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ABSTRACT: Phased-array metasurfaces grant the ability to arbitrarily shape the
wavefront of light. As such, they have been used as various optical elements
including waveplates, lenses, and beam deflectors. Luminescent metasurfaces, on
the other hand, have largely comprised uniform arrays and are therefore unable to
provide the same control over the wavefront of emitted light. Recently, phased-
array control of the wavefront of spontaneous emission has been experimentally
demonstrated in luminescent phased-array metalenses and beam deflectors.
However, current luminescent metasurface beam deflectors exhibit unidirectional
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emission for only p-polarized light. In this paper, we use a reciprocal simulation strategy to explain the polarization disparity and
improve the directionality of incoherent emission from current quantum-well emitting phased-array metasurfaces. We also design
complementary metasurfaces to direct emission from systems where emission originates from alternate quantum mechanical

processes.

B INTRODUCTION

Traditional phased-array metasurfaces grant control over the
propagation of transmitted and reflected light by engineering
the shape and size of their constituent meta-elements to impart
a desired phase profile to a spatially coherent incident beam.
Owing to their ability to arbitrarily shape the wavefront of
coherent light, traditional phased-array metasurfaces have seen
use as beam deflectors,” polarizing elements,”* lenses,”™’
holographic phase masks,”~” and vortex beam generators.'”""
In this sense, most traditional phased-array metasurfaces are
optical elements, which require a coherent incident light
source. Luminescent metasurfaces, on the other hand, are
integrated with their own generally incoherent light source.
Although early work coupling emitters to plasmonic nano-
antenna showed luminescent phased functionality,"”>~"> much
of the subsequent work has focused on metasurfaces with
uniform arrays."®"*" Although uniform metasurfaces impact
the spectrum, radiation patterns, and emission intensity of the
coupled lumophore, they are unable to impart the phase
control necessary for arbitrary wavefront shaping.

Recently, luminescent phased-array metasurface lenses,
axicons, and beam deflectors comprising gallium nitride
(GaN) nanopillars embedded with InGaN quantum wells
(QWs) have been experimentally demonstrated.””** Because
these luminescent phased-array metasurfaces are a relatively
new outgrowth of the more traditional transmissive and
reflective metasurfaces, many questions remain as to their
operation and design. In particular, although the luminescent
beam deflectors produced by Ilyer et al. exhibited both p- and
s-polarized unidirectional transmission, unidirectional photo-
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luminescence was observed for p-polarized but not s-polarized
light.22 Further, although an accompanying analytical model
accurately explained the most striking features of the emission
patterns, it lacks the explanatory power to explain this
polarization dependence andenable robust design of future
luminescent metasurfaces for application in areal lighting, next-
generation displays, and optical communications.

In this work, we validate the results of a reciprocity-based
simulation scheme against experimentally measured momen-
tum-resolved photoluminescence spectra. Subsequently, we
employ these reciprocal simulations to predict the emission
patterns of luminescent beam deflectors, identify important
parameters for achieving directionality, and develop heuristics
for metasurface design. These tools allow us to investigate the
highly polarized nature of the directional emission seen in
experiment. Lastly, we use the simulation tools and heuristics
to improve the directionality of p-polarized emission by 60%
over the previous work, design first-ever beam deflectors
capable of highly directional s-polarized emission, design
metasurfaces for directional air-side emission, and identify
metasurface designs for directing emission from other
quantum-well systems with different underlying quantum
mechanical transitions. These results aid in our practical
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Figure 1. (a) Momentum-resolved radiation pattern of InGaN QWs in an unpatterned GaN thin film. (b) Schematic representation of a beam
deflector simulation. The yellow layer in the nanopillars represents the QW region, and the green arrow represents the input plane wave, which is

then swept across momentum space.
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Figure 2. Simulated (circles) and measured (lines) emission at 540 nm for (a) p-polarized and (b) s-polarized light from two beam deflectors

designed to emit at either —0.41 k, (top) or —0.08 k, (bottom).

understanding of unidirectional emission from luminescent
phased-array metasurfaces and allow the optimization of future
devices.

