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The intriguing physics of non-Hermitian systems satisfy-
ing parity-time (PT) symmetry has spurred a surge of both
theoretical and experimental research in interleaved gain-
loss systems for novel photonic devices. In this work, we
investigate vertically stacked GaInP PT-symmetric nanodisk
resonators arranged in two-dimensional periodic lattice
using full-wave numerical simulations and scattering matrix
theory. The proposed dielectric metasurface supports lasing
spectral singularities with asymmetric reflection and highly
anisotropic far-field scattering patterns. It offers a much
broader design parameter space to control wavelength,
scattering direction, and efficiency of optical emission
when compared to the predominantly one-dimentional
(1D) or quasi-1D structures studied so far. The proposed
system with Q-factor >105 serves as a powerful platform
for enhanced light-matter interaction by enabling extensive
control of asymmetric light scattering, amplification,
and unprecedented localization of electromagnetic
fields. ©2020Optical Society of America

https://doi.org/10.1364/OL.398551

Fundamental postulates of quantum mechanics dictate that a
closed system must be described by Hermitian Hamiltonians
to guarantee real eigenvalues and a complete set of eigenvec-
tors. The existence of real eigenvalues for non-Hermitian
Hamiltonians obeying PT (parity-time) symmetry [1] has
triggered an exploration of a wide range of experiments to study
counter-intuitive dynamics such as single-mode lasing [2],
unidirectional invisibility [3], coherent perfect absorber (CPA)-
laser [4], and non-reciprocal [5] and anisotropic transmission
resonance [6]. In the context of photonics, PT-symmetry [7,8]
implies that the complex refractive index profile must be of the
form n(r)= n∗(−r), implying the real and imaginary parts of
the refractive index have to be even and odd functions of the
spatial coordinate r, respectively. The interplay of gain-loss
contrast, i.e., the non-Hermiticity factor, and the coupling in
PT-symmetric systems has resulted in several exciting break-
throughs, especially near the PT-phase transition points.
A common and widely explored mechanism of the transition
of non-Hermitian systems from the PT-symmetric phase (real

eigenvalues) to broken-PT phase (complex conjugate pair of
eigenvalues) is through the occurrence of exceptional points
(EPs) [9–12]. These EPs correspond to degeneracy in the discrete
spectrum of a non-Hermitian Hamiltonian operator, where both
eigenvalues and eigenvectors coalesce as the system parameters
(gain-loss contrast or coupling) are varied. Another mecha-
nism by which PT-symmetric systems can undergo PT-phase
transition is through the emergence of spectral singularities
(SS) [13]. The SS are the points in the continuous spectrum of
a non-Hermitian Hamiltonian operator, where the scattering
coefficients tend to infinity [14]. A necessary and sufficient
condition for a given non-Hermitian potential to support SS at
a prescribed wavelength is discussed in [15]. Theoretically, it has
been shown that SS in the PT-symmetric system are self-dual,
i.e., they can behave simultaneously as a laser oscillator and as
a CPA [16–18]. In contrast to EPs and CPA points that can be
realized in passive configurations, lasing SS can occur only in
the presence of gain [19]. The SS, being poles of the scattering
matrix at real frequencies, imply zero-width resonances and
have applications like super scattering, nanolasers, and other
non-linear phenomena where strong light-matter interaction is
desired.

The exact condition of PT-symmetry can be satisfied only at
isolated frequency points [20] for gain/loss materials exhibiting
a Lorentzian line-shape spectrum. However, the concept of
quasi-PT symmetry [21] allows the PT-symmetry conditions
to be achieved over a finite frequency range. Active solid-state
materials like III-V semiconductors are suitable candidates for
designing quasi-PT symmetric optical devices due to their broad
gain spectrum. Previously, research in the context of EPs and SS
has focused on micron-scale photonic structures incorporating
gain-loss balance or passive PT-symmetry. When the systems
are scaled into the nanoscale dimensions, the losses become
significant and requirements on gain become stringent. In this
work, we propose an active two-dimensional GaInP metasurface
operating at optical wavelengths. The proposed metasurface
exhibits tunable SS whose wavelength, amplitude, and scat-
tering response can be efficiently tuned by both geometry and
gain (optical pumping). The simulated structure consists of a
two-dimensional (2D), PT-symmetric metasurface of vertically
coupled GaInP disks separated by an SiO2 spacer, as shown
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Fig. 1. (a) Schematic illustration of the PT-symmetric GaInP meta-
surface with TM polarized light (E-field along the x -axis at normal
incidence); gain-loss modulation is along the z-axis, parallel to incident
wave vector k. (b) Unit cell consisting of a rectangular lattice with sub-
diffractive periodicity Px = 400 nm along the x -axis and diffractive
periodicity Py = 550 nm along the y -axis. The radius (r = 100 nm)
and height (h = 250 nm) of each GaInP nanodisk are varied to over-
lap the collective resonance of the array with the gain spectrum of
GaInP. Varying the spacer gap g determines the coupling between
gain and loss resonator, and thereby the phase of PT-symmetry. The
overall structure is embedded in SiO2 to create a homogenous envi-
ronment. (c) The refractive index exhibits dispersion of the form
n(λ, z)= n∗(λ, −z) such that it satisfies the quasi-PT-symmetry
condition.

