
Subscriber access provided by King Abdullah University of Science and Technology Library

ACS Photonics is published by the American Chemical Society. 1155 Sixteenth Street
N.W., Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.

However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.

Article

All-dielectric meta-holograms with holographic

images transforming longitudinally
Qiu Wang, Quan Xu, Xueqian Zhang, Chunxiu Tian, Yuehong Xu, Jianqiang Gu,

Zhen Tian, Chunmei Ouyang, Xixiang Zhang, Jiaguang Han, and Weili Zhang

ACS Photonics, Just Accepted Manuscript • DOI: 10.1021/acsphotonics.7b01173 • Publication Date (Web): 22 Nov 2017

Downloaded from http://pubs.acs.org on December 3, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



�����������	��
���������	���
���
����	����
������
�	�����	����


��������������




Qiu Wang†, Quan Xu†, Xueqian Zhang†, Chunxiu Tian‡, Yuehong Xu†, Jianqiang Gu†, Zhen 

Tian†, Chunmei Ouyang†, Xixiang Zhang*,‡, Jiaguang Han*,†, and Weili Zhang*,†,§ 

 

                                                                                         
†Center for Terahertz waves and College of Precision Instrument and Optoelectronics 

Engineering, Tianjin University and the Key Laboratory of Optoelectronics Information and 

Technology (Ministry of Education), Tianjin 300072, China. 
‡Physical Science and Engineering Division, King Abdullah University of Science and 

Technology, Thuwal 23955>6900, Saudi Arabia. 

§School of Electrical and Computer Engineering, Oklahoma State University, Stillwater, 

Oklahoma 74078, USA. 

 

��������


Metasurfaces are unique subwavelength geometries capable of engineering electromagnetic 

waves at will, delivering new opportunities for holography. Most previous meta>holograms, 

so>called phase>only meta>holograms, modulate only the amplitude distribution of a virtual 

object, and require optimizing techniques to improve the image quality. However, the phase 

distribution of the reconstructed image is usually overlooked in previous studies, leading to 

inevitable information loss. Here, we demonstrate all>dielectric meta>holograms that allow 

tailoring of both the phase and amplitude distributions of virtual objects. Several longitudinal 

manipulations of the holographic images are theoretically and experimentally demonstrated, 

including shifting, stretching, and rotating, enabling a large depth of focus. Furthermore, a 

new meta>hologram with a three>dimensional holographic design method is demonstrated 

with an even enhanced depth of focus. The proposed meta>holograms offer more freedom in 

holographic design and open new avenues for designing complex three>dimensional 

holography. 
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Holograms record the complete amplitude and phase information of light scattering by an 

object, thus capturing a three>dimensional (3D) image to project. Holography is originally 

proposed by Gabor in 1948.1 As computer technology and optoelectronics rapidly advance, 

computer>generated holography (CGH) emerges, where holograms are created by numerical 

calculation and reconstructed optically.2 CGH has been widely accepted, as it does not 

require real objects and can be applied across the whole electromagnetic spectrum. 

Conventional CGH often uses spatial light modulators (SLMs) as holograms. Recently, the 

adoption of metasurfaces as holograms in CGH has produced high>resolution 

meta>holograms and high efficiency meta>holography.3>15 

Metasurfaces, which typically consist of a monolayer of subwavelength plasmonic or 

dielectric structures, are simple to fabricate, exhibit relatively low absorption loss, and have 

fascinating electromagnetic characteristics.16,17 Metasurfaces can be designed to control the 

polarization, phase, and amplitude of outgoing electromagnetic waves as desired, providing 

an exciting platform for ultrathin optics. Ultrathin metasurfaces have much smaller unit cell 

sizes and thicknesses than their conventional counterparts. Thanks to these unique properties, 

metasurfaces have achieved various intriguing phenomena and applications, such as ultrathin 

flat lenses,18>22 anomalous reflection and refraction,23>26 optical vortex generation,27>29 wave 

plates,30,31 and meta>holography.3>15 Plasmonic metasurfaces easily support electromagnetic 

resonances; however, they typically suffer from low efficiency due to ohmic loss. Composed 

of high refractive index resonators, dielectric metamaterial unit cells use Mie resonances to 

generate electric and magnetic resonances with dramatically improved efficiency.32,33 