B SIMULATION APPROACH

In a beam-deflecting metasurface, a coherent plane wave with a
transverse momentum of k; = ko sin(6,) is redirected into a
unidirectional transmission lobe with a transverse momentum
of ky. = kosin(6,), where k is the free space momentum and 6,
and 6, are the angles of incidence and transmission,
respectively. The difference between the momenta of the
transmitted and incident waves is equal to the “metasurface

momentum”, ky = kj, — k). Assuming a linear metasurface

phase gradient, ky; = %‘ = 2an where ¢ is the phase profile

with respect to position, x is the free space wavelength, and A
is the metasurface macroperiod. Using the above principles, a
beam-deflecting metasurface can achieve unidirectional trans-

mission according to k; , =k ; + ZK”. This description breaks

down when we consider that spontaneous emission is generally
spread across momentum space and a well-defined input
momentum cannot be ascribed to the emitted light. However,
the spontaneous emission from in-plane electric dipoles in
InGaN/GaN QW thin films has a strong distinct peak just
beyond the critical angle at kj; = +1.06k, as seen in Figure la.
Although this ray is ordinarily trapped in the substrate,
metasurface patterning can redirect the emission and facilitate
extraction into air.

To investigate the observed polarization dependence, find
metasurface designs capable of directional s-polarized emission
from in-plane electric dipoles, and investigate the directional
emission from alternate quantum emitters, we employ and
evaluate a reciprocity-based numerical simulation
scheme.'***** We simulate beam deflectors comprising arrays
of square cross section, 1450 nm tall GaN nanopillars of
varying widths with InGaN QWs embedded 113—148 nm
below the air/GaN interface. Nanopillars are spaced 250 nm
apart and sit atop a sapphire substrate. The nanopillar widths
are chosen to give a linearly varying transmission phase, as
discussed in our previous work.””** An angled plane wave is
sourced within the semi-infinite sapphire substrate and
propagates toward the metasurface (Figure 1b). The incident
angle for both p- and s-polarized light is swept to predict the
far-field emission pattern as a function of angle. By reciprocity,
the integrated electric field component, [IE,(x,y)*dxdy, in the
QW region is proportional to the emitted far-field photo-
luminescence intensity at the same angle from a dipole source
oriented along i.”° Thus, we are able to quickly simulate p- or
s-polarized emission from hypothetical QWs at any arbitrary
position in the nanopillar with the same angle-dependent
simulations by integrating the appropriate electric field
component at the desired z coordinate. The reciprocal method
also allows us to simulate a small periodic region of the
metasurface as opposed to a large, finite array, as would be
needed in a local dipole source method,”’ giving us both
smaller simulation domains and QW position multiplexing.
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Details of the simulation settings can be found in the Methods:
Simulation Details section.

B RESULTS AND DISCUSSION

Figure 2 shows experimental (solid line) and simulated
(circles) emission patterns of 540 nm light as a function of
transverse momentum. Results are shown for both p- (left) and
s-polarized (right) light for two different one-dimensional
(1D) beam deflectors, one designed to emit at —0.41 k, (top)
and another at —0.08 k, (bottom). Emission patterns from
other 1D beam deflectors are given in Supporting Figure 1.
Calculations and measurements agree very well for p-polarized
emission—the simulations accurately predict the location and
intensity of the main metasurface-mediated unidirectional
emission lobes. Calculations and measurements also agree for
s-polarized emission—predicting all of the major emission
features, including the local minimum at the target emission
momentum.

The variance seen for p- and s-polarized emission from these
metasurfaces is dramatic. Whereas p-polarized emission shows
a maximum at the target momentum, s-polarized emission
shows a local minimum. To understand this polarization
dependence, which is nearly absent in transmission,”” it is
important to understand the fundamentally different mecha-
nisms by which metasurfaces impart directionality to trans-
mitted versus emitted light. In transmission, each nanopillar is
“sourced” by an incident plane wave, which creates a defined
phase relationship between the different nanopillars. As the
light propagates down, each nanopillar imparts a different
phase shift producing the desired output phase. In this
abstraction, interpillar coupling—whereby source dipoles in
one nanopillar generate induced polarization dipoles in
neighboring nanopillars—produces a small perturbation of
the desired results. If interpillar coupling is ignored, the
fourfold nanopillar symmetry produces identical results for s-
and p-polarization. In the case of luminescent metasurfaces,
however, interpillar coupling is essential to achieving direc-
tional emission.

In luminescent operation, a single source dipole in one
nanopillar induces polarization dipoles in neighboring nano-
pillars with a well-defined phase relationship. The interference
between waves generated via source and induced dipoles leads
to directional emission. The emission from varying source
dipoles is summed incoherently, as necessitated in spontaneous
emission. Thus, p-polarized emission—which is driven by
dipoles oriented parallel to the phase gradient—will exhibit
different interpillar coupling phases relative to s-polarized
emission—which is driven by in-plane dipoles oriented
perpendicular to the phase gradient. Figure 3 shows the
phase of 540 nm light emitted from dipoles placed 120 nm
below the air/GaN interface of a uniform array of 1450 nm tall,
170 nm wide nanopillars—other nanopillar widths show
similar patterns. We see that p-polarized light accumulates
approximately 7 radians of phase between neighboring
nanopillars, whereas s-polarized light accumulates approx-
imately 0.5 7 radians of phase between the source dipole and
an induced dipole. Details of this simulation can be found in
the Methods: Simulation Details.

