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SUMMARY

Glasses-free three-dimensional (3D) display is considered as a potential disruptive technology for
display. The issue of visual fatigue, mainly caused by the inaccurate phase reconstruction in terms
of image crosstalk, as well as vergence and accommodation conflict, is the critical obstacle that hin-
ders the real applications of glasses-free 3D display. Here we propose a glasses-free 3D display by
adopting metagratings for the pixelated phase modulation to form converged viewpoints. When
the viewpoints are closely arranged, the holographic sampling 3D display can approximate a contin-
uous light field. We demonstrate a video rate full-color 3D display prototype without visual fatigue
under an LED white light illumination. The metagratings-based holographic sampling 3D display has
a thin form factor and is compatible with traditional flat panel and thus has the potential to be used
in portable electronics, window display, exhibition display, 3D TV, as well as tabletop display.

INTRODUCTION

The world by nature is three-dimensional (3D). Ideally, a manmade 3D display device should be able to
reconstruct the entire information of the light field of a 3D object, independent of the observation method.
Holography produces perfect 3D images by reconstituting the amplitude and the phase information of a
scene, which can be viewed at a wide angle (Figure 1A). However, the amount of information required to
produce a decent hologram is too large to be managed even by modern day electronics, leading to a
limited refreshing rate or field of view (FOV) (Tay et al., 2008; Blanche et al., 2010; Butt et al., 2012; Yue
et al., 2017). Multiple modulators or holographic projection are used to enlarge the view angle of video
rate holography (Li et al., 2016; Zhang et al., 2017; Hahn et al., 2008; Yaras et al., 2011; Kozacki et al.,
2012; Wakunami et al., 2016) by increasing the complexity and the cost of the display systems. The com-
puter-generated holography using metamaterials or metasurfaces can achieve high diffraction efficiency
and large FOV (Ozaki et al., 2011; Larouche et al., 2012; Huang et al., 2013, 2015; Ni et al., 2013; Sun
et al., 2013; Chen et al., 2013; Li et al., 2015; Almeida et al., 2016;: Hu et al., 2019), but the reconstruction
of full-color and video rate display are still difficult to accomplish by current methods.

To address the challenge of fulfilling a full-color video rate 3D display, so-called multiview 3D display pro-
duces 2D perspective images at a finite number of “views.” 3D display integrated with parallax barrier,
lenticular lens array, or microlens arrays all falls into the category (Fattal et al., 2013; Yoon et al., 2011;
Xia et al., 2013; Gao et al., 2016; Liu et al., 2017; Li et al., 2017; Martinez-Corral and Javidi, 2018). A prime
example of diffraction-based multiview 3D display is made by HP lab a few years ago (Fattal et al., 2013).
Periodic diffractive gratings were used to redirect the (semi-)parallel emitting light beams to multiple view
angles. As a result, when two perspective images at different direction are captured by eyes, a virtual 3D
scene is reconstructed in an observer’s brain by binocular parallax. In other words, the reconstruction of
3D virtual objects in a multiview 3D display depends on whether or not there is an observer and whether
we observe it with both eyes or with a single eye.

The employment of periodic micro- or nano-structures as the view modulator leads to two bottlenecks that
limit the development of multiview 3D display. Firstly, the emergent light from the abovementioned peri-
odic structures are (semi-)parallel beams. Crosstalk and ghost images happen at the transition region from
one view to the other (Figure 1B). Secondly, the failure of reconstructing the phase information at each view
leads to vergence-accommodation conflict, the major cause of visual discomfort in multiview 3D display.
Vergence-accommodation conflict happens when the depth perception stimulated by binocular parallax
is after or behind the display screen, whereas depth recognized by single eye is still at the apparent location
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Figure 1. Work Principle of Metagratings-Based Holographic 3D Display

(A) Schematic of the wavefront reconstructed by hologram.

(B) Schematic of multiview 3D displays based on periodic structures.

(C) Schematic of holographic sampling displays based on metagratings. When the views are closely arranged, the
sampled light field makes a good approximation of the continuous light field.

(D) Schematic of the full-color video rate 3D displays by combining an LCD, color filters, and the metagratings.

(E) Schematic of a pixel with three unit cells by combining three LCD units, R/G/B color filters, and the metagratings with
varied spatial frequency and orientation. The emergent beams combine to form a colored pixel.

See also Figure S2, and Table S1.

Such mismatch confuses the brain and more severely, may stimulate nausea and vomit after long-time
observation.

