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Abstract—Photonic-crystal surface-emitting laser (PCSEL)
holds promise for laser beam with high efficacy while retain the
small divergence angle, being now all the rage as laser source in
modern opto-electronic technologies to replace edge emitting
lasers and vertical-cavity surface-emitting lasers (VCSELS).
Arbitrary beam shaping and deflection of VCSELSs with ultra-thin
flat optics, aka metasurfaces, has recently demonstrated, making
possibility to realize a compact system in many technologies.
However, the large divergence angle and limited output power at
single fundamental mode of the VCSEL limits its application. Here,
we report the static steering of laser beam with high efficiency and
near 1° divergence angle by shining the laser beam of the PCSEL
through the metasurface array placed on top. The small
divergence angle is contributed from PCSEL. On the other hand,
the metasurface array offers the higher efficiency beam deflection,
without considering additional collimating or focusing. This
provides highly flexible platform and is capable to manipulate the
laser emission through the design of the metasurfaces and the
PCSELs. Moreover, the beam proprieties can be further modified
for specific application through the metasurfaces. The integration
of metasurface with PCSEL provides the compact and collimated
laser source, promising more accurate generation of versatile laser
sources on demand for automotive ultra-compact light detection
and ranging (LiDAR), depth sensing, optical communication, etc.

Index  Terms—photonic-crystal  surface-emitting  laser,
metasurface, high power, small divergence, beam deflection.

I. INTRODUCTION

he applications of light detection and ranging (Lidar) and

three-dimensional (3D) sensing technologies on the
autonomous vehicles and mobile devices are soaring rapidly in
recent years. Among those systems, semiconductor lasers and
silicon photonics technologies are indispensable to maintain the
performance in miniature device footprint. [1-4] The laser
beams are spatially modulated to be incident onto the detected
object and the reflected beams are collected to present the
contour through specific algorithm. Take Lidar systems for
instance, approaches for manipulation of laser beams, such as
optical phase array (OPA) through silicon photonics
technologies, reflective mirror through micro electro
mechanical systems (MEMs), and active devices using
reconfigurable metasurfaces are applied to replace the
traditional optomechanical parts.[5-8] For the generation of
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structured beam pattern, a laser beam was shaped as rectangular
through a diffusor and followed by passing through a diffractive
optical element (DOE) to produce the beam pattern. The laser
sources typically applied in these systems are edge emitting
lasers or vertical-cavity surface-emitting laser (VCSEL) arrays
for which the large beam divergences and the limited output
power for single mode operation complicates the design and
restricts its applications.[9] Recently, photonic-crystal surface-
emitting lasers (PCSELs) were demonstrated to exhibit
advantageous features of high output power, single mode
operation, and small divergence angle which enables the direct
application on the above-mentioned applications.[10-13]
Moreover, direct modulation of the output beam angle has been
demonstrated on PCSELSs, which facilities the further reduction
of the system footprint[3, 14-20]. R. Sakata et, al. realized the
beam steering of the PCSEL via the periodical modulation of
the shape and position of the photonic crystal (PC) to generate
a crystal momentum that deflects the beam direction.[3] The
far-field divergence was kept around 1° as the regular PCSELS,
which enables direct application without focusing or
collimating lenses. In our previous report, the integration of the
diffractive elements on the PCSELs has been presented to
control the beam direction[16, 21]. In this study, our attempt is
to apply the metasurfaces for beam deflection with refined
beam shape and the efficacy on the PCSELSs.

Metasurfaces, consisted of subwavelength nano-scaled
structures, has been extensively applied for manipulating or
shaping the wave front with high efficacy through a thin
layer.[22-29] Moreover, the generation of laser beams with
high order orbital angular momentum (OAM) through
metasurfaces has been reported. [30-32] The integration of
PCSELs with metasurfaces are expected to combine the
advantages of these two devices and deliver many more kinds
of versatile lasers in our concept. Through this approach, the
laser properties on demand can be obtained directly without
additional optical elements. In current status, the laser beam
properties such as the deflection angle and beam divergence
were investigated through the injection of the laser beam into
the metasurfaces placed on top of the PCSEL. The directionally
modulated laser beam via the metasurfaces was shown to
preserve the feature of small divergence angle, and speckless
captured by beam viewer. Such kind of laser performance is
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promising for the application of 3D sensing and Lidar
applications

Il. EXPERIMENTAL

The PCSEL applied as a light source in this experiment was
designed and fabricated, which was described in previous
report. [33-35] Following will deliver the design and
fabrication of the metasurfaces as well as the measurement
setup.

