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ABSTRACT: Light-emitting sources and devices permeate
every aspect of our lives and are used in lighting,
communications, transportation, computing, and medicine.
Advances in multifunctional and “smart lighting” would
require revolutionary concepts in the control of emission
spectra and directionality. Such control might be possible with
new schemes and regimes of light—matter interaction paired
with developments in light-emitting materials. Here we show
that all-dielectric metasurfaces made from III-V semi-
conductors with embedded emitters have the potential to
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provide revolutionary lighting concepts and devices, with new functionality that goes far beyond what is available in existing
technologies. Specifically, we use Mie-resonant metasurfaces made from semiconductor heterostructures containing epitaxial
quantum dots. By controlling the symmetry of the resonant modes, their overlap with the emission spectra, and other structural
parameters, we can enhance the brightness by 2 orders of magnitude, as well as reduce its far-field divergence significantly.

KEYWORDS: all-dielectric nanophotonics, Mie-resonances, dielectric nanoantennas, Fourier imaging, spontaneous emission

mprovements in our understanding of light—matter

interactions have enabled a plethora of breakthroughs in
light emission. Decades ago, it was realized that the
spontaneous emission rate of an emitter can be manipulated
by tailoring the optical density of states of its local
environment." Subsequently, numerous works investigated
the properties of emitters coupled to Fabry—Perot cavities
and optical micropillar microcavities,” photonic crystal
cavities” as well as to systems that support high quality-
factor resonances such as bound states in the continuum™® and
Fano resonances.” While Fabry—Perot cavities have been used
successfully for controlling radiative rates (due to their
potentially high Q-factors) and constitute the basis for
commercial devices such as vertical-cavity surface-emitting
lasers (VSCEL), they do not offer much possibilities for far
field control beyond that offered by transverse lasing modes. In
addition, they often rely on stringent epitaxial growth
requirements in layer thicknesses and compositions. Lately,
plasmonic®™"* and dielectric'>'* nanoantennas were also
employed in this regard, with emitters placed in the “hot-

v ACS Publications  © xxxx American Chemical Society

spots” of the nanostructures to control their spontaneous
emission rates. In a likewise manner, the far-field emission
pattern can be controlled through coupling to nanostructured
systems. For example, shaping of the far-field emission patterns
from single or few localized emitters was experimentally
demonstrated using plasmonic®~"* and dielectric nanoanten-
nas.'*'* Metamaterials and their 2D equivalent, metasurfaces,
present a new platform to control far field patterns as they
provide a much more compact and often flat alternative to

. : 1521
conventional optical components.

Over the past few
years, it has been shown both theoretically and experimentally
that metasurfaces can be effective for achieving far-field
emission patterns with desired properties such as divergence
and directionality.'”**~* Although both metallic and dielectric

metasurfaces were used for this purpose, only an all-dielectric
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Figure 1. Modal structure of symmetric and symmetry broken semiconductor metasurfaces. (a) Sketch of a symmetric metasurface. A mode
characterized by out-of-plane oriented magnetic dipole moments can be excited for oblique-incidence excitation only. The inset shows the
coordinate system that denotes the directions and the angles of incidence as implied in the calculations. (b,c) Calculated absorbance spectra of the
metasurface depicted in (a) for s- (TE) and p- (TM) polarized incidence light, respectively, for a variation of the polar angle 6 (the azimuthal angle
@ is kept equal to 0°). The out-of-plane magnetic dipole mode, which appears as a narrow band of strong absorption in (b) can only be coupled for
s-polarized light. Also note that the absorption feature of this band vanishes for normal incidence. (d) Sketch of a symmetry-broken semiconductor
metasurface. The symmetry break allows for excitation of the out-of-plane magnetic dipole mode at normal incidence. (e,f) Calculated absorbance
spectra of the metasurface depicted in (d) for s- and p-polarized incidence light, respectively, for a variation of the polar angle 6 (the azimuthal
angle ¢ is kept equal to 0°). The out-of-plane magnetic dipole mode, now appears as a narrow band of strong absorption both for s- and p-polarized

light. Additionally, the absorption feature of this band persists for normal incidence.

approach offers a low-loss platform that does not cause
unnecessary loss in total quantum yield.

