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Optical Phase Transition in Semiconductor Quantum Metamaterials
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Unexpected light propagation effects, such as negative refraction, have been reported in artificial media.
Leveraging on the intersubband resonances in heterostructured semiconductors, we show that all possible
optical regimes, ranging from classical dieletric and metal to hyperbolic metamaterial types 1 and 2, can be
achieved. As a demonstration, we prove that the negative refraction effect can occur at a designed frequency

by controlling the electronic quantum confinement.
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Metamaterials are artificial, human designed materials
that feature uncommon physical properties such as an
ultrahigh refractive index, extraordinary optical activity,
and generalized reflection and refraction [1-5]. In modern
optics, these metamaterials are becoming ubiquitous, in
particular owing to their fascinating possibility of realizing
devices based on a negative index of refraction. Originally,
materials with negative refraction index were theoretically
considered by Veselago in 1968 [6]. The negative index is
obtained in a material presenting simultaneous negative
dielectric permittivity and magnetic permeability. In
Veselago’s method, metamaterials are designed by match-
ing electric and magnetic resonances, leading to a strong
absorption. Since then, much effort has been made to
reduce this absorption, considering, for example, gain
materials [7,8]. Another efficient approach consists of
exploiting the hyperbolic dispersion of light propagating
in materials featuring opposite signs of permittivity along
the orthogonal in- and out-of-plane directions [9].
Hyperbolic dispersion is reached in an anisotropic medium
by modifying the optical response along one direction,
using, for example, an arrangement of materials of opposite
sign of permittivities. In such a system, also dubbed a
hyperbolic metamaterial (HMM), one of the electric or
magnetic resonances is replaced by the material anisotropy.
HMMs are of type 1 or type 2, whether they possess one or
two negative permittivity components. Type 1 HMMs are
more suitable for practical applications thanks to the
propagation effects inside the metamaterial. They exhibit
a negative refraction without negative index due to the
opposite signs of the in-plane components of Poynting and
wave vectors. On the other hand, type 2 HMMs reflect all
incident light and do not show negative refraction [10,11].
This conceptual simplification comes with a drastic reduc-
tion of the optical losses since the main idea is to use an
alternating composition of resonant and nonresonant mate-
rials. Semiconductor materials offer several functional
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advantages for HMMs by substituting the metallic reso-
nant part with a highly doped semiconductor [12-14].
Unfortunately, one of the most important features of a
semiconductor heterostructure has been disregarded so far,
i.e., the quantum confinement and the related electronic
transitions.

In this Letter, we address the fundamental role of
quantum heterostructures inserted into a HMM. Contrary
to the previous works on semiconductor HMMs, our
contribution accounts not only for the in-plane metallic
response but also for the presence of strong electronic
resonances along the z direction due to the intersubband
(ISB) transitions in quantum wells (QWs). Tuning both the
QW thickness and the barrier height allows us to tune the
optical phase diagram, ranging from classical dielectric and
metal to type 1 and 2 HMM.

Before getting into the details of the metamaterial designs,
we propose an intuitive toy model that contains all of the
physical ingredients leading to HMM regimes. Let us
consider a stack composed of two alternating materials:
(1) a nondispersive dielectric, and (2) a layer exhibiting a
resonant Lorentzian response [see Fig. 1(a)]. The resonant
medium is represented by an oscillating charge on a spring. In
the hyperbolic regime, the thicknesses of both layers—
namely, 1; and l,—are subwavelength, and, thus, the per-
mittivity of the whole structure can be described using the
Maxwell-Garnett effective-medium theory. Then the effective
permittivity of the structure can be averaged from the layer
medium permittivities (&; and &,, respectively) as follows:
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Keeping &, constant, a sign inversion of &; is required to
achieve opposite signs of the in- and out-of-plane permittiv-
ities. A Lorentzian susceptibility can become negative by
introducing any physical phenomenon that can be described
as a harmonic oscillator mode such as dipole excitations, two-
level quantum transitions or other effects (see the
Supplemental Material [15]). Taking @, to be the resonance
frequency of medium 1 and y its broadening, we can write
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where w,, represents the collective oscillation frequency of

the ensemble of springs in medium 1 and e, its high-
frequency permittivity. The optical phase diagram is obtained
by substituting Eq. (3) into Egs. (1) and (2). It exhibits a phase
transition from dielectric to metal through type 1 and 2
hyperbolic metamaterials, as shown in Fig. 1(b). The sign
inversion conditions of the real part of the permittivity are
highlighted for both components in the figure. An intersection
between these two curves occurs, giving rise to a hyperbolic
zone. The in-plane resonance occurs at @ = @,. Along the z
axis, it occurs at

2
w3 + L (4)

It represents the maximum excitation frequency to
achieve a hyperbolic behavior for negligible absorption
(r < w,). Negative index of refraction occurs when the
composite material reaches type 1 hyperbolic dispersion
[12,16—18]. In such a material, an incoming light beam is
refracted at negative angle, i.e., in the opposite direction
with respect to the refracted beam at the interfaces with
conventional materials, as presented in Fig. 1(c).

