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We demonstrate intersubband polaritons in the short-infrared wavelength range (k< 3 lm) relying

on the GaN/AlN semiconductor system. The demonstration is given for an intersubband transition

centered at k¼ 3.07 lm (E¼ 403 meV). The polaritonic dispersion is measured at room tempera-

ture: a Rabi energy of 53 meV (i.e., a minimum splitting of 106 meV), which represents 13.1% of

the bare transition, is demonstrated. A metal-insulator-metal resonator architecture is employed,

which proves to be efficient even at these short wavelengths. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4979084]

Intersubband (ISB) polaritons stem from the strong

light-matter coupling between an intersubband transition

(more precisely: an ISB plasmon) and a microcavity photon

mode. They were first observed at mid-IR frequencies,1 with

subsequent developments including ISB polariton LEDs,2

polaritonic detectors/emitters,3,4 ultra-fast switching,5,6 and

strong critical coupling.7 The extension to the THz range of

the spectrum was also realized, thanks to the use of metallic

resonators.8 The extension to the THz range was considered

interesting because it provides access to the exotic regime of

ultra-strong coupling.9–11 The ultra-strong coupling regime

was however demonstrated also in the mid-IR range of the

spectrum.12,13 In this regime, the anti-resonant terms of the

hamiltonian (ab, a†b†, with a,a† the photonic operators, and

b,b† the electronic ones) are not negligible. As a conse-

quence, intriguing quantum electrodynamics phenomena

have been predicted, such as Casimir radiation14 and emis-

sion of non-classical light. To demonstrate these intriguing

phenomena, it is however necessary to operate at shorter

wavelengths, where detectors with high quantum efficiency

exist. The extension of the ISB polaritons concept to shorter

infrared wavelengths has been reported only once, in Ref. 15

at k � 1.5 lm in the Al0.03Ga0.97N/GaN system. In Ref. 15,

the idea was to employ meta-material cavities to attain

extremely small interaction volumes. The electromagnetic

field is indeed confined to deep sub-wavelength volumes;

however, that architecture places the system only at the onset

of the strong coupling regime.

Here, we demonstrate a GaN/AlN intersubband polari-

ton system that operates at short infrared wavelengths

(k< 3 lm), well into the strong-coupling regime and with

the potential to access both shorter wavelengths and the

ultra-strong coupling regime. We employ grating based-

resonators that were originally developed for longer mid-IR

wavelengths,16 and we find that they still operate well at

these shorter wavelengths. Finally, we also demonstrate that

operating in the strong-coupling regime permits to achieve

narrower absorption resonances with respect to operation in

the weak coupling regime. This is of interest, given the

intrinsically relative large linewidth of ISB transitions in the

GaN system.17

The sample is grown by NH3-MBE in a Riber Compact

21 growth reactor. Growth is carried out on a FZ highly

resistive Si(111) substrate. The active region and claddings

are grown at 800 �C. The 150-nm-thick AlN buffer layer is

nucleated at low temperature (600 �C), and then, the temper-

ature is rapidly ramped-up to 1030 �C in order to improve

the structural properties.18 The structure consists of 18 repe-

titions of 5-nm-thick n-doped GaN quantum wells (QWs)

separated by 2-nm-thick AlN barriers. This active region is

sandwiched between thin Al0.29Ga0.71N claddings (30 and

82 nm, respectively) to maintain a flat-band condition across

the QW section.

Figure 1 shows the band structure in the conduction

band for 3 periods of the structure. The first two electronic

wavefunctions are confined by the triangular potential of

the QW, induced by the strong internal spontaneous and

piezoelectric field. The calculated bare transition energy is

E12¼ 382 meV. However, the sample is heavily doped, the

corresponding plasma energy is Eplasma¼ 285 meV, and an

FIG. 1. Conduction band profile of the studied GaN/AlN heterostructure.

The calculation has been performed with a Schr€odinger-Poisson solver.
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important depolarization shift is expected.19 The sample

is therefore expected to absorb at Ê ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2

12 þ E2
plasma

q

¼ 477 meV.