Past attempts at integrating emitters or other active media
with metasurfaces were done in an ad-hoc and sequential
manner or included inefficient emitters.”*”*® We have found
that the full potential for emission control through exploitation
of global symmetries is realized when emitters are intrinsically
embedded within the metasurface constituent material. An
attractive system to realize this vision is metasurfaces made
from epitaxial semiconductors where high-quality quantum
emitters can be incorporated during growth and top-down
nanofabrication processes are readily available. Here, we show
that we can achieve both goals of controlling spontaneous
emission and far-field patterns using quantum emitters
embedded within semiconductor-based all-dielectric metasur-
faces, taking advantage of high-Q localized photonic modes
resulting from reduced coupling to free-space and metasurface
designs that control the free-space coupling to these modes.

B SYMMETRY PROTECTED MODES OF DIELECTRIC
METASURFACES

A starting point for understanding the behavior of arrays of
high refractive index resonators is the determination of the
Mie-like multipolar modes of the uncoupled resonators.
(Although coupling effects occur in such arrays, for properly
designed metasurfaces it is more convenient and intuitive to
describe the metasurface from the standpoint of resonator
modes rather than using photonic crystal formalism.”*~>") For
isolated symmetric resonators such as spheres, the properties
of a multipolar mode (such as a dipole mode) are independent
of its orientation. However, when the resonators are arranged
in a subwavelength two-dimensional array, the properties of
the modes will depend strongly on the orientation of their
multipolar moments relative to the array plane. For example,
electric and magnetic dipole modes oriented in the metasurface
plane can be excited by normally incident waves (“bright”
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modes) and have low-quality (Q)-factors due to high radiation
damping. In contrast, the dipole modes oriented perpendicular
to the array plane cannot couple to normally propagating
waves and hence exhibit very high Q-factors (Figure 1a). Such
modes are known as symmetry-protected modes or dark
modes.”” The coupling to free-space waves increases as the
wave vector is tilted away from the normal. Metasurface
designs that feature geometrical perturbations that reduce
resonator symmetry can produce weak coupling between the
bright and dark resonator modes and thus offer a path for
normal incidence excitation of out-of-plane magnetic and
electric dipole modes.

These different families of modes with vastly different
quality-factors can be leveraged for emitter radiative rate
engineering. Emitters embedded in the resonators will
preferentially couple to modes that possess the highest optical
density of states, in this case, the high-Q, out-of-plane,
symmetry protected modes. To elucidate this, we have
calculated the absorption due to the excitation of the magnetic
dipole modes of a subwavelength array of cubic resonators (as
depicted in Figure la) under plane wave illumination, as a
function of incidence angle for s and p polarizations. Such
calculations reveal the in-plane dispersion of these modes, and
by reciprocity predict their emission behavior. Details of the
array geometry are provided in the Supporting Information.
Figure 1b,c show that for the cube resonator array both
polarizations can excite a broad in-plane dipole mode (green
area). However, for s-polarization, we observe an additional,
much sharper, feature that is due to the excitation of the out-
of-plane magnetic dipole mode (red regions). Since the
magnetic dipole emission—and by reciprocity its absorption—
is forbidden along the axis of the dipole moment, the
absorption band is interrupted at the center. For the broken-
symmetry resonators’~ (as depicted in Figure 1d) both
polarizations can couple to the high-Q vertical magnetic
dipole mode at normal incidence and the absorption band is
not interrupted at the center (see Figure lef).

To demonstrate simultaneous control over emission rates
and far-field emission profiles, two families of metasurfaces
were fabricated, both containing embedded InAs epitaxial
QDs.>*** The resonators were designed so that their lowest-
order in-plane Mie modes overlapped the ground state
photoluminescence of the QDs (~1.2 pm). One family
included arrays of symmetrical cylindrical resonators showing
broad, radiation-damped, in-plane electric and magnetic
resonances; while the other family comprised arrays of
broken-symmetry resonators that lead to sharp out-of-plane
dipole resonances in the 1—1.3 um spectral range. The
fabrication process is shown schematically in Figure 2a and
described in detail in the Methods section.” An electron
micrograph of a typical fabricated metasurface sample
composed of symmetrical cylindrical resonators is shown
in Figure 2b. Epitaxial InAs dots embedded in GaAs quantum
wells were chosen as the emitting species since electron
confinement within the dots reduces the rate of nonradiative
surface recombination.

