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Abstract: Huygens’ metasurfaces are highly transparent arrays of nanostructures that enable phase front manipulation. 
This is achieved by simultaneous excitation of electric dipole (ED) and magnetic dipole (MD) resonances with equal 
amplitudes and phases in the constituent meta-atoms. In usual designs, the size changes of the meta-atoms, necessary to 
map the phase front, can detune the overlapping of ED and MD resonances, decreasing the transmission and limiting the 
operating bandwidth. In this report, we demonstrate that ED and MD resonances can be almost perfectly tuned together 
over a large wavelength range, keeping their spectral overlap, in a Silicon metasurface by using anisotropic meta-atoms. 
In particular, we show near-unity transmission (>95% in simulations) and 2π phase control in a wavelength range from 
760nm to 815nm using cuboidal nanoantennas. Using this concept, we also experimentally demonstrate clear 
reconstruction from holograms of a single metasurface spanning the near infrared and the whole visible spectral range.  

 

1. Introduction 

Metasurfaces consist of arrays of subwavelength-scaled 

inclusions, usually called nanoantennas, which can locally 

modulate the phase, amplitude, or polarization of incident 

light [1,2]. This enables the realization of traditional optical 

component and device functions in ultra-thin devices and, 

furthermore, the integration of multiple functions in a single 

device. Indeed, using metasurfaces, different optical devices 

have been realized in the last few years, such as beam 

focusing [3-10], bending [11-14], steering [15-17], splitting 

[18,19] or vortex generating [11,20] devices, as well as more 

complex multifunctional ones [21]. A particularly active area 

of research is that of hologram generation [18,22-31], which 

holds promise for novel three-dimensional displays and 

special light field generation. While metasurfaces can be 

realized using either metallic (plasmonic) constituents [32-34] 

or dielectric ones, the strong inherent non radiative losses of 

metals, as well as their simple optical response dominated by 

electric modes, makes this approach inefficient to realize 

transmissive devices. On the contrary, the natural low 

dissipative losses of dielectrics, together with their rich 

phenomenology of electric and magnetic optical modes, 

makes them a promising candidate for highly efficient, 

transmission-type metasurfaces [35].  

There are several ways to realize dielectric metasurfaces 

for phase modulation. One approach is using weakly coupled 

high-aspect ratio nanopillars, where each nanoantenna can be 

treated as a nanoscale optical waveguide [36]. In this case, the 

phase can be simply changed by changing the cross section of 

the waveguide. For this approach, the main limitation comes 

from the fabrication points of view, as high aspect ratios 

(height/diameter of 10/1) are needed to achieve good 

efficiency. Another approach uses the geometric phase of 

light (also called Pancharatnam-Berry Phase). Here, the phase 

modulation is a function of the orientation of an asymmetric 

subwavelength scatter [37,38]. As the phase is only related to 

the orientation of the nanoantennas and high transmission can 

be achieved with tall nanoantennas, same as in the first 

approach, high efficiency dielectric metasurface based optical 

components have been demonstrated with this approach [39]. 
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Fig. 1. Cuboid shape amorphous silicon nanoantenna array (a) 
Schematic drawing (b) SEM image of fabricated uniform 

nanoantenna array. 

A limitation of this approach is that it requires the incident 

light to be circularly polarized [40]. The third approach relies 

on the excitation of resonances in nanostructures and the 

natural retardation that light experiences around the resonant 

frequency. To make transmissive device and achieve full 2π 

phase coverage, one can utilize simultaneously excited 

electric dipole (ED) (or electric quadrupole) and magnetic 

dipole (MD) (or magnetic quadrupole) resonances in high 

refractive index nanoantennas [41-43,44]. While when the 

resonances are spectrally separated, they can only provide π 

phase coverage, their spectral overlap provides a mean to 

achieve the full 2π modulation. This can be simply achieved 

by tuning the geometry of the nanoantennas [11,13,45,46]. 

Moreover, when the two induced dipole moments are of the 

same strength and oscillate in-phase, the first Kerkers’ 

condition is met and the backward scattering from the 

nanoantennas can be totally suppressed [41,47-49]. In this 

case, each meta-atom becomes a Huygens source and near 

unity transmission through the metasurface can be achieved. 