Such HMM behavior can be experimentally realized by
relying on ISB transitions in QWs. Let us consider a
multiple quantum well (MQW) with highly doped QWs
and undoped barriers with a spatial period I' << A, where A
is the wavelength of light. Because of the confinement in
the z direction, the electrons can oscillate between two
discrete electronic states at a frequency @y, = @y, behaving
as a two-level quantum system. The oscillator frequency
@1, and, in turn, the Lorentzian resonance frequency in
Eq. (3) is tuned by the QW thickness and barrier height.
Owing to the selection rules, the intersubband transition is
dipole forbidden in the in-plane direction (5"*" = 0),
leading to an anisotropic permittivity [18].

To demonstrate this novel approach, we rely on ISB
transitions in (1010) ZnO/(Zn, Mg)O MQWs [19]. High
quality nonpolar ZnO heterostructures can be grown on
bulk ZnO substrates at high doping concentration (well
above 10! cm™) [20-22], which facilitates the control of
the ISB transitions by avoiding the quantum confined Stark
effect. The structures were grown by molecular beam
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FIG. 1. (a) Schematic of the toy model structure. A stack along

the z direction of two alternating media: layer 1, thickness /; and a
resonant permittivity e; layer 2, thickness /,, dispersionless with a
permittivity &,. (b) Optical phase diagram showing the sign
inversion conditions for both in-plane and z components of the
effective permittivity as a function of the normalized frequency
w/w, and of the thickness ratio. 3D inset images: isofrequency
surfaces plotted in k space for the different behaviors. The
resonance energy is wy = @, /2. For simplicity, the curves are
plotted imposing ¢, = &,, = 1 and y = 0. (c) Comparison between
the refraction effect in (right) a conventional and in (left) a negative
index material.

epitaxy (MBE) on m-plane ZnO substrates. They consist
of a ten-period ZnO/Mg, 35Zn( 6s0 MQW. The ZnO QWs
are n doped ([Ga] ~ 5 x 10" cm™?), and the Mg, 35Zn 50
barriers are nonintentionally doped. The doping concen-
tration is high enough for the in-plane susceptibility to be
metallic. Since the barrier is undoped, it is considered to be
an isotropic dielectric material. Note that the utilization of
the MBE technique to grow the HMM structures allows the
reduction of the surface roughness and improves the
material quality of the HMM stack.

In order to model the response of a ZnO/(Zn, Mg)O
multilayer in the mid-IR, a permittivity that accounts for the
interaction of light with both the lattice vibrations and the
electron plasma [23] should be considered. Here, the ISB
resonance is chosen to be far from the phonon modes
(@phonons < 675 cm™"). Thus the influence of the phonon
modes can be neglected. The dielectric permittivity of the
(Zn,Mg)O barrier is nearly isotropic and can be expressed by
MeZn0 — MeZ0 - here (M0 g the high-frequency
dielectric constant. In the doped ZnO QWs, the isotropy
is not preserved anymore due to the presence of the
electronic transitions. More specifically, the high doping
concentration in the ZnO layers results in the presence of a
quasi-two-dimensional electron gas in the x-y plane, behav-
ing as a metallic thin film described by a Drude term in the
permittivity as
@}

nO _ ZnO __
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The parameter yi’;_p]ane stands for the broadening of the
plasma resonance at frequency w, given by

2
5 nype
wp = ————, 6
P , l*LQw(fo ( )

where n,p is the two-dimensional electron gas concen-
tration in the QW, g is the permittivity of vacuum, e is the
electron charge, m* is the electron effective mass, and Lqw
is the quantum well width.

Along the growth direction, the optical response must
take into account the ISB transition. This effect is well
captured by considering an oscillation of the electrons
between the two sublevels in the conduction band
[18,24,25]. This contribution can be modeled by consid-
ering a Lorentzian term in the permittivity, as

flzw%
2

e20(w) = 200 + R .
0}, — @ — oy,

(7)

where f, is the ISB transition oscillator strength, @, the
ISB transition frequency, and y;, its broadening.