B PHOTOLUMINESCENCE FROM SYMMETRIC
METASURFACES

We fabricated a series of arrays of symmetric cylindrical
resonators with a constant height of 400 nm and diameters
ranging from 280 to 340 nm. A constant duty cycle (defined as
diameter divided by periodicity) of ~55% was used for each
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Figure 2. (a) Schematic of the III—V semiconductor wafer structure,
incorporating several layers of self-assembled quantum dots in its
functional layer. Using a combination of electron-beam lithography,
inductively coupled plasma etching, and an oxidation procedure, the
wafers are nanostructured into metasurfaces consisting of Mie-
resonant nanocylinders incorporating the quantum dots. (b) Oblique-
view scanning electron micrograph of a typical fabricated sample. The
scale bar corresponds to 1000 nm.

array. Therefore, for each of these samples, only the ~24% of
the area containing QDs remains after the samples are etched.
The unpolarized photoluminescence spectra of these samples
were measured using a custom-built micro— photolumines-
cence setup operated in reflection mode (see Methods
section). Importantly, a microscope objective with a numerical
aperture of 0.4 was used for the measurement, so that the
emission is collected over a range of angles out to ~24 degrees.
In Figure 3a, we show the measured photoluminescence
spectra for several different samples of different diameters. All
the photoluminescence spectra were normalized to unity.
Photoluminescence from an unpatterned region is shown at
the bottom (black curve).

The brightest photoluminescence is achieved for the
metasurface consisting of resonators with a diameter of 320
nm. For this sample, the photoluminescence line width is quite
narrow (~3 nm), and the peak intensity is ~16 times (or ~67
times considering the 24% filling fraction) stronger than the
unpatterned area. The narrow line width emission and large
enhancement are not compatible with the broad in-plane
electric and magnetic dipole resonances, but rather are due to
high-Q dark modes. We mark all the photoluminescence peaks
resulting from this resonance with green arrows. As expected,
the photoluminescence peaks red-shift as the resonator
diameter increases. A small emission peak at ~1060 nm
emerges for the 340 nm diameter resonators due to the dark
magnetic quadrupole mode. Figure 3b shows the photo-
luminescence spectra measured from the metasurface (blue
curve) together with the photoluminescence from an
unpatterned sample (cyan under filled curve). Also overlaid
is the reflectivity spectrum (black curve) of the metasurface.
The photoluminescence emission peak at ~1200 nm spectrally
coincides with the sharp minimum observed in the reflectivity.
Note that this mode is observed in reflectivity due to the
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Figure 3. (a) Experimentally measured photoluminescence spectra from several symmetric metasurface samples featuring a variation of the
nanocylinder diameter. The bottom curve shows the emission from the unpatterned wafer for reference. The green arrows mark the spectral
positions of the different symmetry-protected, out-of-plane modes supported by the metasurface. (b) Experimentally measured linear-optical
reflectance and photoluminescence spectra for the symmetric metasurface sample with a nanocylinder diameter of 320 nm, which shows the
strongest brightness enhancement for the symmetric design. (c,d) Numerically calculated mode profiles (modulus of electric or magnetic fields) in
a plane that cuts through the center of the nanocylinder excited by a plane wave with a wavelength of 1200 nm incident at # = 20° and ¢ = 0° for
the sample with a nanocylinder diameter of 320 nm. (e) Numerically calculated angle-dependent absorbance spectra for s-polarized light. The black
circle corresponds to the excitation conditions used to calculate the mode profiles in panels ¢ and d.

angular spread of incidence angles caused by the 0.4 numerical
aperture of the objective used. The measured reflection
spectrum agrees well with numerical simulations (see
Supplementary Figure S1). To elucidate the nature of this
resonance, we show in Figure 3c,d, the simulated electric and
magnetic field profiles at the peak emission wavelength in the
plane that cuts through the center of the nanocylinder
resonator excited by an s-polarized plane wave. This simulation
was performed for a polar incidence angle 6 of 20 degrees to
allow coupling to the dark mode. The electric fields form a
circular displacement current in the x—y plane indicative of a
vertically oriented magnetic dipole mode.

