DX densities with decaying amplitudes. The inset in
Fig. 2(a) shows a zoom of long-standing phase-locked
oscillations which last for several tens of picoseconds.
For the electric field corresponding to the resonance
between IX and DX modes, F|, the frequency of oscilla-
tions is given by v = J/27 = 1.45 THz. The electric field

at resonance is equal to Fo = 8;_p/eL, where 8;_p =

Eg)() - Eg( is an exciton detuning at zero applied field, and
L is a separation between QWs centers. Considering
Ing Gay 9As/GaAs/Ing g3Gag 9o As (10 nm/4 nm/10 nm)
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FIG. 2 (color online). Dynamics of the dipolariton system
subjected to pulsed optical pumping which shows the oscilla-
tions of indirect exciton (n;x = |[{&)|?) and direct exciton (npy =
|<l§)|2) density. The coupling constants are equal to iJ = h{) =
6 meV. (a) Oscillations of the density in regime I, where the
cavity mode is detuned from direct exciton resonance by 6 =
—10 meV. Pumping frequency is chosen as AA = 11.5 meV and
electric field F = 0.95F, where F), is the field corresponding to
IX-DX resonance. The green area schematically represents the
optical pulse with a duration A7 = 1 ps (pump, scaled inten-
sity). The inset shows the long-term term oscillations of nx(f)
and npx(#) density which are in antiphase. The period of oscil-
lations is equal to 7 = 0.65 ps. (b) Oscillations corresponding to
regime II, where detuning is equal to 6 = 3 meV. For the same
electrical field and pump intensity (2A = 0), the magnitude of
the signal is higher comparing to regime I. Inset shows highly
damped long-term oscillations in the second regime.
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structure studied in Ref. [28], where §;_p = 18 meV and
L = 14 nm, it can be calculated as F, = 12.8 kV/cm.
The time dependence of indirect exciton density oscil-
lations nyx(7), calculated numerically from the Egs. (4)—(6),
can be fitted with the analytical function n(f) =

ncos?(wt/2)e™"'7, where w =27y = ‘/12 + 83(F) is

the frequency of oscillations and nly denotes the magnitude
of oscillations which decreases in time with the damping
rate 7~ !. Tuning the electric field, the frequency of gener-
ated oscillations changes in the range of several THz due to
its dependence on IX-DX detuning [Fig. 3(a)], given as
8,(F) = 8,_p(1 — F/F,) [33]. Other important parame-
ters of the system, such as the amplitude of oscillations and
dimensionless oscillation quality factor £ defined as a ratio
of magnitude to the decrement of oscillations, can be tuned
by a variation of pumping conditions, as well as by the
applied electric field (see the Supplemental Material [32]).

Rising the temperature of the system, the phonon scat-
tering and subsequent population of the reservoir states
lead to the increase of characteristic decay rate of the
oscillations [Fig. 3(b)]. However, the beats of excitons
density are still observable for comparably high frequency
and can be exploited in the pulsed regime.

Reducing the detuning between exciton and photon
modes &, one can bring the system into the regime II.
In this regime, the IX density oscillations are observed as
well, while their quality factor is different. Strong inter-
actions of the cavity mode with the IX-DX resonance result
in a higher magnitude of njx oscillations than in the
regime I [Fig. 2(b)]. The damping rate of these oscillations
is also larger. Clearly, the regime of strong coupling
between all modes is advantageous for the pulsed pumping
regime and it allows for high power generation. On the
other hand, the regime I is preferential for the long-
standing signal generation providing a higher quality factor
¢, while a lower amplitude of the emission.

We have shown that due to the coupling between modes
IX and DX, densities oscillate with a THz frequency. This
infers that a dipolariton is an oscillating dipole, with a
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FIG. 3 (color online). (a) Frequency of indirect exciton density
oscillations as a function of a dimensionless electric field calcu-
lated for oscillations in regime I (solid line) and regime II
(dashed line). (b) Indirect exciton density oscillations calculated
for different temperatures of the phonon bath. Parameters cor-
respond to regime I.

dipole moment in z direction d, changing periodically
from value d, = d, of IX to d, =0 corresponding to
DX. One can define the total dipole moment of the system
as D, = Nixd,, where Ny = nixA is the number of indi-
rect excitons within the area A illuminated by the pumping
light. Since we have shown before that after the initial
transient regime the density of indirect excitons nx(f) is
a decaying harmonic function of time, the total dipole
moment of the system can be found as D.(t) =
dynixAcos?(wt/2)e™"7. Here, nyx is the maximum density
of indirect excitons.

The total intensity of the far field radiation emitted by a
classical Hertz dipole can be found as I = D?/6m€c® [34],
where D, is the total dipole moment of the dipolariton array,
€ is vacuum permittivity, and c is the speed of light. For the
particular case of an array of harmonic dipole oscillations,
the intensity is I = Nid3w*/48meoc?, where dy = eLisa
dipole moment of indirect exciton. Here, for simplicity, we
did not consider the damping part e~"/7 of oscillations. It
will result in damping of the total power of emission, which
is why to achieve stable cw radiation, one, therefore, needs
to use a sequence of pump pulses. Similarly to the conven-
tional case of an elementary dipole emitter, the polar pattern
is given by I, ~ sin’, where 6 is an angle between the
direction of the radiation and the growth axis of the struc-
ture (see the Supplemental Material [32]).

It is important to note that the total emitted intensity is
proportional to the square of the density of indirect exci-
tons and is dependent on the pump intensity in a nonlinear
way. This is a manifestation of the superradiance [35-37]
effect: due to the interference of coherent in-phase oscil-
lations of elementary dipoles, the output power is
enhanced. This effect is sensitive to the quality factor of
the cavity: the longer Rabi oscillations persist, the stronger
the amplification effect is. Superradiance is a specific
feature of the dipolariton THz emitter, which makes it
more efficient than any existing laser-to-THz converter.

For #J = 6 meV and the typical distance between
QWs of L = 14 nm, the power of THz emission of
an elementary dipole formed by a dipolariton is I, = 1.5 X
1078 W = 1.5 aW. The total power emitted is given
by this quantity multiplied by the square number
of elementary dipoles Nix. For the typical concentration
of indirect excitons achievable experimentally for
nix = 10" cm™? and a 68 wm diameter of the pumping
spot, one obtains [, = 2 uW. By embedding a stack of
double quantum wells npgw = 4 in each microcavity and
using several sets of cavities on one chip, one can obtain the
output power similar to one of the quantum cascade lasers.
Furthermore, to improve the efficiency of THz radiation,
the system can be placed in an external cavity tuned to the
THz frequency [6,38], with efficiency of emission being
increased by the Purcell factor of the external cavity (see
the Supplemental Material [32], Fig. S5, for a sketch of
setup).
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Conclusions.—We have shown that the system of dipo-
laritons can provide an efficient tunable source of THz
radiation. In this system, due to the direct-indirect exciton
coupling, the optically excited dipolariton system exhibits
density oscillations with a subpicosecond period. The di-
pole oscillations lead to the superradiant emission of ra-
diation in the THz frequency range. The spectral properties
as well as the power output of this system are expected to
be strongly improved with respect to the existing laser
induced THz emitters. Additionally, we propose a way to
enhance the radiation efficiency using a supplementary
THz cavity in the weak coupling regime.
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