The effect induced by the ISB transition on the permit-
tivity is hence anisotropic (see the Supplemental Material
[15]). While the in-plane component of the permittivity is
unaffected by the presence of the ISB resonance, the
presence of an ISB transition breaks the symmetry of
the bulk optical response in the z direction, which can be
tuned by the layer thickness. As the QW width is incre-
ased, the number of sublevels in the QW increases, and
ISB transitions between different levels could occur.
Nevertheless, in the presence of a high doping level, many
body interaction effects induce a coherence in the system,
leading to a single strong dipole resonance, in which all
dipoles in the different transitions are coupled and oscillate
resonantly in phase. A mechanical analogue is the motion
of the center of mass of an array of particles attached to
each other by springs and oscillating in phase. The effective
single resonance arising from the mode locking of ISB
dipoles that contribute by their oscillation strengths is
dubbed the multisubband plasmon (MSP) mode [26,27].
Since the MSP mode can be represented by an oscillation
between two virtual confined levels in the QW, the single
Lorentzian resonance model with the permittivity function
in Eq. (7) is still valid. However, the mode frequency (@;,)
and the plasma frequency (w,) need to be adjusted as a
function of the individual ISB transitions to capture
correctly the MSP response [23]. A high doping level in
the QWs leads to an additional shift of the ISB absorption
peak (@) such that w2, = i, + w3 /e, [28]. This effect
is known as the depolarization shift, and it results from the
screening of the electric field by the oscillating electrons in
the system. Therefore, the final ISB absorption from the
QW is a function not only of the energy difference between
sublevels but also of the electron concentration in the layer.
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FIG. 2. Hyperbolic metamaterial condition with a nominal
doping of n. ~ 5 x 10" em™ and lz,0/lygzno = 3.5. (a),(b) Real
part of the effective permittivity (a) in-plane and (b) out-of-plane
as a function of the frequency and QW thickness. The black solid
curves show the sign inversions. (c) Optical phase transition
diagram of the system as a function of frequency and QW
thickness. (d) FOM = Re(k, )/Im(k ), where k, is the wave
vector in the direction perpendicular to the layers.

A comparison of this expression with Eq. (4) for a
metamaterial where Re{e.(w)} =0 [see Fig. 1(b)] indi-
cates that the maximum frequency at which the HMM is
type 1 appears at the ISB absorption peak frequency (@ ).

Figure 2 displays the spectral dependence of the per-
mittivities for a MQW as a function of the QW thickness
calculated by substituting Eqgs. (5) and (7) into Egs. (1)
and (2). Both in- and out-of-plane effective permitti-
vities exhibit a sign inversion, given by the curves
Re{éin plane (Izno. @) } = 0 and Re{e. (Iz,0, @)} = 0, under-
lined by the solid lines in Figs. 2(a) and 2(b). These two
solid curves are plotted together in the diagram in Fig. 2(c)
to illustrate the optical phase transition occurring in this
system as a function of the QW thickness and wave
number. By changing the QW thickness, i.e., w;,, we
can obtain all of the possible optical behaviors, ranging
from classical dielectric and metal to HMM type 1 and 2.
The optical phase diagram also shows a singular point
where the four optical behaviors meet and where the
transition between the optical phases becomes highly
sensitive to the system parameters. Remarkably, changing
the ISB transition energy allows us to tune the HMM type 1
optical response by around 50% of the bulk plasma
resonance, i.e., by around 1000 cm™~!, just by modifying
the QW thickness. As opposed to bulk materials without

117401-3



PHYSICAL REVIEW LETTERS 123, 117401 (2019)

ISB transitions (i.e., with @, = 0), the optical phases can
be modified here without changing the plasma frequency of
the system. Tuning the resonance energy iS a unique
characteristic of this type of quantum metamaterial.
Remarkably, the quantum confinement enhances the neg-
ative refraction effect in a type 1 HMM. This effect can be
quantified with a figure of merit (FOM) given by FOM =
Re(k,)/Im(k ) (see the Supplemental Material [15] and
Ref. [29]), which reaches values above 12 [Fig. 2(d)],
comparing well with the state of the art [11,13]. Hence, we
demonstrate that quantum confinement increases strongly
the FOM compared to the negative index of refraction
metamaterials in the classical limit (i.e., with no quantum
confinement). Finally, note that, for large QW widths, the
out-of-plane permittivity converges to its bulk material
value. In this limit, the MSP mode frequency tends to zero,
and its plasma frequency to the bulk plasma frequency of
the ZnO layer.