In this paper, we propose a holographic sampling 3D display by discretizing a continuous light field func-
tion at multiple viewpoints (Figure 1C). A view modulator fully covered with metagratings is utilized to
modulate the phase information at each pixel, whereas an LCD (liquid crystal display) panel and a color fil-
ter are utilized for the reconstruction of amplitude information at R/B/G wavelength. By reconstructing the
wavefront at sampling viewpoints, we greatly suppress the processing data and provide an opportunity for
video rate full-color 3D display. When the viewpoints are closely arranged, a good approximation of light
field function can be achieved. Compared with the multiview 3D display, the proposed holographic sam-
pling 3D display has the advantages of minimum visual discomfort caused by crosstalk and vergence-ac-
commodation conflict, tailorable viewing window, and simple fabrication process. Our work utilizes the
thin and flat view modulator to build a 3D display screen, which is compatible with flat display panel,
thus paving the foundation of holographic sampling 3D display for being used in portable electronic
devices.

RESULTS
The Mechanism of Holographic Sampling 3D Display by Metagratings

Figure 1D illustrates the schematic of a video rate holographic sampling display. By combining the view
modulator with a standard LCD panel, both the phase information and the amplitude information of a view-
point can be restored. In each pixel as shown in Figure 1E, three unit cells in the LCD panel are overlaid with
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R/G/B color filters, respectively. The white illumination light beam is divided into three monochromatic
light beams with modulated intensity. They pass through three metagratings on the view modulator,
and then three beams are combined to form a colored pixel with angular information. To summarize,
the pixelated metagrating on the view modulator has three functions: (1) it endows the same phase infor-
mation of monochromatic beams for R/G/B wavelength in a single pixel; (2) it reveals the phase delay of a
single viewpoint over the display screen; and (3) it restores the phase delay between viewpoints.

By tailoring the phase delay between viewpoints, the video rate 3D display prototype features full freedom
in the design of sampling viewpoints with arbitrary number of viewpoints and the angular separation
between views (Figure S2). The balance between FOV, depth of field, and image quality can be designed
according to the applications. Several designs are listed in the Supplemental Information for references
(Table S1). In addition, the precise phase modulation by metagratings features tailoring of arbitrary viewing
zones, such as circular viewing zones, triple viewing zones, cross viewing zones, for window display,
tabletop display, or mobile display with horizontal motion parallax or full motion parallax. More impor-
tantly, we have complete freedom to design the angular resolution across the view zone. A gradient
angular resolution can be achieved for decent optical quality at the central views and compromised optical
quality at the periphery, when the total resolution is limited. Last but not the least, the configuration of the
3D display system is compatible with most mobile devices and can be easily integrated in a thin-form
device.

The Design of View Modulator with Metagratings for a Single Viewpoint

Considering the optical disturbance at one sampling viewpoint, the light field is the summation of individ-
ual optical disturbance from each pixel at the display panel, so a converged light beam to a viewpoint is
desirable. Metalens is a potential candidate to modulate light at the micron-/nano-scale. However, the
size of a 3D display panel ranges from 5 inch to 100 inch depending on its applications. The big challenge
in fabrication forces us to seek alternative solutions: metagratings. The pixelated metagratings that corre-
spond to a single viewpoint form a segment of off-axis Fresnel zone plate. Viewpoints are formed when a
series of segmented Fresnel zone plates are shifted and intervened. As a result, we modulate the phase
information pixel by pixel. In comparison, periodic microstructures currently being employed (Fattal
et al., 2013) in most multiview 3D display modulate a group of pixels, namely a voxel, simultaneously. It
can hardly permit the accuracy of light field reconstruction over a large viewing angle across the whole
display panel.

Figure 2A shows the schematic of the view modulator with metagratings for a single viewpoint. The varia-
tion of the spatial frequency and the orientation of the metagratings reveal the phase delay ranging from
0 to 27t between adjacent pixels and reconstruct the sectional phase of 3D scene for the sampled views of
light field. The metagrating vector of the modulator can be calculated by the holographic recording and
readout theory (Harvey and Vernold, 1998). The relationship between the incident beam and the emergent
beam can be written as:

kg=ki — G (Equation 1)

where |G| = 27/ 4 is the metagrating vector and 4 is the period of the metagrating. The k; and kg is the wave
vector of the incident and diffracted light beam, respectively. Figure 2B shows an example of a row of the
pixelated metagratings in the view modulator with varied spatial frequency and orientation. The structural
parameters (the period /1 and the orientation 0) of the metagrating at each pixel can be calculated accord-
ing to the position of the collimated incident beam and the position of the sampled viewpoint in the free
space (Figure 2C). Moreover, the depth of the metagratings in the view modulator is optimized to improve
the light efficiency. The detailed design principle of the metagratings can be found in Supplemental Infor-
mation (Figure S1).

