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Abstract

Terahertz emission between exciton-polariton branches in semiconductor microcavities
is expected to be strongly stimulated in the polariton laser regime, due to the high density of
particles in the lower state (final state stimulation effect). However, non-radiative scattering
processes depopulate the upper state and greatly hinder the efficiency of such terahertz
sources. In this work, we suggest a new scheme using multiple microcavities and exploiting
the transition between two interband polariton branches located below the exciton level.
We compare the non-radiative processes loss rates in single and double cavity devices and
we show that a dramatic reduction can be achieved in the latter, enhancing the efficiency
of the terahertz emission.

The development of efficient coherent sources for terahertz (THz) emission is a subject of
intense activity for both applied and fundamental research. Various strategies have been ex-
ploited, in particular using nonlinear optical effects such as frequency multiplication in nonlinear
diodes [I] or difference frequency generation from infrared or optical laser sources [2]. A strong
effort has also been devoted to extending the use of quantum cascade laser to the THz range
[3] but the realization of powerful and compact sources in that frequency domain remains chal-
lenging. Recently, it was suggested that exciton-polariton lasers could be an efficient tool for
THz generation [ [5] [6]. The strong coupling between quantum well excitons and photons in
a semiconductor microcavity produces mixed light-matter states called exciton-polaritons [7].
Under intense optical excitation, the polariton lasing regime is reached and the polariton popu-
lation of the lower branch becomes extremely high in the vicinity of the zero momentum state
[8, ©]. Radiative transitions between the upper and the lower polariton branches are strongly
favored in this regime due to final state stimulation effect. Furthermore, the Rabi splitting
between the two branches is typically several meV, which makes polariton lasers very promising
for THz generation (1 THz corresponds to 4.1 meV). However, for centrosymmetric quantum
well structures, the dipole matrix element between upper and lower polaritons is zero and the
THz transition is symmetry-forbidden. In order to allow for THz emission, it was suggested to
break the centrosymmetry by applying an electric field [4], to populate the 1p-exciton state with
two-photon pumping [5] or to realize structures in which 1s and 2p excitons are resonant and hy-
bridize [10]. Until now, these three approaches have not brought any experimental confirmation
of THz emission.

The present work focuses on using a quantum well with intrinsically asymmetric design and
shows that the THz transition becomes allowed in such a structure [6]. This configuration pro-
vides efficient optical pumping of the upper state and non-zero THz emission probability to
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the lower state, without complexifying the experimental set-up. The main obstacle to the THz
emission is the existence of non-radiative scattering processes which deplete the upper polariton
state very efficiently (see figure [[ld). Following Diederichs et al. [II], 12], we suggest a new
device using multiple microcavities in order to hinder non-radiative scattering. We compare the
scattering rates associated with three different mechanisms in single and in double microcavities,
and we show that these rates can be reduced by four orders of magnitude in the latter config-
uration, while the THz emission rate is only weakly affected. In that case, the device efficiency
is no longer limited by non-radiative scattering but only by the radiative decay of injected po-
laritons. The conversion ratio of polaritons into THz photons is predicted to reach 10~2, which
is promising for THz technologies, as room temperature polariton lasing was demonstrated in
several experimental studies [I3] 14, [I5].

Figure [0l shows the single cavity scheme that is considered: the quantum wells are placed
inside an optical microcavity, and pumped optically through one of the Bragg reflectors (our
THz generation scheme is also compatible with electrically pumped polariton lasers [16] [15]).
For centrosymmetric quantum well structures, direct radiative transitions between upper and
lower polariton branches are forbidden because the bright excitons are those involving electron
and hole states of the same parity (e.g. elhhl, e2hh2 or elhh3 where en and hhm label the n-th
electron and the m-th heavy hole quantum well states), and on the contrary, THz transitions
change the parity of one of the particles, while conserving the state of the other. Thus THz
transitions between bright polaritons are symmetry-forbidden. Therefore in this work we focus
on asymmetric quantum well (AQW) structures in which these selection rules are suppressed.
A wide range of AQW parameters were tested in order to provide sizable THz emission. The
calculations presented in the following were performed for structures composed of a 5 nm GaAs
layer and a 10 nm Alg 05Gag.95As layer embedded in Aly 3Gag.7As barriers. Figure dla. shows
the schematic band structure of these AQWs as well as the wavefunctions of the two lowest
electron and heavy hole states. In this non-centrosymmetric structure, odd excitons elhh2 and
e2hhl are bright and introduce a sizable dipole for THz emission. The dipole is oriented along
the growth axis, therefore the radiation is polarized along this axis and emitted mainly from
the sides of the sample.

