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Abstract: Owing to the recent developments of dielectric
metasurfaces, their applications have been expanding
from those pertaining to the thickness shrinkage of passive
optical elements, such as lenses, polarizers, and quarter-
wave plates, to applications pertaining to their integration
with active optical devices, such as vertical-cavity surface-
emitting lasers. Even though directional lasing and beam
shaping of laser emission have been successfully demon-
strated, the integration of metasurfaces with random light
sources, such as light-emitting diodes, is limited because of
function and efficiency issues attributed to the fact that
metasurfaces are basically based on the resonance prop-
erty of the nanostructure. To control the direction of
emission from colloidal quantum dots, we present a
dielectric metasurface deflector composed of two asym-
metric TiO, nanoposts. TiO, deflector arrays were fabri-
cated with a dry etching method that is adaptive to mass
production and integrated with a colloidal quantum dot
resonant cavity formed by sandwiching two distributed
Bragg reflectors. To ensure the deflection ability of the
fabricated sample, we measured the photoluminescence
and far-field patterns of emission from the resonant cavity.
From the obtained results, we demonstrated that the
colloidal quantum dot emission transmitted through our
deflector arrays was deflected by 18°, and the efficiency of
deflection was 71% with respect to the emission from the
resonant cavity. This integration of dielectric metasurfaces
with a resonant cavity shows the possibility of expanding
the application of visible metasurfaces in active devices
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and may help to develop next-generation active devices
with novel functions.
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1 Introduction

Metasurfaces are artificial nanostructures that are
designed to control the amplitude, polarization, and phase
of incident waves at the subwavelength scale [1-4]. Since
their emergence in 2011, many researchers have demon-
strated that metasurfaces can be used to replace traditional
bulky optical components, such as lenses, polarizers,
quarter-wave plates, in the form of flat thin-films with
thicknesses spanning a few hundred nanometers [5-8]. In
addition to passive optical component applications, the
applications of metasurfaces to active optical components,
such as lasers, light-emitting diodes (LEDs), and quantum
light sources, have also been demonstrated in the areas of
nonlinear response enhancement of quantum cascade la-
sers, light—-matter interactions, and the control of lasing
profiles [9-11]. Because metasurfaces use the resonance
properties of nanoantennas, they work well with laser light
at a fixed frequency and well-defined wavevectors. There-
fore, the combination of metasurfaces with laser devices
seems to be natural. In 2018, Ha et al. reported that the
control of the lasing direction is possible with the use of a
dielectric nanoantenna array [12]. Additionally, Xie et al.
demonstrated recently that metasurface axicons that are
integrated with the substrate backside of vertical-cavity
surface-emitting lasers allow the lasing emission to main-
tain the beam collimation after it propagates through the
substrate [13]. Metasurfaces usually do not work well in the
case of LEDs because of the randomness of the LED emis-
sion. Therefore, additional mechanisms are required to fix
the phase and wavevector of LED emission [14]. In 2017, we
presented colloidal quantum dot (CQD) LEDs with nanoslot
arrays patterned on their metal electrodes and demon-
strated that the polarization and direction of LED emission
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can be easily controlled by slot-groove arrays because
random light that passes through metallic nanoslots has a
fixed phase and wavevector [15]. Despite its successful
demonstration, the efficiency of LED emission through
nanoslot arrays was too low at approximately 4% because
of the intrinsic optical loss of the metal and the nanoscale
size of slot arrays.

During the past few years, the paradigm of the meta-
surface study has shifted from plasmonic metasurfaces
that are based on metallic nanoantennas to dielectric
metasurfaces that use dielectric nanoantennas owing to
their increased efficiencies [16-19]. Several research
groups reported that the various high-efficiency applica-
tions, including holography (efficiency of ~86%), meta-
lenses (efficiency of >66%), and spectrometers (efficiency
of ~25%), have been achieved with the use of dielectric
metasurfaces [20-22]. In addition, directional emission
control from the resonant cavity LEDs (RCLEDs) has been
demonstrated with the use of Si dielectric metasurfaces
[23]. In this work, Si materials with high index (> 3.5) were
used for the fabrication of visible metasurfaces to achieve
2n phase changes in nanopost structures, despite the fact
that Si has very high absorption in the visible range.
Therefore, the measured efficiency of fabricated devices
was ~3%. To increase the efficiency in the visible range, we
present herein CQD RCLEDs integrated with a titanium
dioxide (TiO,) nanopost array as shown in Figure 1. The
nanopost arrays were patterned by an inductively coupled
plasma reactive-ion etcher (ICP-RIE) that was successfully
used in fabricating TiO, nanoantenna arrays [24—26]. Based