The aspect ratio requirement of this approach is much lower 

than those using waveguides, (height/diameter ratio is 

normally <1/2), making the fabrication of these so-called 

Huygens’ metasurface easier and providing truly sub-

wavelength thicknesses.  

Due to its high refractive index (~ 3.7) and low dissipation in 

the infrared and visible, as well as its compatibility with 

complementary metal oxide semiconductor (CMOS) 

fabrication processes, Si based resonant metasurfaces were 

studied extensively. In this regard, high transmission > 80% 

and full 2π phase control has been reported in Huygens’ 

designs. Using either disks or square-shaped meta-atoms, the 

Kerkers’ condition in these systems can be achieved at certain 

geometrical parameters, changing the diameter-to-height ratio 

for a fixed period or gap. When the geometry is changed to 

achieve other phase shift values, the spectral overlap of the 

ED and MD resonances becomes detuned, and the 

transmission typically drops. Using these configurations, it is 

thus hard to maintain the Kerkers’ condition for all the 

required phase retardations. Although near unity transmission 

for all the possible phase shift values was reported for silicon 

nano disk by changing the periodicity of a nanoantenna arrays 

[50], this approach is less practical to implement at the device 

level, since small pixel size cannot be achieved due to the 

array requirement. In this paper, we exploit one more degree 

of freedom attainable when the polarization is fixed, and 

asymmetric resonators are considered. As shown next, cuboid 

shaped nanostructures provide fine tuning of the spectral 

position of ED and MD resonances and make them overlap 

well over a wide wavelength range from 760nm to 815nm, 

which allows maintaining the near-unity transmission (>95% 

in simulation) and achieving full 2π phase coverage 

simultaneously. In the following, these properties are 

demonstrated numerically and experimentally. 

2. Silicon Metasurface with Cuboid Nanoantennas 

2.1 Broadband Near Unity Transmission Metasurface 
Design  

 

Fig. 2. Simulated optical response of Si-based 

metasurfaces. Transmission (a) and phase shift (b) 

map of square shape nanoantenna array as a function 
of the side length, the ED and MD are indicated; 

Transmission (c) and phase shift (d) map of cuboid 

shape nanoantenna with a fixed y at 270nm and 
varying length of the side parallel to the polarization 

direction x. Near unity and full 2 phase shift can 

achieved in wavelength range of 716m to 815nm and 
Lx from 150nm to 300nm at fixed Ly of 270nm, see 

marked range between dashed white lines; 

Performance comparison (e) between square shape 
and cuboid shape nanoantennas in terms of 

transmission and phase shift at 800nm, the blue curves 

represent the transmission nanoantenna array, while 
the red curves represent the phase shift at different 

dimensions, the dot symbol corresponds to the 

cuboidal nanoantenna and the triangle symbols to the 
square one; (f) Diffraction efficiency of the 12 phase-

level gradient metasurface. The dashed black line 

represents the total transmission, while the dashed 
green, solid blue and solid red lines represent the 

transmission into the zeroth, -1 and +1 diffraction 

orders, respectively.   

As shown in Fig. 1a, the metasurface is composed of a square 

array of cuboid shape amorphous silicon nanoantennas with 



 

 

thickness h of 130nm and period p=px=py of 450nm. Their 

length along the x direction (𝐿𝑥 ) ranges from 100nm to 

400nm, while their length along the y direction (𝐿𝑦) is fixed 

at a constant value of 270nm. The polarization of incident 

light is along x direction. The array is considered to be 

supported by a quartz (SiO2) substrate and embedded in 

Poly(methyl methacrylate) (PMMA) medium from the top for 

refractive index matching with the substrate, mimicking a 

homogenous environment to achieve Huygens’ condition. 

The performance of the metasurface is numerically simulated 

with a commercial finite difference time domain (FDTD) 

software (Lumerical FDTD). To identify the value of the 

length 𝐿𝑦 satisfying the Huygens’ condition, we first consider 

square shape nanoantennas having equal side lengths (𝐿𝑥 =
𝐿𝑦 = 𝐿) in a range of 100-400nm. The simulated transmission 

and phase maps for different side lengths are shown in Fig. 2a 

and 2b. One can see that when the side lengths of the squares 

decrease, the two dips in the transmission spectrum, which 

corresponds to the ED and MD resonances, shift towards each 

other and merge at the wavelength of 800nm. Then, the 

transmission reaches near unity with the length of the 

nanoantennas of 270nm, indicating that the Huygens 

condition is achieved. When the length departs from 270nm, 

the transmission value drops, indicating that the ED and MD 

dipole resonances are detuned. This is caused by the different 

spectral shift rate experienced by the ED and MD resonances 

upon change in the square length. 

