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Traditional detour-phase hologram is a powerful optical device for manipulating phase and amplitude 

of light, but it is usually not sensitive to the polarization of light. By introducing the light-metasurface 

interaction mechanism to the traditional detour phase hologram, we design a novel plasmonic nano-

slits assisted polarization selective detour phase meta-hologram, which has attractive advantages of 

polarization multiplexing ability, broadband response, and ultra-compact size. The meta-hologram 

relies on the dislocations of plasmonic slits to achieve arbitrary phase distributions, showing strong 

polarization selectivity to incident light due to the plasmonic response of deep-subwavelength slits. To 

verify its polarization sensitive and broadband responses, we experimentally demonstrate two 

holographic patterns of an optical vortex and an Airy beam at p- and s-polarized light with wavelengths 

of 532nm, 633nm and 780nm, respectively. Furthermore, we realize an application example of the 

meta-hologram as a polarization multiplexed photonic device for multi-channel optical angular 

momentum (OAM) generation and detection. Such meta-holograms could find widespread applications 

in photonics, such as chip-level beam shaping and high-capacity OAM communication. 

Traditional detour phase hologram is not sensitive to polarization of light. Here, a novel detour 

phase meta-hologram is proposed assisted by plasmonic nano-slits, which shows polarization 

multiplexing ability, broadband response, and ultra-compact size. The meta-hologram could 

generate two different holographic patterns at p- and s-polarized lights, respectively, in visible 

wavelengths. It is also demonstrated as a polarization multiplexed photonic device for multi-channel 

optical angular momentum generation and detection 
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1. Introduction 

The concept of detour-phase hologram, introduced by Brown and Lohmann in 1966 [1, 2], has widely 

been used in computer-generated holograms for applications of beam shaping, three-dimensional 

display, optical signal processing, and others [3]. Traditional detour-phase hologram usually consists 

of transmission apertures on an opaque surface, allowing the binary transmittance of only zero or 

one across the surface. Although such a hologram can modulate phase and amplitude of light based 

on the apertures’ positions and sizes, however, it is not sensitive to the polarization of light, and thus 

it cannot shape the polarization status of a light beam or work as polarization-multiplexing devices.  

In recent years, metasurface [4] with subwavelength sized features is proposed to significantly 

improve the performance of traditional optical devices by engineering the interaction between 

incident light and subwavelength optical scatters (or optical antennas) [5-7], such as metallic 

nanorods [8-10] and V-shaped metallic nano-antennas [4]. Due to its very attractive features of 

micron-scale size, nanoscale thickness, broadband response from visible to infrared frequency, and 

multi-functions (manipulating phase, amplitude and polarization), metasurface has shown great 

application prospects in many optical fields, such as aberration-free lenses and axicons [11], 

micrometer-scale quarter wavelength plate [12], photonic spin hall effect [13], optical vortex 

generations [14-16], detection of multiple optical angular momentum (OAM) [17], and 3-

dimentional holograms [18]. Thus, metasurface could be a very promising approach to improve the 

performance of traditional detour-phase hologram, especially the polarization response property. 

Lin et al. first demonstrated a metasurface-based detour-phase hologram [19], however, in this 

design the detour-phase hologram was still not sensitive to the polarization, so another polarization-

sensitive metallic nanostructure was combined to the hologram, which requires two independent 

complex structures to control the phase and polarization, respectively. 

In this paper, through revisiting the concept of traditional detour phase hologram, we design and 

demonstrate a new type of polarization-sensitive detour phase hologram based on a metasurface 

composed of plasmonic nano-slits on a metal film. These nano-slits have uniform shape and 

orientation but different positions in a period of metasurface to obtain arbitrary phase distribution 
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of transmitted beam, and thus form a new type of metasurface hologram (meta-hologram). Besides 

the phase modulation, such a deep-subwavelength slit on metal film also has a strong polarization 

sensitivity, due to the fact that only p-polarized incident light can excite surface plasmon polaritons 

(SPP) to transmit through the nano-slits, while s-polarized incident light is almost reflected by the 

metallic surface. By combining different responses to p- and s-polarization, we finally obtain a 

polarization multiplexed meta-hologram. To verify the capability of such meta-holograms, we 

demonstrate the generation of an OV and an Airy beam at p- and s-polarized incidences, 

respectively, by both experiments and finite difference time domain (FDTD) calculations. In the 

experiments, we choose three different wavelengths of 532nm, 633nm, and 780nm to confirm its 

broadband response feature. In addition, we show the generation of two 3×3 OAM arrays for p- and 

s-polarizations and the detection of incident OAMs by a designed meta-hologram, to further 

demonstrate its great potential as photonic devices for OAM generation, detection and modulation. 

