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A GaN-based metalens collimator (MC) is designed to convert a light-emitting dipole to a plane wave. Finite-
difference time-domain (FDTD) simulations show that this structure reduces the far-field divergence angle to
below 10°, with the integrated intensity within a 10° escaping cone (/;y) enhanced by more than 20 times.
However, when random off-focus dipoles are taken into account, the overall enhancement declines significantly.
We fabricated MC mosaic partitions of different widths on the backside of an LED epitaxy. Angle-resolved photo-
luminescence measurements showed that the 7,, of a 4-pm MC mosaic was 2.84 times higher than that of 8-pm
mosaics, and 2-pum mosaics achieved 2.46 times enhancement. We attributed the significant impact of the mosaic
dimension to a balance between the effective collimating area relative to the active region and the size-dependent

collimating capability. =~ © 2025 Chinese Laser Press

https://doi.org/10.1364/PRJ.564767

1. INTRODUCTION
The IlI-nitride micro-light-emitting diode (u-LED) has been

regarded as a strong candidate for next-generation near-eye
displays for virtual reality and augmented reality technologies
due to its ultra-high pixel density and dynamic range [1-3].
Recently, p-LEDs have also been considered as the informa-
tion carrier for co-packaged optics in data communication
[4-7]. However, as the gap between pixels shrinks to a few
micrometers, the optical crosstalk has been another limiting
factor for the overall performance at the module level [8—10].
Therefore, it is critical to reduce the divergence angle (6y4;,),
the angle between the half intensities in spherical coordinates,
of the p-LED by external packaging or integrated nanostruc-
tures. The light leaking through the sidewalls might be
suppressed by substrate lift-off or filling the gap with light-
absorbing materials [11-13]. However, the emission from
the top surface is still Lambertian-like with 6y, ~ 120°.
The fabrication and heterogeneous integration of micro-lens
collimator arrays become more and more challenging as the
pixel dimension reduces [14-16]. Coupling the emitting
dipole to monolithic sub-wavelength structures, for example,
photonic crystals [17,18], nano-wires [19], plasmonic arrays
[20], or vertical resonant cavities [21,22], has been regarded as
a potential approach for beam collimation. However, tailoring
the wavefront with nanocavities or metal often sacrifices
the output power. Therefore, how to collimate the light
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out of the p-LEDs more efficiently is still a critical issue
for optical design and photonics science.

In the past decades, metalenses have demonstrated a variety
of functionalities from imaging to micro-fabrication [23-26].
Metasurfaces were also monolithically integrated into the
surface-emitting lasers to manipulate the beam’s properties,
such as the far-field pattern (FFP) and angular momentum
on the light’s exit [27-30]. However, metasurfaces designed
for LEDs are much fewer because the photons are generated
at random positions with incoherent phases [31-35]. Thus,
the phase profile is difficult to formulate for the desired func-
tionality. For example, Khaidarov ez a/. deflected the emission
pattern of the red resonant-cavity LED with a metasurface on
the distributed Bragg’s reflector. However, the function no
longer applies without the cavity [33]. Mohtashami ez /.
demonstrated the focusing and beam steering of spontaneous
emission by embedding the active region within the meta-
atoms [34,35]. The light-emitting metasurface is partly func-
tional with a background intensity since the dipoles are
spatially confined. In this study, we demonstrated metalens
collimator (MC) mosaic arrays monolithically integrated on
the backside of the light-emitting diode epitaxy. By optimiz-
ing the dimension of the mosaic partition, the 8y, of the FFP
can be reduced while the output power along the normal axis
is enhanced 2.8 times simultaneously with a uniform dipole
emission in the quantum wells. The impact of the mismatches
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in dipole position and processing accuracy on the final 0,
will also be discussed.

2. DESIGN AND SIMULATION

The physical mechanism of MC is similar to that of conven-
tional micro-lenses, but it is achieved by a two-dimensional
(2D) phase profile constructed by discrete sub-wavelength
meta-atoms. If a plane wave can be focused by a micro-lens,
then the point emission from the focus will be collimated back
to a plane wave via inverse propagation, as depicted in Fig. 1(a).
The phase difference can be created by the light propagation
through meta-atoms with different effective indices and polari-
zation properties. Hence, the 2D phase profiles can be con-
structed by arranging the meta-atoms representing different
phases at different locations.