To increase the span of geometrical parameters for which the 

spectral overlap of resonances can be maintained, one needs 

to find an alternative shape of nanoantennas for which their 

relative shift can be slowed down. As shown next, this can be 

achieved using cuboid shape nanoantennas with fixed side 

length along y (𝐿𝑦, perpendicular to the incident electric field 

polarization) and varying side length along x (𝐿𝑥, parallel to 

the incident electric field polarization). In this case, as seen in 

Figs. 2c and 2d, the response of the two dipole resonances to 

the dimension changes is different. This behavior, which 

could be expected since the MD resonance depends mainly on 

the displacement field circulation in the xz plane, while the 

ED “feels” the total amount of polarizable material, will be 

analyzed in detail in the following section. Based on these 

considerations, we fix 𝐿𝑦 to 270nm and do the simulation to 

sweep 𝐿𝑥  from 100nm to 400nm. The results are shown in 

Fig. 2c for the transmission and Fig. 2d for the phase shift. 

One can see that near unity transmission (>95%) can be 

achieved in a larger range of geometries and wavelengths 

(760-815nm). At the same time, the full 2 phase coverage is 

achieved too, demonstrating that Huygens’ condition can be 

maintained in the whole range of 𝐿𝑥 from 50nm to 350nm. A 

comparison between the performance of square shape and 

cuboid shape nanoantennas in terms of transmission and 

phase shift at wavelength of 800nm is shown in Fig. 2e. For 

square shape nanoantenna, when the side length departs from 

the perfect Huygens’ condition, the transmission drops down 

to 75% for some of the values needed to span the full 2π 

phase. Meanwhile, for the cuboid shape nanoantenna, the 

Huygens’ condition is maintained for the full span of 

nanoantenna lengths 𝐿𝑥  that allow covering the full 2π 

modulation. Although 2π phase coverage can be achieved for 

both cases, do note that the slope of phase value change with 

the variation of side width (or Lx for cuboid shape antenna) is 

steep, especially for the phase value around π. It means the 

phase value is very sensitive to the variation of the geometry. 

A slightly deviation from the designed geometry will result in 

a big phase variation. Consequently, the efficiency of 

diffraction may be deteriorated. 

To validate the phase modulation capability of the cuboid 

shape nanoantennas, we study the performance of a beam 

steering metasurface, realized with nanoantennas with 

different 𝐿𝑥 . To do so, the nanoantenna lengths 𝐿𝑥  are 

arranged in such a way that a 12-level, linear phase gradient 

spanning 0-2π is mapped along the y direction (the incident 

polarization being along x). The absolute diffraction 

efficiency (normalized to incident light power) achieved is 

61% (~80% if normalized to transmitted light). This is shown 

in Fig. 2f, where it can also be seen that most of the 

transmitted light goes to the desired diffraction order (+1). 

The drop in the total transmission and the residual light going 

into the zero order are due to the slight deviations on the phase 

values obtained when the particles are surrounded by 

dissimilar ones [50] (note that the predicted values are 

obtained assuming infinite arrays of similar particles). 

2.2 Multipole Decomposition  
 

 

Fig. 3. Multipole decomposition results. Peak 

positions (solid line) and full width at half maximum 
(FWHM shaded areas) of electric and magnetic dipole 

resonances excited in the square shape nanoantennas 

(a) and in the cuboid shape nanoantennas (b). The near 
field electric and magnetic field distributions for 

different geometrical parameters are shown in the inset. 