Considering the design of a group of viewpoints aligned in a line for horizontal parallax, we calculate the
phase delay between viewpoints. When the viewpoints are closely arranged in a continuous line, curve, or
space, a view zone with sampled wavefront is formed. The design of the proposed holographic sampling
3D display is in favor of excellent angular resolution. The smaller the angular separation between the adja-
cent viewpoints is, the better the approximation of the sampled wavefront is achieved to the reconstructed
light field. Therefore, small angular separation or better angular resolution is beneficial for continuous mo-
tion parallax and perceiving the depth cue of virtual 3D objects. With four tunable structural parameters,
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Figure 2. Schematic of Metagratings in Holographic Sampling Display

(A) Schematic of the metagratings, capable of reconstructing one viewpoint under monochromatic illumination.

(B) Schematic of a row in view modulator for one viewpoint.

(C) The SEM of the metagratings in the flexible view modulator. Scale bar: 20 um.

(D) The relationship between the increment of the period for the metagrating and the angular separation of view in the
holographic sampling display.

(E) The relationship between the increment of the orientation for the metagrating and the angular separation of view in
the holographic sampling display.

See also Figure S1.

pixelated metagratings possess superior light manipulation capabilities. The minimum increment step of
period and orientation of the metagrating determines the beam width of each focused view point and the
minimum angular separation between views. Under the wavelength of 532 nm as an example, the incre-
ment of the period and the orientation of metagrating are 1.75 nm and 3.9° for an angular separation of
3° between views. When the angular separation between views drops to 0.7°, the periodic increment of
metagrating needs to be as small as 0.12 nm and the orientation increment as fine as 0.95°, representing
an incredible challenge to the fabrication of view modulator (Figures 2D and 2E).

Concept Demonstration

The fabrication of the view modulator with the capability to tune the period and the orientation of meta-
gratings at sub-nanoscale is not trivial. A versatile homemade interference lithography system (Wan
et al., 2016) was developed in order to generate finely controlled metagrating parameters at different
spatial locations. The periodic variation of patterned metagrating is mechanically controlled by the longi-
tudinal travel distance of the diffractive grating placed in a 4F system (Figure S3). The modulated accuracy
for period of metagrating by the interference lithography system will be (see the Supplemental Information
for more detailed demonstrations):

Ad .
A = m (Equation 2)
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3D Imaging Characteristics

Metagratings in Figure 4

Metagratings in Figure 3

Cell

Metagratings in

Supplementary
Screen size 5 inch 6 inch 32inch
Integration method Shadow mask LCD panel LCD panel
Period of pixelated gratings R: G: B: R: G: B: R: G: B:
784 nm 640 nm 558 nm 638 nm 543 nm 462 nm 577 nm 520 nm 438 nm
903 nm 721 nm 617 nm 997 nm 847 nm 722 nm 1035 nm 935 nm 787 nm
Angular divergence 0.7° 1.2° 1°
Stereo distance 5.16m 1.20m 1.20m
Depth of field 8 cm 5cm 100 cm
Angular separation 0.7¢ S S8
Field of view 11.2° 48° 96°
Number of pixels 2560 x 1440 2560 x 1440 3840 x 2160
Sub-pixel size 40 um X 13 pm 35 um x 12 um 110 pm X 38 um
View number 16 16 32

Table 1. Optical Performance of Three Typical Prototypes
Also see Figures S3, S4, S6, and S7.

where Ad is the accuracy of the longitudinal movement for the diffraction grating and F is the spatial fre-
quency of interference fringe. The beauty of such interference lithography system is that the scaling factor
is up to 100,000 fold. In other words, a mechanical movement of 10 um along the optical axis corresponds to
a variation of 0.1 nm in pitch for the patterned metagrating at a period of 400 nm (F = 2500 lines/mm), as
shown in Figure S4. Because 10 um displacement can be easily realized mechanically, the period of the
patterned metagrating can be controlled at an accuracy better than 0.1 nm, which satisfies the design
requirement of periodic increment of 0.12 nm for view modulator. Similarly, the orientation of the metagrat-
ing can be tuned by the rotation of the diffractive grating placed in the 4F system.

Based on the principle described, we fabricated several view modulators with increased complexity and
screen size, the critical parameters of which are summarized in Table 1. The metagratings in the view mod-
ulators are nanoimprinted in flexible thin films (Figure 3A). There are 2560 x 1440 pixels in the view modu-
lator, corresponding to 2560 x 1440 pixels in a shadow mask or an LCD panel. The angular separation be-
tween views ranges from 0.7° to 10° with a view number ranging from 4 to é4. Under the illumination of an
LED white light, the transmitted light through the view modulator exhibits Gaussian distributions. The
angular divergence is measured to be 1.4° (FWHM), 1.2°, and 0.9° respectively, in accordance with the theo-
retical limit. Furthermore, the irradiance beam illuminates the view modulator at an incident angle of 45° so
that the zeroth-order diffraction beam from the metagrating is off-centered from the viewing zone.