Most past demonstrations of meta>holography have used phase>only holograms, where 
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optimizing techniques such as the Gerchberg>Saxton method were adopted to improve the 

holographic image quality.34>36 However, these optimization techniques cause the phase 

distribution of the reconstructed image to become irregular and uncontrollable. As amplitude 

and phase are two fundamental characteristics of electromagnetic waves, the uncontrollable 

phase distribution clearly constrains the holographic design. Rather than employing 

optimizing techniques, a new approach could provide simultaneous control of amplitude and 

phase of each pixel in the metasurface7,37 to achieve high quality holographic images. With 

this approach, both amplitude and phase information of virtual objects can be reconstructed. 

However, this meta>hologram by adopting single>layer plasmonic resonators7 has been 

difficult to move beyond the limitations in the inherent Ohmic losses and the orthogonal 

polarization conversion efficiency. A higher efficiency is required in practical applications of 

the simultaneous amplitude and phase control technique. Also, only amplitude distribution of 

the virtual object is considered in that work, while the phase distribution is kept constant. 

This is just like many other studies on meta>holography, where the main concern is the 

quality of the reconstructed intensity distribution, since the phase information cannot be 

recorded directly by the eyes or detectors. The effect of engineering both the phase and 

amplitude distributions of virtual objects in meta>holography has not been further studied yet. 

In this article, we propose and demonstrate all>dielectric meta>holograms that 

continuously transform holographic images along the longitudinal direction by engineering 

both the phase and amplitude distributions of the virtual objects in the terahertz regime. 

Dielectric cubic silicon resonators are used as basic unit cells to achieve a simultaneous 

multi>level modulation of the amplitude and phase distributions on the holograms with 
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relatively high efficiency. Fiber>based near>field scanning terahertz microscopy (FNSTM) is 

employed in the experimental measurements with a high scanning speed and high resolution. 

The shifting, stretching, and rotating of the images along the direction of electromagnetic 

wave propagation are theoretically and experimentally demonstrated, and indicate a large 

depth of focus (DOF). The DOF, that illustrates the tolerance of a hologram in the position 

where an image is detected, is a very important parameter and reflects the longitudinal 

resolution. The DOF of our hologram is proven to be larger than that of the phase>only 

hologram with optimization. Moreover, a new design approach for three dimensional (3D) 

holograms is proposed with further enhanced DOF. The proposed meta>holograms allow 

more freedom in the holographic design process through engineering both of the phase and 

amplitude distributions of the virtual 3D objects. The larger DOF accelerates the pace of 

meta>holography towards practical applications. 
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Here, subwavelength silicon pillar resonators are employed as basic unit cells, as shown 

in Figure 1a. The pillars are made from 150 Hm thick high>resistivity silicon and patterned on 

a 2 mm thick high>resistivity silicon substrate. According to the effective media theory, a 

large effective refractive index leads to a slow electromagnetic wave speed, whose direction 

of propagation can be defined as the slow axis and the fast axis is thus along the orthogonal 

direction, as illustrated in Figure 1b. When the optical path difference between the two 

polarized components along the slow axis and the fast axis is equal to half of a wavelength, 
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the linearly polarized incidence converts nearly completely into the orthogonal polarized 

component, where the silicon pillar serves as a half>waveplate. 