To reveal the interaction between the electric and magnetic 

dipoles and their contributions, a multipole decomposition 

was done for both square shape and cuboid shape 

nanoantennas following a standard Cartesian decomposition 

using the internal fields of the particle [52]. Fig. 3 shows the 

peak wavelengths and full width at half maximum of the ED 

and MD resonances excited in the square (Fig.3a) and cuboid 

shape nanoantennas (Fig. 3b). One can see that, for the square 

shape nanoantennas, the peak positions for electric and 

magnetic dipole resonances only fully overlap at 800nm, 

when the side width is 270nm, in good agreement with the 

transmission map shown in Fig.2a. As the nanoantenna length 

changes, the peak positions of the two dipoles move away 

from each other, indicating the detuning of the ED and MD 

resonances, which leads to the transmission drop observed in 



 

 

Fig. 2a. As follows from Fig. 3a, the ED is more sensitive than 

the MD resonance to the variation of the length of the 

nanoantennas, a behavior that can be understood analyzing 

the origin of these modes. 

 

Fig. 4. Electric and magnetic field distribution in and 

near the square shaped nanoantenna (labeled as 
X270Y270, X180Y180 and X300Y300) and cuboid 

shaped nanoantenna with Ly fixed at 270nm (labeled 

as X270Y270, Y180Y270 and X300Y270) 
nanoantenna at wavelength of 800nm. The light 

propagation direction and polarization direction are 

shown as K and E at the bottom right corner of the 
graph. The red lines marked the nanoantenna at 

different side width or side width along x direction. 

For the MD, with dipole moment directed along y, the 

resonance wavelength is determined by the circulation of 

electric displacement in the xz plane. The cross section of the 

cuboid in that plane increases its size similarly to the square 

shape. Thus, one could expect that, indeed, the resonance shift 

for these two cases could be quite similar, as observed. 

Meanwhile, for the ED, directed along x, the shift in the 

cuboid is much slower than that of the square shape 

nanoantennas. This can be simply explained by the fact that 

the total amount of polarizable material becomes smaller in 

the case of the cuboid with increasing 𝐿𝑥 than in the case of 

the square antenna that increases both side lengths.  

The perfect overlap of the two resonances over a large range 

of geometrical parameters in the case of cuboid shape 

nanoantennas is the reason that the near unity transmission 

and full control of the phase were realized over a relatively 

large range of wavelengths. The electric and magnetic field 

distributions in the near filed are recorded along the cross 

section along the xz and yz plane passing through the center 

of the nanoantennas during the simulation. In Fig.4, the 

electric and magnetic field distributions in the near field along 

xz plane for two typical square and cuboid shaped 

nanoantennas are shown. The incident light wavelength is 

800nm. The sample is labeled according to their Lx and Ly 

information. For example, X180Y270 means the antenna’s Lx 

and Ly are 180nm and 270nm respectively. It can be seen that, 

for square shape nanoantennas (labeled as X180Y180, 

X300Y300 in Fig.4), the electric filed distributions are 

different for side widths of 180nm and 300nm shape 

nanoantenna, while for magnetic near field distribution, both 

situations show the similar results. 

3. Fabrication and Characterization 

3.1 Fabrication method 
To experimentally test the predicted results, we fabricated 

nanoantenna arrays with different geometrical parameters 

using standard nanofabrication techniques [13]. In short, a 

130nm-thick amorphous silicon film was deposited on a 

10mm x 10mm fused quartz substrate with plasma enhanced 

chemical vapor deposition method (Oxford PECVD). The 

designed cuboid shape nanoantennas with different 𝐿𝑥 and 𝐿𝑦 

were then patterned by a single-step electron beam 

lithography (Elionix ELS-7000) using HSQ resist and a 

charge-dissipation layer (Espacer 300AX01) and etched via 

reactive ion etching in inductively coupled plasma system 

(Oxford Plasmalab 100). PMMA was spin coated on the top 

of the structure to embed it in a near-uniform refractive index 

environment. As the phase modulation of the structure is 

measured with a Mach-Zehnder interferometer setup, the 

surface needs to be flat to minimize the impact of roughness 

on the measurements.  

We first study uniform metasurfaces of cuboid shape 

nanoantennas.  We fabricate several nanoantenna arrays with 

𝐿𝑦 ranging from 250nm to 300nm with the step of 10nm. For 

each  𝐿𝑦, we then sweep 𝐿𝑥 in the range of 150nm to 350nm 

with a step of 50nm.  

3.2 Transmission and phase measurement 

 

Fig. 5  Experimental transmission (a) and phase (b) of 

the nanoantenna arrays with varied Lx and fixed Ly = 

290nm. The wrapped phase measurement results (c) 
and phase map after processing with phase 

unwrapping and flattening (d).  