in Fig. 1. The gain-loss modulation is introduced along the
z-direction, longitudinal to the wave propagation direction.
The coupling between the disks is determined by the thickness
(g ) of the SiO2 spacer layer, and the structure is embedded in
SiO2 to provide a homogeneous environment.

The geometric parameters (radius r and height h) of the res-
onators and the lattice periodicities (Px and Py ) are tuned
to overlap the SS with the PL (photoluminescence spec-
trum) of GaInP (FWHM 1λ= 630−670 nm with a peak
at λ= 655 nm). We consider the refractive index profile for
GaInP meta-atom with dispersion in the wavelength range of
∼550−700 nm, as in Fig. 1(c). The proposed GaInP metasur-
face can be realized experimentally by judiciously adjusting the
doping level and thereby gain [22] in the GaInP semiconductor.
The structure is studied numerically by carrying out full-wave
three-dimensional (3D) simulations in FEM (Finite Element
Method) software (COMSOL Multiphysics, Stockholm,
Sweden). The simulation domain consists of a rectangular unit
cell of the array with periodic Bloch boundary conditions along
x and y directions. The stacked nanopillar representing the
PT-symmetric GaInP resonator is excited using port boundary
conditions at the top and bottom of the unit cell. The inci-
dent light is normal to the metasurface (along the z-axis), and
the electric field is polarized along the x -axis. We refer to the
scattered power in the forward direction as transmission and
the scattered power in the backward direction as reflection.
The scattered power in various diffraction orders supported by
the lattice is calculated by using appropriate port conditions in
both transmission and reflection.

Figures 2(a)–2(c) show the calculated transmission and reflec-
tion for p-polarized light passing through the PT-symmetric
GaInP nanodisk array as a function of the wavelength and the
gap parameter (g ). The transmission is identical for illumina-
tion from either gain or loss side, but the reflection shows an

Fig. 2. Emergence of SS with the varying gap between the res-
onators can be observed in (a) transmission, which is identical for
illumination from both the gain and the loss side, and reflection for
illumination from (b) loss and (c) gain sides, which shows asymmetric
behavior. Inset in (a) shows the spectra with a finer sweep of the gap. SS
are tunable and red-shift with the increasing gap (reduced coupling)
between the gain-loss resonators. (d) Quality factor of the system
with varying gap g between the resonators. On the emergence of
SS, the Q-factor rises sharply with the highest value, Q = 6.4× 105

at λ= 640 nm and g = 108 nm. The Q-factor value in the range
g = 100−150 nm varies with an average Q ∼ 1.5× 105 over the
range. (e) Transmission and (f ) reflection spectra diverge at the SS and
resemble a zero-width resonance.

asymmetric response. The asymmetry in reflection is due to the
different positions of the gain and loss regions relative to the
illumination ports. However, this does not violate the Lorentz
reciprocity condition as the system is linear and non-magnetic.
For smaller gaps (g < 60 nm in this case), the structure is in the
PT-symmetric phase, i.e., balanced gain-loss, and hence no SS
are present.