A typical meta-lens phase profile, yy.,(7) is deployed on the
GaN surface as [24]

2
View () = i (F = VFE 4 72), (1)

where 7,y is the refractive index of GaN at a wavelength (1) of
450 nm (ngn = 2.42), F is the focal length, and 7 is the radial
distance of the meta-atom from the optical axis. The F is set to
be 5 pm to simulate the distance between the GaN/sapphire
interface and the quantum well (QW) in the commercial
LED epitaxy. The constituting meta-atoms for MC are GaN
cylinders on GaN with varying diameters (D) and a fixed height
() in a hexagonal lattice. The hexagonal lattice is chosen due to
its privilege in forming wide-angle and high-efficiency metal-
enses with simple geometry meta-atoms [36]. Other lattices,
such as a square lattice or a monoclinic lattice, might have a
higher potential for versatile meta-atom geometries with aniso-
tropic polarization manipulation, but the design and fabrica-
tion are also more challenging [37,38]. A smaller lattice
constant might be preferred for the higher spatial sampling
frequency of the phase profile, but it has to be compatible
with the established processing capability. The dependence
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Fig. 1. (a) Schematic of MC to tailor the dipole emission wavefront
into a plane wave. (b) The dependence of propagation phase and trans-
mittance on D of the cylindrical meta-atoms. (c) The normalized in-
tensity polar plog (d) the relative FFP intensity with and without the
MC. The one without MC is multiplied by 50 for image clarity.
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of propagation phase and transmittance on D is calculated
by RETICOLO [39]. In this research, D has to be larger than
80 nm and at least 50 nm smaller than the periodicity, and the
periodicity has to be sub-wavelength. The maximum aspect ra-
tio of the meta-atom is limited to seven according to the finite
selectivity of our hard mask. After optimization in overall trans-
mittance, the periodicity of the array is 360 nm, and 4 is
450 nm. The meta-atom library with a full 2z phase coverage
is summarized in Fig. 1(b). The D ranges from 100 to 275 nm,
and the average simulated transmittance is 0.86. The maximum
transmittance is limited by the mismatch of the electrical and
magnetic dipole responses of the meta-atom [40]. Nearly
Huygens metasurfaces might be approached by adopting
free-form meta-atoms by inverse design [41]. In this study,
we only used the cylinder library to mitigate the complexity
of design and fabrication. The characteristics of MC are
then verified by finite-difference time-domain (FDTD) simu-
lations by Ansys Lumerical. A dipole source is placed at the
focal point, and the 8 pm x 8 pm MC is surrounded by vertical
perfectly matched layers (PMLs). The PML is also placed at the
bottom of p-GaN to suppress the backside reflection. The si-
mulated FFPs are plotted in Figs. 1(c) and 1(d). In the normal-
ized polar plot, 8y, is reduced from 117.2° to 5.0° with the
implementation of MC on top. The normal intensity at 0°
is enhanced 172 times. The data communication often relies
on vertical-cavity surface-emitting lasers (VCSELs), whose
04, is around 15° to 20°. Therefore, we benchmark the inte-

grated power within a 10° escaping cone, /¢, which is defined
by Eq. (2):

10°
I, = / 1(0)27 sin 6d0, (2)
o

where 0 is the far-field oblique angle to the normal axis. The 7,
is enhanced by a factor of 22.8, i.e., IMC /' = 22.8, where
IMC is the measured value with MC and 7% is the reference
value without MC. The enhancement seems to be enormous at
first glance. However, if we integrate the power to the entire
hemisphere (/¢y), the enhancement ratio is still less than unity,
ie., I3C/ It = 0.94, implying the overall Purcell factor (PF)
of the MC is still less than unity. By collecting the optical power
from large polar angles toward the optical axis, MC should re-
duce the optical crosstalk and enhance the normal output
power simultaneously.

However, light-emitting dipoles are arbitrarily populated
within the QW. Evaluating the overall FFP from numerous
incoherent dipoles is challenging for FDTD simulation. We
started with surveying the impact of the dipole off-focus and
the size of the MC. As illustrated in Fig. 2(a), we assume
an 8-pm-square MC with the dipole placed at various lateral
positions with off-focus, A, along the x direction. Figures 2(b)
and 2(c) are the cross-sectional electric field intensity profiles
with A = 0 pm and 0.4 pm, respectively. When the dipole
was placed at the focal points, the spherical wavefront was tail-
ored into a planar one. When the off-focus is relatively small,
the tailored wavefront is still planar-like, but the propagation
direction deviates from the optical axis, forming an oblique
beam in the reverse direction. The simulated top-view FFPs
with A = 0 pm and 0.4 pm are plotted in Figs. 2(d) and 2(e),
respectively. As the A is further enhanced, the FFP eventually
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(a) Schematic structure for a dipole with a lateral off-focus A along x direction in the QW normalized cross-sectional electric field intensity

plot with (b) A = 0 pm and (c) A = 0.4 pm. Corner bar represents 2 pm in width. Top view FFPs with (d) A = 0 pm, (¢) A = 0.4 pm, and
(f) A =2 pum. (g) FFP intensity on the x - z plane with different A, and (h) the dependence of 04, and 7}, on the width of the square MC, W.