Having first experimentally validated our numerical simu-
lations, we subsequently use them to optimize the existing
luminescent metasurface designs. In an effort to standardize
and expedite our simulations, we chose to simulate
luminescent beam deflectors comprised of 1000 nm tall
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Figure 3. Phase of light emitted from dipoles placed at the QW
location of a uniform array of nanopillars—vertical line marks the
center of the neighboring nanopillar.

nanopillars with metasurface momentum ky = 0.72 k.
Naturally, changing the nanopillar height necessitates
recalculating the relationship between nanopillar width and
phase response; see the Methods: Simulation Details section
for details.

As these reciprocal simulations allow for QW position
multiplexing, emission patterns of p-polarized light were
simultaneously calculated for QWs spanning from 0 to 400
nm below the GaN/air interface. The emission pattern for 540
nm was extracted as described above, and the directivity at the

_ _ 1(6,)[max(#) — min()]
target angle (6, = 0.193 rad), D(0) = S TR was
calculated as a function of the normalized QW position.
Consistent with our previous experimental design intuition,
maximum directivity occurs for QWs placed nearly 0.5 A,/n
below the GaN/air interface. Specifically, we see that
maximum directivity occurs at 0.477 Ay/n (110 nm). Similar
simulations were carried out using 480—560 nm incident light.
These wavelengths roughly correspond to the InGaN QW
emission band (Figure 4a, inset). The directivity as a function
of the QW position for all source wavelengths is shown Figure
4a. We see a clear sinusoidal pattern for each wavelength, and a
marked increase in directivity as the source wavelength
decreases from 540 to 500 nm. A maximum directivity of D
= 5.59 is seen with a 500 nm source for QWs placed 0.328 1,/
n (70 nm) below the air/GaN interface. Since our simulations
use nondispersive optical constants, this increase in directivity
is achievable for our design wavelength of 540 nm (the
wavelength of maximal emission for InGaN QWs) by scaling
all metasurface dimensions by 540/500. When we simulate a
metasurface that accounts for both QW position and the
wavelength-based isotropic scaling, we see that we can achieve
a 60% increase in directionality over the initial unscaled
metasurface design where we place the QW 0.5 4y/n (115 nm)
below the air/GaN interface (see Figure 4b). We see that in
addition to QW position, moderate isotropic scaling can have a
powerful impact on directionality. Interestingly, this improved
design represents a 90% increase in directionality over the best
metasurface produced by Ilyer et al.”*

In addition to improving unidirectional p-polarized
emission, we can use our simulation technique to identify
metasurface designs for unidirectional s-polarized emission.
Just as with p-polarized light, the directivity of s-polarized light
has a sinusoidal relationship with the QW position. The s-
polarization cycle is approximately 180° out of phase with the
p-polarization cycle: the s-polarization maxima occur near p-
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Figure 6. (a) Simulated directivity of p-polarized emission as a function of QW position for a variety of wavelengths. (b) Simulated normalized
emission for an air-side beam deflector with a target momentum of 0.34 k.

polarization minima (Figure Sa). This is important in
explaining the difference in directionality between p- and s-
polarizations in experimental metasurfaces. The experimental
metasurfaces had their QWs located at approximately 0.5 A/n.
This QW location corresponds to sub-unity directionality,
whereas high directivity occurs near 0.9 4,/n. In an attempt to
improve directionality, we again rescale to the initial
metasurface design, as described above. We see that directivity
is maximized (D = 2.48) at the original scale (540 nm) for a

22480

QW located 0.867 A,/n (200 nm) below the air/GaN interface.
The directional s-polarized emission pattern is shown in Figure
Sb alongside the original emission pattern corresponding to
QWs placed 120 nm below the air interface. (Note the
similarities between the initial trace in Figure Sb and s-
polarized traces in Figure 2b.) By appropriately relocating the
QWs, undesired emission at high momenta is minimized, while
emission at the target momentum transforms from a local
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Figure 7. (a) Directivity of the simulated p-polarized emission from out-of-plane electric dipoles as a function of the emitter position for a variety of
wavelengths. (b) Simulated normalized emission for p-polarized light from a beam deflector with a target momentum of 0.34 k.

minimum to a global maximum, as desired for unidirectional
emission.