A. Design and fabrication of metasurfaces

A supper cell of metasurface blazed grating (Fig. 1(a) right)
is composed of several (> 3) meta-atoms. The meta-atom or
building block of our metasurface blazed grating is design as
600-nm-tall circular GaAs nano-pillars on GaAs substrate (Fig.
2a left). Different phase shift can be imparted by changing the
radius of the pillar and the center-to-center distances (in x-
direction, Lx) of each pillar. The phase shift of the circular
nano-pillars was numerical calculated with commercial finite
element method (COMSOL). Fig. 2b and 2c shows the
respective simulated transmitted phase and transmittance of
nano-pillar versus different center-to-center distances and
radius. We assume the incident light is from the bottom
substrate with normal incidence. Therefore, the deflection
angle of the beam passing through metasurface grating can be
determined by

. A
0 =sin™?! (;) ()]

where w, ©, and A represent the width of the supercell (in x-
direction), deflection angle, and wavelength, respectively. To
satisfy the required diffraction angle, e.g. 20°, the supercell
periodicity should be 2778 nm. Therefore, we select six
different nano-pillars (labeled on Fig. 1(b)) with appropriate
phase difference and transmittance while the sum of their Lx
satisfies the supercell periodicity and the higher diffraction
efficiency is considered.

The metasurfaces were fabricated on the double side
polished GaAs wafer in avoidance of scattering from the rough
surface of the substrate. The e-beam lithography was applied
to generate the pattern of the metasurfaces on poly methyl
methacrylate (PMMA) which served as the photoresist as well
as the mask for the following etching process. An inductively
coupled plasma - reactive ion etching (ICP-RIE) process with
chlorine-based reaction gas was carried out to etch off the
unmasked GaAs to form the nanopillars. The pattern size of
each nanopillar has been revised to compensate the variation of
etching rate of different pillar size. The etching parameters was
refined to maintain the steep side walls as shown in the right
panel of Fig. 1(c). Fig. 1(c) shows the scanning electron
microscope (SEM) image of one of our fabricated metasurface
grating. The metasurface for each deflection angle designed
and fabricated according to above method was evaluated for
the performance.

B. The characterization of the deflected laser beam
In this section, the measurement setup will be depicted. The
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Figure 1. (a) The illustration of operation principle and design of
metasurfaces. (b) The mapping diagram of the phase (left panel) and
transmittance (right panel) with respect to the unite cell geometries. The
asterisk on the diagram indicated the chosen unite cells to compose the
metasurface. (c) The top view (left panel) and the inclined view (right panel)
of the nanopillars through the SEM observation.

metasurface of specific deflection angle was measured through
the angle resolved electroluminescence (AREL) set as the
schematic diagram shown in Fig. 2(a). The PCSEL was applied
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as the light source and shined the metasurface placed atop. The
signal was collected through a fiber with a varying polar angle
at 0.1° step and the signal was collected by the photodiode.

We further assembled an array of 7 x 7 metasurfaces with
variety deflection angles to demonstrate a squared pattern with
deflection angle spanning in the range of +20°. The OM picture
of the array was displayed in left panel of Fig. 2(b). The
metasurface array was placed on the sample holder at 10 mm
height above the PCSEL, which was free to move parallelly
relative to the PCSEL as shown in the schematic diagram
shown in Fig. 2(b). The emitted laser beam covered
approximately four metasurface patterns of the array and hence,
laser beams with four deflected angles were collected on the
beam viewer of each measurement. The metasurface array was
moved with respective to the PCSEL to ensure all the deflected
angles through the metasurface array were covered.
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Figure 2. (a) Schematic illustration of AREL measurement of metasurface
excited by PCSEL for specific deflection angle. (b) The OM picture of the
top view of metasurfaces array (left panel). The measurement setup for
the evaluation of the far field pattern of the electrically driven PCSEL
device integrated with metasurface arrays (right panel).