becomes a scattered pattern, as in Fig. 2(f). The simulated FFPs
along the polar angle in the x direction are summarized in
Fig. 2(g). The interaction between MC and the dipole source
with a small A resembles the conventional lens imaging in ray
optics, but it is in the reverse propagating direction. The larger
the A, the higher the oblique angle and the weaker the inten-
sity. Here we introduce the concept of effective collimating
area, A, g, which is defined as follows. When the FFP maxi-
mum of a dipole emission through the MC is still within a
given Oy, we say the dipole emission is effectively collimated
by the MC, and the collection of the dipole positions is the
A, - For example, if O, is assigned to be 20°, then the A, ¢
is a circle with a radius of ~400 nm according to Figs. 2(e) and
2(g). Dipoles outside the A, ¢ have a minimal contribution to
power collimation. For the 8-pm-square MC, A, g4 is only
~0.8% of the total area. Therefore, overall collimation is insig-
nificant since the dipoles outside the A, .4 dominate the FFP.

To enhance the A, ¢ ratio over the total area, we propose to
cover the light-emitting area with smaller MC mosaics. We
conducted another series of FDTD simulations with square
MC:s with varying widths, W, from 1 to 8 pm. The PML re-
mained the same 8-pm-wide square, and the dipole source was

placed at the focus. The dependence of 8y, and 7,5 on W is

plotted in Fig. 2(h). 6y, increases rapidly when W is less than
2 pm. It can be explained by the minimal interaction of the
dipole wavefront with the small MC. When W > 2 pm,
the MC starts to dominate the FFP, and the 0y;, gradually de-
creases with W. The 7, increases significantly with W and
gradually saturates. Since the contribution to power collimation
from the MC margin reduces with W, the gain in power col-
limation cannot balance the loss from the shrinking A, ¢ ratio
after some finite W.

Figures 3(a)-3(c) are three MC mosaic designs with the
same total area: single 8-pm-square MC, 4-pm-square, and
2-pm-square MC mosaic partition. The foci are all at the center

‘+”, with the same F. The D(r) is
retrieved from Fig. 1(b) according to the propagation phase
profile of Eq. (1). The emitting dipoles were placed at a posi-
tion with varying A along the x direction from the assigned
focus in blue. Simulated FFPs with 4-pm-square and 2-pm-
square MC mosaic partitions can be found in Figs. 3(d)-3(i).
Although the intensity is plotted in an arbitrary unit, the scale is
universal among all FFPs. The varying trend of peak position
with A is consistent with those with the 8-pm-square MC in
Figs. 2(c)-2(e), but the peak is weaker and broader with a
smaller MC mosaic partition. The overall FFP with uniform

of each mosaic, marked as °
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Fig. 3. Schematic MC mosaic pattern with (a) 8 pm, (b) 4 pm, and (c) 2 pm square partition. The “+” in blue is the assigned foci for FFP
simulation. The projections of FFP on the x - y plane with A = 0 pm, 0.4 pm, and 1 pm are shown in (d)—(f) for 4-pm square partition and in

(g)—(i) for 2-pm square partition.

random dipoles is accessed by symmetry operation and dipole
statistics. The MC was divided into annular zones with a rep-
resenting dipole, as depicted in Fig. 4(a). Zone-1 is a 100-nm-
radius (7) circle with the dipole at A = 0 nm; Zone-2 is an
annulus from 7 = 100 nm to » = 300 nm with the dipole
at A = 200 nm, etc. Since the MC phase profile is only a
function of 7, the FFP of any dipole in the same zone can
be acquired by azimuthal rotation of the simulated FFP from
the representing dipole. The zone-averaged FFP, 7(6), is then
evaluated by Eq. (3):