The performance of the all>dielectric meta>holography is numerically simulated using a 

commercial software, CST Microwave Studio. Four silicon pillars with approximately 0.9 

amplitude transmission and a π/4 phase>shift interval of the outgoing y>polarized electric field 

components Ey are selected under 1.0 THz and an x>polarized incident plane wave. Their 

geometric parameters are (a, b) = (48 Hm, 115 Hm), (40 Hm, 112 Hm), (35 Hm, 93 Hm), and 

(24 Hm, 101.5 Hm), respectively. By incorporating the additional x>axis>mirrored unit cells, 

eight silicon pillar resonators are obtained, composing a phase shift ranging from zero to 2π 

and nearly the same transmissions, as shown in Figure 1c. All eight silicon pillars are 

designed with same (P, h) = (130 Hm, 150 Hm) for ease of fabrication. Based on the 

coordinate system transformation theory, when a silicon pillar rotates around the z>axis, the 

phase shift of the outgoing y>polarized component remains constant under an x>polarized 

incidence, except for a π jump when the slow axis or the fast axis passes the x>axis. 

Meanwhile, the amplitude of the y>polarized electric field component |Ey| is proportional to 

|sin(2θ)|, where θ represents the orientation of the slow axis relative to the x>axis. As θ varies 

from >90° to 90° in a 5° interval, the numerically simulated results of the amplitude and phase 

shifts of the outgoing y>polarized component Ey for the first silicon pillar of the eight unit 

cells remain consistent with our expectations. Thus, the simultaneous modulation of phase 

and amplitude in each pixel of the metasurface has been achieved with high efficiency. 
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Most of the meta>holograms demonstrated before only focus on the amplitude 

distributions of holographic images. Many optimizing techniques, including the 

Gerchberg>Saxton method, are employed in these phase>only holograms to improve the 

image quality; however, the trade>off is that the phase distribution becomes uncontrollable. 

Here, by elaborately engineering both the phase and amplitude distributions of 

two>dimensional (2D) virtual objects, several manipulations of the holographic images along 

the longitudinal direction (z>axis), namely different image transformations in 3D space are 

achieved as presented in detail below.  
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An image of the letter “T” with a constant amplitude is designed to appear in the plane z 

= 6 mm. The size of the observed region is 8 × 8 mm2, as shown in Figure 2a. The horizontal 

and vertical rectangles of the “T” are designed to move in opposite directions along the x>axis. 

Thus, the normalized electric field distribution of the virtual object is 

.
1

1

exp( ), [ 2,2], [1.5,2.5]

( , ) exp( ), [ 0.5,0.5], [ 2.5,1.5) ( )

0,

ik x x y

E x y ik x x y mm

else

∈ − ∈


= − ∈ − ∈ −



� � �                   (1) 

Here, we let k1 = 2π rad/mm. The electric field phase distribution of the virtual object is 

shown in Figure 2b. 

To design the corresponding meta>hologram, the Rayleigh>Sommerfeld diffraction 

theory is applied. After normalization, the linear partition method is employed to discretize 

the amplitude into five levels (0, 0.25, 0.5, 0.75, or 1). By utilizing silicon pillar resonators as 
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the basic unit pixels, the simultaneous eight>level phase and five>level amplitude modulation 

is achieved. The electric field amplitude and phase distributions of the meta>hologram can be 

seen in Figure 2c and d, respectively. Composed by 61 × 61 pixels, the dielectric 

meta>hologram is fabricated by conventional deep reactive ion etching (DRIE), whose partial 

scanning electron microscopy image is shown in Figure 2e. Thus, the size of the 

meta>hologram is also approximately 8 × 8 mm2. 

The Rayleigh>Sommerfeld diffraction theory is applied again in the image 

reconstruction. The numerically simulated electric field amplitude distributions |Ey| under 1.0 

THz at different locations ranging from z = 4 to 8 mm are shown in Figure 2f. The “T” image 

appears at z = 6 mm, and then changes into “┌” and “┐” at z = 4 mm and z = 8 mm, 

respectively.  

