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Abstract—Herein, a lucid meta-holographic approach leverag-
ing geometric phase metasurfaces and photonic crystal surface-
emitting lasers is presented. Such a straightforward technique in-
herently enables polarized structured light projection with opposite
circular polarization states, effectively doubling the field of view for
depth sensing applications. Furthermore, the innate polarization
state of projected light provides enhanced resistance to environ-
mental interference. To demonstrate the practical utility of this
method, an integrated depth sensing system based on the geometric
phase meta-hologram has been developed and successfully detects
targets at an operating distance of 75 cm, paving the way for
advanced 3D sensing applications in various fields.

Index Terms—Metasurface, structured light, 3D depth sensing.

I. INTRODUCTION

A S the demand for spatial information acquisition contin-
ues to grow, three-dimensional (3D) surface imaging and

mapping technology has emerged as a remarkable facilitator in
various applications, such as machine vision, spatial computing
for augmented/virtual reality (AR/VR), LiDAR [1], wearable
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devices [2], and autonomous driving. Laser-based 3D imaging
systems [3], [4], [5] have demonstrated significant application
potential in a wide range of devices. Moreover, the rapid de-
velopment of nano-photonic technologies, driven by the pursuit
of lightweight, compact, and high-performance characteristics,
has brought metasurfaces to the forefront as a promising artificial
optical platform. In contrast to traditional diffractive optical ele-
ments (DOEs), metasurfaces [6], [7] consist of a single layer of
subwavelength meta-atoms, enabling unique light manipulation
capabilities within a two-dimensional (2D) planar surface. This
groundbreaking innovation effectively addresses the challenges
associated with the inherent large volume and low angular effi-
ciency of DOEs. The unique ability of the metasurface to control
polarization enables free manipulation of spatial polarization,
allowing for polarization encoding and analysis in image control
[8], [9]. This enhances and diversifies the spatial image analysis
capabilities of the metasurface.

Recent advancements have seen the demonstration of ultra-
compact devices through the on-chip integration of vertical
cavity surface emitting lasers (VCSELs) [10], [11], [12] and
metasurfaces [13], [14], [15], [16]. However, the large diver-
gence and limited single-mode output power of VCSELs have
hindered their widespread adoption. In comparison, photonic
crystal surface-emitting lasers (PCSELs) [17], [18], [19], [20]
offer narrow divergence, symmetric beam profiles, and higher
output power, making them a promising candidate for next-
generation laser source integration solutions. The use of PC-
SELs eliminates the need for complex lens systems and precise
adjustments, further streamlining the integration process and
enhancing the overall performance of the resulting devices.

In this work, we demonstrate a meta-hologram [21], [22], [23]
which can generate a multi-beam structured light (SL) projection
[5], [24], [25]. Such a meta-hologram provides customized light
beam distributions within the constraints of the periodic meta-
atom arrangement, achieving a specific field of view (FOV).
To further expand the FOV, we employ the geometric phase-
based metasurfaces [26], [27]. This lucid approach enables
the generation of symmetric left-circular polarization (LCP)
and right-circular polarization (RCP) far-field light patterns, as
illustrated in Fig. 1(a). The versatility of this technique allows
for the creation of tailored far-field light distributions for specific
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Fig. 1. (a) The schematic diagram illustrates a meta-hologram technique for
reconstructing holographic images by leveraging a geometric phase metasurface
and PCSEL. (b) The scanning electron microscope (SEM) image shows the top
view of a fabricated geometric phase metasurface. (c) The close-up image of a
fabricated propagation phase-based metasurface.

application requirements. By leveraging the geometric phase, we
not only expand the original holographic FOV but also enable
the reconstruction of SL projection with polarization states.
This advancement opens new possibilities for the applications
requiring both extended FOV and polarization control in SL
projection systems.

II. DESIGN PRINCIPLE OF STRUCTURE LIGHT

META-HOLOGRAM

In the meta-hologram design for multi-beam SL projection,
the FOV plays a crucial role and is significantly influenced by
the diffraction characteristics of the reconstructed image. This
is particularly important in SL design as it directly affects the
quality of projected light spots and the resolution of each pixel.
These factors, in turn, determine the accuracy of sensing light
spot distribution in depth sensing. Generally, the utilization of
periodic nanostructures enables the realization of pixels, where
a supercell is composed of n×n meta-atoms with a pitch p, and
n×p represents the size Λ of each pixel. The diffraction angle of
the meta-hologram, composed of these periodic pixel structures,
can be described as:

θ0th = sin−1

(
λ

2Λ

)
(1)

where λ is the wavelength, the FOV at the zero order is θ0th×2
[30], indicating that the holography exhibits a diffraction angle at
the zero order. Additionally, according to the diffraction formula,
the diffraction angles in the x and y directions for each pixel
position are defined, described as:

θnpixel = sin−1

(
n× λ

m× Λ

)
(2)

Fig. 2. (a) The flowchart depicts the iterative G-S algorithm. (b) Near-field
phase of multi-beam SL projection within a FOV of 20° × 20°. (c) Calculated
far-field pattern resulting from the designed near-field phase.

where n is the pixel order from the center point in the 2D plane,
and m is the total number of pixels along a single axis of the
hologram [22], representing the diffraction angle of any pixel
in the hologram defined by the n order pixel. By utilizing the
aforementioned diffraction angles in the x and y directions, we
have the capability to arbitrarily control the beam angles within
the range of the diffraction angles in the FOV.

Next, to obtain the phase distribution for the designed original
image intensity, we utilized the iterative Fourier transform al-
gorithm (IFTA) of computer-generated hologram, to retrieve the
near-field phase, as shown in Fig. 2(a). The flowchart depicts the
iterative Gerchberg-Saxton (G-S) algorithm [28], [29] employed
for holographic reconstruction, which starts with the source
amplitude and an initial random phase to compute the initial
electric field. Then, the algorithm repeatedly incorporates the
target amplitude to derive the required near-field phase as shown
in Fig. 2(b). which undergoes Fourier transformation to obtain
the far-field intensity. This far-field intensity is compared with
the target intensity, and the iterative process continues until
the convergence is achieved, yielding the desired holographic
reconstruction, as shown in Fig. 2(c). The schematic presents the
calculated far-field pattern resulting from the designed near-field
phase. As shown in the inset, a detailed close-up view of the array
of light points is provided, showcasing the intricate structure and
precise arrangement of the projected light spots.

One of the designed phase distributions is to project holo-
graphic patterns, providing a multi-beam SL projection within a
FOV of 20° × 20°, spanning a range of −10° to 10° in both the
X and Y directions. Such an approach enables the realization
of highly customizable and intricate light patterns for various
applications in SL projection. Additionally, another design for
the Hon Hai logo with the same FOV is implemented.

In the design of SL for holographic imaging, achieving higher
spatial resolution can be facilitated by increasing the density of
points within the same spatial spacing. However, it is essential
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Fig. 3. (a) The graph illustrates the phase compensation and corresponding
transmittance of propagation phase-based meta-atoms fabricated using GaAs
material. (b) The schematic presents the design of a SL distribution with a
FOV of 20° × 20° using the diffraction formula. (c) The experimental result of
a multi-beam SL projection using a propagation phase-based meta-hologram.
(d) Generation multi-beam SL projection with a customized FOVx tailored from
−20° to 0°.

to consider the tradeoff between the distance of adjacent pixel
points and the dimensions of the reconstructed image Addition-
ally, the imaging quality of the points must also be considered.
Therefore, the pixel spacing between points in the multi-beam
SL array is designed to be 3 (the sampling angle is 0.203°, [30]),
the clarity of reconstructed light spots increases.

A. Propagation Phase Meta-Hologram

In our demonstration, we realized SL projection at 940 nm.
Within the diffraction limit determined by the periodically
arranged meta-atoms, we achieved arbitrary SL distributions
at the pixel points. The propagation phase [31] is controlled
by modulating the width of meta-atom, thereby altering the
propagation path. First, to implement the multi-beam SL, we
used square meta-atom made of Gallium Arsenide (GaAs) with
varying widths. The aim is to achieve a complete 2π phase
coverage while maintaining high transmittance conditions, re-
alizing an effective phase control and the optimal performance
in phase-based applications. The meta-atom height is 800 nm,
and the pitch of meta-atom 330 nm is selected for its relatively
high transmittance. The phase and transmittance for square
meta-atoms with widths ranging from 140 nm to 230 nm were
calculated using rigorous coupled-wave analysis (RCWA), as
shown in Fig. 3(a). The meta-atoms exhibit transmittance rang-
ing from approximately 70% to 90% while satisfying the phase
requirements. To enable arbitrary beam control within FOV, the
SL array achieves an overall FOV spanning 20° × 20°. Specif-
ically, the FOV along the X-direction (FOVx) is tailored from
−20° to 0°, allowing for precise control over light distribution
and deflection, as depicted in Fig. 3(b).

In the experimental setup, we utilized a commercial 940-nm
PCSEL as the laser light source (L13395-04, Hamamatsu). The
threshold current is around 200 mA with a slope efficiency of
0.495 W/A, and an output power of around 85 mW at 400 mA

[30]. It provides excellent beam quality with an extremely small
divergence angle, eliminating the need for additional lens assem-
blies and optical system for correction. This enables outstanding
performance in the SL array generation system. The experi-
mental realization of multi-beam SL projection with a FOV of
20° × 20° using a propagation phase-based meta-hologram as
shown in Fig. 3(c).