The transmission and phase maps were measured with home-

built setups. A supercontinuum light source (SuperK Power, 

NKT Photonics) is used as a light source, with which the 

wavelength of interest can be selected with a variable band 

pass filter (SuperK Varia, NKT Photonics). The light beam is 

normally incident to the sample surface. The optical setup for 

the transmission measurement consists of the light source, a 

beam expander and a collimator, and a 12-bits monochromic 

CMOS camera (Mako U-503, Allied Vision).  The laser beam 



 

 

passes through a crystalline Glan-type linear polarizer to keep 

the polarization of the incident light. The polarized light beam 

is then expanded and normally incident on the surface of the 

sample. The image of the nanoantenna arrays is captured 

through an achromatic lens by the camera. Light transmitted 

through the arrays is normalized to the light transmitted 

through the quartz substrate spin coated with PMMA without 

the nanoantenna array after accounting for dark current noise. 

The measurements are done by sweeping the wavelength. The 

highest transmission results are achieved when  𝐿𝑦  equals 

290nm, which is shown in Fig. 5a. For this fixed value of  𝐿𝑦 

and 𝐿𝑥  ranging from 150nm to 350nm, all the transmission 

values are >53%. The broadened width of resonances 

compared to simulation can be attributed to the material 

properties variation and fabrication inaccuracies. 
 

 

Fig. 6 Sketch of Mach-Zehnder interferometer used 

for metasurface phase modulation measurements 

A Mach-Zehnder interferometer is built up on an optical table 

for the measurement of phase shift caused by the arrays. The 

sketch of the setup is shown in Fig.5. Like in the transmission 

setup, a Supercontinuum laser source (NKT Super 

Continuum) is used as the light source. The laser is guided to 

the interferometer setup using an optical fiber, and the beam 

is then expanded with a beam expander (BE) by 10x to cover 

a large area containing all the arrays, so that they can be 

simultaneously measured. After passing through a polarizer 

(P) and a half wave plate (HWP), which are used to control 

the polarization of the incident beam, the laser beam is split 

by a 50/50 non polarized beam splitter (BS1). One of the 

resulting beams, shown in the blue color in Fig. 6, is reflected 

by a mirror (M2) mounted on a piezo stage (PI P-620 1CD, 

resolution 0.1nm, X-type). The laser beam then passes the 

sample mounted on a stage which allows tuning all xyz 

directions as well as rotation of the sample. The beam is then 

combined by a 50/50 beam splitter with the laser beam from 

another arm of the interferometer, shown in red in Fig. 6. The 

two beams interfere with each other, and the interference 

fringe is captured with a 12-bit CMOS camera (Allied Vision 

MAKO-U-503B, pixel size: 2.2m, resolution: 2592 × 1944).        

A five-step temporal phase shift technology [53] is used 

to retrieve the phase map of the Si nanoantenna arrays. Five 

interference fringes (I1, I2 , I3, I4, I5) corresponding to a 

temporal phase shift of 0, 0.5, , 1.5 and 2 respectively 

are needed to calculate the phase delay caused by the array. 

The corresponding temporal phase shift is achieved by 

moving 1/4 of the wavelength in consecutive steps with a 

piezo stage. After obtaining the fringes, the phase map φ(x,y) 

over the captured area is calculated with the formula shown 

below: 

 

𝜑(𝑥, 𝑦) = 𝑡𝑎𝑛−1 [
2(𝐼2(𝑥,𝑦)−𝐼4(𝑥,𝑦))

2𝐼3(𝑥,𝑦)−𝐼5(𝑥,𝑦)−𝐼1(𝑥,𝑦)
]     (1) 

 

A typical wrapped phase map φ(x,y) is shown in Fig. 5c. One 

can see that the phase shift caused by silicon nanoantenna 

arrays is observed in the interference fringes caused by the tilt 

angle between the transmitted and the reference beams. To get 

rid of the fringes, firstly a sine-cosine filter is used to filter out 

the high frequency noise in the calculation of the raw wrapped 

phase map, making the following phase unwrapping process 

more accurate. The filtered phase map is then unwrapped with 

a phase unwrapping algorithm. To make the phase map of the 

array stand out from the background, a so-called flattening 

process is applied just to remove the phase gradient caused by 

the tilt of the reference beam. The processed data are shown 

in Fig. 5d. By sweeping the incident wavelength, the 

metasurface phase shift at different wavelength can be 

obtained. As seen there, clear 2π phase modulating is 

observed for most of the arrays, as expected from the 

theoretical analysis. 

