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Abstract
Low light extraction efficiency (LEE) is the greatest limiting factor for the brightness of
reduced-size light-emitting diodes (LEDs) as it limits their emission intensity. In addition, LEDs
have a Lambertian emission, which requires secondary optics to control the emission
directionality. Plasmonic metasurfaces can introduce a way of manipulating the generated light
from LEDs to enhance their LEE and steer the emitted light by reshaping the far-field emission.
Here, we fabricate resonant plasmonic metasurfaces on top of a typical blue emitting wafer
consisting of InGaN/gallium nitride quantum wells developed for commercial LED devices. The
metasurface is separated from the InGaN quantum wells by p-GaN and indium-tin-oxide (ITO)
layers with a cumulative thickness of 110 nm. Since this distance value is close to the emission
wavelength in the corresponding medium, enhanced near-fields of localized plasmonic resonances
do not reach the active region. Despite this, we observe a strong influence of the metasurfaces on
the far-field photoluminescence emission from the quantum wells as demonstrated by Fourier
imaging. Power-dependent excitation measurements of the samples allow us to retrieve the pump
and light collection enhancement factors provided by the plasmonic metasurfaces. We demonstrate
that the plasmonic metasurfaces can provide a pump enhancement factor of up to 4.1 and a
collection enhancement factor of up to 3.2. We have also performed simulations based on the
reciprocity principle and achieved a good qualitative agreement with the experimental results.

1. Introduction

Blue light-emitting diodes (LEDs) based on gallium nitride (GaN) have numerous applications in fields such
as energy-efficient illumination, displays, augmented and virtual reality [1–5]. However, mini/micro
GaN-based LEDs suffer from low light extraction efficiency (LEE) caused by the high-refractive index
contrast between GaN and air. Therefore, a large fraction of the generated light is trapped within the device
by total internal reflection for angles of emission larger than the critical angle (θc)[6, 7]. The outcoupling of
this emission is a challenging task that limits the emission intensity [8, 9]. Rough walls on LED substrates
sapphire allow for increasing the outcoupling efficiency. However, making walls rough is not compatible with
micro-LEDs, which have compact and small sizes. The emission of typical GaN LED is Lambertian with no
directional control of this emission over angle. LEDs require additional optical elements for improving the
LEE and controlling the angular emission pattern [10]. These optical elements make the devices bulky and
require extra steps in fabrication.

Recent progress in nanophotonics research has demonstrated that metasurfaces integrated with emitters
can be a potential alternative of conventional optical elements for a new class of compact, integrated, and
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high-performance devices [11–13]. Over the last two decades, researchers have investigated metasurfaces to
enhance the light outcoupling and manipulate the emission direction from emitters [14–17]. The emission
pattern can be modified by the interplay of resonant modes of the metasurfaces and can be engineered for
particular applications that require beaming control [18–21]. This outcoupling enhancement and emission
tailoring rely on the near-field coupling of the emitters and the resonant nanostructures, hence requiring the
emitters to be placed at sub-wavelength distances from the metasurfaces [22, 23], which is not practical in
commercial LED devices. In addition, researchers have tried to thin the n- or p-GaN cladding layer or etched
through the active region of LEDs, (i.e. InGaN multiple quantum wells (MQWs)) to use the resonant
nanostructures for steering the emission [24–28]. However, these approaches have a negative impact on the
quality of the MQWs, resulting in an increase of non-radiative recombination processes that significantly
reduce the emission efficiency. [29, 30].