FNSTM is employed in the experimental demonstrations. The measured y>polarized 

electric field amplitude distributions |Ey| under 1.0 THz and x>polarized illumination at 

different locations along the z>axis are shown in Figure 2g. The electric field is detected at 

0.25 mm intervals from >4 to 4 mm in both the x and y directions, and at a 1 mm interval from 

4 to 8 mm in the z direction. The shifting of the two “T” components along the z>axis can be 

clearly seen with good image quality from z = 4 to 8 mm, which coincides well with the 

simulated results in terms of image size, profile, location, and relative amplitude distribution, 

demonstrating good control over shifting in the meta>hologram. There’s a little quality 

difference between the reconstructed vertical rectangle and the reconstructed horizontal 

rectangle, especially in the edges of these rectangles, which is mainly due to the information 

loss caused by the limited hologram size. As can be seen in Figure 2c, the right edge of the 
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horizontal rectangular region in the hologram is “cut off” by the boundary of the hologram, 

while the edges of the vertical one are overall exhibited in the hologram. The missing 

information will mainly affect its corresponding image region, considering that the image 

plane is just 6 mm away from the hologram (twentyfold wavelength for 1 THz). That’s why 

the main difference appears in the edges of the rectangles and why the left edge of the 

horizontal rectangle exhibits better than the right edge. The quality of the reconstructed 

horizontal rectangle will be better if the hologram is large enough to contain all the 

amplitude>not>zero pixels. Besides, the speed of the image shifting can be easily manipulated 

by varying k1. The measured transmission efficiency, defined as the ratio between the 

measured y>polarized terahertz power in the “T” region at z = 6 mm and the input power, 

reaches 16.3 % when employing the dielectric silicon pillar resonators. The corresponding 

simulated transmission efficiency of the silicon pillars is 18.8 %, which is much higher than 

that of the single>layer transmission>type plasmonic structures with simultaneous phase and 

amplitude modulation (6.4 % in our previous work).7 The good holographic image quality 

and the high efficiency promise practical applications in meta>holography. 
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The methods for meta>hologram design, sample fabrication, numerical simulation, and 

experimental measurements are the same as in the shifting exercise. The same “T” with a 

constant amplitude is designed to appear in the plane z = 6 mm, as shown in Figure 3a. The 

image is designed to stretch along the z>axis, so the normalized electric field distribution of 

the virtual object is  
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2

2

exp( ), [ 2,2], [1.5,2.5]

( , ) exp[ (2 )], [ 0.5,0.5], [ 2.5,1.5) ( )

0,

ik x x y

E x y ik y x y mm

else

 ∈ − ∈


= − ∈ − ∈ −



� � �  .             (2) 

Here, we let k2 = π rad/mm. The electric field phase distribution of the virtual object is shown 

in Figure 3b. 

The electric field amplitude and phase distributions of the meta>hologram are exhibited 

in Figure 3c and d, where the eight>level phase and five>level amplitude modulations are also 

employed. The simulated and measured amplitude distributions of the y>polarized electric 

field component under an x>polarized normal incidence at different locations along the z>axis 

are shown in Figure 3f and g. The simulated and measured results are in good agreement, 

exhibiting a stretching effect along the z>axis with a range from z = 4 to 8 mm. The 

holographic image “T” becomes smaller as the distance from the meta>hologram increases, 

which is the opposite of conventional optical imaging behavior. The simulated magnification 

between the image profiles at planes z = 4 mm and z = 8 mm is 1.33 along the x direction and 

1.17 along the y direction, and the measured magnification is 1.38 and 1.10, respectively. The 

magnification can be easily controlled by changing k2. The measured and simulated 

efficiencies for this meta>hologram are 14.5 % and 19.6 %, respectively. Note that for the 

shifting and stretching manipulations, the virtual objects are designed with the same 

amplitude distributions (the letter “T”) and different phase distributions. Completely different 

longitudinal exhibitions of holographic images are achieved, which overall exhibit different 

3D distributions, indicating the functionality of incorporating phase control into the virtual 

object. 
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The virtual object in this experiment is a rectangle with a constant amplitude in the plane 

z = 6 mm, as shown in Figure 4a. The rectangle is designed to be capable of rotating along 

the z>axis, and every point should have the same space angular velocity ω0 for image stability. 