Figure 1: Schematics of a resonant cavity light-emitting diode with
TiO, metasurfaces.
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on photoluminescence (PL) measurements and far-field
emission images from fabricated RCLEDs, we observed that
the emission of RCLEDs was deflected by 18° with an effi-
ciency of 71% with respect to the emission from the reso-
nant cavity.

2 Dielectric deflectors composed of two
asymmetric TiO, nanoposts

TiO, materials are suitable for fabricating visible meta-
surfaces because they are transparent in the visible range
and have a refractive index value of ~2.4 that is higher than
that of Si0O, [27]. However, the refractive index with a value of
~2.4 is not adequately high when compared to the case of
high-contrast dielectric metasurfaces. The amplitude and
phase of light transmitted through nanopost arrays are
determined by the size and period of nanopost arrays. When
the phase changes from 0 to 277 range, the transmission of a
nanopost can have several dips because of the resonances
[28]. If the index contrast between nanoposts and embedded
materials is high enough as in the case of Si materials, the
metasurface arrays can be properly designed by excluding
low transmission conditions because the transmission dip is
very narrow. However, for the case of TiO, nanoposts, it is
more complicated because the index contrast between TiO,
and embedded SiO, is rather moderate. Although thin TiO,
nanoposts can provide a full phase change in certain con-
ditions, using the TiO, nanoposts with thickness above
600 nm is preferred to minimize the abrupt change of phase
and transmission, and provides more flexible ranges of the
design parameters. Unfortunately, TiO, materials cannot be
easily deposited at large thicknesses without increasing the
extinction coefficient and crystal crack [29]. In addition, it is
difficult to etch TiO, materials with a high aspect ratio by
standard etching techniques, such as the RIE method
because of their inherent material hardness [30]. Thus, most
TiO, metasurfaces are fabricated with the Damascene tech-
nique after the atomic layer deposition (ALD) of TiO.. This
renders the mass-production and practical applications of
metasurfaces difficult [17, 21]. To avoid this difficulty,
Majumdar’s group proposed silicon nitride (SiN) materials as
another option for visible metasurfaces [27, 31]. Since SiN
materials have been major materials in Si technology, they
can be fabricated by using a highly-developed complemen-
tary metal-oxide-semiconductor (CMOS) fab-technology.
Therefore, they are often used in the fabrication of dielectric
metasurfaces as well as backbone materials in visible
nanophotonics nowadays [32-35]. By contrast, Roh’s group
used polycrystalline Si materials despite the optical loss in
the visible range owing to fabrication compatibilities [36].
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We have revisited the use of TiO, materials as base
materials for visible metasurfaces, and have etched them
with ICP-RIE that is compatible with CMOS technology.
Figure 2A shows the real (black) and imaginary (red)
indices of TiO, measured by an ellipsometer. As shown, the
real refractive index at a wavelength of 600 nm is 2.4.
Additionally, there is no absorption in the region where the
wavelength is longer than 390 nm. We etched TiO, mate-
rials with a thickness of 200 nm by using an e-beam
lithography resist (ER) as an etching mask. The scanning
electron microscopy (SEM) image of Figure 2B shows that
the TiO, nanopost arrays with a diameter of 150 nm and a
period of 300 nm are fabricated accurately.

