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Cavity polaritons are mixed states, partially microcavity photon and partially material excitation, which
behave as bosons up to a critical density. In the case of excitonic polaritons, the critical parameter is the
Mott density, which cannot be tailored, in a given material system. Interestingly, in the case of intersubband
polaritons, such critical density can be engineered to a large extent via the doping. We show that this
observation has crucial implications for intersubband polariton lasers, and we make a strong case in favor
of their development.
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We are accustomed to optoelectronic devices operating
in the weak-coupling regime between light and matter.
Conventional lasers, for instance, operate in this regime and
rely on population inversion to achieve optical gain. Recent
years have seen a surge of interest for quantum systems
operating in the strong-coupling regime instead, i.e., when
the coupling strength for the light-matter interaction is so
strong that perturbation theory no longer suits the descrip-
tion of the system. The new eigenmodes are a superposition
of states—partially light, partially material excitation—
called cavity polaritons.
In the realm of semiconductors, exciton polaritons are

the most widely studied. Originally reported in 1992 [1],
it was soon clear that their extremely light mass—together
with the bosonic character inherited from the excitonic
component—could lead to Bose-Einstein condensates at
relatively high temperatures. In a two-dimensional system,
the condition for quantum degeneracy is [2]

n
kBT

≥
2m�

h2
; ð1Þ

where n is the polariton 2D density, kB is the Boltzmann
constant, T is the temperature, h is the Planck constant, and
m� is the polariton effective mass. The m� is dominated by
the photon, and it results in a polariton mass orders of
magnitude lighter than the exciton one. Formula (1) implies
that polaritonic condensates can exist at much higher
temperatures (few hundreds of Kelvin) than excitonic ones
(mK) [3]. The successful observation of polaritonic con-
densates in several material systems (GaAs, CdTe, GaN,
ZnO) spawned a new, exciting research field. In particular,
the quantum properties of the condensates are the subject of

intense investigation. A good review of the current state of
the art can be found in Ref. [4].
In this context, a different type of “laser” was proposed

in 1996 [5], which does not rely on population inversion but
on bosonic final-state stimulation. In a bosonic system, the
probability of transition toward a final state is proportional
to the population of said state [4]. Polariton lasing happens
when the scattering time toward the ground state—typically
at k ¼ 0—is shorter than the lifetime of the final state. The
population then builds up abruptly, and the output power is

Pout ¼
ℏωN
τrad

S; ð2Þ

where ω is the photon frequency, N is the polariton 2D
density in the final state, τrad is the radiative lifetime of the
final state, and S is the device surface. The effect has been
demonstrated in several exciton-polariton systems under
optical pumping [6–8]. More recently, exciton-polariton
lasing under electrical pumping at room temperature was
reported at λ ∼ 365 nm in the GaN material system [9].
These beautiful and elegant demonstrations exploit the
fascinating phenomenon that is Bose-Einstein condensa-
tion. Their applicative potential is still untapped, however,
because the output power is in general very low, although
the recent demonstration in Ref. [9] provides pers-
pectives for low-power-consumption devices. For certain
materials, it is also difficult to operate the devices at room
temperature, while for others (GaN, ZnO), it is instead
possible [10].
Note that in formula (1), the polariton density cannot be

chosen at will but must comply with the upper limit set by
the Mott transition density (nMott). Above nMott, excitons—
and polaritons, too—cannot be considered bosons anymore
since the interparticle distance becomes comparable to the
radius of the exciton. For instance, nMott in GaAs, CdTe,
and GaN quantum wells (QWs) are, respectively, 2 × 1011,
1 × 1012, and 4 × 1012 cm−2. Let us assume that a polariton
laser operates safely in the “bosonic” regime up to 20% of
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the Mott density. The loss of bosonicity for polariton
densities above this value puts an intrinsic upper limit to
the available output power, via formula (2), and also to the
maximum operating temperature, via formula (1).
Recently, polaritons have been explored in a different