We have characterized the room temperature ISB transi-

tion of the sample with two different techniques. First, we

measured the transmission in a multi-pass waveguide config-

uration after polishing the facets at 30� angle, to avoid the

total internal reflection at the silicon-GaN interface. A typi-

cal result is reported in Fig. 2(a). The absorption peak is

slightly asymmetric, possibly a symptom of inhomogeneous

broadening. It is centered at an energy Eexp¼ 403 meV, with

a full-width at half maximum (FWHM) c12¼ 146 meV, that

corresponds to 36% of the ISB energy.

The sample has been subsequently waferbonded to a

GaAs host wafer using gold-gold thermo-compression techni-

ques as detailed, for instance, in Ref. 20. At this point, the

importance of performing the sample epitaxy on a silicon

wafer becomes evident: the substrate must be selectively

removed to expose the active region and obtain a semiconduc-

tor QW slab resting on a thick gold surface (inset of Fig.

2(b)). We employed a XeF2 gas-phase etching to perform this

operation, since the process does not attack the GaN-based

active region. The combination of high electronic doping and

relatively low GaN index of refraction permits to measure the

RT ISB absorption using a microscope equipped with a 32�
Cassegrain objective and connected to a Fourier-transform

infrared (FTIR) spectrometer. The measurement geometry is

sketched in the inset of Fig. 2(b), while the figure reports the

result of a typical measurement. The absorption peaks at the

same energy as the multipass waveguide measurement.

However, the FWHM is only 77 meV, corresponding to 19%

of the ISB energy. The FTIR microscope performs the mea-

surement on a 50 � 50 lm2 area, whereas the multi-pass

approach probes a mm-sized area of the sample. This confirms

the inhomogeneous origin of the broadening, which possibly

stems from spatial non-uniformities across the sample surface.

It is unusual to measure the ISB absorption using a

FTIR microscope. In our case, it is possible, thanks to the

sample high doping level and the relatively low refraction

index of GaN. We can perform a quick estimate. Assuming

that the back mirror is ideal, the measurement is equivalent

to the transmission across a sample with twice the QW num-

ber (36 instead of 18). The Cassegrain objective focuses light

onto the sample in an angular range between 20� and 40�.
Assuming an average incidence angle of 30�, and the nomi-

nal doping density of 5 � 1019 cm�3, we can calculate a2D,

the fraction of light absorbed by the 2D layer,21 and hence

estimate the sample absorption as 5.7%. This value is of the

same order of magnitude as the experimental result (7.5%)

and—given the crudeness of the approximation—is satisfac-

tory and explains why this simple technique can be

employed to measure the ISB transition energy, and also

assess the degree of spatial inhomogeneity.

We have then implemented a top metallic grating on top

of the wafer-bonded sample, as schematically shown in Fig.

3(a), a geometry that permits to easily perform reflectivity

measurements22 and extract the device photonic bandstruc-

ture. With a proper choice of the grating period, it is possible

to superimpose the upper photonic branch at k//¼ 0.42 with

the bare ISB transition energy, as the Rigorous Coupled

Wave Analysis (RCWA) simulation in Fig. 3(b) shows.

Strong light-matter coupling is then expected between the

ISB plasmon and the photonic mode,16 as presented in Fig.

3(c). The active region dielectric function is modeled using

the Zału _zny–Nalewajko approach, as in Ref. 23.

The experimental reflectivity is measured using a FTIR

spectrometer in combination with an angle resolved reflec-

tion unit. The results are presented in Fig. 4: the sample fea-

tures a top metallic grating with a period K¼ 1.7 lm and a

metal filling factor of 78%. It was realized by e-beam lithog-

raphy followed by deposition of a Ti/Au metallic layer

(5 nm/40 nm). The experimental band-structure in reflectivity

is reported in Fig. 4(a): the upper polariton (UP) and lower

polariton (LP) modes are clearly visible. The RCWA simula-

tion reproduces the experimental data with a doping level of

2.15 � 1019 cm�3, lower than the nominal one. In turn, this

permits to infer the value for ERabi as 53 meV. We also

observe the presence of the 1st diffraction order that crosses

the upper polariton branch and induces a reflectivity mini-

mum at the crossing point. This system operates well in the

short-wave IR region: at 21� incidence, the LP peaks at

k¼ 3.65 lm and the UP at k¼ 2.7 lm. With the long-term

goal of realizing an optically pumped ISB polariton laser24

(the analog—for ISB transitions—of exciton-polariton

lasers25,26) this GaN-based system is interesting since it per-

mits to operate in a spectral region where pulsed laser sour-

ces with elevated peak power are available.