For the design of TiO, metasurfaces and operation at
the wavelength of 600 nm, we calculated the look-up
tables (LUTs) of the TiO, nanopost with the use of a
commercial finite-difference time-domain simulator
(FDTD) (Lumerical Inc.). For the calculation of the
transmittance and phase changes after the propagation of
light through the TiO, nanopost, the measured data in
Figure 2A were used as the refractive index data of TiO,,
while the medium surrounding the nanopost was set to
SiO, because the gaps between the nanoposts were filled
with SiO, for the deposition of reflectors in the fabricated
devices. Figure 2C and 2D shows the look-up tables con-
structed for nanoposts with thicknesses of 700 nm and
300 nm, respectively. Figure 2C shows that a full phase
change of 2 can be obtained for a 700 nm-thick TiO,
nanopost embedded in SiO, materials. Since the
patterning of TiO, nanostructures with a high aspect ratio
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is quite challenging, we circumvent this difficulty by
introducing an alternative design with TiO, nanoposts
with a low aspect ratio. In this work, we present a
dielectric deflector composed of two TiO, nanoposts
with a thickness of 300 nm which was adapted from the
design of the dielectric asymmetric nanoantenna or dimer
[24-26].

Figure 3A shows the schematics of a deflector composed
of two TiO, nanoposts. The deflector structure has a period
of 700 nm in the x-direction and a period of 300 nm in the
y-direction. One deflector structure consists of two nanoposts
with a diameter of 230 and 100 nm. To evaluate the
deflecting capacities of the chosen TiO, nanoposts, we
calculated the transmission spectrum at each diffraction-
orders and the scattering far-field patterns by using the
FDTD simulator. From the calculated transmission spec-
trum and deflection angle as a function of the wavelength
shown in Figure 3B and 3C, we can see that the trans-
mission with a diffraction-order of one in the x-direction
has a value of 0.68 and the deflected angle of this diffrac-
tion-order in the x-direction corresponds to 20° at the
wavelength of 604 nm. Besides the transmission with a
diffraction-order of one, all other transmission amplitudes
are suppressed. This implies that TiO, asymmetric nanopost
arrays can efficiently deflect normal incident light by 20°
into the right side (along which the small nanopost is
located). To make it sure, we calculated a far-field image at
the wavelength of 604 nm with the use of a near-to-far field
transformation method and derived ¢b- and 6-polar plot from
the obtained far-field as shown in Figure 3D. Based on the
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Figure 3: (A) Schematics of a deflector
structure. The deflector has a period of
700 nm (300 nm) in the x- (y-) direction and

— 0 ——T-1,0) 20
T(0,0) o\ TN .

]
, @ & o
W —T total 45
L 08 —T(1,0)

consists of two asymmetric TiO, nanoposts
with a thickness of 300 nm. Two nanoposts
are embedded in the SiO, material. (B)

Angle (*)

T(-1,0)0 \ l\ef T(1,0)

0.2
AN :
.

D %
120 60
150 30
180 0 i
210 330 50
240 300
270

simulated results shown in Figure 3, we integrated the
dielectric deflector arrays made of two asymmetric nano-
posts with the resonant cavity and investigated how the
deflector arrays affect the emission from the resonant cavity
by measuring the PL spectrum and far-field images. (Sup-
plementary materials S1)
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3 Fabrication of TiO, nanopost
arrays

TiO, materials require special attention to be handled with
standard CMOS fabrication technology. The deposition of
thick TiO, film achieved with chemical vapor deposition
(CVD) yields crystalline cracks and results in the degra-
dation of the film quality. In addition, dry etching of TiO,
with RIE is associated with difficulties attributed to the
rough profile of the etched structures and the low-etching
rate with respect to the soft mask.

In this study, we first deposited TiO, materials with a
thickness of 300 nm with a sputter, and etched them with
an ICP-RIE to fabricate the deflector structure based on the
design of two asymmetric TiO, nanoposts as shown in
Figure 3. Figure 4A shows the entire fabrication procedure
of our devices. Nanopost arrays were patterned on the TiO,
materials with e-beam lithography. The positive tone
e-beam lithography resist was used as the etch-mask for
patterning of the TiO, nanopost. The transmission electron
microscopy (TEM) images of the etched TiO, nanoposts are