We believe that the detour phase meta-hologram benefits from the advantages of polarization 

multiplexing ability, ultra-compact size, and broadband response, therefore has promising 

applications in a wide field, such as chip-level beam shaping and high-capacity OAM communication. 

2. Principle and structure design 

The principle of detour phase in the meta-hologram is shown in Figure 1(a). When a light beam is 

incident into two adjacent subwavelength sized slits, it will be diffracted at each slit and produce a 

second wave of equal phase, like two parallel line sources. When receiving the diffraction wave at a 

fixed angle θ, the two wavefronts have an optical path difference ΔL=Dsinθ, which gives a 

corresponding phase difference Δφ=2πDsinθ/λ depending on the distance D between adjacent slits. 

Therefore, we can control the phase difference by adjusting the distance D. When D=nλ/sinθ (n=1, 

2…), the phase difference Δφ generated by the two slits is equivalent to zero; in other cases the 

phase difference can be selected from 0 to 2π according to different values of D. Furthermore, we 

extend the two slits to a periodic slit array and choose the period length P=D=λ/sinθ at n=1, then we 

can determine the phase difference of each slit from 0 to 2π through adjusting the slit position in 

each period. To form a hologram with two-dimensional phase distribution φ(i,j), the slit position in 

each period is determined by a profile of D(i,j)=Pφ(i,j)/2π, where D(i,j) is the location shift of the slit (i,j) 

to the center of its period, P=λ/sinθ is the period length, and φ(i,j) is in the range of -π~π. Finally, a 
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desired phase distribution is obtained by a two-dimensional slit array with different slit location shift 

D(i,j). The generated holographic pattern is received at the angle θ=sin-1(λ/P) which can also be tuned 

by the ratio of λ/P. 

It is noted that compared to a conventional detour phase hologram, here the meta-hologram 

composed of plasmonic nano-slits shows a strong polarization sensitivity, because the deep-

subwavelength width of slit only allows the evanescent SPP propagating mode to pass through, 

while all other propagating waveguide modes of slit are prohibited, similar to the case of well-known 

metal/insulator/metal (MIM) waveguide [20]. Thus, only p-polarized light that is able to excite SPP 

could transmit through the slits and form desired meta-hologram, while s-polarized light that cannot 

excite SPP is almost reflected by the opaque metal film. Such polarization sensitivity provides an 

important function of polarization multiplexing for the meta-hologram, which greatly increases the 

information contained in the meta-hologram without enlarging the device size.  

The detailed design procedure of the meta-hologram is introduced in Figure 1(b). We first design 

two conventional phase holograms for generating an OV with topological charge l=10 and an Airy 

beam, respectively, and then convert the phase holograms to two meta-holograms composed of 

horizontal and vertical nano-slit arrays, respectively, according to the detour phase principle. Finally, 

we combine the two orthogonal nano-slit arrays into one meta-hologram with cross-shaped slits. To 

demonstrate the polarization multiplexing property of the synthetic plasmonic meta-hologram with 

cross-shaped slits, we show both near-field and far-filed distributions of transmitted light intensity in 

Figure 1(b) illuminated by two orthogonal linear-polarized lights along horizontal and vertical 

directions, respectively, calculated using the FDTD method. It is observed that in the near field the 

vertical linear-polarized light only excites SPP with horizontal slits, while the horizontal linear-

polarized light only excites SPP with vertical slits, thus the two corresponding patterns of OV and 

Airy beam are generated in the far field at the orthogonal polarizations, respectively. 

Figure 1(c) shows the schematic of the polarization multiplexed meta-hologram illuminated by a 

45° linear-polarized light. The meta-hologram was etched in a 200nm-thick gold film on glass 

substrate, which consists of totally 40×40 periods with each period length of 1  . The length of slit 

in each period is fixed as 1  , same as the period length in order to increase the light transmission. 
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In this case, due to the 45° linear polarization of incident light, SPP are excited by both horizontal 

and vertical slits at the same time, hence the holographic patterns in horizontal and vertical 

directions both appear in the far field. It is noted that the desired OV and Airy patterns appear at 

two symmetrical diffraction angles of ±θ, similar to the ±1 diffraction orders of optical grating, and 

the angle θ could be modulated by the period length and the wavelength according to the equation 

P=λ/sinθ. 

