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Strong Light-Matter Coupling in Subwavelength Metal-Dielectric Microcavities
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We have demonstrated that a metal-dielectric-metal microcavity combined with quantum well inter-
subband transitions is an ideal system for the generation of cavity polariton states in the terahertz region.
The metallic cavity has highly confined radiation modes that can be tuned in resonance with the
intersubband transition. In this system we were able to measure a very strong light-matter splitting (the
Rabi splitting 2{) ), corresponding to 22% of the transition energy. We believe this result to be the first
demonstration of intersubband polaritons in the terahertz frequency range.
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One of the most important parameters for light-matter
interaction is the dimension of the photonic confinement
[1,2] which sets the vacuum electric field amplitude of the
cavity photons [3]. So far, devices operating in the light-
matter strong coupling regime rely on dielectric confine-
ment, which is, at the best, of the size of the wavelength in
the material [4—6]. Instead, if the confinement is provided
by two metallic layers, the electromagnetic field can be
squeezed, in one direction, into a strongly subwavelength
width [7,8]. When the gap between the metals is filled with
a two-dimensional electronic system, one obtains a micro-
cavity where a multitude of electrons resonantly interact
with an extremely confined photonic mode. In this limit the
coupling between light and matter strongly increases, lead-
ing to an unexplored regime in which the coupling fre-
quency (the Rabi frequency (1) is one of the dominant
characteristic rates of the system [9].

The strong coupling between light and intersubband
(ISB) transitions has been observed in the midinfrared
wavelength range [10,11], by using AlGaAs/GaAs dielec-
tric waveguides based on total internal reflection. In our
work, we illustrate a completely different scheme of light
confinement for terahertz wavelengths, in which photons
are trapped between two metals separated of a thickness L
much smaller than the wavelength A (A/L = 100). The
advantages of the terahertz range are multiple [12]. At
these frequencies, the optical constants of metals allow
the compression of the electromagnetic field into very
small volumes without gigantic Ohmic losses that would
spoil the cavity resonance [2]. Moreover, photonic struc-
tures in the terahertz region can be realized with relatively
simple processing, as the smallest planar features are on
the order of A/4n, = 10 wm, with n, the refractive index
of the semiconductor. Finally, for a terahertz transition
frequency ,, the figure of merit Qz/w,, can be consid-
erably increased, because it scales as 1 /\/w_u [9]. The

0031-9007/09/102(18)/186402(4)

186402-1

PACS numbers: 71.36.+c, 42.50.Pq, 42.79.Gn, 73.20.—r

unexplored regime, where Qg/w;, = 0.5, has been re-
ferred to as the ultrastrong coupling regime, and yet un-
observed fundamental phenomena, such as the dynamical
Casimir effect or the generation of correlated photon pairs,
could become accessible in these systems [13].

Planar metallic cavities are widely used to guide elec-
tromagnetic radiation in the u wave [8] and nowadays are
exploited also for semiconductor terahertz quantum cas-
cade lasers [14,15]. For a cavity thickness L, smaller than
A/2n,, the only existing mode is the fundamental
transverse-magnetic TM, mode with an electric field that
is constant throughout the cavity. The vacuum Rabi fre-
quency is then written [1]

2 Now(N; — N
QR:J 77'(32 *f12 QW( 1 2). (1)
4aregn;m L

Here e is the electron charge, m™ is the electron effective
mass, &, is the electric constant, f;, is the oscillator
strength of the electronic transition coupled with the cavity
mode, Nqw is the number of quantum wells (QWs), and
N; — N, is the population difference between the two
subbands. When () is larger than the damping rates of
both the transition and cavity, the eigenmodes of the sys-
tem are linear combinations of matter and light states,
called intersubband polaritons [1,16]. The energy degen-
eracy is lifted, and the new eigenvalues are separated by the
Rabi splitting 27() ;, which can be revealed experimentally
by conducting spectral measurements.

Our photonic design is presented in Fig. 1. The semi-
conductor material containing the QWs is sandwiched
between a planar metallic mirror and a metallic rectangular
strip grating with period p and strip width s. The TM,
mode is contained between the strips and the planar mirror.
As will be explained later in the text, the grating structure
both defines a lateral photonic confinement and allows an
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FIG. 1 (color online). The photonic structure used in our
experiments. (a) Optical microscope top view of the rectangular
metallic grating—with typical dimensions. (b) Scanning electron
micrograph of the cleaved facet of the structure. The top and
bottom metallic layers are, respectively, 0.4 and 1 wm thick. The
bottom metallic layer is also used to bond the sample on a GaAs
host wafer. (c) Schematics of the active layer, containing 15 rep-
etitions of the GaAs/AlGaAs quantum well. The first two energy
levels of the wells are separated of 14.5 meV, corresponding to a
frequency of 3.5 THz.

efficient coupling of free space photons into the double-
metal regions. A major advantage of our structure is that it
allows the observation of intersubband polaritons for light
under normal incidence, whereas in all previous reports the
experiments were performed only at almost grazing inci-
dence, close to the substrate light cone [10,11].