In this article, we introduce an alternative approach to control the MQWs emission of blue LED wafers
from a distance using plasmonic metasurfaces, which allows for avoiding the negative effect on the material
properties and leads to a tailored far-field emission [22, 31]. Plasmonic metasurfaces can be made of a variety
of materials that provide the possibility to cover the visible wavelength range, for example Al [16, 32],
Au [33, 34], or Ag [35, 36]. Aluminum is an inexpensive metal that has low absorption losses in the blue
range of the optical spectrum. We design arrays of Al with a resonant response at a wavelength close to the
emission wavelength of blue LEDs, i.e. 440 nm. The fabricated arrays have different lattice constants ranging
from 170 nm to 230 nm, with a step of 10 nm, and are at a distance of 110 nm away from the InGaN MQWs
of the blue LEDs. The details on the fabrication can be found in the methods section. The integration of Al
metasurfaces with commercial LEDs wafers introduces losses (metal absorption) in comparison with
patterned sapphire substrates, which are used in commercial LED devices [37–40]. Nevertheless, these Al
metasurfaces tailor the far-field emission from the blue LED wafer and enhance its intensity by outcoupling
the trapped emitted light at angles larger than θc. This tailoring provides an opportunity for the beaming of
the emission, which is needed for lighting applications such as head-mounted glasses for virtual reality or
smartwatches based on mini- or micro-LEDs where patterning the substrate is not possible. In addition, the
metasurfaces provide significant optical pump enhancement, although this pump enhancement will not be
relevant in electrically driven devices. Power-dependent excitation measurements for the proposed Al
metasurfaces designs allow an accurate determination of the light collection and pump enhancement.

2. Results and discussion

2.1. Description of the commercial blue emitting LEDwafer integrated with Al metasurfaces
The system under study is schematically depicted in figure 1(a). The LED wafer consists of several layers
including a thick 240 µm sapphire substrate, a 6 µm layer of GaN, two effective InGaN quantum wells with a
total thickness of 10 nm, a 90 nm layer of p-GaN and a 20 nm layer of ITO. The proposed Al metasurfaces are
on top of the ITO and are covered by a layer of Nb2O5 to obtain a homogeneous refractive index around the
particles since the refractive index of GaN and Nb2O5 is 2.45 at 440 nm (for more details on the fabrication,
see the Methods section). We show the measured photoluminescence (PL) emission spectrum of a LED wafer
in figure 1(b). This PL was measured by exciting the MQWs with a continuous laser with λ= 405 nm and
filtering the laser light. The PL emission exhibits a peak at the wavelength of 440 nm and has a bandwidth of
around 20 nm, which is typical for blue LEDs. The metasurfaces were designed to tailor the MQWs emission
and enhance the light extraction from the wafer at 440 nm.

2.2. Numerical simulations and their results
To determine the effect of metasurfaces on the emission from the MQWs, we perform numerical simulations
based on the reciprocity principle using periodic boundary conditions (see methods) to calculate the far-field
emission intensity I(θ,ϕ) [41]. The intensity I(θ,ϕ;r1) of the emission in the far-field along the direction
(θ,ϕ) from a dipole source p1 positioned at r1 can be calculated as: [13, 42]

I(θ,ϕ;r1)∝
ˆ 2π

0

ˆ π

0

[ ∑
TE,TM

| E(θ,ϕ,r1) · p1(θp,ϕp,r1) |2
]
sinθpdθpdϕp , (1)

where TE,TM denote the TE and TM polarizations of the plane wave incident on the structure along the
direction (θ,ϕ) that produces the electric field E(θ,ϕ,r1) at the position of the source. The angles θp and ϕp

define the orientation of the dipole source p1, and the integration is performed to average over all possible
orientations of this dipole. Since the orientation of the emitting dipoles affects the LEE, they are
homogeneously distributed within the MQWs and their orientation distribution is on average 90% in-plane
and 10% out-of-plane due to the geometry of the quantum wells.
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Figure 1. (a) Al metasurface placed on an LED wafer. The 405 nm laser emission (purple) illuminating the sample from the
sapphire side excites the InGaN MQWs, which in turn emits at 440 nm (blue). (b) Typical PL spectrum of an LED wafer without
Al metasurface.