Figure 3B shows a 6-inch prototype of holographic sampling 3D display with a viewing angle of 50°.The
radiation pattern from the adopted view modulator in Figure 3C shows a good brightness uniformity
with a variation of 8% between views. Moreover, one can easily increase the FOV to more than 150° by
increasing the view number or the angular separation, and we record the scene from various views as shown
in Figures 3D-3F. The displayed virtual scene preserves natural motion parallax as in the real world (Video
S1). In contrast, the lenticular-based 3D displays provide limited head movement with self-repeating views
across view zones. Moreover, minimum between-view leakage and angular aliasing was observed.

The Elimination of Vergence-Accommodation Conflict

In multiview 3D display, the mismatch between the vergence and accommodation always causes consider-
able visual discomfort. Here we demonstrate that single eye can focus on the virtual object in holographic

iScience 23, 100773, January 24, 2020 5



iIScience Cell

(g}

Transmitted intensity (a.u.)

0
-25 -20 -15 -10 -5 0 5 10 15 20 25
Viewing angle (° )

Figure 3. Typical Prototypes of Holographic Sampling 3D Display
(A) The fabricated flexible view modulator with a thin format.

(B) A 6-inch prototype of proposed holographic sampling 3D display.

(C) The measured radiation pattern from a 16-viewpoint view modulator with metagratings under the illumination by a red LED light source.

(D) Whales, (E) Lego, and (F) Fish 3D images observed from left to right views showing natural motion parallax and colour mixing. Note that no chromatic
aberration is observed between views. Scale bar: 2 cm.

See also Figures S3, S4, S6, and S7 and Video S1.

sampling 3D display when the viewpoints are close enough to approximate a continuous 3D light field
wavefront. We fabricated several 5- to 6-inch view modulators with 16 viewpoints aligned in a straight
line. The angular separation between views was 0.7°.

First, the view modulators were aligned with shadow masks. Under the illumination of R/G/B and white
LED light, five lines of letters were projected at multiple virtual depth. A Rubik’s cube placed right
behind the view modulator was used as a reference in the real 3D space. Then a camera with
tunable optical power was placed in front of the view modulator to record the 3D scene (Figure 4A).
When we kept the position of the camera fixed and tuned the focal length of the camera, we could
mimic the accommodation process of human eye. When the camera was focused at letters projected
in front of the display screen (z = +2 cm), the letters behind, as well as characters in the Rubik’s cube,
were blurry as shown in Figure 4B. As the optical power of the camera decreases, letters at different vir-
tual depth successively turn from blurry to sharp, then to blurry again (Figures 4C-4E). Obviously, the let-
ters were indeed projected virtually at different depth (Video S2). As a result, the virtual 3D scene was
reconstructed independent from the viewer. In addition, the virtual objects with broadband spectrum
fuse well with each other and the physical world. Because the depth cue of the virtual objects can be
captured by the accommodation process of human eye, the vergence-accommodation conflict, which
is the major cause for visual discomfort in most multiview 3D display system, can be considerably
eliminated.
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Figure 4. Holographic Sampling 3D Display with a Continuous 3D Light Field

Figure360[> For a Figure360 author presentation of this figure, see https://doi.org/10.1016/j.isci.2019.100773.
(A) Schematic of recording process of a 3D scene by a digital camera with tunable optical power to mimic the
accommodation process of crystalline lens.
(B-E) Captured photos at different depth from a static holographic sampling 3D display. The camera changes its optical
power to focus in front of the view modulator (B), at the front surface of the view modulator (C), behind the view modulator
(D), and at further distance from the view modulator (E). Scale bar: 4 cm.
See also Figure S5 and Video S2.

We further aligned a view modulator with an LCD panel. A virtual scene of three letters at different depth is
reconstructed. The depth cue of the letters “S”, “V", and “G" can be captured by a camera (Figure S5). The
physical toy of a duck placed right behind the LCD panel is at almost the same depth as the letter “G.”
Again, the vergence-accommodation conflict is eliminated by holographic 3D display with closely
arranged viewpoints.

DISCUSSION

A laser light source would give better 3D display performances because of the small angular divergence of
the irradiance and the narrow spectrum width. LED light is adopted because it is cheap and can be easily
integrated in a portable device for directional backlights that are widely used in all kinds of illumination and
display systems.