system, where the material excitation is an intersubband
(ISB) transition (or, to be more rigorous, an ISB plasmon)
in a semiconductor QW. They are called intersubband
polaritons [11]. ISB transitions constitute the backbone
principle behind quantum cascade (QC) lasers. Their
design flexibility (the ISB transition energy can be tailored
over a broad wavelength range by changing the layer
thickness) has been the key ingredient that makes QC lasers
effective coherent mid-IR semiconductor sources, and
also promising THz sources (albeit, the problem of the
maximum operating temperature is still a major issue for
operation in the THz range of the electromagnetic spectrum
[12]). Transferring such flexibility into the realm of
polaritons has been one of the motivations behind the
development of ISB polaritonics.
ISB polaritons were observed for the first time in

the mid-IR range of the electromagnetic spectrum [11].
It was soon highlighted that ISB optoelectronic devices
operating in strong coupling had potential for applications
and fundamental research [13]. Since then, several develop-
ments have taken place: ISB polariton light-emitting
devices (LED) [14] almost simultaneously with exciton-
polariton LEDs at near-IR (NIR) wavelengths [15–17],
detectors [18], emitters [19,20], and all-optical ultrafast
control [21,22]. Recent studies have targeted the THz
range, where new challenges are appearing, such as the
so-called ultra-strong-coupling regime [23–26], and pro-
posals to achieve THz emission exploiting upper-to-lower
polariton transitions using asymmetric QWs [27].
In the context of final-state stimulated scattering, the

bosonic character of ISB plasmons—and hence of ISB
polaritons—is of crucial importance. They are composite
bosons, under certain limits. As discussed in Refs. [28,29],
if bþq is the creation operator of the bright ISB excitation
with wave vector q, the commutation operator taken on a
state jϕi with Nexc ISB excitations is

hφjbq0 ; bþq jφi ¼ δq0;q þ o

�
Nexc

nQWNel

�
; ð3Þ

where nQW is the QW number and Nel is the total of the
number of electrons in the QW. Formula (3) states that the
commutator is bosonic, provided that a limited number of
excitations is present, i.e., that Nexc ≪ nQWNel.
This observation suggests that a new degree of freedom

is present: In ISB polariton systems, the upper density limit
for bosonic operation is nomore rigidly fixed—as is the case
of the Mott density for excitons—but it can be engineered
by design to a large extent with the electronic doping.
The maximum temperature at which an ISB polariton

condensate can be sustained [formula (1)] and themaximum
output power of an ISB polariton laser [formula (2)] can
therefore be maximized in highly doped systems.
Motivated by the aforementioned considerations, we

develop a perspective based on a semiquantitative analysis
of realistic device architectures. We show that intersubband
polariton lasers exhibit design flexibility and a vast poten-
tial for applications, and we make a strong case toward
their development. Finally, a roadmap to achieve this goal
is proposed.
We analyze three model situations: the THz

(λ ¼ 100 μm) in the GaAs=AlGaAs system, the mid-IR
(λ ¼ 10 μm) in the InGaAs=AlInAs system, and the near-
IR (λ ¼ 1.55 μm) in the GaN=AlN system. A schematic of
the three situations is depicted in Fig. 1, with Table I
summarizing the important material and resonator param-
eters. The maximum doping (nmax) is the sheet electronic
doping level at which the second subband of the QW starts
to be filled with electrons: It naturally increases with the
transition frequency. τISB is the total lifetime of the ISB
transition: It is dominated by the intrasubband dephasing
time, which stems from electron-electron and electron-
impurity scattering. Note that τISB is much shorter than the
LO-phonon emission time, of the order of a few ps, which
is instead relevant for quantum cascade laser physics.
τISB-rad is the radiative lifetime, and it is calculated with
the standard Fermi golden rule [30] and correctly scales
with the third power of the emission frequency. Note that a
major difference with respect to exciton-polariton systems
is that the lifetime is dominated by nonradiative processes.
The microcavity resonator is the second important ingre-

dient. We select optical resonators that offer an energy
minimum at k∥ ¼ 0 with a positive, parabolic dispersion.
Essentially, we aim to mimic the polaritonic dispersion of
exciton-polariton systems based on Fabry-Perot cavities
(as schematically depicted in Fig. 2), which has been the