Additionally, we have demonstrated multi-beam SL projec-
tion with customized FOVx tailored from−20° to 0°, as shown in
Fig. 3(d). The experimental findings demonstrate that the propa-
gation phase-based meta-hologram facilitates the realization of
multi-beam SL arrays. Nevertheless, this method is limited by
the diffraction angle θ0th determined by the periodic structural
design.

B. Geometric Phase Meta-Hologram

We harness the geometric phase (Pancharatnam–Berry phase)
to implement the holographic phase, thereby improve FOV
imposed by the periodic structural design. To implement the
computed phase, we first perform numerical calculations of the
geometric phase meta-atoms. In this method, the meta-atoms
are described using birefringent Jones matrices, with complex
transmission coefficients representing the meta-atoms along the
long (t̃L) and short (t̃S) axes. Under circular polarized light
incidence, this can be described as follows:

M
1√
2

[
1
i

]
=

1

2
(t̃L + t̃S)

1√
2

[
1
i

]
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1

2
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(4)

where α represents the rotation angle of the meta-atom. Based
on this equation, the resulting circular polarized light can have
its phase determined by the rotation angle of the meta-atoms.
Notably, the phase is modulated to twice the rotation angle of
the meta-atoms, enabling arbitrary phase control. To achieve
optimal meta-atoms, we aim to convert all incident circular
polarized light into the opposite handedness of circular polar-
ization. Considering the requirement to satisfy the condition
(t̃L − t̃S = 0) for meta-atoms, achieving high polarization con-
version efficiency is essential, as described by the following
formula:

PCE =

∣∣t̃L − t̃S
∣∣2

4
(5)

Herein, the meta-atoms were simulated using GaAs material
of different lengths and widths, but all with a fixed height of
800 nm. The highest polarization conversion efficiency 79% has
a length of 222 nm and a width of 127 nm by using RCWA opti-
mization, as shown in Fig. 4(a). This set of meta-atom parameters
was selected due to its highest polarization conversion efficiency,
which enhances phase control capability. Furthermore, due to the
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Fig. 4. (a) The graph presents the corresponding polarization conversion
efficiency of various geometric phase meta-atoms. (b) The near-field phase
distribution for the Hon Hai logo is combined with the (c) deflection phase
distribution for separation. (d) Final synthetic phase. (e) The simulation result
of Hon Hai logos meta-hologram (f) the experimental result of Hon Hai logos
with the separated RCP and LCP components.

physical particularity of geometric phase, the phase distribution
imparted to the RCP beam isφRCP , while the LCP beam obtains
the opposite phase distribution, namely φLCP = −φRCP .

To harness the characteristics of geometric phase for hologra-
phy, we first design the Hon Hai logo with a FOV of 20° × 20°.
The near-field phase distribution for the Hon Hai logo is cal-
culated by the aforesaid G-S algorithm as shown in Fig. 4(b).
Leveraging the characteristics of geometric phase, we improve
the FOV imposed by periodic structures. Incorporating a phase
distribution capable of deflecting by 10° for separation (as
depicted in Fig. 4(c)) onto the holographic image. The phase
distribution for deflection can be described as:

φ(x) =
2π

λ
(x sin θ cosϕ+y sin θ sinϕ) (6)

where λ represents the wavelength, and θ and ϕ represent the
diffraction angle and azimuth angle in spherical coordinates.
We obtain the corresponding synthetic phase, which integrates
both the holographic and deflection phase components, as illus-
trated in Fig. 4(d). Notably, this innovative approach utilizes a
geometric phase metasurface to generate symmetric LCP and
RCP far-field light patterns. At the opposite direction (−10°),
it will project a completely rotated reconstructed image with
opposite circular polarization state. The simulation of designed
meta-hologram is performed by Finite-Difference Time-Domain
(FDTD) method to calculate the geometric phase holography,
showcasing the reconstructed image achieved through the geo-
metric phase meta-hologram, as illustrated in Fig. 4(e). The sim-
ulation results demonstrate that the Hon Hai logos are projected
at +10° and −10°, revealing rotated images representing RCP
and LCP, respectively. In Fig. 4(f), The experimental realization
of the designed Hon Hai logos with the separated RCP and
LCP components. The measurement results confirmed that the
doubling of the FOV could be harnessed using geometric phase.
Through analysis, it was successfully demonstrated that the
original FOV range from −10° to 10° was expanded to −20° to
20°.