Transmission spectrum with diffraction-
order of the deflector unit calculated by the
finite-difference time-domain (FDTD)
simulator. (C) The calculated deflection
angle of transmission with a diffraction-
order of 1 as a function of the wavelength.
(D) The far-field pattern of the deflector
array (left), ¢-polar plot (middle), and 6-
polar plot (right) calculated at the
wavelength of 604 nm. White dashed
circles in the far-field pattern correspond to
the numerical aperture (NA) of 0.3, 0.75,
and 0.95 respectively. ¢-(6-) polar plot is
drawn at the angle 6(¢) of the maximum
intensity position in the far-field pattern.
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shown in the left of Figure 4B. After dry etching, the gaps
between the TiO, nanoposts were filled with SiO, materials
with CVD at low pressure. To flatten the surface for the
deposition of a distributed Bragg reflector (DBR), we used a
chemical mechanical polishing (CMP) method. Accord-
ingly, the flattened surface could be visualized clearly in
the magnified TEM image on the right in Figure 4B. Sub-
sequently, we deposited DBRs made of TiO, and SiO, layers
on one substrate integrated with nanopost arrays and
another bare quartz substrate simultaneously. The thick-
nesses of SiO, and TiO, are 100 nm and 60 nm respectively,
and five pairs of SiO, and TiO, were deposited on two
substrates. At the final stage of the sample fabrication, we
dropped the CQD solution (which has an emission peak at
the wavelength of 604 nm) on the substrate where the DBR
was deposited, and the CQD solution was dried at room
temperature. To form the resonant cavity of CQDs, we
placed the sample integrated with the TiO, nanopost arrays
upside down on the CQD-coated sample. The thickness of
the CQD layer sandwiched by two DBRs was measured as
~5670 nm by calculating the free-spectral range (FSR) of
the Fabry-Perot cavity from the measured PL spectra
shown in Figure 5B and 5C [37]. (Supplementary materials
S2) By measuring the PL and far-field pattern of the fabri-
cated cavity based on the setup shown in Figure 4C, we
checked the ability of our designed deflector metasurfaces.
Far-field images are measured in the focal length of the
convex lens located at the backside of the microscope in
the measurement setup. The lens plays the role of Fourier
transform upon the incident plane wave, and therefore the
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image obtained in the focal plane of the lens shows the
angular distribution of the incident plane wave [15, 34]
(Supplementary materials S3).

4 Deflection of emission from the
CQD resonant cavity by
metasurfaces

We measured the PLs and far-field images of three
different samples to find out how the resonant cavity and
the integration of the deflector arrays affected the emis-
sion of the CQDs. Three schematics in the left column of
Figure 5 show three different samples. As a reference, we
measured the PL of the emission from the CQDs deposited

.
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Figure 4: (A) Schematic of the entire
fabrication procedure. (B) Transmission
electron microscopy (TEM) images of the
TiO, nanopost arrays etched by ICP-RIE
(left), and the two TiO, nanoposts flattened
by chemical mechanical polishing (right).
The scale bar in the right magnified image
corresponds to 300 nm. (C) Schematics of
PL and far-field pattern measurement
setup. By changing the mirror, the optical
path can be changed between a
spectrometer and the charged-coupled
device (CCD).

pumping laser

only on one DBR structure pumped by a laser diode (LD)
with a wavelength of 516 nm, as shown in the left of
Figure 5A. The measured spectrum shows the represen-
tative PL of the red CQD emission with a full-width at half
maximum (FWHM) of 33 nm and a peak wavelength of
604 nm. In order to compare the functionality of three
different samples, we adapted some parameters that are
used in radio frequency (RF) antenna theory. A repre-
sentative figure of merit associated with the directional
antenna is a directivity (D), which is defined as the ratio of
the radiation intensity in a given direction to the radiation
intensity averaged over all directions [38]. Practically, a
directivity can be measured easily by half-power beam-
width (HPBW), which is defined as the angle difference
between two opposite points with a half value of the
maximum power (Supplementary materials S4). From the
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Figure 5: (Left to right) Schematics of the samples, PLs, far-field patterns, ¢-, and 6-polar plots of the emission from (A) CQDs deposited only
on one DBR structure, (B) CQDs sandwiched by two DBRs without a deflector structure, and (C) CQDs sandwiched by two DBRs with a deflector
structure. White dashed circles in far-field patterns correspond to NA of 0.3, 0.75, and 0.95 respectively. All far-field images are drawn on the
same scale. ¢-(6-) polar plot is drawn at the angle 6(¢) of the maximum intensity position in the far-field image.