In Figure 3e, we depict the calculated spectra of absorption
by a metasurface consisting of resonators with a diameter of
320 nm excited by a plane wave incident at different polar
angles. We consider two planes of the incidence: along ¢ = 0°
and along @ = 45°. One can note a sharp (quality factor is 100)
dispersive resonance around 1200 nm corresponding to the
excitation of the out-of-plane dipole modes. Indeed, the field
profiles shown in Figure 3c,d correspond to the resonance
marked with a black circle. As it was discussed above, the
resonance cannot be excited by a normally incident plane
wave. In addition, we observe that the resonance wavelength
shifts with increasing polar angle of incidence. This effect is not

observed for a single nanocylinder and is due to the periodic
arrangement that affects its dispersion.

B PHOTOLUMINESCENCE FROM
BROKEN-SYMMETRY METASURFACES

In order to further enhance photoluminescence emission, we
now embed QD emitters within broken-symmetry dielectric
metasurfaces”” in which a corner has been removed from the
resonator. This reduction of symmetry causes the bright, in-
plane, dipole modes and dark out-of-plane dipole modes to
couple, resulting in a Fano-like behavior.** Importantly, this
allows direct coupling to the high-Q dark mode with normally
incident light. Figure 4a shows a schematic diagram of the
metasurface with the embedded QDs and the corresponding
simulated reflectivity for normally incident light. The two shar
dips in reflectivity correspond to the high-Q dark modes.’
Figure 4b,c show the simulated electrical fields in an x—y plane
midway through the resonator. The circulating electric field of
the longer wavelength resonance is similar to that seen in
Figure 3c and is indicative of a z-axis oriented magnetic dipole
mode. The shorter wavelength resonance corresponds to a z-
axis oriented electric dipole mode.

Broken-symmetry metasurfaces were fabricated using the
same processes as the symmetric metasurfaces described
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Figure 4. (a) Numerically calculated normal-incidence reflectance spectrum of the symmetry-broken metasurface for 345 nm side dimension, cut
dimension is 90 nm by 240 nm, thickness is 400 nm, the boundary of the resonator is shown in panels b and c. The inset shows a sketch of the
metasurface geometry. (b,c) Corresponding calculated mode profiles of the two high-Q resonant modes observed in panel a, showing the modulus
of the electric field in a x—y plane through the nanoresonator center. (d) Top-view scanning electron micrograph of a typical symmetry-broken
metasurface sample (the scale bar corresponds to 1 ym). (e) Experimentally measured room-temperature linear-optical photoluminescence spectra
for the symmetry-broken metasurface sample with a nominal side length of ~330 nm, and a smaller cuboid notch with side dimensions of x ~ 90
nm and y ~ 235 nm cutting through the resonator. (f) Experimentally measured room-temperature linear-optical reflectance and corresponding
photoluminescence spectra for three symmetry-broken metasurface samples, which differ in scaling factors. (g) Measured time-resolved low-
temperature photoluminescence spectra of a sample with a smaller scaling factor because the PL peak wavelength blue shifts to ~1110 nm at 4 K.
The red curve includes emission over the full spectral range of emission of the metasurface, the blue curve shows data collected using a band-pass
filter (~10 nm fwhm, central wavelength = 1100 nm) centered around the 1100 nm resonance of the metasurface, the black curve shows data from
the unstructured QD layer for reference.
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Figure S. (a—c) Experimentally measured back-focal plane images of emission from the symmetry broken sample corresponding to the sample S2
in Figure 4f for pass bands (fwhm 10 nm) centered around 1177, 1188, and 1200 nm, respectively. The bright circle in each image corresponds to
the NA of 0.65 used in experiments. (d) Numerically calculated angle-dependent absorbance spectra of a symmetry-broken sample (parameters:
period 610 nm, width 330 nm, height 400 nm, cut corner footprint 250 nm X 100 nm) for s-polarized light. The dashed lines show the isofrequency
slices used for calculation of the back focal plane images. (e—g) Numerically calculated back-focal plane images corresponding to the experimental
images shown in panels a—c.