3. Theoretical analysis 

To investigate the influences of parameters of the meta-hologram to its performance, in Figure 2 we 

show the FDTD calculated results of transmittance, efficiency and polarization extinction ratio as 

functions of the thickness of gold film, slits width, and the incident wavelength. Here the 

transmittance is defined as the ratio of total transmitted energy to total incident energy, the 

efficiency represents the energy of desired pattern at ±θ diffraction angles over the total incident 

energy, and the polarization extinction ratio is the ratio of efficiency at p-polarized incidence to the 

one at s-polarized incidence. The larger polarization extinction ratio is corresponding to better 

polarization selectivity of the device, and based on our study the polarization selectivity 

phenomenon is quite obvious when the polarization extinction ratio is larger than 10.  

In Figure 2(a) we consider the performance of the meta-hologram at different wavelength of 

incident light. The results verify that the meta-hologram has a broadband spectrum response, 

especially in the range of 500nm-900nm a relatively good far field pattern can be observed. We can 

see that the highest efficiency of ~9% is obtained in 600nm-700nm range, while the polarization 

extinction ratio is also relatively high as ~100. Different to previous metasurfaces whose broadband 

feature usually origins from the overlap of several resonance modes of nano-antennas, here the 

working wavelength for detour phase obeys the equation P=λ/sinθ, hence different wavelengths 

could be used to generate same holographic pattern while only the observed angle (diffraction angle 

θ) changes at the fixed period length P. Figure 2(d) gives the relationship between the diffraction 

angle θ and the period length P at 532nm, 633nm, and 780nm wavelengths, which shows that the 

working wavelength range of meta-hologram is mainly limited by the maximum diffraction angle θ, 
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but can be further increased with a larger period length P. In addition, the working wavelength range 

is also affected by the loss of metal, which results to low transmittance at small wavelength. 

In Figs. 2 (b) and 2(c) we study the effects of slit width and gold film thickness at the fixed 

wavelength of 633nm, respectively. When the slit width increases, the transmittance and the 

efficiency can be greatly improved as more incident light could pass through, but the polarization 

extinction ratio is exponentially reduced due to the fact that larger width also allows s-polarized light 

to directly pass through. And when the gold film thickness increases, the polarization extinction ratio 

becomes higher because of the increased loss of metal to s-polarized light, while the efficiency and 

the transmittance reach a peak value at about 150nm thickness, the reason is that the excited SPP in 

the slit achieves a cavity resonance mode at that thickness and thus enhances the transmittance. 

Based on above results, we find that there is usually a trade-off between the efficiency and the 

polarization extinction ratio when the structure parameters change, so it should be careful to choose 

the parameters for various requirements. 

 

4. Experimental verification 

In order to experimentally verify the effectiveness of our designed meta-hologram, we used the 

focused ion beam (FIB) method to fabricate 40×40μm2 meta-holograms, and built an experimental 

system as shown in Figure 3(a). In the system, three incident wavelengths of 532nm, 633nm and 

780nm were chosen to demonstrate its broadband feature. The incident laser beam was first 

collimated and expanded by two lens, and then converted to linear polarization by a polarizer and its 

polarization direction was adjusted by rotating a half wave plate. After, we used a 4× objective lens 

to focus the beam onto the meta-hologram. Finally, to cover the large diffraction angles at the three 

wavelengths, we chose a 100× objective lens to receive all the diffraction patterns and recorded 

them by a CCD.  

Figure 3(b) gives the scanning electron microscope (SEM) photo of the fabricated meta-hologram, 

and its corresponding theoretically predicted diffraction pattern of an Airy beam and an OV at the 

45° linear-polarized incidence is shown in Figure 3(c). Here we chose 50nm slit width and 200nm 
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thickness of gold film in order to obtain a large polarization extinction ratio and clearly show the 

polarization multiplexing function. In Figs. 3(d)-3(f) we compared the theoretical and experimental 

results of the OV and airy beam polarization multiplexing hologram, with incident lights of 45°, 0° 

and 90° linear polarizations and 532nm, 633nm and 780nm wavelengths, respectively. It is obvious 

that for different wavelengths, the meta-hologram always shows strong polarization selectivity in 

experiment. In the case of 0° or 90° linearly polarized incident light, only the slits perpendicular to 

the polarization direction can excite SPP and work as a hologram, thus only the Airy beam or the OV 

could be observed in one direction. They can be both observed with a 45° linear polarized incident 

light which can be divided into 0° and 90° linear polarizations. It is noted that when the incident 

wavelength λ increases, the whole holographic pattern becomes larger due to the increasing 

diffraction angle θ=sin-1(λ/P) at fixed period length P, and the measured polarization extinction ratios 

for wavelengths of 532nm, 633nm and 780nm are 231.51, 599.49, and 873.57, respectively, which 

are quite large and consistent with the increasing trend shown in shown in Figure 2(a). In 

experimental results, the shape of OV somehow looks like square instead of circle, owing to the 