Fig. 5. (a) The experimental result of multi-beam SL with the separated RCP
and LCP components. (b) The SL is projected onto the target capturing the hand
gesture. (c) The reconstruction point cloud of the 3D depth sensing.

III. PERFORMANCE OF THE META-HOLOGRAM SINGLE-SHOT

STRUCTURED LIGHT SYSTEM

Based on the previously demonstrated SL with a specialized
FOV, by incorporating a 10° deflection phase into the multi-beam
SL phase, an impressive SL projection is generated using a
geometric phase metasurface, with a FOV of 40° × 20° twice
as wide as the previous demonstration. The resulting output,
consisting of intricate patterns with both RCP and LCP light,
proposes an innovative approach to overcome the limited FOV.
The measurement results are depicted in Fig. 5(a). The estab-
lishment of depth perception consists of three steps: 1) Com-
puting image disparity using information from reference and
target images, where a block matching algorithm is employed to
generate the disparity image; 2) Calculating depth image through
triangulation approximation method based on the analysis of
the disparity image; 3) Ultimately, extracting depth information
from the depth image and performing coordinate transformation
to obtain the reconstructed point cloud image. For detailed
methods used in reconstructing depth information in a single
SL system, refer to previous work [32], [33], [34].

Based on Fig. 5(a) as the reference image of SL projection, the
SL is projected onto the gesture to generate the deformation of
SL, and its infrared image is captured as shown in Fig. 5(b). Fi-
nally, after extracting depth information and performing global
coordinate transformation, the result of reconstructed point
cloud gesture image is obtained as depicted in Fig. 5(c), con-
firming the way for advanced 3D sensing applications.

Furthermore, it is necessary to consider the reconstruction
distance and beam divergence angle when demonstrating a
multi-beam SL meta-hologram system. Specifically, maintain-
ing a sufficient Fraunhofer diffraction distance is paramount
for achieving high-quality holographic reconstruction, as this
parameter directly impacts the clarity of the reconstructed image
[30]. Additionally, the divergence angle of the employed laser
source must also be carefully considered. A larger divergence
angle leads to a decrease in power density, resulting in the
dilution of output energy as the optical wave propagates. This
ultimately limits the practical operating range of the system.
Referring to and based on our previous research findings to
satisfy this condition, the working distance needed to exceed
30 cm. Therefore, a better and clear recognition distance of 75
cm was selected.

Thus, we propose the use of a PCSEL as the light source for
our meta-hologram system. The PCSEL offers inherent advan-
tages that significantly enhance the system’s performance and
practicality. It provides excellent beam quality with an extremely
small divergence angle, eliminating the need for additional
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lens assemblies for correction. This characteristic ensures that
the optical power remains concentrated over longer distances,
extending the effective range of the holographic reconstruction.
Moreover, the PCSEL’s compact size, low power consumption,
and high efficiency make it an ideal choice for integration into
portable and energy-efficient devices, further expanding the
potential applications of our meta-hologram system.

IV. CONCLUSION

In conclusion, we have presented a clear and effective ap-
proach that leverages geometric phase metasurfaces and pho-
tonic crystal surface-emitting lasers for holographic image
reconstruction and 3D sensing. Compared with the existing
vertical cavity surface emitting lasers optical system, we using
photonic crystal surface-emitting lasers as the light source.
Their high beam collimation eliminates the need for lenses to
reshape the light, thereby reducing costs and system complexity.
This approach effectively addresses the output limitations and
divergence angle issues associated with vertical cavity surface
emitting lasers. Numerical simulations were conducted to re-
construct the corresponding images of the Hon Hai logo and the
multi-beam structured light array, demonstrating the capability
for arbitrary light control. Herein, the demonstrated technique
based on geometric phase offers unique advantages in image
reconstruction. By employing a rigorous design to precisely
define the wavefront phase and incorporate additional deflection
phases, we have achieved superior performance. The experimen-
tal results show that geometric phase meta-holograms designed
using this approach can surpass the diffraction limit imposed
by the pixel size of nanostructures, resulting in a reconstructed
image with a field of view twice as wide, consisting of both
right-circular polarization and left-circular polarization states.
Moreover, we have explored the potential of the multi-beam
structured light metasurface for 3D spatial sensing applications.
By operating at a wavelength of 940 nm and a distance of
75 cm, we have successfully demonstrated structured light depth
sensing using meta-holography. The integration of photonic
crystal surface-emitting lasers has been crucial in achieving this
compact integrated solution, owing to their easy integration and
high beam quality. This combination holds significant promise
for spatial perception and depth sensing applications. The poten-
tial for system miniaturization and customization suggests such
a technique has a bright future, with promising developments on
the horizon.
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