earlier. Figure 4d shows a top-view SEM image of a typical InAs QDs. An exemplary photoluminescence spectrum,
metasurface. These metasurfaces included only a single layer of obtained when the out-of-plane magnetic dipole resonance
E DOI: 10.1021/acs.nanolett.8b02808
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overlaps the maxima of the QD photoluminescence band, is
shown in Figure 4e. It shows a ~110-fold enhancement of the
photoluminescence peak intensity compared with an un-
patterned sample, despite a filling fraction of the resonators of
only ~38%. The spectral location of this peak coincides with a
sharp dip in the measured reflectivity (see Figure 4f). The
measured and simulated reflectivity spectra also show a second
Fano resonance at shorter wavelengths. However, the bright-
ness enhancement at this resonance is not as large as that of
the longer wavelength Fano resonance (see Supplementary
Figure S2). This is likely due to the lower quality factor of the
shorter wavelength resonance as evidenced by the broader
spectral line width.

Photoluminescence enhancement caused by coupling to
high density-of-states modes is typically accompanied by an
increase in radiative rate.**™** To further investigate this
behavior, we measured the corresponding time-resolved
photoluminescence spectra from the symmetry broken
metasurface samples (see Methods). The measurements were
performed at ~4 K, which significantly lengthens the lifetime
of the QD photoluminescence to ~1 ns. In Figure 4g, we
compare the temporal evolution of the photoluminescence of
the broken-symmetry metasurface with that of a sample with
resonance outside the gain region of the QDs. A reduction of
the photoluminescence lifetime is clearly observed for the
metasurface sample, and an even further reduction of the
lifetime is observed when the photoluminescence is collected
through a 10 nm bandpass filter centered at the sharp
photoluminescence peak. Indeed, as was mentioned above, the
lifetime of the emission from the broken-symmetry metasur-
face sample off-resonance is ~1 ns. This lifetime is reduced by
a factor of ~2 for the emission for the same sample when on-
resonance. However, because of the nonradiative recombina-
tion channels for the QDs, it is not feasible to define a Purcell
enhancement by directly comparing the lifetime reduction.

B FAR-FIELD EMISSION ENGINEERING USING
METASURFACES INCORPORATING QUANTUM
EMITTERS

We now turn our attention to the use of metasurfaces with
embedded emitters for engineering the far-field emission
pattern. We recorded the photoluminescence angular distri-
bution using a back focal plane (BFP) setup (see Methods).
Figure Sa—c show the measured BFP images obtained from the
broken-symmetry metasurfaces corresponding to Figure 4e for
three differently centered passbands. The angular emission
pattern of the photoluminescence, which is enhanced by
coupling to the formerly symmetry protected mode exhibits a
pronounced dependence on the emission wavelength. At 1177
nm wavelength, the emission is directed in a narrow cone at
normal direction out of the substrate plane. At 1188 nm
wavelength, the emission forms a rhombically shaped ring in
momentum space, which approximately preserves its shape but
becomes larger when further increasing the wavelength to 1200
nm.

To explain these observations, we calculated wave-vector-
dependent absorbance spectra of the broken symmetry
metasurface as described in the Methods section (see Figure
5d). The symmetry-protected mode features a characteristic U-
shaped dispersion. By reciprocity, the angular dependence of
the emission will correspond to that of the absorption. As seen
in Figure 5d, emission normal to the substrate plane occurs at
~1177 nm, whereas for longer wavelengths the emission shifts

to larger angles, in a manner consistent with the calculated
band structure. Flat regions of the bands result in higher
brightness enhancement for collection with a finite-NA
objective. The curvature of this dispersion can be adjusted
by geometrical factors such as resonator geometry and pitch
(see Supplementary Figure S3).