The metagrating-based holographic 3D display is beneficial especially for small screen (<12 inch) 3D
display, because the phase modulation by surface profiling for a pixel with a size at tens of micron level
by conventional computerized numerical control machining becomes difficult. Yet, we also demonstrate
metagratings-based holographic sampling 3D display can be easily scaled up for large screen 3D display
used in TV or exhibition applications, as shown in Figures S6 and S7.

To summarize, the metagrating provides a unique method for subsampling of continuous light field
function. We have demonstrated that the metagrating with four tunable parameters (period, orientation,
and 2D positions) has superior light manipulation capability by confining each view within a diffraction
limited spot. Thanks to the significantly increased angular resolution, our eyes can accommodate to focus
at the virtual 3D image. Not only crosstalk between views and ghost images are avoided but also the
vergence-accommodation conflict is eliminated.

iScience 23, 100773, January 24, 2020 7
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The proposed prototypes have the feature of thin form factor, compatible with current LCD panel, high
spatial resolution, wide FOV, video rate display, and the most important, minimized accommodation-
convergence conflict. We anticipate the holographic sampling 3D display to be used in commercial appli-
cations such as consumer electronic devices, window display, exhibition display, 3D TV, as well as tabletop
display.

Limitations of the Study

The collimated illumination source is an important part in the 3D system for the reconstruction of contin-
uous 3D light field without accommodation-convergence conflict. The angular divergence of the colli-
mated irradiance will affect the view distribution. Future studies in the directional backlight module with
thin form factor may pave the way for its integration and commercialization.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

DATA AND CODE AVAILABILITY

The data that support the findings of this study are available from the authors on reasonable request. See
author contributions for specific datasets.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/.isci.2019.100773.

ACKNOWLEDGMENTS

The present study was supported by the Natural Science Foundation of China (NSFC) (61975140,
61905077, 61575135), the Natural Science Foundation of the Jiangsu Higher Education Institutions of
China (16KJA510002), the Suzhou Natural Science Foundation of China (SYG201930), the Jiangxi Provin-
cial Natural Science Foundation of China (No. 20192BAB217014), the Foundation of jiangxi educational
committee (No. GJJ180355), and the project of the Priority Academic Program Development (PAPD) of
Jiangsu Higher Education Institutions. We thank the SVG Optronics Corporation for the experimental
support.

AUTHOR CONTRIBUTIONS

W.Q. and L.C. conceived the research and designed the experiments. W.W. and D.P. designed home-
made interference lithography system. W.W. and R.L. fabricated all the view modulators and measured
the optical properties of the 3D display system. W.W. and R.L. set up the experimental optical setup and
took the photo of reconstructed light field. W.Q. and C.W. wrote the paper. Y.H., H.D., and LJ.G.
contributed to the revision of the manuscript. All authors discussed the results and commented on
the paper.

DECLARATION OF INTERESTS

The authors declare no competing financial interests.

Received: August 17, 2019
Revised: November 9, 2019
Accepted: December 9, 2019
Published: January 24, 2020

REFERENCES

Cell

Almeida, E., Bitton, O., and Prior, Y. (2016).
Nonlinear metamaterials for holography. Nat.
Commun. 7, 12533.

Blanche, P.A., Bablumian, A., Voorakaranam, R.,

Christenson, C., Lin, W., Gu, T., Flores, D., Wang,

P., Hsieh, W.Y., Kathaperumal, M., et al. (2010).
Holographic three-dimensional telepresence

8 iScience 23, 100773, January 24, 2020

using large-area photorefractive polymer. Nature
468, 80-83.

Butt, H., Montelongo, Y., Butler, T., Rajesekharan,
R., Dai, Q., Shiva-Reddy, S.G., Wilkinson, T.D.,
and Amaratunga, G.A.J. (2012). Carbon nanotube
based high resolution holograms. Adv. Mater. 24,
OP331-0OP336.

Chen, W.T., Yang, K.Y., Wang, C.M., Huang, Y.W.,
Sun, G., Chiang, I.D., Liao, C.Y., Hsu, W.L., Lin,
H.T., Sun, S., et al. (2013). High-efficiency
broadband meta-hologram with polarization-
controlled dual images. Nano Lett. 14, 225-230.

Fattal, D., Peng, Z., Tran, T., Vo, S., Fiorentino, M.,
Brug, J., and Beausoleil, R.G. (2013).


https://doi.org/10.1016/j.isci.2019.100773
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref1
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref1
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref1
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref2
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref2
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref2
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref2
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref2
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref2
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref3
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref3
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref3
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref3
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref3
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref4
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref4
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref4
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref4
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref4
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref5
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref5

iScience

A multi-directional backlight for a wide-angle,
glasses-free three-dimensional display. Nature
495, 348-351.