measured far-field pattern, ¢-, and 8-polar plot as shown
in Figure 5A, we can obtain D of ~8.4 at the wavelength of
604 nm and confirm that the emission of the first sample
yields a typical far-field pattern of random light sources
referred to as Lambertian. The second sample corre-
sponds to the schematics on the left of Figure 5B, and has
a CQD resonant cavity formed by sandwiching DBR with
the coated-CQD and DBR without the deflector arrays. The
measured PL of the second sample shows several peaks
with FWHM of 1.27 nm owing to the resonant effect of the
cavity. The thickness of the CQD layer is calculated to be
~5670 nm from the FSR of ~17.6 nm. In addition, the
directivity at the wavelength of 599 nm (one of the mul-
tiple resonance peaks) is measured as ~25.8. Compared
with the first sample, the emission from the second
sample shows the improved emission directivity with a
well-defined wave vector in the normal direction and
therefore can be properly coupled with the TiO, deflector.

To confirm the effect of the integration with the TiO,
deflector arrays on the emission pattern from the CQD

resonant cavity, we measured the PL and far-field pattern of
the third sample that was integrated with TiO, deflector
metasurfaces, as shown in Figure 5C. Compared with the PL
spectrum of the second sample, the wavelengths of the
resonant peaks were red-shifted because of the thickness
difference of the deposited CQD layers. Additionally, the
amplitudes of peaks were decreased because of the reflec-
tion at the interface of the deflector metasurface. An FWHM
of the peaks is measured as 1.25 nm which is very similar to
that of the second sample. This means that the integration of
the deflector does not affect the resonance effect of the
cavity, and only decreases the efficiency of emission. As
shown in Figure 5C, the emission from the CQD resonant
cavity with the deflector arrays was deflected by approxi-
mately 18° toward the right direction (along which the
nanopost with a diameter of 100 nm was located) compared
with the far-field of the second sample without the deflector
arrays. The measured deflection angle is consistent with the
simulated deflection angle of 20°. In addition, the efficiency
of the deflection was measured to be 71% with respect to the
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second sample. Here, the deflection efficiency was calcu-
lated by integrating all intensities inside the HPBW range in
measured far-field images of the second and the third sam-
ples, and comparing these two values. (Supplementary
materials S4) Because of the wide spreading of the emission
of the third sample, the D of the third sample is measured as
~9.8 smaller than that of the second one.

5 Conclusions

In conclusion, we presented the design of the deflector
composed of two asymmetric TiO, nanoposts, and inte-
grated the deflector array composed of dry-etched TiO,
nanoposts with a CQD resonant cavity. Comparison of the
PLs and far-field patterns measured from two CQD resonant
cavities with and without the deflector array demonstrated
that the fabricated deflector metasurfaces could deflect the
emission of the CQD resonant cavity by 18° with an efficiency
of 71% with respect to the emission from the resonant cavity.
In the present design, we specifically chose the struc-
ture with a limited function in the control of the beam
deflection, which did not require a span of full phase
change of 2. To demonstrate the metasurface structures
with full control of the far-field pattern, integration of the
TiO, nanoposts with a high aspect ratio is required. This
could be achieved by introducing advanced hard mask
materials and etching methods [39]. Instead of using TiO,
for making the visible metasurfaces, poly-Si or gallium
phosphide (GaP) can be good alternatives due to their high
refractive index and partial transparency in the visible
range [40]. Additionally, using the well-developed deep
etching technology in CMOS-fabrication, SiN with enough
thickness will be another good candidate material in the
visible range [31]. As commented in the introduction sec-
tion, SiN has a lower refractive index of ~2.0 compared to
TiO,, but an LUT simulation shows that SiN nanoposts with
a thickness of 600 nm or more have a full phase change of
2n. Based on the recent rapid developments of visible
metasurfaces, we expect that their applications, including
their integration with active devices like LDs and LEDs, will
continue to expand, and will become an essential and
important element in several subfields of nanophotonics.
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