Therefore assuming that |p1|= 1, equation (1) can be written as

I(θ,ϕ)∝
∑
TE,TM

˚
MQWs

[
0.45(|Ex(θ,ϕ,r1)|2 + |Ey(θ,ϕ,r1)|2)+ 0.1|Ez(θ,ϕ,r1)|2

]
d3r1 , (2)

where the integration is performed over the volume occupied by the MQWs and the emission of the dipoles
is considered incoherent. In this equation, we assume an isotropic in-plane distribution of incoherently
emitting dipoles. From equation (2), the far-field emission intensity of the MQWs in a particular direction is
directly proportional to the integrated electric field distribution in the MQWs’ volume. Maximizing this
electric field will lead to enhanced light extraction from a LED wafer. Consequently, we use a finite element
method implemented in COMSOL to simulate the plane wave excitation of the structure and calculate the
electric field distribution (Ex(r1),Ey(r1),Ez(r1)), so that we can estimate the emission intensity at the angles
θ and ϕ using equation (2).

To match the simulated angles with the collection objective used in experiments (NA= 0.9), we have
calculated the collection efficiency as we can not measure the total extraction efficiency, which requires a
collection objective with NA= 1. Following equation (2), we optimized the parameters of the Al
metasurfaces and the Nb2O5 thickness to maximize the integrated electric field distribution in the MQWs
volume. During this optimization process, we found the parameters of the nanodisk to be a height of 55 nm
and a diameter of 100 nm, the lattice constant of the array of 170 nm, and the Nb2O5 layer thickness of
405 nm. At a normal angle of incidence, we note that the variation of the Nb2O5 thickness introduces
constructive or destructive interference at the MQWs position, as shown in the SI (figure S1). For the
optimum lattice constant of 170 nm, the light collection enhancement factor is 2.4 with a pump
enhancement of 1.5

To reconstruct the far-field emission pattern from the MQWs. We have performed far-field intensity
calculations in the polar angle (θ) range from 0◦ to 63.6◦ and azimuthal angle (ϕ) range from 0◦ to 45◦

(angles are defined in air). Due to the four-fold and mirror symmetry of the lattice, these ranges are
sufficient to reconstruct the emission pattern from the LED wafer. The results of our simulations are shown
in figures 2(a)–(c), where each image is a map of the angle resolved far-field emission intensity I(kx,ky), with
kx = k0sinθsinϕ and ky = k0sinθcosϕ, and k0 is the wavevector in a vacuum. Despite the large distance
(110 nm) between the MQWs and the metasurfaces, we observe a significant reshaping of the emission
pattern compared to the reference which corresponds to the same sample, including the Nb2O5 layer but
without metasurfaces.

This far-field tailoring of the emission originates from the scattering and diffraction from the MQWs
emission with the Al nanodisks metasurfaces. As expected, we observe changes in the far-field emission for
the metasurfaces with different lattice constants. The emitted blue light is scattered out of the LED following
the grating equation [31].

± kd = ki+G , (3)
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Figure 2. Comparison between simulated and measured emission patterns of a LED wafer with and without Al metasurfaces.
Simulations (a)–(c) and measurements (d)–(f) of the angle resolved far-field PL emission as a function of the normalized wave
vectors kx and ky. The data in each panel have been normalized such that the maximum PL in each plot is equal to unity. For the
simulations, (a)–(c) correspond to the reference and Al metasurfaces with lattice constants of 170 nm and 200 nm, respectively.
For the measurements, (d)–(f) correspond to the reference and Al metasurfaces with lattice constant of 170 nm and 200 nm,
respectively. The reference was calculated and measured from an area of the same sample with Nb2O5 layer, but without
metasurfaces.

where kd is the wave vector of the diffracted beam, ki is the wave vector of the incident beam, and G is the
reciprocal lattice vector of the Al grating (G= (Gx,Gy)). Gx is equal to Gy for the square lattice, with
G= (2π/ax)pux +(2π/ay)quy where (p, q) are integers giving the order of diffraction and (ax,ay) are the
lattice constants. The far-field pattern in figure 2(b) shows the diffraction orders of (0,±1) and (±1,0)
represented by the vertical and horizontal parabolic lines, respectively.