To compute the eigenstates of the AQW in the strong coupling regime and calculate the
polaritonic dispersions presented in fig[Tll and ] the hamiltonian of the system is diagonalized
numerically for each value of K on a truncated basis consisting of the cavity mode and of the
electron-hole states |n.,ny, m, K) whose two-particles wave-function is defined as:

eiK.R

\I]ne,nh,m,K(Zea Zh, R7 P) = W ¢ne (Ze) (bnh (Zh) 1/’m(ﬂ)7

where ¢,, and ¢,, are the wavefunctions of the electron and hole states along the growth axis
(shown on Fig. [Mla), R and p are the center-of-mass and relative in-plane coordinates and S is
the sample area. The functions 1, are defined on a circular confining box of radius Ry:

Y (p) = Nimdo(kmp),

with N,, a normalization factor and k,, such that Jo(k,, Rp) = 0. Only s-symmetry excitons
are included, as non-zero angular momentum states do not couple to light. The hamiltonian
includes kinetic contribution, quantum well potential, electron-hole Coulomb interaction as well
as light-matter coupling. The coupling between the cavity mode and the state |ng, ny, m,K) is
expressed in the enveloppe function approximation as (¢, |¢n, )¥m (p = 0), where the coupling
strength v is a constant parameter proportional to the electric field of the cavity mode at the
location of the quantum wells. This field depends on the cavity design and in this study, the
parameter v was fixed according to typical experimental values for GaAs/AlGaAs structures.
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Figure 1: (a) Band structure of the AQW along the growth axis z, together with the electron
(red) and heavy hole (blue) wavefunctions of the states 1 (full line) and 2 (dashed line). (b)
Computed dispersion spectrum for 9 identical AQWs placed in a single microcavity. The color
scale shows the photonic part of the polariton states. The white dashed lines indicate the energy
of the bare elhhl and elhh2 excitons and the red arrow points to the optically pumped state.
(¢) Schematic representation of the microcavity with the AQWs layer (red line), also showing
the pump and THz beams. (d) Schematic polariton band structure for the single microcavity
scheme. The THz transition is represented by a green vertical arrow, scattering by interface
roughness and acoustic phonons are indicated with full black and dotted red arrows respectively.
Horizontal polariton-polariton collisions are represented by the two dashed blue arrows.

In the non-centrosymmetric quantum well of figure[Il a, there is no selection rule on n. and ny,
and all electron-hole transitions are bright. The states up to n. = 2 and n, = 2 are included and
both elhh2 and e2hhl excitons yield comparable contributions to the THz dipole. Furthermore,
we checked that the higher states do not contribute significantly to the THz emission. Figure
@b shows the polariton dispersion calculated for the AQW of Fig. [la. The color plot shows the



photonic part of the polaritons (which can be accessed experimentally through transmission or
reflection measurements). At low wavevector K, the cavity is close to resonance with the elhhl
exciton and two main polariton branches are observed, separated by the Rabi splitting. Above
1.58 eV, the cavity mode is broadened due to the weak coupling with the elhhl continuum and
it anticrosses with the elhh2 exciton at energy 1.6 eV.