Under the cylindrical coordinate system, when a point (r, θ, z) moves to its next location 

(r+dr, θ+dθ, z+dz), we know that vr/c = kr/k. Here vr and kr represent the space linear velocity 

component and the wave vector component in the rθ>plane, respectively; c and k are the 

velocity of light and wave vector in vacuum, respectively; kr = dφ/dl, where dφ and dl are 

differential phase shift and distance between the two points, respectively. So we can get vr = 

cdφ/kdl. Since vr = ω0r and dl = rdθ, we can obtain dφ = ωr
2dθ, where ω = ω0k/c is a constant. 

After integration, the final phase distribution can be obtained as φ = ωr
2
θ. Thus, the 

normalized electric field distribution of the virtual object is 

2 2exp[ ( )arctan ], [ 2,2], [ 0.4,0.4]
( , ) ( )

0,

y
i x y x y

E x y mmx

else

ω


+ ∈ − ∈ −
= 


� � �   .      (3) 

Here, we let ω = 4.5 mm>2. The electric field phase distribution of the virtual object is shown 

in Figure 4b. 

Similarly, the electric field amplitude and phase distributions of the meta>hologram, 

partial scanning electron microscopy image, and the simulated and measured electric field 

amplitude distributions are shown in Figure 4c>g. Satisfactory rotating is observed, where the 

simulated rotation angle of the profile of the rectangle from z = 3 to 9 mm is 79°, and the 

measured result is 78°. The rotation angle can be controlled by varying ω. The measured 

electric field amplitude distributions are in good coincidence with the simulations, including 

Page 11 of 35

ACS Paragon Plus Environment

ACS Photonics

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



the image size, profile, orientation angle, and relative amplitude distribution, which 

demonstrates the good rotating manipulation of the holographic images. In addition, the 

measured and simulated efficiencies for this meta>hologram are 8.6 % and 11.6 %, 

respectively. 
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Our results indicate that a large DOF can be obtained with the proposed holographic 

design approach without the use of optimizing techniques. Irregular phase distribution from 

optimizing techniques leads to poor directivity along the propagation direction, which would 

also reduce the DOF. To further investigate the DOF of different meta>holograms, we design 

three meta>holograms. One is a phase>only meta>hologram optimized by the 

Gerchberg>Saxton method. The second is the meta>hologram of our design with simultaneous 

eight>level phase and five>level amplitude modulation. Each of the two meta>holograms is 

designed to reconstruct a 2D virtual object with a constant amplitude distribution “T” located 

at z = 6 mm, which is the same with Figure 2a. A constant phase distribution of the 2D virtual 

object is designed for the second meta>hologram with simultaneous phase and amplitude 

modulation; however, the 2D virtual object’s phase distribution of the phase>only hologram is 

uncontrollable and unable to be designed. Third, we propose 3D holographic design approach 

to achieve an even larger DOF, where the virtual object is a 3D “T” profile from z = 2 to 10 

mm with a constant amplitude, as shown in Figure 5a. The phase distribution is a constant in 

each xy>plane, but a k×z phase shift is designed along the z>axis, as shown in Figure 5b. Here, 

we let k equal the wave vector in an electromagnetic wave vacuum under 1.0 THz. The 
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Rayleigh>Sommerfeld diffraction theory is used and by sum of the contributions of all 

xy>planes from z = 2 to 10 mm, the electric field distribution in this 3D designed 

meta>hologram is obtained. Simultaneous eight>level phase and five>level amplitude 

modulation is employed to construct this 3D designed meta>hologram. 

The measured electric field amplitude distributions of the three meta>holograms under 

1.0 THz are shown in Figure 6a>m. In the results of the phase>only meta>hologram, the “T” 

begins to “split” at z = 5 mm and to “granulate” at z = 7 mm. In both the meta>hologram with 

simultaneous phase and amplitude modulation and the 3D designed meta>hologram, the 

image quality along the z>axis is extensively enhanced. The 3D designed meta>hologram 

shows even better imaging results than the other two meta>holograms at z = 2 mm and z = 10 

mm in particular, demonstrating the enhanced DOF of the 3D holographic design approach. 

