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Abstract 

Symmetric spin-orbit interaction (SOI) based approaches apply a practical limit on helicity 

multiplexed meta-optics, i.e., center symmetric information encoding. Contrarily, asymmetric 

SOI's based on the combination of geometric and propagation phase-delay approaches can 

effectively address such limitations for multifunctional multiplexed meta-optics on the cost of 

design complexities. In this paper, a simple asymmetric SOI-based technique is realized for 

multifunctional meta-optics, employing only a single unit-cell, breaking the conventional 

tradeoff between design complexity and efficient asymmetric transmission efficiency. The 

design approach depends on geometric phase alone, which eases the fabrication challenges 

and decreases the computational cost associated with previous asymmetric SOI-based meta-

optics. Furthermore, this study utilizes a new, low-cost CMOS compatible material to 

optimize the proposed single unit-cell for low-loss and high transmission efficiency over the 

complete visible domain. On-axis and off-axis holographic metasurfaces are designed and 

integrated with pressure-sensitive liquid crystal (LC) cells to demonstrate actively tunable 

meta-holography with no limitation of center symmetric information encoding. The simple 

design technique, cost-effective fabrication, and finger touch-enabled holographic output 

switching make this integrated setup a potential candidate for many applications like smart 

safety labeling, motion or touch recognition and interactive displays for impact monitoring of 

precious artworks and products.   

  

 

1. Introduction 

Metasurfaces, the 2D counterparts of metamaterials, have demonstrated an unprecedented 

ability to alter the phase, polarization, and amplitude of light at the subwavelength scale[1-5]. 

Unlike conventional phase accumulation techniques, efficient wavefront modulations can be 

achieved using metasurfaces by introducing abrupt phase changes on a planar surface. This 

allows the fabrication of ultra-compact devices which can even outperform conventional 

bulky optical elements. Based on the phase shift, metasurfaces can be characterized into two 

groups, i.e., retardation phase metasurfaces and geometric (or Pancharatnam–Berry) phase 

metasurfaces. The former type can be regarded as fixed propagation phase metasurfaces, e.g., 

resonant isotropic nano-antenna. While the in geometric phase metasurfaces, anisotropic 
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antennas are employed with different in-plane orientations to manipulate the spin of 

electromagnetic (EM) waves. Benefiting from the excellent phase control on incident EM 

waves, geometric phase metasurfaces have found many applications in holograms[6-12], vortex 

beams[13, 14], polarization converters[15, 16], color filters[17-20], metalenses[21-25], and nonlinear 

optics[26, 27]. 

Due to the flat geometry, geometric phase metasurfaces manifest symmetrical radiation 

characteristics, i.e., the transmission efficiencies are identical for the forward and backward 

directions under the same incident polarization. This behavior limits their practical usage in 

optical communications, data storage, displays, anti-counterfeiting applications, where 

asymmetric manipulation of light is required. Chiral unit-cells that do not possess mirror 

symmetry can effectively achieve asymmetric transmission (AT)[28, 29]. These structures 

comprise of multiple layers and are prone to complex fabrication techniques due to the 

cumbersome alignment of subsidiary layers. Chen et al. proposed a direction-multiplexed 

metasurface by employing metallic nanoresonators in the visible domain. This metasurface 

manifests unique metaholograms in the forward and backward directions depending upon the 

helicity of incident light with a measured transmission efficiency of 20%[30]. Similarly, Frese 

et al. designed a dual-layer Ohmic metasurface that generates asymmetric functionality with 

full amplitude and phase control. The maximum cross-polarization transmission achieved in 

this study is 6.7% in the IR region[31]. In another research, Yao et al. proposed a bi-layer 

metasurface that focuses incident light asymmetrically in a terahertz band using geometric 

phase modulation[32]. The fundamental issue associated with the aforementioned multilayer 

structures is their complicated design and complex fabrication. In addition, due to ohmic 

losses of metallic structures, such metasurfaces manifest very low transmission efficiency. 

High refractive indexed materials like hydrogenated amorphous silicon (α-Si:H), gallium 

nitride (GaN), and titanium dioxide (TiO2) are strong candidates to fill this gap as nanorods 
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based on such dielectric platforms display strong electric and magnetic resonances in the 

visible region[7, 33-35]. To realize multifunctional metasurfaces, different design techniques like 

amplitude-phase multiplexing and phase-phase (phase only) multiplexing are reported in the 

literature. The amplitude-phase multiplexing technique offers flexibility in multiple 

information encoding on a single metasurface with a simple design strategy but restricts all 

the holographic outputs projection on a single focal point[36-38]. To mitigate this, a number of 

different phase only multiplexing design techniques are reported; for example, Ansari et al. 

employed α-Si:H nanorods to achieve direction-multiplexed functionality using a segmented 

design approach[8]. The proposed design has two different operational zones, which limits the 

information capacity of a metasurface. The total transmission efficiency of such a geometric 

phase metasurface is restricted below 50%, irrespective of the absorption coefficient of the 

material at the working wavelength. The unification of the geometric phase and retardation 

phase has recently introduced a new pathway to design asymmetric transmissive metadevices. 