To allow for a more direct comparison with measured BFP
images, we performed single wavelength absorbance calcu-
lations for incident wave vectors mapping the entire numerical
aperture of the collection objective used in the experiment
(NA = 0.65). Figure Se—g show the simulated BFP images for
wavelengths of 1177, 1188, and 1200 nm, respectively. Each
calculated BFP image corresponds to one of the isofrequency
slices shown in Figure 5d as dashed lines. We obtain a good
agreement with the experimental BFP images. In particular, the
calculated BFP images nicely reproduce the rhombical shape as
well as its trend of expansion with increasing wavelength.

The collection efficiency for emission from the unpatterend
wafer is below 2% for a 0.4 NA objective in the considered
wavelength range. According to our numerical calculations, this
value is typically enhanced by a factor of 2—7 for the broken-
symmetry metasurface on-resonance depending on the exact
sample parameters and wavelength considered. Thus, both the
spatial redistribution of the emission and the enhanced
emission rate contribute to the enhanced photoluminescence
signal.

B CONCLUSIONS AND OUTLOOK

To summarize, we demonstrated photoluminescence enhance-
ment and directional reshaping of emission by monolithically
embedding self-assembled near-infrared QDs within Mie-
resonant III-V semiconductor metasurfaces. This manipu-
lation of the QD photoluminescence properties is achieved by
coupling their emission to high-quality-factor Mie-type
resonances, which are characterized by an out-of-plane
magnetic dipole moment. The far-field emission pattern can
be dramatically changed by controlling the symmetry of the
resonators comprising the metasurface; this symmetry is used
to control the coupling between in-plane and out-of-plane
dipole modes. We obtained significant brigthness enhancement
(up to 2 orders of magnitude) when the QD photo-
luminescence spectrum overlaps high density of states modes
near k = 0 corresponding to emission normal to the
metasurface. Our results demonstrate that semiconductor
metasurfaces incorporating efficient emitters can act as
monolithic flat sources of light fields with spectral and
directional properties tailored by the metasurface design.
Based on these findings, we believe that our results open
interesting opportunities for applications in smart solid-state
lighting, ultraflat light sources, light-field display technology, or
as complex light-field sources (e.g., for spatial multiplexing).
The monolithic semiconductor platform is especially
promising regarding the future development of electrically
driven metasurface light sources because many concepts from
existing optoelectronic devices such as III-V semiconductor
lasers and LEDs will be directly transferable to monolithic
light-emitting metasurfaces. Note that while our experiments
were performed at near-infrared wavelengths, our approach is,
in principle, fully scalable from visible to mid-infrared
frequencies. Prospectively, it will be especially interesting to
investigate coupling of the out-of-plane dipole modes of the
metasurfaces to intersubband transitions, which selectively
emit and absorb out-of-plane polarized photons, or even to
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magnetic emitters. Strongly reducing the area density of the
QDs may furthermore allow for the realization of a new type of
quantum light sources emitting single photons with tailorable
properties.

B METHODS

Absorption Calculation. To calculate the angular-
resolved absorption spectra of the periodic structures, we
used the Fourier Modal Method. A small imaginary part is
added to the refractive index of the nanoresonators material,
allowing us to employ the reciprocity principle to link the
calculated spectra directly to the emission characteristics of the
respective structures. In Figure 1, the refractive index of the
resonators was set to 5 + 0.001i, and the resonators are
assumed to be surrounded by air. We used a decomposition
into 25%25*2 modes. In our calculations, the plane wave is
incident onto the structure at the polar angle 6, which was
varied from 0° to 90°. For the calculation of Figure 3 and
Figure S, a constant absorption coeflicient of k = 0.0031, where
k is the imaginary part of the refractive index, is assumed for
the nanoresonator material. For the symmetric structure, we
also rigorously simulated the layered wafer with five layers of
InAs inside the GaAs resonators. The results showed no
notable difference as compared to the simulations of the
homogeneous GaAs resonators with additional “averaged” loss
factor. Therefore, here we present simulations of homogeneous
GaAs resonators only.