By varying the lattice constant, the emitted blue light is reshaped to be emitted at different angles below
θc, as shown in figures 2(b) and (c), respectively. This emission is calculated within the collection numerical
aperture (NA) of the objective, which will be used in the experiment, and without taking into account the
enhancement from the optical pump excitation at 405 nm. To determine the pump enhancement, we have
also simulated the metasurface excited by a plane wave at 405 nm and calculated the electric field
enhancement at the position of the MQWs. From these simulations, we have determined that the pump
enhancement by the Al nanodisks array can reach a value of up to 3.3 while the LEE reaches a maximum
value of 2.4 for the proposed square array.

2.3. Experimental results and analysis
To confirm the simulations, we have fabricated a sample with different Al nanodisk metasurfaces deposited
onto a LED wafer and covered by a Nb2O5 layer, as shown in figure 1(a). In total, the sample has seven
metasurfaces with different lattice constants ranging from 170 nm to 230 nm, with a step of 10 nm. A
scanning electron microscope (SEM) image of a typical metasurface is shown in figure 3(a) before depositing
the Nb2O5 layer. The SEM image in figure 3(b) corresponds to the surface of the wafer after depositing the
Nb2O5 layer. Due to the shadowing effect during the sputter deposition process, the surface of the Nb2O5 is
not flat. The details on the fabrication can be found in the methods section.

For the experiments, the excitation continuous wave (CW) laser emitting at the wavelength of 405 nm
illuminated the InGaN MQWs from the sapphire side at normal incidence (see SI for the details on the
experimental setup). The PL emission from the InGaN MQWs is collected by the objective through the
sapphire and directed to the CCD camera or a spectrometer. We started the experimental investigation of the
metasurface samples with the characterization of the angle resolved far-field emission by Fourier microscopy
(as shown in the SI). In figures 2(d)–(f), we plot the measured Fourier images of the emission from the
metasurfaces of different lattice constants (170 nm and 200 nm) and an empty area of the sample with the
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Figure 3. SEM images of the fabricated Al nanodisks on top of ITO/p-GaN (a) and of the deposited Nb2O5 layer on top of the Al
nanodisks (b). The scale bar corresponds to 180 nm.

Nb2O5 layer but without metasurfaces for reference (figure 2(d)). Note that we used a 0.9NA collection
objective and a bandpass filter with a center wavelength of 440 nm and full half width maximum (FWHM) of
10 nm in front of the CCD camera. The images are four-fold symmetric, which agrees with the symmetry of
the metasurfaces and the simulations shown in figures 2(b) and (C). We obtain very similar emission
patterns for the simulations (figures 2(b) and (C)) and the experiments (figures 2(e) and (f)).

To better characterize the pump and collection efficiencies, we have measured the excitation power
dependent PL intensity from the metasurfaces. The Fourier images of the metasurfaces were taken for
different powers of the excitation CW laser. The PL intensity at each excitation power was determined by the
integration of the emission over all the pixels of the corresponding Fourier image. The power-dependent PL
intensity measurements for the metasurfaces and the reference are shown in figure 4(a). Importantly, we
observe that the PL intensity from the metasurfaces increases much faster with the pump power than the
intensity from the reference. Overall, the PL from any of the metasurfaces is much larger compared to the
reference, and the enhancement factor depends on the excitation power and lattices constant of the
metasurface.

To explain this dependence, we analyze the carrier dynamics in the InGaN MQWs and how it is affected
by a metasurface. Upon CW excitation, the carrier generation and recombination processes balance each
other and the following equilibrium equation holds [43]:

AN+BN2 +CN3 = aα(N)W, (4)

where the coefficients correspond to (A) Shockley–Reed–Hall recombination, (B) radiative recombination,
and (C) Auger recombination. N is the photo excited carrier density,W is the power of the excitation laser
beam and α(N) is the single-photon absorption coefficient of this laser beam (λ= 405 nm) by the InGaN
MQWs. α(N) only depends on the solid-state properties of the GaN/InGaN alloy and the carrier
concentration. We have introduced an additional coefficient a to describe the influence of a photonic
environment on the absorption of the excitation laser. As described below, this coefficient accounts from the
enhancement of the pump by scattering with the metasurfaces.