Gao, X., Sang, X., Yu, X,, Cao, X., Chen, Z., Yan, B.,
Yuan, J., Wang, K., Yu, C., Dou, W., and Xiao, L.
(2016). High brightness three-dimensional light
field display based on the aspheric substrate
Fresnel-lens-array with eccentric pupils. Opt.
Commun. 361, 47-54.

Hahn, J., Kim, H., Lim, Y., Park, G., and Lee, B.
(2008). Wide viewing angle dynamic holographic
stereogram with a curved array of spatial light
modulators. Opt. Express 16, 12372-12386.

Harvey, J.E., and Vernold, C.L. (1998). Description
of diffraction grating behavior in direction cosine
space. Appl. Opt. 37, 8158-8159.

Hu, Y., Luo, X, Chen, Y., Liu, Q., Li, X., Wang, Y.,
Liu, N., and Duan, H. (2019). 3D-Integrated
metasurfaces for full-colour holography. Light Sci.
Appl. 8, 1-9.

Huang, L., Chen, X., Mihlenbernd, H., Zhang, H.,
Chen, S., Bai, B, Tan, Q., Jin, G., Cheah, KW,
Qiu, C.W.,, etal. (2013). Three-dimensional optical
holography using a plasmonic metasurface. Nat.
Commun. 4, 2808.

Huang, Y.W., Chen, W.T., Tsai, W.Y., Wu, P.C.,
Wang, C.M., Sun, G., and Tsai, D.P. (2015).
Aluminum plasmonic multicolor meta-hologram.
Nano Lett. 15, 3122-3127.

Inoue, T., and Ohzu, H. (1997). Accommodative
responses to stereoscopic three-dimensional
display. Appl. Opt. 36, 4509-4515.

Kozacki, T., Kujawifska, M., Finke, G., Hennelly,
B., and Pandey, N. (2012). Extended viewing
angle holographic display system with tilted
SLMs in a circular configuration. Appl. Opt. 57,
1771-1780.

Larouche, S., Tsai, Y.J., Tyler, T., Jokerst, N.M.,
and Smith, D.R. (2012). Infrared metamaterial
phase holograms. Nat. Mater. 11, 450-454.

Li, X., Ren, H., Chen, X,, Liu, J., Li, Q., Li, C., Xue,
G., Jia, J., Cao, L., Sahu, A., et al. (2015).
Athermally photoreduced graphene oxides for
three-dimensional holographic images. Nat.
Commun. 6, 6984.

Li, X., Chen, C.P., Li, Y., Zhou, P., Jiang, X., Rong,
N., Liu, S., He, G., Lu, J., and Su, Y. (2016). High-
efficiency video-rate holographic display using
quantum dot doped liquid crystal. J. Disp.
Technol. 12, 362-367.

Li, K., Yéntem, A., Deng, Y., Shrestha, P., Chu, D.,
Zhou, J., and Yao, J. (2017). Full resolution auto-
stereoscopic mobile display based on large scale
uniform switchable liquid crystal micro-lens array.
Opt. Express 25, 9654-9675.

Liu, M., Lu, C., Li, H., and Liu, X. (2017). Near eye
light field display based on human visual features.
Opt. Express 25, 9886-9900.

Martinez-Corral, M., and Javidi, B. (2018).
Fundamentals of 3D imaging and displays: a
tutorial on integral imaging, light-field, and
plenoptic systems. Adv. Opt. Photon. 10,
512-566.

Ni, X., Kildishev, A.V., and Shalaev, V.M. (2013).
Metasurface holograms for visible light. Nat.
Commun. 4, 2807.

Ozaki, M., Kato, J., and Kawata, S. (2011). Surface-
plasmon holography with white-light
illumination. Science 332, 218-220.

Sun, J., Timurdogan, E., Yaacobi, A., Hosseini,
E.S., and Watts, M.R. (2013). Large-scale
nanophotonic phased array. Nature 493,
195-199.

Cell

Tay, S., Blanche, P.A., Voorakaranam, R., Tung,
AV, Lin, W, Rokutanda, S., Gu, T., Flores, D.,
Wang, P., Li, G., et al. (2008). An updatable
holographic three-dimensional display. Nature
451, 694-698.

Wakunami, K., Hsieh, P.Y., Oi, R., Senoh, T.,
Sasaki, H., Ichihashi, Y., Okui, M., Huang, Y.P., and
Yamamoto, K. (2016). Projection-type see-
through holographic three-dimensional display.
Nat. Commun. 7, 12954.