FIG. 1. Conduction-band energy profile of semiconductor QWs
for the three different spectral regions studied in this work.
(a) GaAs=Al0.15GaAs0.85 with a band offset of 135 meV for the
THz range, (b) InGaAs=AlInAs with a band offset of 520 meV
for the mid-IR range, and (c) Gan=AlN with a band offset of
1.75 eV in the near-IR range.
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enabling tool behind the demonstration of exciton-polariton
lasers [2,5]. The dispersion is crucial, as it enables polariton-
polariton or polariton-phonon scattering processes—as
depicted in Fig. 2—on which a polaritonic laser or amplifier
relies. In the context of ISB polaritons, it is more effective
at this time to rely on phonon-polariton scattering [32], as
originally discussed in Ref. [28], since little is known yet
about polariton-polariton processes [29].
We have recently shown in Refs. [33,34] that properly

patterned metal-insulator-metal (MIM) resonators satisfy
the aforementioned requirements in the THz and in the
mid-IR ranges of the electromagnetic spectrum. They

are sketched in the upper section of Table I. Such
microcavities are extremely practical: They can be
optically probed in reflectivity and optically pumped
at variable incidence angles, and electrical injection can
be easily implemented. The experimentally measured
total quality factor Qcav-tot (lower limit) is approximately
20, and the radiative one Qcav-rad is approximately 100.
The lifetimes are readily obtained using the relation-
ship Q ¼ ωτ.
As per the near-IR case, ISB transitions in GaN at short

wavelengths have been experimentally observed for a few
years [35–38], and it has been recently demonstrated that
GaN suspended-membrane photonic crystal cavities can be
implemented with Qtot in the thousands [39,40]. We assume
Qcav-tot ¼ 5000 and Qcav-rad ¼ 1000. To take advantage
of these very high Q factors, however, the coupling to
the cavity must be implemented with evanescent fiber
couplers [41,42].
Using the lifetime values of Table I, we calculate the

total and radiative lifetimes of the polaritonic states and
the radiative efficiency of the polaritonic system as a
function of the Hopfield coefficients. The eigenstates of
the coupled system are a linear superposition of the
uncoupled eigenstates jψ i;ki (with jψ1;ki the fundamental
state and jψ2;ki the excited one) and jni the state with n
photons in the cavity:

jUPi ¼ αUPjψ1;k; 1i þ βUPjψ2;k; 0i;
jLPi ¼ αLPjψ1;k; 1i þ βLPjψ2;k; 0i: ð4Þ

The coefficients αLP;UP and βLP;UP are the Hopfield coef-
ficients [43]. They permit us to gauge the weight of the
photonic and material components within the polariton

FIG. 2. Typical dispersion diagram of intersubband polaritons
in a MIM cavity. The various loss channels are represented as
well as the scattering mechanism based on the longitudinal
optical phonon, which is relevant for the operation of a bosonic
laser. The solid lines represent the two polariton eigenmodes, and
the dashed lines are the bare cavity and ISB eigenstates.

TABLE I. Summary of the important material and cavity parameters for the three material systems considered in this work. τISB
has been estimated, taking as 3% the best FWHM achievable in the mid-IR with modulation-doped structures [31] and 5% in the THz.
The respective cavity geometries used for each range are represented on top. PhC stands for photonic crystal.