QDs Epitaxial Growth. The samples discussed in this
study were grown in a VG V80 molecular beam epitaxy (MBE)
reactor on epi-ready semi-insulating GaAs (001). The substrate
temperature is measured using an optical pyrometer. Prior to
growth, the native oxide on the GaAs substrate is thermally
desorbed at 630 °C for 20 min, following which a 200 nm thick
smoothing layer of GaAs is grown at 580 °C. Next, a 500 nm
thick AlygsGag sAs layer is grown at 580 °C. The substrate
temperature is then brought down to 475 °C for the growth of
the active medium. The QDots are formed by growing 2.5 ML
of InAs on a 1 nm Iny;5GajgsAs bottom quantum well and are
~30 nm wide by ~5 nm high and have an areal density of ~2
X 10"%m™ (confirmed with AFM). The Reflection High-
Energy Electron Diffraction (RHEED) clearly shows a
Chevron pattern indicating the formation of QDots. They
are then capped by a 4 nm thick Iny;sGaygsAs top quantum
well followed by a 1.5 nm cold GaAs cap. The substrate
temperature is then brought back up to 580 °C where the rest
of the GaAs cap is grown. This process is repeated for each
stack of dots in a quantum well (DWELL).*>***” The In and
Ga growth rates were kept constant at 0.05 and 0.3 ML/sec,
and a constant As:Ga ratio of 13 is maintained. The internal
quantum efficiency of the three layers of DWELLs is ~53%.

Metasurface Fabrication. The wafers were epitaxially
grown by MOCVD on a semi-insulating GaAs substrate; the
stack consisted of (bottom to top) a 500 nm thick
Al 5sGag 1 sAs layer in the middle followed by a 400 nm thick
GaAs layer with one or more layers of embedded InAs QDs.
The metasurfaces were then fabricated using standard electron-
beam lithography to form etch masks, followed by inductively
coupled plasma etch and finished with a selective wet oxidation
step that turns the AlygsGagsAs layer into an oxide and leaving
the active GaAs/QDs region surrounded by low index layers or
air.

Micro Photoluminescence Measurements. We optical-
ly pumped the sample using a pulsed laser with a temporal

width of ~120 fs, wavelength of 4 ~ 750 nm and a repetition
rate of 80 MHz. A 20X Mitutoyo near-IR objective with low
numerical aperture of 0.4 was used to focus ~5 W pump
power onto the metasurfaces that were kept at room
temperature. The same objective was used to collect the
photoluminescence which was subsequently measured using a
near-infrared spectrometer connected to a liquid nitrogen
cooled InGaAs detector array.

Time-Resolved Photoluminescence Measurements.
The lifetime of the PL shown in Figure 4g was measured
using a micro-PL setup (used an IR objective with NA = 0.65)
that collected the emission signal, which is then directed into a
liquid Helium cooled superconducting nanowire detector. The
detector is capable of resolving sub-100 ps lifetime with low
temporal jitter. The broken-symmetry metasurface sample
was optically pumped by A = 800 nm femtosecond pulses with
an average pump power of <1 gW. The sample was kept at 4 K
to significantly reduce the nonradiative rate and increase the
PL lifetime to ~1 ns. A tunable spectral filter with a bandwidth
of ~10 nm was used to spectrally select the PL measured by
the detector.

Back Focal-Plane Measurements. A continuous-wave
laser emitting at 532 nm wavelength was used for the
excitation. The laser was focused onto the sample by a 0.65
NA (Olympus LCPLNSOXIR S50X) objective. The same
objective was collecting the emitted light in reflection, which
then propagated through a dedicated lens system to an InGaAs
camera (2D-OMA V). The residual laser light was filtered out
by a long-pass dichroic mirror. The lens system was adjusted to
form the back focal plane image at the sensor of the camera. A
bandpass filter (Thorlabs FB1200—10) with center wavelength
of 1200 nm and a passband width of 10 nm was used to
selectively probe the emission in the spectral range of interest.
The variation of the center wavelength of the passband was
realized via tilting of the filter.
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