The spontaneous emission rate of THz photons between the two polariton states |U) and |L)
(see Fig. [Id) is given by:

nuy

Ry =ny(np + )W = —

with ng, ny the population in |U) and |L) states respectively and,
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where w is the pulsation of the THz radiation and n is the refractive index of GaAs in the
considered frequency range. Interestingly, due to the bosonic nature of polaritons, the radiated
THz power is proportional to the occupation of the lower mode ny, + 1. Thus in the polariton
lasing regime [I7, @], we expect a strong enhancement of the spontaneous emission through
final state stimulation effect, as the modes near K = 0 become macroscopically occupied, up to
nz, = 10*. For this occupancy, the emission time 7, is reduced below 1 ps. It can be furthermore
reduced by two orders of magnitude due to Purcell effect if the device is placed in a THz cavity
[4]. In that case, as the interaction time with the THz photons is increased, reabsorption from
the lower state and stimulated emission should also be taken into account. The net effect of
these two processes is favorable to the emission only if ny < ny, but this population inversion
is difficult to achieve for polaritons, as the non-radiative relaxation processes are very efficient
(see discussion below). For the sake of simplicity, in the following all calculations are performed
assuming that the THz field is not confined.

As previously mentioned, the emission of THz photons competes with efficient non-radiative
loss mechanisms. Polariton scattering processes have been widely investigated [I8] [19] 20], and
the associated rates can be readily obtained from the polaritonic states determined numerically.
In this work, we focus on the scattering of polaritons off the upper state arising from three
processes illustrated on Fig. [[ld: acoustic phonons, interface roughness and horizontal polariton-
polariton scattering. The polariton-polariton scattering rate was calculated in the approximation
of long wavelength of the final state K f_l > ap with ap the Bohr radius of the 1s exciton [I8,19].
It is the dominant scattering mechanism, with sub-picosecond characteristic time 7, at density
Np = 10° cm~2 per quantum well (population in the upper band in the vicinity of K = 0),
which corresponds to the typical order of value obtained at the polariton lasing threshold [17] [9].
Acoustic phonons scattering time 7, calculated in the standard approach [20], is found to be
about 250 ps at low temperature. Interface roughness scattering was also evaluated generalizing
a model previously developed for quantum cascade structures [21]. This process was found to
scatter surprisingly efficiently, with a characteristic time 7, ~ 30 ps for 1% covering of the
interfaces. The efficiency of this last mechanism is mainly due to the presence of the step in
the AQW potential (see Fig. [lla) which introduces roughness at a place where the el and hhl
states have a high probability of presence.

The estimations above show that scattering seriously hinders the THz emission in the single
cavity scheme, mainly through polariton-polariton interactions. However, it has been shown
theoretically and experimentally [11][12] that a significant reduction of the losses can be achieved
by the use of multiple microcavities. Indeed, all three scattering rates mentioned above are very
sensitive to the density of available final states. For a single cavity near resonance, this density is
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Figure 2: (a) Schematic representation of the double microcavity with the AQWs layers (red
lines). In order to generate THz radiation, the AQWs layer of the top cavity should be removed
(dashed red line). (b,c) Computed dispersion spectrum for 9 identical AQWs placed in the
bottom microcavity. The color scale shows the photonic part of the polariton states inside the
bottom (b) and top cavity (¢). The white dashed lines indicate the energy of the bare elhhl and
elhh2 excitons and the red arrow points to the optically pumped state. The energy splitting
between the two bare cavity modes (without AQW) is 12 meV.

fixed by the exciton dispersion and is roughly independent from the detuning. In return, with a
negatively detuned multiple cavity, both states |U) and |L) can be situated at lower energy than
the excitonic reservoir. In this case, the density of final states is given by the steep polariton
dispersion and as we show below, the scattering is dramatically suppressed.

In the following, we discuss the double cavity scheme represented in Fig. [2la. The most
natural choice would be to put identical AQWs in the two cavities and in the same number.
However in that case, the polariton states are either symmetric or antisymmetric for both their
photonic and their excitonic parts. This leads to the appearance of a new selection rule for the
inter-polariton transitions which forbids THz emission between the two levels situated below
the excitonic reservoir, because they have opposite symmetry. This selection rule holds, for any
number of cavities and for any coupling and any detuning between the photon modes, assuming
that identical AQWs are placed in all the cavities. In order to suppress this detrimental selection
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Figure 3: (a) THz emission (green), low temperature acoustic phonon scattering (red) interface
roughness scattering (black) and polariton-polariton collision rates (blue) are plotted as a func-
tion of the detuning J between the polariton state |U) and the excitonic reservoir elhhl. (b)
Schematic representation of the polariton dispersion for the double cavity of Fig. [2 at negative
0. The considered scattering processes are represented as in Figllld. The density of final states
after scattering is strongly reduced compared to the single cavity scheme.