Fraunhofer diffraction effect of the square entrance pupil of the meta-hologram sample illuminated 

by a larger size beam. 

 

5. OAM generation and detection 

To further demonstrate the great potential of our designed meta-holograms as photonic devices, we 

consider using it as a polarization multiplexed devices for OAM generation and detection. As a new 

degree of freedom for information encoding and decoding, in recent years OAM has been proved to 

have significant potential in free-space optical communication system to realize high-capacity and 

multi-channel communications [21-27]. And the practical applications of OAM require photonic 

integrated devices and circuits for miniaturization, improved performance, and enhanced 

functionality [23]. Consequently, we designed and fabricated a polarization multiplexed meta-

hologram as an OAM generation and detection device, as shown in Figure 4.  

Figure 4(a) presents the SEM photo of the fabricated meta-hologram designed by the detour 

phase distribution of a 2-dimentinal Dammann vortex grating [28], and figure 4(b) gives the 
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corresponding predicted diffraction pattern of a 3×3 OAM array at the 45° linear-polarized 

incidence. The experimental results of the 3×3 OAM array generations at 532nm and 633nm 

wavelengths and 45°, 0° and 90° linear polarizations are compared in Figs. 4(c) and 4(d). Here we do 

not show the results at 780nm because its diffraction angle is out of the range of the objective lens. 

When illuminated by a plane wave with topological charges l=0, the generated 3×3 OAM array 

contains 9 OAMs with topological charges l=−4~+4, and each OAM can work as a channel for data 

communication, thus the meta-hologram could provide 9 channels with OAM multiplexing, and 

totally 18 channels with multiplexing of both OAM and orthogonal 0°/90° linear polarizations as all 

the channels are spatially separated. Besides generation of OAM array, in Figs. 4(c) and 4(d) we show 

that the meta-hologram can also be used to detect the OAM and linear polarization state of an 

incident OV beam. When an OV beam with topological charge +l is incident onto the meta-hologram, 

it will be restored to a bright point at the location corresponding to topological charge -l of the far-

field OV array, while other locations still hold the ring of OV with a dark center. For example, in 

Figure 4(c) we chose an OV with l=+1 incident onto the meta-hologram with 0° or 90° linear 

polarization, and detected a bright point at the location of the l=−1 in corresponding horizontal or 

vertical direction. Thus, the meta-hologram is able to generate and detect OAMs, and increase the 

processing information capacity through multiplexing of both OAMs and polarizations, which proves 

it a promising photonic device for high-capacity and multi-channel OAM communications. 

 

6. Conclusion and outlook 

In summary, to improve the performance of traditional detour phase hologram, we proposed and 

experimentally demonstrated a novel plasmonic nano-slit assisted polarization selective detour 

phase meta-hologram, showing advantages of polarization multiplexing ability, ultra-compact size, 

and broadband response. Based on the superposition of horizontal and vertical nano-slits 

corresponding with two phase holograms, we achieved the polarization multiplexing feature for two 

orthogonal linear polarizations, and observed two different holographic patterns in the far field. We 

investigated the effects of incident wavelength, slit width, and gold film thickness on the 

performances of meta-hologram such as transmittance, efficiency, and polarization extinction ratio. 



 

  

 

This article is protected by copyright. All rights reserved. 

9 

 

The meta-hologram shows a broadband response of 500nm-900nm and tunable diffraction angles. 

We further fabricated a few samples of the meta-hologram by FIB technique, and experimentally 

verified its broadband response and polarization multiplexing function. Finally, we demonstrated an 

application example of the meta-hologram as a polarization multiplexed photonic device for OAM 

generation and detection, which could increase the channels for data communication and has great 

potential in high-capacity multi-channel OAM communications. Based on the attractive features of 

the plasmonic nano-slit assisted detour phase meta-hologram, we believe such a novel device could 

find widespread applications in photonics. 