3.3 Holographic Projection with Cuboid Shape 
Metasurface 

 

Fig. 7. Experimental reconstruction of hologram with 

different wavelength. (a) Reconstructed images with 

wavelengths of 800nm (design one), 633nm, 532nm 
and 473nm; (b) Diffraction efficiencies obtained at 

different wavelengths. The solid circles represent the 

relative diffraction efficiency (normalized to the 
transmitted light), while the triangles represent the 

total diffraction efficiency (normalized to the incident 

light). 

 

To demonstrate the phase modulation capability of the cuboid 

shape nanoantenna, an 8-phase level computer generated 

hologram with the letters ‘ACN’ is encoded in the 

metasurface. The image size is 200x200 pixels and the 

distance from the image to the hologram is set as 3cm. To 

calculate the hologram, a coherent ray tracing method [54,55] 

was used. It simply treats the object as a collection of point 

sources with randomly assigned initial phases. A complex 

hologram is obtained by summing up the complex field 

distribution of all the point sources at the hologram plane. To 

have the pure phase hologram, the amplitude information of 

the complex hologram is discarded and set to be unity. The 



 

 

pixel count of the hologram is 1000x1000, with a pitch 

corresponding to the metasurface period of 450nm and an 

operating wavelength of 800nm. The hologram is mapped 

using nanoantennas with different 𝐿𝑥, according to the phase 

designed for 𝐿𝑦 =270nm. Fig. 7a shows the reconstructed 

images at four different wavelengths. From the reconstructed 

image, one can see that the quality of the image is very good 

for all wavelengths. The reconstruction was done by directly 

illuminating the hologram with a collimated laser. As the 

distance between the object and the hologram is much larger 

than the size of the hologram, the reconstructed image is clear 

in a very large distance range and its size increases with 

increase of the distance from the hologram. Here, a white 

screen is put around 20cm away from the hologram sample, 

and a sCMOS camera is used to capture the image projected 

on the screen. The zero order is avoided and, as the period is 

small compared to the illumination wavelength, no other 

reconstruction orders are seen. A large diffraction angle of 

around 57 degree is achieved. From the diffraction efficiency 

graph (Fig. 7b), we observe a total efficiency (with respect to 

the incident light) of more than 20% in the wavelength range 

of 750nm to 800nm, the highest value, of 25%, being achieved 

at 750nm. Moreover, up to 72.5% relative diffraction 

efficiency (with respect to the transmitted light) can be 

achieved. Although the hologram is designed for 800nm, 

variations in the material properties and fabricated geometry 

leads to a slight wavelength shift observed for the maximum 

efficiency. Also, although the hologram is designed for IR 

light, it shows a very broadband response, making it possible 

to reconstruct it with different wavelengths spanning through 

the whole visible spectral range, as shown in Fig. 7. The total 

efficiency, however, is drastically reduced for wavelengths 

far from the designed one, being around 3~4% only for red 

light with wavelength of 633nm. 

 

4. Summary 
In summary, we investigated an asymmetric nanoantenna 

design to realize highly efficient Huygens’ metasurfaces 

circumventing the usual drop in efficiency that they suffer 

from when the geometrical parameters depart from the ideal 

Huygens’ condition. Using this design, near unity 

transmission (>95%) and full phase control over a wide range 

of geometrical parameters and a wavelength range from 

760nm to 815nm was achieved. A multipole decomposition 

calculation revealed that the obtained high transmission was 

due to the perfect overlap of electric and magnetic dipole 

resonances over the above mentioned geometrical and 

wavelength range. We fabricated the designed nanoantenna 

arrays and confirmed these findings experimentally through 

transmission and phase measurements. 2 phase shift was 

achieved with the lowest transmission value of around 60%. 

To demonstrate further metasurface functionality, an 8-level 

phase hologram was fabricated with the designed parameters 

for a wavelength of 800nm, achieving a total diffraction 

efficiency of 25% (corresponding to a relative one of 72.8%). 

Moreover, high quality reconstruction of the image was 

achieved over a much broader spectral range, spanning the 

whole visible light spectrum. 
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