) ] N Al, 2
100=3.3 7 [ 10,0, @
0
where 7;(0,¢) is the simulated FFP of the representing
dipole in Zone-7, ¢ is the azimuthal angle in spherical coordi-
nates, A; is the area of Zone-i, and Ay is the area of a single
mosaic. The A;/Ayc represents the weight of dipoles in
Zone-i with a uniform dipole distribution. To sum up all
the contributing FFPs to the edge of the mosaic, N = 5 is nec-
essary for the 2-pm mosaic, N = 10 for the 4-pm mosaic, and
N = 20 for the 8-pm mosaic. As the W decreases, 4;/Amc

increases proportionally to W2, However, the intensity of
1,(0,¢) also decreases due to the reduced numerical aperture.
There shall be some optimal W for_the two competing mecha-
nisms. The calculated polar plots of 7(6) for W = 8 um, 4 pm,
and 2 pm are in Fig. 4(b). A distinct peak is presented at 6 = 0°
for W = 4 pm, and the peak is rounded for W = 2 pm due to
the scattered FFPs. For the W = 8 pm case, the peak intensity
occurs at @ ~ 45°, which is contributed by the FFPs from dipoles
with A > 1.6 pm. Therefore, the sidelobe intensity at @ ~ 45° is
much suppressed for the mosaic with W = 2 pm and 4 pm.
The integrated power within the 10° escaping cone, /g, is also
calculatg:Sd in Eq. (2). If we ilormalize the 74 V_V%th W =8 pmto
unity (g = 1), then I}y = 3.30 and 77 =3.12. As a
result, W = 4 pm is predicted to be the optimal design for
the MC mosaic partition. This dimension is also compatible with
most P-LED applications.

3. EXPERIMENTAL RESULTS

A commercial blue LED wafer grown on a (001) flat sapphire
substrate (FSS) is bonded to another double-side polished
(DSP) sapphire carrier with UV-sensitive glue under i-line
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(a) Schematic of annular zone division centering on the focus and representing dipoles. (b) Calculated zone-averaged FFP up to N = 5 for

the 2-pm mosaic, N = 10 for the 4-pm mosaic, and N = 20 for the 8-pm mosaic.

irradiation, as depicted in Fig. 5(a). The distance between the
active region and the sapphire substrate is around 5 pm. The
ESS substrate was lifted off by a KrF, excimer laser, as shown in
Fig. 4(b). The sample was immersed in dilute HCI to remove
the residual Ga on the surface. A 250-nm-thick SiO, is depos-
ited on the N-face of GaN as the hard mask by a plasma-
enhanced chemical vapor deposition system. The MC mosaics
are patterned on different positions of wafers with negative-
tone resist (maN2403) for e-beam lithography (EBL). The pat-
terned area is a 128-pm-wide square with an 8-pm, 4-pm, or
2-pm MC mosaic partition. The schematic cross-sectional pro-
file after EBL is depicted in Fig. 5(c). The pattern was trans-
ferred to the SiO, hard mask and then GaN by a two-step
dry-etching. Finally, the SiO, is removed by buffered oxide
etchant, as depicted in Fig. 5(d). The area without MC mosaics
was covered with 500-nm-thick Cr by a conventional lift-off
method to minimize the contribution of photoluminescence
(PL) outside the MC mosaics area. Figures 5(e)-5(g) are the

top view, bird’s-eye view, and cross-sectional view of scanning

i-line irradiation

11111

J 1001)

(@ (b)

u/n- GaN

DSP sapphire

(d)

electron microscopy (SEM) images of the MC mosaic under
different magnifications, respectively. Due to the finite-etching
selectivity between the oxide hard mask and GaN, the sidewall
is ~15° tilted from verticality.

Figure 6(a) schematically illustrates the angle-resolved PL
setup for FFP measurement. The sample was mounted verti-
cally on a triple-axis translational stage. A continuous-wave
and collimated 405-nm laser beam is irradiated from the
DSP sapphire end for excitation. The beam size after the iris
is expected to be around 400 pm, which is larger than the span
of the MC mosaics. Therefore, we can assume a uniform ex-
citation of the dipoles in the MQW region. A long-pass filter
with a 425-nm cutoff wavelength and a fiber coupler are
mounted on a motorized rotational arm toward the sample.
The fiber coupler was connected to a spectrometer for the
PL spectrum. The FFP is measured by the PL intensity at
450 nm from different angles.

The polar plots of FFP and their normalized plot are shown
in Figs. 6(b) and 6(c), respectively. In general, the FFP with

(c)

EBL Resist
EEEIEN

Fig. 5. Schematic cross-section profile when (a) the LED wafer is bonded to DSP sapphire with UV-sensitive glue; (b) the substrate is lifted off by
KrF, excimer laser; (c) the MC is patterned via EBL; and (d) the MC pattern is transferred to GaN via etching and then BOE immersion. The
(e) top-view, (f) bird’s-eye-view, and (g) cross-sectional SEM images of MC.
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(a) Schematic angle-resolved PL setup for FEP; (b) the raw and (c) normalized FFP polar plot with and without MC mosaics.