rule, we suggest to place AQWs in one of the two cavities only (the wells indicated with a
dashed line in Fig. Pla are removed). The resulting dispersions are shown on Fig. Blb and
Blc, considering the same AQWs as in Fig. [l The upper photonic branch is resonant with the
elhhl exciton and the Rabi splitting is reduced by a factor 2 with respect to the one in Fig. [
as the AQWs are placed only in one of the cavities. It is also noticeable that the AQWs should
be placed in the bottom microcavity, as sketched on Fig. Bla, in order for the upper polariton
|U) to be efficiently pumped. Indeed, state |U) has a high probability of presence in the top
cavity but only a low one in the other cavity, which contains the wells. The reverse is true for
|L), which should therefore have a long radiative lifetime and easily reach the polariton-lasing
regime.

In the double cavity scheme, the scattering rates depend dramatically on the detuning &
(defined on Fig. Blb) between initial state |U) and elhhl exciton, as shown in Fig. Bla. Indeed
if the polariton |U) is above the excitonic reservoir (§ > 0), the THz emission rate and the
scattering rates are very similar to that obtained in the single cavity scheme. However, when
6 becomes negative, the scattering rates decrease abruptly while the THz emission remains



essentially unchanged. This is because the density of final states available for the scattered
polaritons strongly decreases when |U) falls below the bare exciton energy. Further decrease of
0 slowly reduces all four rates because the excitonic part of polaritons |U) and |L) decreases. In
order to achieve efficient THz generation, an intermediate detuning should be chosen in order
to suppress significantly the non-radiative losses while maintaining a high THz emission rate.
For instance, for § = —3 meV, as in Fig. Plb and 2c, the losses by scattering are reduced by
four orders of magnitude with respect to the single cavity case while the THz emission rates is
reduced by less than a factor 10. Furthermore, the ratio between THz emission and polariton-
polariton scattering reaches 1% at § = —3 meV. In that case, the non-radiative scattering rates
become negligible compared to the radiative decay rate, which is typically of the order of 10!
s~1. Therefore radiative escape of the polaritons out of the cavity becomes the dominant loss
mechanism, and the ratio of conversion of the injected polaritons into THz photons reaches 103
if the system is placed in a resonant THz cavity (assuming Purcell factor of 100).

In conclusion, we have compared THz emission from AQWs in single and in multiple mi-
crocavities. In the latter case we have derived a new selection rule imposing that the content
of all cavities should not be identical. We have evaluated the losses arising from three differ-
ent non-radiative processes and shown that in a double cavity under appropriate conditions,
the scattering rates can be reduced by four orders of magnitude with respect to single cavity
devices.

References

[1] J. C. Pearson, B. J. Drouin, A. Maestrini, I. Mehdi, J. Ward, R. H. Lin, S. Yu, J. J. Gill,
B. Thomas, C. Lee, et al. Demonstration of a room temperature 2.48-2.75 THz coherent
spectroscopy source. Rev. Sci. Instrum., 82:093105, 2011.

[2] D. H. Auston, K. P. Cheung, and P. R. Smith. Picosecond photoconducting hertzian dipoles.
App. Phys. Lett., 45:284-286, 1984.

[3] R. Kohler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield, A. G. Davies, D. A.
Ritchie, R. C. Iotti, and F. Rossi. Terahertz semiconductor-heterostructure laser. Nature,
417:156-159, 2002.

[4] K V Kavokin, M A Kaliteevski, R A Abram, A V Kavokin, S Sharkova, and I A Shelykh.
Stimulated emission of terahertz radiation by exciton-polariton lasers. Appl. Phys. Lett.,
97(20):201111-201111, 2010.

[5] A.V.Kavokin, I. A. Shelykh, T. Taylor, and M. M. Glazov. Vertical cavity surface emitting
terahertz laser. Phys. Rev. Lett., 108(19):197401, 2012.