The PL emission intensity excited by the CW laser of powerW is proportional to the radiative
recombination and can be written as:

PL(aW)∝ BN(aW)b, (5)

where b is the collection efficiency by the 0.9NA objective and after the bandpass filter with a center
wavelength of 440 nm. Note that the shape of the PL spectrum does not change within the excitation power
range used in our measurements, which is confirmed by figure S4 in the SI. The metasurfaces change the
photonic environment and can affect the pump and emission processes. Indeed, at the excitation wavelength,
a metasurface can scatter the laser light in a way that the incident and reflected waves interfere constructively
at the position of the MQWs, thus exposing the MQWs to a higher intensity and providing a pump
enhancement. Furthermore, as we demonstrated in figure 2, a metasurface can redirect the far-field emission
toward the collection optics, which results in an improved collection efficiency. In general, a metasurface can
also affect the radiative recombination coefficient B via the Purcell effect [44], but due to the lack of
near-field coupling of the MQWs to the metasurfaces, this effect will be minor compared to the expected
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Figure 4. (a) PL intensity measured from different metasurfaces and the reference as a function of the pump power. (b) Scaled
emission of the metasurfaces to the reference by the pump and collection enhancement. (c) Pump enhancement and collection
enhancement factors of the metasurfaces as a function of the lattice constant retrieved by the scaling of the emission to the
reference. (d) Pump and collection enhancement factors retrieved from the simulations.

changes in the pump and collection enhancement. Therefore, we neglect any change of the B coefficient by
Purcell enhancement [22, 45].

The assumptions above suggest that the difference in the measurements depicted in figure 4(a) can be
explained by the different pump and collection enhancement factors provided by the metasurfaces. We are
able to estimate the relative values of these enhancement factors by fitting the experimental curve of the
reference intensity to the measurements of the metasurfaces. According to equation (5), the pump
enhancement (given by a) linearly scales the x-axis in figure 4(a), and the collection enhancement (given by
b) linearly scales the measured PL counts under the logarithm in the y-axis of figure 4(a). To perform the
fitting, we take the power dependent PL curve of a metasurface and perform a sweep over a certain range of
different values of pump and collection enhancement factors. For each couple of values, we scale the
reference power dependent PL curve and compare it with the metasurface curve. As an example, in figure S5
of the SI, we plot the inverse mean square error (MSE) of our fitting as a function of the pump and collection
enhancement factors for a particular metasurface. This dependence of the inverse MSE on the enhancement
factors exhibits a global maximum defining the optimal fitting values. Using this approach, we have
estimated the optimal parameters for all the metasurfaces. In figure 4(b), we show the power dependent PL
curves from all of the metasurfaces scaled in accordance with their corresponding pump and collection
enhancements. We observe that all the scaled measurements overlap, which validates our assumptions.

The optimal pump and collection enhancement factors retrieved from the experimental measurements
from all of the metasurfaces with different lattice constants are shown in figure 4(c). The plasmonic
metasurfaces can provide a pump and a light collection enhancement factor of up to 4.1 and 3.2, respectively,
where these values are relative to the pump and collection efficiency of the reference. Albeit the strong
fluctuation of pump and collection enhancements, we observe an overall increase of the pump enhancement
and a decrease of the collection enhancement with increasing the metasurface lattice constant. Figure 4(d)
shows the light collection and pump enhancement retrieved from the simulations. In these curves, we
observe the same qualitative dependence for the pump and collection enhancements.
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3. Conclusion