THz Mid-IR Near-IR

λ 100 μm 10 μm 1.5 μm
QW width 30 nm 10 nm 1 nm
Maximum doping 4.5 × 1011 cm−2 2 × 1012 cm−2 5 × 1012 cm−2
τISB 1 ps 0.2 ps 0.08 ps
τISB-rad 90 μs 90 ns 0.3 ns
Qcav-rad 100 (metallic PhC) 100 (metallic PhC) 10 000 (membrane PhC)
τcav-rad 5 ps 0.5 ps 8 ps
Qcav-tot 25 20 5000
τcav-tot 1.3 ps 0.1 ps 4 ps
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branches. Their control is of crucial importance, since it
permits us to tailor the polaritonic lifetimes, as follows:

1

τLP-rad;tot
¼ jαLPj2

τcav-rad;tot
þ 1 − jαLPj2

τISB-rad;tot
; ð5Þ

where τLP is the radiative or the total lifetime of the lower
polariton state. Figure 3 reports the LP radiative and total
lifetimes and the radiative efficiency (or internal quantum
efficiency ηQE), as a function of jαLPj2.
The first remark is that the internal quantum efficiency

ηQE is approximately 10%, in the mid-IR and in the THz,
for jαLPj2 values above 0.4. This level of quantum effi-
ciency represents an enhancement of approximately 3
orders of magnitude with respect to a bare ISB transition
in the mid-IR and of 5 orders of magnitude in the THz. This
prediction is in contrast with the experimental findings: A
relatively wide range of mid-IR and THz electrolumines-
cent polaritonic structures has been reported, and ηQE
enhancements were never observed [19,20]. As per the
near-IR case, ISB polaritons in the GaN=AlN system have
not been demonstrated yet.
Intuitively, the enhancement argument is valid provided

that the Rabi time is much faster than the polariton lifetime.
A quick estimate using the formula Δτ ≈ ℏ=ΔE, using
approximate Rabi-splitting values of 30 meV in the mid-IR
and 3 meV in the THz, yields Rabi times of 22 fs (220 fs) in
the mid-IR (THz). Comparison with Fig. 3 points at the
validity of the argument, since the estimated polariton
lifetimes are longer. (Nevertheless, the larger the Rabi
splitting, the better.) As a matter of fact, the observed lack
of efficiency enhancement possibly stems from the pump-
ing scheme, based on electronic injection. The electrical
injection of ISB plasmons, as well of ISB polaritons, suffers
from the same problem encountered in surface-plasmon
generation [44]: Most of the energy is transferred to dark
modes, which do not couple with the electromagnetic field
[45,46]. However, this limitation is removed in the case of

optical generation: The most promising course of action
to investigate and demonstrate the ηQE enhancement in
ISB polariton devices is to perform optical pumping
experiments. In fact, the demonstration of ηQE enhance-
ment constitutes a necessary first step toward the develop-
ment of an ISB polariton laser: In the final section of
the paper, we propose realistic structures operating in the
mid-IR and relying on polariton-phonon scattering.
Furthermore, Figs. 3(a) and 3(b) show that in the mid-IR
and THz ranges, there is a LED-friendly region (with
Hopfield coefficient above 0.5) where the calculated
radiative efficiency is high (above 0.1) [47].
We now discuss the polariton lifetimes (radiative τpol-rad

and total τpol-tot). The blue curves in Fig. 3 correspond to the
calculated radiative lifetime of the LP mode as a function
of the Hopfield coefficients, for THz, mid-IR, and near-IR.
In all cases, they lie in the ps or tens-of-ps range. A useful
figure of merit to gauge the potential of a polaritonic LED
or laser is the power per unit device surface PS [P=S,
according to formula (2)], which can be emitted by the
device at a given polariton density. It is expressed in
W=cm2, and the results are reported in Fig. 4 for structures
containing one single QW.
The black, red, and blue dashed lines correspond to the

THz, mid-IR, and near-IR cases, respectively. The round
dots mark the PS at 20% of the maximum doping density as
reported in Table I, which we consider the limit for safe
bosonic operation of a polaritonic device. The green star
marks the maximum PS for a GaAs exciton-polariton LED
operating at a shorter wavelength of 800 nm.
The first remark is that ISB polaritonic devices can all

operate at higher polariton densities than exciton-polariton
devices at approximately 800 nm. The important conse-
quence, stemming from formula (1), is that ISB polariton
lasers are, in principle, able to operate at room temperature.
This observation is particularly significant in the THz range
of the electromagnetic spectrum [12]. Note that here we
have considered simple, square semiconductor quantum
wells as a basis for discussion of possible condensation and