a higher intensity at = 0° also possesses a lower 8;,. The cor-
responding Oy, is 116°, 132°, 108°, and 112° for the area with-
out MC, and with 8-pm, 4-pm, and 2-pm MC mosaics,
respectively. The overall 6y, is still broad since the active region
is uniformly excited. The maximum A4, . ratio is still ~12% for
the 2-pm MC mosaics. If we normalize the 7, with the 8-pm
MC mosaic to be one, those with 4-pm and 2-pm MC mosaics
are 2.84 and 2.46, respectively. The FFP shows 0 ~ 0° is the
strongest for the 4-pm MC mosaics, and that with the 2-pm
MC mosaic is more rounded, which is consistent with the si-
mulated FFP in Fig. 4(b). The qualitative agreement of the 7,
order validated the effectiveness of our simulation. The quan-
titative discrepancy might be attributed to various root causes,

for example, the meta-atom geometry and the epitaxial struc-
ture mismatch between experiments and simulations. For ex-
ample, we studied the impact of the 15° sidewall inclination
with the same meta-atom top diameter by optical simulations.
Figure 7(a) summarizes the dependence of the propagation
phase and transmittance of the 450-nm-high cylindrical
meta-atoms with a 15°-tilted sidewall. The propagation phases
deviated from those with vertical sidewalls, but the difference
does not vary drastically with D. Therefore, we can expect the
actual phase with the tilted sidewalls to be close to the original
metalens collimator. Figure 7(b) shows the 0y, only deterio-
rated from 5° to 6° and the /;y degraded by 10% if the
MC is composed of meta-toms with tilted sidewalls. As long
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Fig. 7. (a) Dependence of propagation phase and transmittance on the top diameter, D, of the cylindrical meta-atoms with a 15°-tilted (solid line)

or vertical (dashed line) sidewall. (b) Simulated FFPs with vertical (blue) and tilted (red) sidewalls with the same D(r) at the top. Inset is the bird’s-eye
view of MC with 15°-tilted sidewalls in simulation software. (c) Schematic of FDTD simulation considering the backside reflector. (d) Simulated
FFPs with different }JQW, R, and A.
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as the imperfection in the process does not change the depend-
ence of the propagation phase on the top diameter significantly,
the MC function could still be retained. Besides the continuous
refinement in processing accuracy, the performance of MC mo-
saics could be significantly improved by the following strategies.
First, change the mosaic unit from square to hexagon for
the closest packing of the A, .¢. Second, concentrate the light-
emitting dipoles in the A, ¢ by selective area micro-PL excita-
tion or current injection. If all the dipoles are spatially
constrained in the A, ., the light shall be well-collimated
within the 0g,. Third, we could also modify the phase profiles
of the MC to optimize the A, 4. More elaborate simulation-
assisted design optimization and processing development will
be further investigated.

In real micro-LED devices, the bottom metal contact could
have a strong impact on the light collimation. First, carriers
could be selectively injected by the pad design to manipulate
the FFP. Second, the output power will be enhanced if the
metal is highly reflective. Figure 7(c) illustrates the schematic
of the simulations considering different backside metal reflec-
tance (R = 0% or R = 90%), the distance between the QW and
the metal (hqw = 50 nm or hqw = 500 nm), and the dipole
position at A = 0 nm or A = 400 nm. The simulated FFPs
with the 8-pm mosaic are shown in Fig. 7(d). In general,
the dependence of oblique angle on A is similar after inclusion
of the back reflector. The FFP intensity will be higher if the
reflector is close to the QW. Finally, since the MC is designed
to interact with the dipole emission propagating along the nor-
mal axis, the sidewalls of micro-LEDs are expected to contrib-
ute to the parasitic background in the FFP, which might be
suppressed by filling the gaps with light-absorbing materials.

4. CONCLUSION

In conclusion, we designed and demonstrated the monolithi-
cally integrated MC on the backside of the LED epitaxy. A wide
MC collimates the dipole emission in the focus vicinity more
efficiently, but the effective area will be insignificant to the total
light-emitting area. Therefore, the LED backside area has an
optimized partition for the MC mosaic. For the conventional
blue LED epi with the active region ~5 pm from the GaN/
sapphire interface, the normal output power can be enhanced
up to 2.8 times with a reduced divergence angle after incorpo-
rating the 4-pm MC mosaics on the backside. The divergence
angle could be further suppressed by etching the active region
away from the focus or selectively injecting the carriers via elec-
trode pattern design in the real p-LED. The MC mosaic inte-
gration with thin-film LED epitaxy provides an ultra-compact
solution to suppress the optical cross-talk of high-density
P-LED arrays for future near-eye displays and co-packaged
optics modules.
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