The different DOF character of these three meta>holograms can be more clearly seen in the 

simulated holographic imaging results shown in Figure S1 (See Supplementary Note 1). The 

measured efficiencies of the phase>only meta>hologram, the meta>hologram with 

simultaneous phase and amplitude modulation, and the 3D designed meta>hologram are 

44.5 %, 13.7 %, and 13.3 %, respectively. Their corresponding simulated efficiencies are 

65.1 %, 17.2 %, and 15.4 %, respectively. 

Given the Strehl ratio in conventional optics, the DOF in holography can be defined as 

the longitudinal range of the image region in which the integral intensity is more than 80 % 

of the integral intensity in the designed focal plane. Experimentally, it is time>consuming and 

extremely difficult to measure the precise DOF as scanning detection is adopted in the 

xy>plane, which is quite different from the charge coupled device (CCD) detection method 

Page 13 of 35

ACS Paragon Plus Environment

ACS Photonics

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



used in the visible regime. Therefore, numerical simulations are employed for the quantitative 

analysis of DOF. The simulated results for the DOF are 2.8 mm (from z = 5.3 to 8.1 mm) for 

the phase>only meta>hologram, 5.0 mm (from z = 3.8 to 8.8 mm) for the meta>hologram, and 

7.9 mm (from z = 2.7 to 10.6 mm) for the 3D designed meta>hologram. The simulated and 

measured results demonstrate that the meta>hologram with simultaneous phase and amplitude 

modulation has a larger DOF than the phase>only meta>hologram, and that the 3D designed 

meta>hologram exhibits even further improvement. In addition, the DOF is directly 

proportional to the object distance and inversely proportional to the aperture. Considering the 

small object distance (6 mm) and the large size of the meta>hologram (8 × 8 mm2), it is very 

exciting to realize a 7.9 mm DOF with the 3D design approach. Regarding to the large DOF, 

we emphasize here that it is very helpful to obtain good images in a long range, which can 

make the hologram become more robust in real applications. However, for some other 3D 

holograms, such as irrelevant images at different plane, the large DOF may become crosstalk 

at other imaging plane in a sense. In that case, one needs other methods to optimize the phase 

distribution of each virtual image to restrain the crosstalk. By combining the iterative 

multi>plane holography algorithm with our design method, it might be possible to suppress 

the crosstalk among different imaging planes if we elaborately design proper initial phase 

distributions of the multi>plane images to make them capable of propagating approximately 

from one to the next. 
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We demonstrate a new meta>hologram design method by engineering both the phase and 

amplitude distributions of a virtual object. Relatively high efficiency is obtained by 

employing dielectric silicon pillar resonators as the basic unit pixels. The shifting, stretching, 

and rotating of holographic images along the longitudinal direction (z>axis) are demonstrated 

both theoretically and experimentally, indicating the additional freedom in our holographic 

design approach and suggesting further manipulation possibilities. The clear holographic 

images along the propagation direction also indicate a large DOF. A comparison of the DOF 

of a phase>only meta>hologram, a meta>hologram with simultaneous amplitude and phase 

control, and a new meta>hologram with 3D holographic design approach confirm that the 3D 

designed meta>hologram has a much larger DOF than other meta>holograms.  

Compared with the phase>only meta>holograms that achieve multi>plane images or 3D 

images, our both phase and amplitude modulated meta>holograms by engineering both the 

phase and amplitude distributions of a virtual object can uniquely achieve holographic images 

continuously transforming along the longitudinal direction in a long range with even no 

crosstalk. Besides, our design approach is direct and the algorithm is simple and timesaving. 