The 32-nm-thick GaAs QWSs, grown by molecular
beam epitaxy, have a fundamental transition of w,/27 =
3.5 THz (/\ = 85.7 ,um) With 20-nm-thick Alo_lsGaongAS
barriers and Nqw = 15 well-barrier repetitions, the total
thickness of the structure is only L = 0.8 wm. This
strongly subwavelength value guarantees single TM,
mode operation in the whole frequency range of interest
(up to 9 THz). Note that, in the direction perpendicular to
the metal layers, the photon wavelength (A = 85.7 um)
has a high confinement factor A/n,L on the order of = 30.
Since the TM; mode has no cutoff frequency, in principle,
L can be further reduced to values where only one or two
QWs would be needed to achieve the strong coupling
regime. The QWs are Si-doped with a sheet density of 5 X
10'° ¢cm™2. This corresponds to a Fermi level of 1.8 meV at
T = 0 K, so that all of the carriers will populate only the
fundamental subband at low temperatures.

The optical response of the cavities is studied in reflec-
tometry measurements, where the p-polarized beam from
the Globar lamp of a Bruker Fourier transform interfer-
ometer is focused on the device at 45° incidence through a
polarizer. The reflected beam is refocused by a pair of
confocal f/2 parabolic mirrors onto a Si bolometer detec-
tor cooled at 4.5 K. The absolute reflectivity is obtained by
dividing the obtained spectra on a reference spectrum
taken from an unpatterned gold surface. The spectraat T =
300 K show no evidence of ISB absorption since the
carriers are thermally excited on many subbands. This
allows us to characterize the system as an empty cavity.
The spectrum of a cavity with period p = 20 wm and strip

width s = 9.6 um is shown in Fig. 2(a), upper panel. In
this spectrum, three reflectivity dips, labeled by the integer
K =1,2,3, are visible. The grating period p is smaller
than the wavelength of the incident light, and hence the
only diffracted order is the Oth order specular reflection.
The dips indicate resonant absorption of the incident ra-
diation due to the excitation of cavity modes [17,18]. The
features between 8 and 9 THz are related to the reststrahlen
band of the semiconductor. Systematic studies with differ-
ent periods p and strip widths s show that the resonant
frequencies v of the dips are independent on p but shift
regularly with s. In Fig. 2(a), we have plotted vy as a
function of the quantity 1/s, which, when multiplied by the
light velocity c, has units of a frequency. Clearly, v has a
linear dependence with 1/s. For K = 2, 3 the dependence
is no longer linear due to the anomalous change of the
refractive index for frequencies approaching the reststrah-
len band. Therefore, it can be assumed that in the lateral
direction the structure simply behaves as a set of indepen-
dent Fabry-Perot resonators with frequencies:
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FIG. 2 (color online). (a) Upper panel: Reflectivity spectra of
the cavity at a 45° angle of incidence. Lower panel: Position of
the three reflectivity minima K = 1-3 plotted in an inverse slit
1/s-frequency diagram. Red dotted curve: Experiment. Blue
straight curve: Numerical model. (b) Spatial distribution of the
electromagnetic field components |H,| and |E,| for the K =1
resonance. Note that the field goes to zero beyond the lines of
impedance mismatch; therefore, the different double-metal re-
gions are uncoupled. (c) Spatial distribution of |H | for the K =
2,3 resonances. The integer K counts the number of field
maxima of the standing wave pattern of |H,|.
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structure by the strongly subwavelength thickness L of the
semiconductor layer, hinders the coupling between the
resonators [20]. This is also shown in the contour plots of
the relevant electromagnetic field components in Fig. 2(b).

These Fabry-Perot resonances are similar to those aris-
ing in a single slit or a periodic array of slits perforated in a
metallic film of finite thickness [7,21-23]. Recently, these
systems have been extensively studied in connection with
the phenomena of extraordinary optical transmission dis-
covered by Ebbesen et al. [22]. Scaling the result of
Ref. [23] to our structure, we were able to reproduce the
rather high effective modal index (n,, = 4.6 for K = 1)
extracted by comparing measurements with Eq. (2).

Although the resonant frequencies are independent from
the period p, the periodicity of the system plays a crucial
role in the efficient coupling of the incident photons into
the cavities through the grating near field. Indeed, in the
case of a subwavelength grating p < A, the diffraction
generates a set of evanescent orders, closely confined in
the vicinity of the grating surface [24]. These evanescent
waves, propagating along the grating surface, mediate the
energy transfer from the incident plane wave to the tightly
confined TM; modes in the double-metal regions.
Numerical modeling shows that the energy transfer is
greatly enhanced for shorter periods, which enabled us to
achieve very high coupling efficiencies (=60%). This
concept could therefore be applied for building efficient
intersubband detectors.