Wan, W., Qiao, W., Huang, W., Zhu, M., Fang, Z.,
Pu, D., Ye, Y., Liu, Y., and Chen, L. (2016). Efficient
fabrication method of nano-grating for 3D
holographic display with full parallax views. Opt.
Express 24, 6203-6212.

Xia, X., Liu, X., Li, H., Zheng, Z., Wang, H., Peng,
Y., and Shen, W. (2013). A 360-degree floating 3D
display based on light field regeneration. Opt.
Express 21, 11237-11247.

Yaras, F., Kang, H., and Onural, L. (2011). Circular
holographic video display system. Opt. Express
19, 9147-9156.

Yoon, H., Oh, S.G., Kang, D.S., Park, J.M., Choi,
S.J., Suh, K\Y., Char, K., and Lee, H.H. (2011).
Arrays of Lucius microprisms for directional
allocation of light and autostereoscopic three-
dimensional displays. Nat. Commun. 2, 455.

Yue, Z., Xue, G., Liu, J., Wang, Y., and Gu, M.
(2017). Nanometric holograms based on a
topological insulator material. Nat. Commun. 8,
15354.

Zhang, Z., Chen, C.P., Li, Y., Yu, B., Zhou, L., and
Wu, Y. (2017). Angular multiplexing of
holographic display using tunable multi-stage
gratings. Mol. Cryst. Lig. Cryst. 657, 102-106.

iScience 23, 100773, January 24, 2020 9


http://refhub.elsevier.com/S2589-0042(19)30518-8/sref5
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref5
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref5
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref6
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref6
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref6
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref6
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref6
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref6
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref7
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref7
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref7
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref7
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref8
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref8
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref8
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref9
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref9
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref9
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref9
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref10
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref10
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref10
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref10
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref10
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref11
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref11
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref11
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref11
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref12
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref12
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref12
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref13
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref13
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref13
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref13
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref13
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref13
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref14
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref14
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref14
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref15
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref15
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref15
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref15
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref15
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref16
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref16
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref16
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref16
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref16
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref17
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref17
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref17
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref17
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref17
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref18
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref18
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref18
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref19
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref19
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref19
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref19
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref19
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref20
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref20
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref20
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref21
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref21
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref21
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref22
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref22
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref22
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref22
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref23
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref23
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref23
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref23
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref23
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref24
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref24
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref24
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref24
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref24
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref25
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref25
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref25
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref25
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref25
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref26
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref26
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref26
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref26
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref27
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref27
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref27
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref27
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref28
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref28
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref28
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref28
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref28
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref29
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref29
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref29
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref29
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref30
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref30
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref30
http://refhub.elsevier.com/S2589-0042(19)30518-8/sref30

ISCI, Volume 23

Supplemental Information

Holographic Sampling Display
Based on Metagratings

Wengiang Wan, Wen Qiao, Donglin Pu, Ruibin Li, Chinhua Wang, Yueqiang Hu, Huigao
Duan, L. Jay Guo, and Linsen Chen



auiat® 260S
mo PUAY
o view 1 M€
.de“t“e‘a D |
e
A Y[ SR
@T = (s Yo 22)
Xo, Yo, Zo
z . [
=
D‘I/

Figure S1. The incident beam is modulated by each metagrating in the view

modulator. Related to Figure 2.
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Figure S2. (A) Viewpoints form a straight line for horizontal motion parallax (B)

Viewpoints form a circle for a 360 degree viewable tabletop display. Related to Figure

1.
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Figure S3. Schematic of the homemade lithography system. Related to Figure 3 and

Table 1.
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Figure S4. The relationship between the modulated accuracy for the period of
fabricated metagrating and the accuracy of the longitudinal movement for the

diffraction grating. Related to Figure 3 and Table 1.
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Figure S5. (A) and (B) The different depth cue of the virtual 3D scene of the letters “S”,

“V”, and “G” was captured by a camera. Scale bar: 3 cm. Related to Figure 4.



Figure S6. 32-inch view modulator with a full coverage of pixelated metagratings.

Related to Figure 3 and Table 1.

Figure S7. 32-inch 3D images from a holographic sampling display. Related to
Figure 3 and Table 1.