0.0 0.2 0.4 0.6 0.8 1.0
10-2

10-1

100

101

102

0.0 0.2 0.4 0.6 0.8 1.0
10-2

10-1

100

101

102

0.0 0.2 0.4 0.6 0.8 1.0
10-2

10-1

100

101

102

(a) (c)(b)

THz, λ=100 μm

τ (
ps

),
 e

ffi
ci

en
cy

Hopfield coefficient (1 is photon)

 Polariton radiative lifetime
 Polariton total lifetime
 Radiative efficiency

Near-IR, λ=1.5 μm

τ (
ps

),
 e

ffi
ci

en
cy

Mid-IR, λ=10 μm

Hopfield coefficient (1 is photon)

 Polariton radiative lifetime
 Polariton total lifetime
 Radiative efficiency

τ (
ps

),
 e

ffi
ci

en
cy

Hopfield coefficient (1 is photon)

 Polariton radiative lifetime
 Polariton total lifetime
 Radiative efficiency

FIG. 3. Polariton radiative lifetime (solid blue lines), polariton total lifetime (solid green lines), and radiative efficiency (solid red lines)
as a function of the lower polariton-state Hopfield coefficient. A value of 1 represents a full photonic component. (a) THz range,
(b) mid-IR range, and (c) near-IR range.
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“bosonic” lasing of ISB polaritons. This assumption is
compatible with room-temperature operation for near-IR
and mid-IR wavelengths. However, room-temperature
operation with a square quantum well is problematic in
the THz. The solution—omitted for simplicity—is to
employ parabolic quantum wells [48,49], which can
efficiently operate in the THz range up to room temperature
[50]. Furthermore, thanks to the Kohn theorem [51], the
effect of the depolarization shift can be neglected. As per
ZnO- and GaN-based devices, they would deserve a
separate discussion [10,52]. However, they operate at much
shorter wavelengths λ < 400 nm; hence, we do not deal
with them in this paper.
The second result is that the output powers achievable

with ISB polariton LED and lasers are not marginal.
For instance, with the data in Fig. 4, a THz polariton
laser with the dimensions of a typical THz QC laser
(100 × 1000 μm2) would emit 15–20 mW, with only one
QW and at room temperature. If we perform the same
calculation for the mid-IR case, with a device size
10 × 500 μm2, we obtain 350 mW.
As a last remark, note that the maximum PS for the

exciton-polariton case (green star) lies a decade below the
value for the mid-IR, although the photon energy is more
than 10 times larger. It is due to the unavoidable limit
represented by the Mott density, and it materializes the
advantage provided by ISB transitions.
The question of whether or not an ISB polariton laser can

be implemented depends on the total polariton lifetime,
which is plotted with green lines in Fig. 3.
In the THz, it is possible to obtain τtot values in the

1–2-ps range, as is evident in Fig. 3(a), with a judicious
engineering of the Hopfield coefficients. These values
compare favorably with polariton-phonon scattering rates,
even without adding the effect of final-state stimulation [28].
They also lie in the same range of the final-state stimulated

scattering rates that are observed in exciton-polariton lasers
[53]. We therefore suggest that polaritonic structures featur-
ing dispersive MIM resonators might already constitute an
interesting basis to develop a THz polariton laser.
The situation is different for devices operating in the mid-