To summarize, we have fabricated Al metasurfaces with different lattice constants on top of blue emitting
wafers consisting of InGaN quantum wells for commercial LED devices to enhance the light collection
efficiency and control the emission directionality. We have investigated the PL emission of the fabricated Al
metasurfaces by varying the excitation power. From these power dependent measurements, we have
determined the relative pump and light collection enhancement factors provided by the Al metasurfaces. A
large collection enhancement factor of 3.2 is achieved with a simple square array of Al nanoparticles by
reshaping the far-field emission. Fourier measurements of the emission from the metasurface samples show a
reshaping of the far-field PL patterns, in agreement with simulations for the same lattice constants. Our
findings suggest that Al metasurfaces can be integrated into commercial LEDs to improve the angle
dependent emission and increase light outcoupling efficiency. This emission manipulation is essential for
many lighting applications that require beaming such as the next generation of micro-LEDs where rough
walls for enhanced light outcoupling are not possible due to their small dimensions. Importantly, our
approach does not require the additional etching of the standard LED wafers to enhance the near-field
coupling of the emission to the metallic nanoparticles. Therefore, this approach has no negative effect on the
material quality and it could be integrated into commercial LEDs.

4. Methods

4.1. Finite element numerical simulation
A three-dimensional COMSOL model was set up for a unit cell with plane wave excitation and Floquet
periodic boundary conditions on the horizontal edges and two ports (IN and OUT) on the vertical edges.
The Floquet vector was defined by the corresponding wave vector projection of the incident plane wave. The
TE- or TM- polarized plane wave was incident onto the metasurface from the p-GaN side along the (θ,ϕ)
direction. We took into account that the dipoles are emitting on average 90% in-plane and 10% out-of-plane
(1) as was indicated by the wafer manufacturer. We integrated the distributed field over the volume occupied
by the MQWs to calculate the far-field emission. We used the experimental optical constants of the materials
measured by ellipsometry (see SI).

4.2. Sample fabrication
The wafer used in this investigation was fabricated by Lumileds Holding B.V. The GaN/InGaN was grown
using a metal-organic chemical vapor deposition reactor on a sapphire substrate followed by thinning the
substrate to 240 The wafer was covered and polishing the backside. The growth layers consist of 6 µm GaN,
two effective InGaN/GaN quantum wells with a total thickness of 10 nm, and a p-GaN layer with a thickness
of 90 nm. Details of this epitaxy technology and related materials are discussed in [46, 47]. The emission
spectrum of the wafer is shown in figure 1(b). The wafer was covered by 20 nm of ITO using RF-magnetron
sputtering deposition. Aluminum metasurfaces arrays were fabricated using electron beam lithography
(EBL) and a lift-off process: the polymethyl methacrylate positive resist was coated onto the ITO with
240 nm thickness on the LED wafer and prebaked for 3 min at 135 ◦C, followed by 4 min at 185 ◦C. The
positive resist was exposed using an EBL system (EBL, Raith EBPG 5150 100 kV) to nanopattern several
nanodisks arrays with dimensions of 200 µm× 200 µm and varying the lattice constant from 170 nm to
230 nm, in steps of 10 nm. The resist was developed using MIBK/IPA 1:3 developer for 80 s. We used electron
beam evaporation to evaporate 55 nm of Al and a lift-off process was performed using acetone to remove the
resist covered by Al. Finally, we deposited a 405 nm of Nb2O5 using DC sputtering deposition. The fabricated
Al metasurfaces were characterized before and after depositing Nb2O5 using atomic force microscopy (as
shown in the SI) and scanning electron microscopy.

4.3. Fourier microscopy measurements
We measured the angle resolved PL emission from the LED wafer with and without Al metasurfaces using
Fourier microscopy. We optically pumped the sample using a CW laser at a wavelength of 405 nm. The PL
was collected by 0.9NA Nikon Plan Fluor 100× and the residual laser light was filtered out by a 405 nm
notch filter followed by a bandpass filter with FWHM of∼10 nm to selectively map the PL within a narrow
spectral region. The angle resolved PL was measured with a CMOS camera (Andor Neo 5.5).
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