Table S1. Key parameters of typical designs for potential applications. Related to

Figure 1.
Potential applications TV Portable electronics Sandtable
Motion parallax Horizontal parallax Full parallax mode Circular parallax mode
mode
Field of view 180° 20° x 20° 360°
Angular separation 0.8° 1° 2°
between views

Number of views 250 400 180

Number of sub-pixels 2160%3840 3600x6400 2160%3840



Transparent Methods

1. Light modulation by metagratings

The vector of the metagrating can be calculated by the holographic recording and
readout theory (Harvey et al., 1998). As shown in Figure S1, the relationship between

the incident beam and the emergent beam can be written as:
ky =k =G 1)
where |G|=2n/4 is the metagrating vector, A is the period of the metagrating. By

combining Eq. (1), [kil=2nz/A, |kd|=27/A and G, the period of each metagrating can be

calculated as:

1 _ncose, —cosa, @)
A, A

1 ncosp, —cosp,

—_— 3
1 P (3)

y
Where A is the wavelength of incident beam; n is the refractive index of the substrate;
Ax and Ay are the x and y components of the metagrating period, respectively; aiand Bz
are the incident angle from x axis and y axis for the incident beam, respectively; a, and
B2 are the diffraction angle from x axis and y axis for the diffraction beam. By

combining Eq. (2) and Eqg. (3), the metagrating period 4 can be written as:

A- | z

\/[ % X J:{nsin& Yoo J }2
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2

The orientation angle of the metagrating vector ¢ from the y axis can be calculated



yo_y
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where @ is the incident angle from the z axis for the collimated beam; x and y are the
coordinates of metagrating pixel at the view modulator; Xo, Yo and zo are the coordinates
of viewing point.

Therefore, the projection direction of the diffracted beam is determined by the
incident beam and vector of the metagrating in the view modulator. In other words, the
diffracted beam vector can be calculated to form a series of converged sampling views
arranged in the line, curve, or any other 1D or 2D shape according to the predefined
position of the view points (shown in Figure S2). We proposed several designs for

typical potential applications as listed in table. S1.

2. Numerical simulations

The finite-difference time domain simulations were performed using FDTD software.
In the simulations, the index of the substrate was set as 1.5 and a unpolarized beam with
an incident angle of 45° used as the illuminated source. The non-uniform mesh was
employed, and the minimum mesh size inside the metagrating equaled 0.1 nm, and the
mesh size gradually increased outside the metagrating surface to save storage space and

computational time.

3. Homemade interference lithography system for the fabrication of metagratings

Figure S3 shows the schematic of the homemade photolithography system which is
used for the fabrication process of view modulator. The optical transmittance of the

diffractive grating in the optical system can be written as:
t(X,, Yo)=C0s(27rax, ) (6)

According to the Fourier transform rule, the modulated light field at the rear focus plane



can be written as:

U(x,¥:) = ACOS[P?TMXJ (7)

Finally, the light field is focused by an objective lens to form a minified interference

pattern, the period of which can be written as:

Aoty

"W, d) ©

where Ao is the period of the diffraction grating; M is the demagnification of the
objective lens; A is constant. Furthermore, the modulated accuracy for period of
metagrating by the proposed interference lithography system will be:

A, f, Ad
= Ad = 9
M (f,~d)’ F(f,-d) ©)

where F is the spatial frequency of interference fringe.

Assuming the focal length of both Fourier transform lens (f1, f2) is 75 mm and the
demagnification of the objective lens (M) is 50X. The relation between the modulated
accuracy for the period of fabricated metagrating and the accuracy of the longitudinal
movement for the diffraction grating is shown in Figure S4. From the above, the
homemade lithography can manufacture metagrating pixels with the capability to

control the period of metagratings at a sub-nanometer level.

4. Fabrication of view modulator

To fabricate the metagratings in view modulator, we pre-cleaned a glass plate and spin
coated it with a 1um thick positive photoresist (RJZ-390, RUIHONG Electronics
Chemicals). Then the glass plate was patterned with variable metagratings by the
homemade lithography system (NANOCRYSTALZ200, SVG Optronics) at a speed of
20 mm?/mins (Wan et al., 2016). After the exposed photoresist was developed in NaOH
solution (8%o) and dried by means of an electric blow drier, a view modulator with
aperiodic metagratings was obtained. Finally, the metagrating arrays were transferred

to PET film by UV nano-imprinting technology.

5. Experimental setup for display



The metagrating was conglutinated at the front of the LCD and each pixelated
metagrating in the view modulator was aligned with the corresponding color pixel in
the color filter by an aligner. A white LED array collimated by concave mirror
illuminated the integrated device to form the reconstructed lightfield from a 3D scene.
To ensure the stability of experimental environment, the all optical setups were

completed in the air-floating platform.
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