All simulations thus far have utilized a plane wave source
originating within the substrate. This was originally done to
compare simulation with experiment (Figure 2), but emission
does not need to be collected from the substrate. We can easily
simulate emission directly into air by sourcing the plane wave
in air. Naturally, the QWs of an air-side emitter should be
located near the sapphire/GaN interface, such that an
appreciable transmission phase can accumulate through the
nanopillar. Balancing this need for QW depth with growth
defects caused by a lattice mismatch between sapphire and
GaN, we performed a new phase-width calibration for QWs
located about halfway up the nanopillars. As above, our air-side
luminescent beam deflector is designed for a target output
momentum k, = 0.34 k,. Running corresponding simulations
for a variety of scaling factors and measuring directivity, we
obtain Figure 6a. Although the directivity is not quite as high,
the same sinusoidal pattern is seen here as in the case of
substrate-side emission. Figure 6b shows the maximally
directional emission, corresponding to a metasurface that has
had its dimensions scaled by 540/530, its QW buried 2.74 4,/n
(560 nm) below the air/GaN interface, and a directivity of D =
2.47.

Finally, we can use these simulations to move beyond in-
plane electric dipoles characteristic of InGaN/GaN QWs.
Specifically, we can investigate metasurface emission from out-
of-plane electric dipoles by considering the out-of-plane
electric field component from p-polarized sources in
substrate-side simulations. Using the same design as for
other substrate-side simulations, we see unidirectional emission
at the target wavelength for out-of-plane electric dipoles
located about 0.9 4,/n below the air—GaN interface of the
default structures (see Figure 7a). As above, we rescale the
simulation to improve directionality. We see that a 540/510
isotropic scaling provides maximal directionality, D = 3.82,
when the QW is placed 0.826 4,/n (180 nm) below the air/
GaN interface. Simulated emission results corresponding to the
maximal directionality can be seen in Figure 7b.

B CONCLUSIONS

Luminescent phased-array metasurfaces grant the ability to
shape the wavefront of spontaneous emission. However, owing
to the lack of sophisticated modeling tools, questions of how to
achieve unidirectional emission from the various types and
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orientations of quantum emitters were unanswerable. In this
paper, we determine that the polarization-based disparity in
emission from luminescent phased-array beam-deflecting
metasurfaces is partially due to the difference in the phase of
induced dipoles from disparately oriented source dipoles. We
employ a powerful simulation strategy to predict the
momentum-resolved emission patterns from luminescent
metasurfaces and identify the importance of QW position in
ensuring directional emission. We also see that minor isotropic
scaling can result in the marked improvement of directionality.
We have designed new luminescent beam-deflecting meta-
surfaces with highly directional p- and s-polarized emission
from in-plane electric dipoles. We similarly designed
metasurfaces capable of directional air-side emission. And
finally, we design metasurfaces capable of directional substrate-
side p-polarized emission from out-of-plane electric dipoles.
The simulation tools and heuristics developed here will
dramatically improve the design and efficiency of luminescent
beam deflectors and provide a launching point for the further
exploration of luminescent phased-array metasurfaces.

B METHODS: SIMULATION DETAILS

Lumerical FDTD was used for all simulations.

Nanopillar Phase-Width Calculations. A unit cell
consisting of a nanopillar atop a sapphire substrate was
illuminated by a 540 nm dipole placed 100 nm below the top
of the nanopillar. Bloch boundary conditions were used in the
lateral planes, and perfectly matched layers were used above
and below the nanopillar. The phase of the transmitted electric
field was measured one wavelength below the nanopillar. The
nanopillar width was altered in subsequent simulations to
obtain a phase-width response, as seen in Figure S2.

Metasurface Emission Simulations. The desired meta-
surface was constructed as described in the text. Bloch
boundary conditions were used along the lateral planes,
while perfectly matched layers were used above and below the
metasurface. An auto nonuniform mesh type 24-layer steep
angle perfectly matched layer (PML) boundary was used. An
additional override mesh with a 13 nm resolution was used
throughout the hypothetical QW region. The electric field
intensity at the QW was determined via a frequency domain
power monitor.

Dipole Phase Simulations. A 7 X 7 array of nanopillars,
with dimensions as indicated in the text, on sapphire was
simulated with PML boundaries on all sides. A 540 nm dipole
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source was placed at the QW location, and an additional
override mesh was placed near the source dipole to increase
resolution. The phase of emitted light was measured across the
plane of the QW using a frequency domain power monitor.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.2c01654.

Additional validation of simulation results and details
concerning the calculation of the phase profiles used in
this work (PDF)
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