I11. RESULTS AND DISCUSSION

A. PCSELs

Fig. 3(a) represents the light-current-voltage (L-1-V)
characteristics and lasing spectrum measured at driving current
of 1.2 x I, of the PICSEL which ensures single lasing peak at
950 nm. The emission intensity taken near the threshold is
uniformly distributed as indicated in the near field pattern
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shown on the upper panel of Fig. 3(b). The far field pattern
shown on the lower panel Fig. 3(b) represents a single lasing
mode with divergence angle as small as ~1° and laser beam
quality factor (M?) as good as 1.4. The uniformly single lateral
lasing mode facilitates the fabrication of metasurface directly
on the substrate of PCSEL in the future. The measured degree
of polarization (DOP) in Fig. 3(c) is 79% owing to the PC
geometry. Though the current metasurface is insensitive to the
polarization, it has to take into consideration while using other
sorts of metasurface design. The single mode and low
divergence properties of the laser beam emitted from the
PCSEL, benefited from the distributed feedback oscillation of
large surface area, will be favorable for integration with
metasurfaces.
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Figure 3. () The L-1-V curves and the lasing spectrum of the single
PCSEL device. (b) the near field image (upper panel) and the far field
pattern (lower panel) of the PCSEL. (c) the measured DOP.

B. Metasurfaces

Fig. 4 depicts four instances of the experimental results of the
metasurfaces, where the upper and lower panel shows the polar
plot of beam profiles and the SEM top view, respectively. The
dimension of the fabricated metasurface matches well with the
design value with overall deviation less than 5%, which results
in the well side lobe supersession and low half width of the main
peak. This indicates the metasurface effectively deflected the
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laser beam and well preserve the small divergence angle of the
PCSEL. Owing to the large area coherent emission of PCSEL,
the design of the metasurface is simplified by utilizing plane
wave incidence. Once we have confirmed that the performance
of the metasurfaces met our requirement, the design and the
fabrication process were applied on the metasurfaces array.

C. Metasurfaces array

The metasurfaces array was designed to project the laser beams
for various deflection angles with projected wave vector
depicted as Kx and Ky in Fig. 5(a) which corresponds to a
square pattern in real space. The dummy metasurface consisted
of equal-phase nanopillar was applied for the 0° deflection to
normalize the transmittance of the metasurafces. Fig. 5(b)
displays the far field emission pattern of this integrated device

which is driven by the current pulse of 10us and 10% duty cycle.

The deflected laser beam was detected by the beam viewer as
described in previous section. The data collected of each

measurement was assembled in one frame as shown in Fig. 5(b).

To ensure the deflection angle and the intensity, we move two
patterns of metasurfaces array per step and keep two patterns

Figure 4. The polar plot of angle dependent spectrum of the four
metasurface structures (upper panel) and the top view of the nanopillars
through SEM measurement corresponding to each indicated color (lower
panel).

overlapped. The deflection angles and the intensities of the two
repeated patterns are applied for calibration of the other two
patterns. The bright laser spot in contrast to the background
detected by the beam viewer can be clearly observed at each
designed deflection angle without any speckle. Such kind of
light pattern will be promising for applications such as 3D
sensing that a high signal to noise ratio will be expected. The
divergence angle of the laser beam still maintains at ~1° after
passing through the metasurface regardless of the deflection
angle, which in accordance with previous measurement. This is
advantageous for direct application without further beam
shaping and focusing, which is expect to reduce the footprint of
the whole system. From Fig. 5(b) we can notice the intensity of
the laser spot is lower at deflection angle of 20° that we have
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not observed in the individual pattern. This resulted from the
deviation of the height of nanopillars during the process that the
photo resist for e-beam lithography was thicker around the edge
of the sample during the spin coating process. The thicker
photoresist leads the exposure condition deviated from our
setting and hence a thin residual photo resist layer left to retard
the etching of GaAs layer. The deviation of the geometries of
the nano pillar led to incomplete 2 7 phase coverage and hence
reduced intensity. This can be avoided by the refinement of the
process parameter or just simply using a larger piece of sample
to prevent from the edge effect. In this study, we characterized
the performance of the two devices independently and the two
components were integrated to show the novel beam
characteristics. For the next step, the fabrication of PCSEL with
n side emission and the metasurfaces directly on the substrate
will be fulfilled to further reduce the optical losses at the
interfaces.
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Figure 5. (a) The estimated deflection angles of the metasurfaces array
represented in k space vector. (b) the measured far field pattern presented
on the beam viewer.
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IV. CONCLUSION

In this report, we demonstrated the deflection of emission
angle of the PCSEL by the metasurface with high efficacy and
fidelity. The inherent characteristics of the PCSEL that the
small divergence angle due to the large area coherent oscillation
is favorable for the design of metasurfaces without considering
additional collimating or focusing. The deflected beam through
the metasurfaces preserved the small beam divergence of the
PCSEL which is advantageous for direct apply without beam
shaping. The integration of metasurfaces with PCSELs shall
pave the way for the versatile laser source for multiple functions
with miniature device volume.”
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