IR range of the spectrum. Based on the values reported in
Table I, Fig. 3(b) shows that only τtot values well below 1 ps
can be obtained. Polaritonic structures featuring MIM
resonators are not a viable solution for mid-IR polariton
lasers yet. However, the red curve in Fig. 3(b) shows that
they are an excellent system to demonstrate the ηQE enhance-
ment in the strong-coupling regime between light and matter,
which has not been demonstrated to date. Furthermore,
pump-probe experiments on the device architecture consid-
ered in this work are relatively straightforward [34], and
they would allow one to validate the final-state stimulated
scattering in ISB polaritonic systems, similarly to what was
demonstrated for exciton polaritons 14 years ago in the
seminal work by Savvidis et al. [7].
Finally, very little margin is available for near-IR ISB

polariton devices at telecom wavelengths in the GaN=AlN
system. The very short ISB transition lifetime (approxi-
mately 0.08 ps) restricts the device operation as LEDs as
well as polariton lasers to a very narrow range of Hopfield
coefficients. We believe, however, that they are worth deve-
lopment since the extremely high doping levels available in
this system, in combination with a low dielectric constant for
GaN and very thin QWs, can enable operation at the onset
of the ultra-strong-coupling regime at telecom wavelengths.
(A simple calculation shows that values ofΩRabi=ω12 ≈ 15%
should be attainable.) The observation of the peculiar
phenomena arising from the ultra-strong-coupling regime
—such as the generation of quantum vacuum radiation and
of squeezed photons [54]—would be greatly simplified
at λ ¼ 1.55 μm with respect to the THz and mid-IR, where
proper detection technology is missing [55].
In the last part of the paper, we address the issue of

designing a realistic optically pumped mid-IR polaritonic
LED based on the MIM geometry and relying on phonon-
polariton scattering (Fig. 2). To this scope, a simple rate-
equation model is useful to estimate the external quantum
efficiency of the system (ηext), defined as Pin=Pout, where
Pin;out is the input-output power in W=cm2. Based on the
scheme of Fig. 2, we can write

dn2
dt

¼ APin

ℏωin
− n2
τ21

− n2
τ2NR

;

dn1
dt

¼ n2
τ21

− n1
τ1tot

; ð6Þ

where n2 is the polariton density of the starting upper
polariton state, n1 is the polariton density of the k ¼ 0
polariton state, ωin is the frequency of the pump photon,
ωoutis the frequency of the emitted photon, τ21 is the

FIG. 4. Power density as a function of the surface carrier
density of polaritons for the studied spectral regions. The green
star marks the maximum power density for excitonic polaritons at
800 nm in the GaAs=AlGaAs inherently fixed by the Mott
density.
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LO-phonon mediated scattering time between the UP
(initial) and LP (final) states, τ2NR is the UP lifetime
stemming from all the other decay phenomena, τ1tot is
the total lifetime of the k ¼ 0 LP state (radiative and
nonradiative), and A is the absorption at the pump energy
and angle. In the steady state, and recalling formula (2), we
obtain

ηext ¼
Pout

Pin
¼

�
ωout

ωin

��
τ1tot
τ1rad

��
τ2tot
τ21

�
A

¼ ηfreqηQEηpumpA: ð7Þ
This formula is a useful guide for device design. The
absorption A does depend on α2 approximately linearly.
Caution is therefore needed: If α2 is 0 or close to 0,
absorption will be negligible. However, even with relatively
moderate values of α2, it is possible to increase the
absorption by judiciously playing with the absolute radi-
ative damping of the resonator. For instance, the technique
described in Ref. [33] can lead—theoretically—up to
critical coupling. An absorption >50% is, however, a good
experimental start.
ηfreq depends only on the input-output frequencies. This

term is relatively favorable in the mid-IR, while in the THz
it is necessarily smaller. At f ¼ 3 THz, ηfreq ¼ 0.25, while
at f ¼ 30 THz, we obtain ηfreq ¼ 0.7.
ηQE is relatively under control, as shown in Fig. 3(b), and

it is approximately 0.10=0.15.
Finally, ηpump can be tailored, since 1=τ21, the phonon-

polariton scattering rate, depends on the Hopfield coef-
ficients as (1 − α2). It is crucial that the initial and final
states contain a large matter fraction [28], since the
polaritonic lifetimes in the mid-IR—as estimated in
Fig. 3(b)—are in the sub-ps range. However, A also
depends on α2; hence, the quantity to maximize is
A=τ12, which is proportional to α2ð1 − α2Þ. The optimal
choice—which maximizes A=τ12—appears to be α2 ¼ 0.5.
Based on these considerations, Fig. 5(a) reports the