[6] Simone De Liberato, Cristiano Ciuti, and Chris C. Phillips. Terahertz lasing from intersub-
band polariton-polariton scattering in asymmetric quantum wells. Phys. Rev. B, 87:241304,
2013.

[7] C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa. Observation of the coupled
exciton-photon mode splitting in a semiconductor quantum microcavity. Phys. Rev. Lett.,
69:3314-3317, 1992.

[8] A. Imamoglu, R. J. Ram, S. Pau, and Y. Yamamoto. Nonequilibrium condensates and
lasers without inversion: Exciton-polariton lasers. Phys. Rev. A, 53:4250-4253, 1996.



[9] J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P. Jeambrun, J. M. J. Keeling, F. M.
Marchetti, M. H. Szymanska, R. Andre, J. L. Staehli, et al. Bose-Einstein condensation of
exciton polaritons. Nature, 443:409-414, 2006.

[10] T. C. H. Liew, M. M. Glazov, K. V. Kavokin, I. A. Shelykh, M. A. Kaliteevski, and A. V.
Kavokin. Proposal for a bosonic cascade laser. Phys. Rev. Lett., 110:047402, 2013.

[11] C Diederichs and J Tignon. Design for a triply resonant vertical-emitting micro-optical
parametric oscillator. Appl. Phys. Lett., 87:251107, 2005.

[12] Carole Diederichs, Jérome Tignon, Gregor Dasbach, Cristiano Ciuti, Aristide Lemaitre,
Jacqueline Bloch, Ph Roussignol, and Claude Delalande. Parametric oscillation in vertical
triple microcavities. Nature, 440(7086):904-907, 2006.

[13] S. Christopoulos, G. Baldassarri Hoger Von Hogersthal, A.J.D. Grundy, P. G. Lagoudakis,
A. V. Kavokin, J. J. Baumberg, G. Christmann, R. Butté, E. Feltin, J.-F. Carlin, and
N. Grandjean. Room-temperature polariton lasing in semiconductor microcavities. Phys.
Rev. Lett., 98:126405, Mar 2007.

[14] G. Christmann, R. Butté, E. Feltin, J.-F. Carlin, and N. Grandjean. Room temperature
polariton lasing in a GaNAlGaN multiple quantum well microcavity. Appl. Phys. Lett.,
93(5):051102, 2008.

[15] P. Bhattacharya, T. Frost, S. Deshpande, M. Z. Baten, A. Hazari, and A. Das. Room
temperature electrically injected polariton laser. Phys. Rev. Lett., 112:236802, Jun 2014.

[16] C. Schneider, A. Rahimi-Iman, N. Y. Kim, J. Fischer, I. G. Savenko, M. Amthor, M. Lermer,
A. Wolf, L. Worschech, V. D. Kulakovskii, et al. An electrically pumped polariton laser.
Nature, 497(7449):348-352, 2013.

[17] D. Bajoni, P. Senellart, E. Wertz, I. Sagnes, A. Miard, A. Lemaitre, and J. Bloch. Polari-
ton laser using single micropillar GaAs-GaAlAs semiconductor cavities. Phys. Rev. Lelt.,
100:047401, 2008.

[18] F. Tassone and Y. Yamamoto. Exciton-exciton scattering dynamics in a semiconductor
microcavity and stimulated scattering into polaritons. Phys. Rev. B, 59:10830-10842, 1999.

[19] C. Ciuti, P. Schwendimann, B. Deveaud, and A. Quattropani. Theory of the angle-resonant
polariton amplifier. Phys. Rev. B, 62:R4825-R4828, 2000.

[20] F. Tassone, C. Piermarocchi, V. Savona, A. Quattropani, and P. Schwendimann. Photo-

luminescence decay times in strong-coupling semiconductor microcavities. Phys. Rev. B,
53:R7642-R7645, 1996.

[21] C. Ndebeka-Bandou, F. Carosella, R. Ferreira, A. Wacker, and G. Bastard. Free carrier
absorption and inter-subband transitions in imperfect heterostructures. Semicond. Sci.
Technol., 29(2):023001, 2014.