For g > 60 nm, we see a strong divergence in the reflection
and transmission profile. As the gap increases, the effective time-
reversal symmetry breaking perturbation gets stronger, and the
metamaterial enters the PT-broken phase [23]. In the broken
PT-phase, for a finite range of wavelength, photons spend more
time in the gain nanodisk compared to the loss nanodisk, lead-
ing to a net gain in the system. This results in the emergence of
SS. From Figs. 2(a)–2(c), we can see that the SS gradually shift-
ing to longer wavelengths with the increasing gap, i.e., reduced
coupling. The SS in the proposed metasurface show continuous
evolution along the wavelength axis over a wide range of gap.
The observed broad spectral tunability of SS can be attributed
to the presence of multiple degrees of freedom in the proposed
metasurface. Like bound states in the continuum (BIC), the
SS lead to extremely large Q-factors at the wavelength at which
they occur, as seen in Fig. 2(d). The highest value of the Q-factor
is observed at g = 108 nm, and the corresponding transmis-
sion and reflection spectra are plotted in Figs. 2(e) and 2(f ),
respectively. Note that the transmission for incidence from
either side seems to be asymmetric in the vicinity of SS due to the
finite numerical resolution of the simulation tool. The varying
Q-factor with an average value of ∼ 1.5−2× 105 over a range
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of gap parameter (g = 100 to 150 nm) provides flexibility to
control the wavelength-selective efficiency of optical emission in
the proposed structure.

To further understand the observed divergence of trans-
mission/reflection coefficients in the proposed PT-symmetric
metasurface, we analyze the zeros of its transfer matrix. In
a 1D scattering with two ports, the amplitudes of forward
and backward propagating waves on either side of the sys-
tem are related to each other by a 2× 2 transfer matrix given as

M =
(

M11 M12
M21 M22

)
[24]. In a linear 1D scattering system, the SS

are the real zeros of M22(ω), i.e., at SS, the relation M22(ωss)= 0
is satisfied [25]. However, as seen in Fig. 3(a), the proposed ver-
tically coupled PT metasurface with the lattice periodicities
of Px = 400 nm and Py = 550 nm supports zeroth and first
diffraction orders for incident light in the wavelength range
∼500−800 nm. To examine how the relation M22(ω)= 0 is
satisfied in the 2D metasurface with more than two channels,
we constructed a 6× 6 dimensional transfer matrix for the
proposed system using the scattering matrix approach (sec-
tion 2 of [26]). First, the 6× 6 S-matrix was constructed by
computing the scattered power in the three channels, each on
either side of the structure for normal incidence. The S-matrix
elements were obtained by performing several simulations by
setting A+l = 1 (A−g = 1) for incidence from loss (gain) side.
This computed S-matrix was transformed into a 6× 6 transfer
matrix, as shown in (1), using the canonical interchangeabil-
ity relation between 2× 2 matrix elements of scattering and
transfer matrices [24]

a+g
A−g
b+g
A−g
c+g
A−g


=



M11 M12 0 0 0 0

M21 M22 0 0 0 0

0 0 M33 M34 0 0

0 0 M43 M44 0 0

0 0 0 0 M55 M56

0 0 0 0 M65 M66





A+l
a−l
A+l
b−l
A+l
c−l


. (1)

The first block matrix (M11 to M22) corresponds to the zeroth
diffraction order and remaining block matrices (M33 to M44)
and (M55 to M66) corresponds to -1st and 1st order, respectively.
The magnitude of terms M22, M44, and M66 (equivalent M22
terms for each diffraction order) are plotted in Figs. 3(b)–3(d),
whereas their sum is plotted in Fig. 3(e). It is evident from
Fig. 3(e) that the occurrence of SS in the proposed system is
accompanied by the equivalent M22 terms for the allowed
diffraction channels going to zero. The magnitude of equivalent
M22 terms along cut lines (1) and (2) in Fig. 3(e), for the varying
gap at λ= 640 nm and varying wavelengths at g = 108 nm,
is plotted to show the contribution of the equivalent M22
terms at the SS. Thus, in the proposed PT-symmetric metasur-
face, the equivalent M22 terms going to zero at SS implies the
amplification of scattered power in all the allowed channels.