As final remarks, the meta-hologram has the potential of further improving the performance. 

Similar to other transmission plasmonic metasurfaces [4, 8, 29], although the efficiency of meta-

hologram is not high, it could be enhanced by changing the transmission structure to the reflection 

type which has been proved a very high efficiency for plasmonic metasurface [30]. It is also very 

possible to achieve high-efficiency detour phase meta-hologram by all-dielectric metasurface due to 

its low-loss feature [31, 32], and very recently an example was reported by Capasso’s group [33]. 

Besides shaping the phase distribution, the amplitude of light can also be controlled by changing the 

slit width or the number of slits in a period of the meta-hologram. Further, in addition to the linear 

polarization, the nano-slit structure can be changed to other structures such as λ-shaped aperture 

[34, 35], which is possible to achieve the chiral polarization multiplexing for hologram. 
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Figure 1. Principle of detour phase and polarization multiplexing of meta-hologram. (a) Schematic of 

detour phase. Each air slit at different locations in a period length P produces different phase (-π~π). 

D represents the distance between adjacent slits and θ is the angle of diffraction light. (b) Schematic 

of the design procedure of the meta-hologram. We successively show the two original phase 

holograms, the two plasmonic metasurfaces with horizontal and vertical slits for the two phase 

holograms, the synthetic plasmonic meta-hologram with cross-shaped slits, the near-field 

distributions of transmitted light intensity for the vertical polarized (P-Pol) or the horizontal 

polarized (S-Pol) light, and the far-field distributions of an OV with topological charge l=10 or an Airy 

beam for p- or s-polarized light. (c) Schematic of the meta-hologram illuminated by a 45° linear-

polarized light. The generated holographic patterns of an OV and an Airy beam are produced in the 

±1 diffraction order at the far field. The cross-shaped silts are etched into a gold film on a glass 

substrate. The slit length is 1μm same as the period length P, and the slit width is defined as w.  
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Figure 2. Influences of slit parameters and wavelength. (a) – (c) Curves of efficiency (black solid 

lines), transmittance (black dashed line), polarization extinction ratio (red solid line) as function of 

wavelength, slit width and gold film thickness calculated by FDTD method. The parameters are 

chosen as (a) gold film thickness 150nm, slit width 100nm; (b) gold film thickness 150nm, 

wavelength 633nm; (c) slit width 100nm, wavelength 633nm. (d) The relationship between 

diffraction angle and the period length of the meta-hologram in the wavelengths of 532nm, 633nm 

and 780nm. The diffraction angle can be adjusted from 20° to 80° by changing the period length. 
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Figure 3. Experiment system and results of polarization multiplexing. (a) Experiment system diagram. 

The light emitted by a laser passes through lens (L1, L2) to expansion, and then converted to linearly 

polarized light by the polarizer (P). Through rotating the half wave plate (HWP), we can adjust the 

direction of the linear polarization to generate p- or s-polarized light. Then we use a 4× objective 

lens (OBJ1) to focus the light onto the sample of meta-hologram and a 100× objective lens to collect 

diffraction light into the CCD. (b) SEM photo of meta-hologram fabricated by FIB method. The meta-

hologram size is 40×40μm2 consisting of 40×40 nano-slits, which is 1μm length and 50nm width 

etched on 200nm thickness gold film. (c) FDTD calculated result of the far-field pattern with 45° 

linear-polarized incidence of 633nm. The white dashed line gives the region of experimental results 

shown in (d)-(f). (d)-(f) Experimental results of far-field OV and airy beam with 45°/90°/0° line 

polarizations at 532nm, 633nm and 780nm, respectively. The white arrow gives the direction of line 

polarization. 
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Figure 4. Generation and detection of OAMs by the meta-hologram. (a) SEM photo of the sample of 

meta-hologram. All parameters are same as Figure 3(b). (b) FDTD calculated result of the generation 

of 3×3 OAMs array with 45° linear-polarized incidence of 633nm. (c)-(d) Experimental results of 3×3 

OAMs array with 45°/90°/0° line polarizations at 532nm and 633nm, respectively. The white arrow 

gives the direction of line polarization. The three figures in upper line are corresponding to a plane 

wave incidence with topological charge l=0. The three figures in lower line are corresponding to an 

OV beam incidence with topological charge l=1, and a bright spot is detected at the location of l=−1 

indicated by a dashed circle. 
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