Furthermore, from the perspective of information theory, the meta>holograms with both 

phase and amplitude modulation contain more degree of freedom and thus, contain more 

information. Hence, they can be designed to realize more complex and flexible holographic 

images. It is believed that the proposed holographic design approach provides a new method 

for 3D holographic imaging and has many prospects in practical applications.   
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������
 ��,	�������- All the meta>holograms are fabricated by using conventional 

lithography together with deep reactive ion etching. First, the 2 mm thick double>side 

polished high>resistivity silicon wafer is sputtered with a 10 nm thick chromium layer and 

then spin>coated with a 7 Hm thick layer of photoresist (AZ2070). Next, by conventional 

photolithography, the left photoresist and the chromium become a double layer of protection 

above the silicon pillars. Then, conventional deep reactive ion etching is employed to make 

the silicon pillars with 150 Hm thickness. Finally, the remaining photoresist and the remaining 

chromium are cleaned off separately.  

�.��	�������
��	����	�/�����- FNSTM is employed in the experimental demonstrations 

for its high scanning speed and high resolution. Detailed description of FNSTM can be found 

in our previous work.38 Here, only the y>polarized electric field component is measured with 

an x>polarized illumination. The electric field is detected at 0.25 mm intervals from >4 to 4 

mm in both the x and y directions. It is further detected at a 1 mm interval for longitudinal 

manipulation measurements and a 2 mm interval for DOF characterizations in the z direction.  

 

 

��� �&���
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1. Simulated results of the three meta>holograms with different DOF. 
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 ��
 ��
 ,����
 ����������
 ����
 �����- (a) Schematic of a silicon pillar 

resonator patterned on a silicon substrate. a, b, and h represent the width, length, and 

thickness of the silicon pillar, respectively, and P represents the periodic size of the unit cell. 

(b) Schematic of the rotation of the silicon pillar. θ represents the orientation of the slow axis 

relative to the x>axis. (c) Numerically simulated transmission amplitude and phase shift of the 

y>polarized electric field component of the eight unit cells under 1.0 THz and an x>polarized 

normal incidence. (d) The same numerically simulated results as (c) for the first silicon pillar 

with (a, b) = (48 Hm, 115 Hm), as θ varies from >90° to 90° in a 5° interval. The amplitude 

shift follows a |sin(2θ)| dependence (red solid line), while the phase shift remains constant 

except for a π jump at θ = 0°. 
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The designed electric field amplitude and phase distributions of the virtual object at z = 6 mm, 

respectively. (c,d) The designed electric field amplitude and phase distributions of the 

meta>hologram, respectively, where five>level amplitude and eight>level phase modulation is 

adopted. (e) Scanning electron microscopy image of the dielectric meta>hologram with 

shifting manipulation (partial view). (f,g) Simulated and measured amplitude distributions of 

the y>polarized electric field component at 1.0 THz under an x>polarized normal incidence at 

different locations along the z>axis. All the observed regions are 8 × 8 mm2. 
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(a>g) Similar results corresponding to Figure 2a>g, respectively. 

Page 25 of 35

ACS Paragon Plus Environment

ACS Photonics

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



 

 

 

+���	�
 2-
 &�����	�����
 ��
 ��
���������	��
���
 ����	�����
 	�������
 �����
 ��
 ���.��- 

(a>g) Similar results corresponding to Figure 2a>g, respectively. 
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+���	�
9-
&�����	�����
��
��
:!
��������
���������	��- (a,b) The designed electric field 

amplitude and phase distributions of the 3D virtual object with z ranging from 2 to 10 mm. 

The sizes along the x and y directions are same as that in Figure 2a. 
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+���	�
 5-
 �.��	�������
 ! +
 ��	����	�/�����
 ��
 ��
 �	��
���������	���- Measured 

electric field amplitude distribution at 1.0 THz at different locations along the z>axis, 

corresponding to (a>c) the phase>only meta>hologram, (d>h) the meta>hologram with 

simultaneous amplitude and phase control, and (i>m) the 3D designed meta>hologram with 

simultaneous amplitude and phase control. The location along the z>axis is shown at the 

bottom right corner of each figure. 
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