polaritonic dispersion Rðω; kÞ (reflectivity as a function
of the in-plane wave vector) calculated with an rigorous
coupled-wave analysis code [56] and the corresponding
Hopfield coefficients for a mid-IR optically pumped
polaritonic LED. It is a 1.1-μm-thick semiconductor slab
containing 35 InGaAs=AlInAs QWs, sandwiched
between two metallic surfaces. The QWs are 10 nm
thick and doped to a sheet density of 1.3 × 1012 cm−2.
The top metallic surface is a 1D grating with period
3.25 μm and 80% filling factor. The calculations are
performed with the same formalism of Ref. [34].
It appears that the best solution is to have even light-

matter weights (α2 ¼ 0.5) at k ¼ 0. (Furthermore, given the
microcavity dispersion, it is not possible to obtain a matter
fraction larger than 50% for the LP at k ¼ 0.) Figure 5(b)
reports the corresponding Hopfield coefficients of the
designed polaritonic system.

In the best-case scenario of a Rabi splitting of exactly
one LO phonon, both initial and final states are located at
k ¼ 0. However, it is more practical to engineer the initial
UP state at k∥ slightly different from 0, in order to simplify
the experimental implementation. In the case of the
proposed design, the sample must be pumped at an incident
angle of 20 degrees at a wavelength λ ¼ 8.6 μm. At this
point, the initial UP polariton state exhibits a matter fraction
of 30%. Polariton emission is expected to be orthogonal
from the sample surface (k∥ ¼ 0) at a wavelength
λ ¼ 11.48 μm.
The design reported in Fig. 5 suits optical pumping

experiments aimed at demonstrating enhanced ISB polar-
iton emission at mid-IR frequencies. As a matter of fact,
a quick estimate using formula (7) yields an external

(a)

(b)

FIG. 5. (a) Optimal ISB polariton-dispersion diagram for an
optical pumping experiment. The minimum Rabi splitting occurs
at k∥ ¼ 0, and light is resonantly injected at an angle of 20°, one
LO phonon away from the lower state minimum energy. The
sample considered in this simulation consists of a repetition of
35 InGaAs=AlInAs QWs 10.5 nm wide separated by 15-nm-
wide barriers. The sheet-doping density is 1.3 × 1012 cm−2.
The grating period is 3.25 μm, and its filling factor is 80%.
(b) Hopfield coefficients of the polaritonic states as a function of
the in-plane wave vector.
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quantum efficiency of the order of 1%, which would allow
one to immediately verify the presence of enhanced
emission. Furthermore, pump-probe experiments could
be equally performed in order to validate if final-state
stimulated scattering is indeed present. On the other hand,
the very short total lifetimes, which are apparent from
Fig. 3(b), suggest that mid-IR resonators with higher Q
factors must be developed to demonstrate bosonic lasing.
In conclusion, we have discussed the opportunities

arising from the development of ISB polariton lasers. It
is our opinion that the potential of these devices has been
underestimated, given, in particular, the possibility of
operating them at high carrier densities without losing
their bosonic character. This new degree of freedom implies
operation at room temperature and relatively high output
powers, not to mention the opportunities arising from a
room-temperature Bose-Einstein condensate of charged
bosonic excitations. We suggest a roadmap for the develop-
ment of this new family of devices, consisting of three
steps: (i) demonstration of the ηQE enhancement in mid-IR
ISB polariton devices via optical pumping experiments,
(ii) demonstration of final-state stimulated scattering in
mid-IR ISB polariton devices via pump-probe experiments,
and (iii) implementation of mid-IR dispersive resonators
with highQ factors (at least a factor of 20 more with respect
to current designs) to demonstrate optically pumped
mid-IR polariton lasers. Finally, we stress that polaritonic
structures featuring dispersive MIM resonators might
already constitute a solid basis to develop a THz polariton
laser.
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