The SS in the proposed structure exhibits an interesting direc-
tional response. One of the earlier works on a PT-symmetric
plasmonic dimer [27] reported the scattering of light predomi-
nantly towards the gain side of the structure, while another work
on a PT-symmetric Janus cylinder [28] stated that the deflection
of light is towards the loss sector irrespective of illumination
direction. We show that the anisotropic directional response of

Fig. 3. (a) For the given lattice periodicities, our structure supports
zeroth and 1st order outgoing, diffraction channels shown by the red
arrows. Two incoming channels from each side are denoted by bold
arrows. The amplitude coefficients (indicated by a for 0th, and b, c
for -1st, 1st order) are subscripted with l and g for the loss and the
gain sides, respectively. (b)–(d) The magnitude of |M22|

2, |M44|
2 and

|M66|
2 terms of the transfer matrix corresponding to zeroth and -1st

and 1st diffraction channels supported by the proposed metamate-
rial highlighting their corresponding zeros. (e) Addition of terms in
(b)–(d) leading to absolute zeros → |M22| = 0 at the wavelength of
SS. The magnitude of equivalent M22 terms along cut lines (1) and (2)
is plotted.

SS in our proposed PT-symmetric nanoantenna array can be
tuned to show predominant scattering towards either side of the
structure, thus enabling the directionality control. As shown in
Fig. 4(a) for lattice periodicities of Px = 400 nm, Py = 550 nm
(one sub-diffractive and one diffractive), the far-field scattering
of the E-field is directed towards the loss side irrespective of
the excitation port. Figure 4(b) plots the ratio of forward to
backward (F/B) scattered intensities showing that backscat-
tering is dominant when light is incident from the loss side,
and forward scattering dominant when light is incident from
the gain side. Further, the magnitude of the E-field is much
stronger in the case of excitation from the loss side. On the
contrary, Figs. 4(c) and 4(d) plot the scattering profile and F/B
ratio for the case of sub-diffractive periodicities (Px = 300 nm,
Py = 350 nm) along both the axes with SS appearing at a longer
wavelength λ= 691 nm. Here, irrespective of the direction of
the illumination, the far-field scattering is dominant towards
the gain side. With gain-side illumination, the backscattering
is dominant with a larger magnitude while forward scattering
dominates for illumination from the loss-side. We believe that
the complex interference of the magneto-electric resonances
and lattice modes excited in each PT-symmetric nanoantenna
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Fig. 4. (a) At the SS wavelength, the scattering lobe is dominant
towards the loss side irrespective of the excitation direction. It is more
prominent in the case of excitation from the loss side compared to
the gain side. (b) The F/B ratio shows backscattering to be dominant
for incidence from the loss side, while forward scattering is dominant
when light is incident from the gain side at SS. (c) For PT-metamaterial
with both sub-diffractive periodicities (Px = 300 nm, Py = 350 nm),
the scattering lobe is dominant towards the gain side irrespective of the
illumination side with a higher magnitude when light is incident from
the gain side at SS, λ= 691 nm. (d) The F/B ratio shows backscat-
tering to be dominant for incidence from the gain side while forward
scattering is dominant when light is incident from the loss side. The
direction and magnitude of asymmetric scattering are dictated by
the interplay of Mie resonances at the SS wavelength determined by
the gain-loss contrast and coupling between them due to SiO2 spacer
thickness and the unit cell periodicities.

in the array gives rise to conditions similar to Kerker’s first and
second conditions observed in dielectric nanoantennas [29,30].
The control of the coupling between loss and gain resonators,
the interference between their modes, and the overall 2D-lattice
resonances will provide a route towards designing a special
class of tunable sources exhibiting direction-sensitive emission
properties.

From the viewpoint of the experimental realization of the
proposed metasurface, we note that the fabrication-induced
disorder and the material-related non-idealities are unavoidable.
These can cause the extremely narrow-width SS to manifest as
finite-width resonances with small detuning from predicted SS
wavelengths. The overall Q-factor can also be expected to be less
by ∼2− 3 orders of a magnitude similar to the results in [30],
but still sufficient to observe the effects shown in Figs. 2 and 4.

In conclusion, we demonstrate the existence of SS in an open
PT-symmetric nanoresonator scattering system for the visible
spectrum. The SS in the proposed structure offers two unique
advantages: (i) they are robust to parameter variations and are
tunable both in wavelength and amplitude, and (ii) the far-field
scattering is highly directional. Our analysis suggests that a
proper combination of geometry, gain, and subwavelength reso-
nances provides flexibility for designing tunable and directional

nanophotonic light sources employing non-Hermitian phys-
ics. The strong localization of the fields at SS and the unusual
directional response will be useful in applications where strong
light-matter interaction with directionality is desired, such as
ultrasensitive sensors, non-reciprocal amplifiers/attenuators,
and non-linear devices.
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