The optical phase diagram of this system can also be
controlled by adjusting the barrier height, which impacts
1,. In our material system, this parameter is determined by
the Mg concentration in the barrier. Performing the
equivalent analysis to Fig. 2, we show that varying the
Mg concentration in the (Zn,Mg)O barrier from 0% to 40%
can tune the HMM type 1 behavior by up to 780 cm™! (see
the Supplemental Material [15]).

To test the validity of our theoretical model, we have fab-
ricated a MQW structure with a designed depolarization-
shifted ISB resonance at @, ~ 2150 cm™" [Fig. 3(a)]. The
thicknesses were set at 35 and 10 nm for the QWs and
the barriers, respectively. From polarization reflectance
spectroscopy, we have extracted the material parameters
and constructed the effective-medium permittivity (see the
Supplemental Material [15]). As shown in Fig. 3(b), the
MQW fulfills the requirements for a type 1 HMM
(€in-plane > 0 and e, <0) in the range from ~1600 to
2150 cm™', which is also precisely the range in which
the ISB transition is experimentally observed [Fig. 3(a)]. In
agreement with the previously discussed model, the ISB
transition is centered at the frequency where the out-of-
plane permittivity crosses zero. Figures 3(c) and 3(d) show
the relative transmittance (ratio of half-blocked to
unblocked transmittance spectra; see the methods section
in the Supplemental Material [15]) measured under p and s
polarization, respectively, as a function of the angle of
incidence on the HMM. The negative refraction is expected
to give rise to a dip or an increase in the relative trans-
mittance spectra. The relative transmittance measured
under p polarization [Fig. 3(c)] features a strong variation
of the transmission across the frequency band centered at
2150 cm™! (i.e., around w,,). As predicted by the model,
this effect is not present when repeating the experiment
under s polarization of the light [Fig. 3(d)]. Moreover, the
sign and the intensity of the effect matches the prediction:
for negative angles of incidence, the relative transmission

Wavelength (um)
87 6 5 4 76 5 4 3
T T

100 p'pollarizatic'm e Ippolar'ization
S
8
& 98
5 S
& g
~ 96 §
| | | | | | §
T T T >
. . o
s polarization | @
g
=
A
& At
-50°  +50° 4
-4 - gin—plane
1 " 1 1 1 1 1
1500 2000 2500 2000 3000 4000
Wave number (cm™)
FIG. 3. (a) MQW measured transmittance under p polarization

at a 50° angle of incidence, indicating the absorption at the ISB
resonance. (b) Calculated real part of the in-plane and out-of-
plane components of the effective permittivity of the sample. The
shaded area indicates the region where the structure fulfills the
requirements of a type 1 HMM. Ratio of the half-blocked to the
unblocked transmittance spectra for (c) p and (d) s polarizations
of the incoming light. The spectra at normal incidence have been
taken as a baseline and subtracted from all other spectra. The
arrows indicate the overall evolution of the spectra with the angle
of incidence of the light.

increases with decreasing angles, whereas for positive
angles it decreases with increasing angle. This result is a
direct indication that the MQW structure features negative
index of refraction at the frequency of the ISB resonance.
Also, note that the observed increase in the relative trans-
mittance for the negative incident angles indicates that we
are observing negative index of refraction and not just
absorption from the ISB transition.

In conclusion, we have predicted and experimentally
demonstrated that the quantized electronic transitions in a
quantum semiconductor system lead to hyperbolic behav-
ior. The out-of-plane contribution of the intersubband
transition in the QW permittivity enables a type 1 hyper-
bolic dispersion responsible for the negative refraction.
This Letter connects for the first time the concepts of
intersubband plasmons with the photonic response of
hyperbolic metamaterials. Both the quantum well and
barrier thicknesses and their respective doping are deter-
minant for controlling the electronic resonance used to
finely tune the material dispersion. This Letter highlights
the role of quantum confinement in the photonic response
of quantum heterostructure materials, and it proves that the
electronic intersubband resonance in some of the most
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conventional heterostructured materials could lead to
unexpected metamaterial behavior such as optical phase
transitions. These results could be used to further control
the photonic response and the dispersion properties of
various quantum devices using intersubband transitions
such as quantum cascade lasers and quantum well infrared
detectors. Moreover, it has been shown that the large
effective refractive index modification induced by the
HMM response can be utilized to fabricate hyperbolic
nanoantennas to control both scattering and absorption
cross sections over a wide wavelength range [30].
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