In this context, the question of the polariton linewidth

naturally arises. Observing strong light-matter coupling with

such levels of broadening is peculiar of ISB transition based

systems, owing to the gigantic coupling constants that can be

achieved by introducing elevated doping levels in the sys-

tem, as it is the case here. We also observe a marked line

narrowing of the polariton states with respect to the bare ISB

transition. Figure 4(b) shows that the FWHM of the UP (LP)

is CUP¼ 10.6% (CLP¼ 13.5%) of the transition. This is way

FIG. 2. (a) Sample transmission measured at room-temperature and in a mul-

tipass waveguide configuration with facets polished at 30�, as sketched in the

inset. The measurement was performed using a FTIR spectrometer equipped

with a beam-condenser. The source is a globar lamp, and the detector is a

room-temperature DTGS. (b) Sample reflectivity (R) measured with an FTIR

microscope. In this case the sample is waferbonded, via Au-Au thermo-com-

pression, on a carrier substrate. Since there is no transmission, the measure-

ment permits to directly gauge the absorption as 1-R. In this case, the detector

is liquid-nitrogen cooled Mercury Cadmium Telluride (MCT).
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less than the linewidth of the ISB transition (CISB) in weak

coupling, which was estimated as 36% from multi-pass

measurements, and 19% from microscope measurements. If

we assume the latter value, the line narrowing can be explained

considering that the polariton linewidth is the weighted aver-

age of the cavity (Ccav) and the material excitation broadening.

These grating-based resonators exhibit a Ccav¼ 5% from the

THz up to the mid-IR range of the electromagnetic spec-

trum.16,22 Under the hypothesis that Ccav is similar at k¼ 3 lm,

we estimate a polariton linewidth of �12% (at the anti-

crossing point), in agreement with the experiment.

However, the surface of the sample that is probed with

the reflectivity measurements is much larger than the

observation spot of the microscope; hence, the question

arises why the broadening value of 36% is not at work here.

In fact, it is not possible to invoke the resonator linewidth if

we consider CISB¼ 36%. Explaining this unexpected behav-

ior is beyond the scope of this paper. We just highlight the

experimental observation, and we suggest that a process

analogous to the motional narrowing for exciton-polaritons

could also be present for ISB polaritons too, as suggested,

for instance, in Ref. 27, and also initially investigated in

Refs. 12 and 28. In any case, the experimental finding is that

operating in the strong coupling regime with the GaN system

provides access to ISB-based transitions with much narrower

linewidth than what can be achieved, with current technol-

ogy, in this material system. This observation can be of inter-

est in view of developing unipolar devices (detectors, for

instance) operating at short-IR wavelengths.
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FIG. 3. (a) Schematics of the experimental geometry for angle-resolved

reflectivity. (b) RCWA simulation of the reflectivity of the empty cavity. The

reflectivity is plotted in the x-k// space. (c) RCWA simulation of the reflectiv-

ity of the strongly coupled system (i.e., the polaritonic dispersion). The GaN

heterostructure is modeled with the Zaluzny-Nalewajko approximation,23

using a doping level of 2.15 � 1019 cm�3, lower than the nominal one.

FIG. 4. (a) Experimental polaritonic dispersion measured at room-temperature

via angle-resolved reflectivity measurements. Conversion from the x-h space

to the x-k// space is readily obtained with the formula k//¼ (x/c)sin h. The

agreement between experiment and theory (Fig. 3(c)) is very good. (b)

Comparison between the reflectivity of the strongly coupled system (measured

at h¼ 21�, lower panel) and the reflectivity of the weakly coupled system (no

grating) measured with the FTIR microscope (upper panel). A clear line-

narrowing is observed.
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