Strip widths s have been chosen so that the frequency of
the K =1 mode can be swept in the 2.5-5 THz range
[Fig. 2(a)], where the ISB absorption occurs. The absorp-
tion is turned on by lowering the temperature which pop-
ulates predominantly the lowest subband of the QWs. In
accordance with Eq. (1), this results in an increased Rabi
splitting and the appearance of ISB polaritons. Spectra as a
function of the temperature are presented in Fig. 3, where
we compare an unprocessed reference sample with a mi-
crocavity sample. In the first [Fig. 3(a)] we probe the bare
QW absorption in a multipass transmission experiment,
whereas in the second [Fig. 3(b)] we show the reflection
spectra of a sample fully processed into a cavity with vg_;
close to the expected absorption.

In the multipass experiment of Fig. 3(a), a transmission
dip appears as the temperature is lowered, the signature of
a progressively increasing ISB absorption. At 7 = 6 K the
absorption feature is centered at 3.66 THz, with a FWHM
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FIG. 3 (color online). (a) Transmission measurements for dif-
ferent temperatures of the quantum well absorption region. The
top surface of the sample is fully covered with gold to enhance
the terahertz electric field at the metal-semiconductor interface.
The terahertz radiation is injected from a 45° polished facet and
reaches the quantum well region through the substrate.
(b) Reflectivity measurements for different temperatures of the
cavity with strip width s = 9.6 um, nearly resonant with the
quantum well absorption (dashed line).

of 0.5 THz. We attribute this rather high value to the donors
located inside the QW. The absorption peak shifts slightly
with temperature (=0.1 THz) due to depolarization effects
[25]. The absorption disappears at temperatures higher
than 70 K, thus justifying the bare cavity studies at room
temperature presented above.

In the cavity-processed sample [Fig. 3(b)], the K = 1
mode splits into two reflectivity features situated on both
sides of the bare QW absorption (indicated by a dashed
line). Moreover, the coupling strength of the optical reso-
nance, defined as the area of the reflectivity dip at 7 =
300 K, is almost evenly distributed between the two re-
flectivity features at 7 = 6 K. These are unambiguous
evidences of the strong light-matter coupling regime, the
two dips corresponding to the ISB polariton states [1,16].

To further confirm the strong light-matter coupling re-
gime, we have performed low temperature (T = 4.5 K)
reflectometry measurements by varying the cavity detun-
ing (different strip width s). In Fig. 4(a), we present the
spectra for three different cavities: one that is redshifted
(s = 8.4 um) with respect to the bare absorption, one in
resonance (s =9 um), and a blueshifted one (s =
10.4 pm). The bare absorption is always situated between
the two reflectivity dips. Figure 4(b) shows the full disper-
sion in the frequency —1/s diagram. Clearly, the K = 1
mode is split into two polaritonic branches with the char-
acteristic anticrossing behavior [1]. The K =2 and K = 3
modes appear unaffected as they are considerably detuned
from the absorption. Nevertheless, they are blueshifted
with respect to those at 300 K due to the temperature
variation of the refractive index.

The continuous blue lines in Fig. 4(b) are reflectivity
simulations that now take into account the ISB absorption
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FIG. 4 (color online). (a) Low temperature reflectivity spectra
of three cavities, with modes that are, respectively, redshifted
(s = 8.4 pum), nearly resonant (s = 9.6 um), and blueshifted
(s = 10.4 pm) with respect to the intersubband absorption. The
bare absorption peak from Fig. 3(a) [~ log(transmission)] is also
shown and has been rescaled for clarity. (b) The dispersion
diagram of the system at 7 = 4.5 K. The K = 1 mode is split
into two polaritonic branches, with minimal energy separation
2Qy /27 = 0.8 THz. The blue continuous lines are our simula-
tions.

through a Drude-Lorentz dielectric tensor, which is a func-
tion of the electronic sheet density, as described in
Ref. [26]. The experimental results are very well repro-
duced with the nominal value Ny — N, = 5 X 10'° cm™2.
The data in Fig. 4(b) allow one to determine precisely a
Rabi splitting 2Q,/27 = 0.8 THz at the anticrossing
point. This is close to the value 0.9 THz predicted from
Eq. (1), using fj, = 0.96 (the oscillator strength of the
fundamental transition of an infinite QW [25]). The value
of 0.8 THz is already a significant fraction, 22% of the ISB
frequency w,/27 = 3.6 THz.

We believe that these results, which are to our knowl-
edge the first experimental evidence of cavity polaritons at
terahertz frequencies, will open a path for the exploration
of new optoelectronic devices operating in the strong- and
ultrastrong-coupling regimes. In addition, the electronic
density in the cavity can be easily controlled by a static
electric field [27]. Such a device, in which the photonic
confinement may even reach the size of the electronic wave
function, could therefore connect the world of semicon-
ductor integrated electronics [28] with that of quantum
optics.
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