Our previous work achieved high asymmetric transmission efficiency using α-Si:H made an 

array of nanoresonators with different phase modulations[39]. This metasurface manifests 

asymmetric wavefronts in the forwarding and backward directions under circularly polarized 

(CP) incident light at visible wavelengths. Dispersion issues for the required broadband 

response and challenging fabrication of multiple nanoresonators with different dimensions are 

the major drawbacks of this technique. Therefore, there exists a tradeoff between the design 

complexity and efficient asymmetric manipulation of light, which obstructs the pragmatic 

applicability of asymmetric metadevices.  

Liquid crystals that are readily responsive to external stimuli (i.e., electric field, pressure, and 

temperature) provide very strong birefringent optical properties in the visible, IR, and THz 

bands[40, 41]. Integration of such birefringent platform with metasurfaces provides new design 

freedom to demonstrate enormous active tunable devices for real-time applications[42]. Job-
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specific optical modulations response can be achieved in such integrated setups by tuning the 

refractive index of the medium (LCs) and its surroundings. Therefore, LCs are always chosen 

precisely, keeping in mind the device and specific application requirements. A few electric 

field-based active tunable devices have been reported in the literature, but other stimulus-

based applications still remain unexplored[4, 23].     

Here, we propose a novel and relatively simple design approach to realize spin-decoupled 

helicity multiplexed metasurfaces integrated with pressure-sensitive LCs for interactive 

displays. We have employed a single anisotropic nanoresonator-based unit-cell made of α-

Si:H/SiO2. In contrast to conventional α-Si[7], the hydrogen content is increased and optimized 

during α-Si deposition via PECVD to maintain higher transmission in the whole visible 

domain. The measured ellipsometry data (n and k) of the optimized α-Si is depicted in Figure 

1c. Unlike the combination of geometric and propagation phase modulation technique, here, 

we only employ geometric phase to encode dual information on the front and rear face of the 

metasurface so that it can switch the holographic images just by switching the helicity of 

incident light. This is achieved though the gentle touch of a finger on the LC cell to instantly 

modulate the incident light polarization between right (RCP) and left circularly polarized 

(LCP), which allows the metasurface to change the projected holographic image from a "Sun" 

to a "Star" as depicted in Figure 1a and b. The measured total transmission efficiency of our 

metasurface reaches up to 58.8% at λ = 488 nm, 60.4% at λ = 532 nm, and 76.2% at λ = 633 

nm with a very low aspect ratio of 4.44 compared to other reported dielectric metasurfaces 

made of GaN (aspect ratio of 12-17) and TiO2 (aspect ratio of 15)[43, 44]. The proposed 

metasurface enjoys a simple design approach and easy fabrication method with a very low 

aspect ratio of nanorods. Therefore, it provides great flexibility in information multiplexing 

and breaks the tradeoff between design complexity and efficient asymmetric transmission 

efficiency. 



  

6 

 

 

2. Methods and Results 

 

2.1. Spin-decoupled Single Unit-cell Design  

Here we have employed the most commonly used integration technique for combining the 

LCs with metasurfaces, in which LC films are enclosed in between two glass layers and then 

physically attached with metasurface. This configuration allows the LCs to sense the 

externally applied stimuli (pressure) and alter incident light's encoded helicity by switching its 

polarization, LCP, or RCP light. Two 400 × 400 µm2 α-Si:H metasurfaces are fabricated, one 

for each of on-axis and off-axis holographic images, using standard electron-beam 

lithography (EBL) (more details in experimental section). From the device miniaturization 

perspective, the pressure-sensitive LCs can be integrated directly into the metasurface 

substrate (SiO2). But to avoid any physical damage to the device from excessive external 

pressure and undesired phase shift fluctuations due to near-field interactions between the LCs 

and metasurfaces, we separately fabricate both devices and then assembled them.     

The design technique of the metasurface relies on the intrinsic property of anisotropic nano 

elements which provide opposite phase profiles when CP light is incident from the forward or 

backward directions, enabling the geometric phase modulation. This phase modulation 

provides extra design freedom to realize spin-decoupling features. Resultantly two different 

images can be switched by flipping the direction of the incident CP light. If RCP light is 

illuminated from the forward or backward directions, then the total phase profile can be 

written as: 

 𝝋𝒕 = 𝐚𝐫𝐠[𝐜𝐨𝐬𝝋𝒇 + 𝒊 . 𝐬𝐢𝐧𝝋𝒇 + 𝐜𝐨𝐬𝝋𝒃 − 𝒊 . 𝐬𝐢𝐧𝝋𝒃] (1) 
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where 𝜑𝑡 ,𝜑𝑓 , and 𝜑𝑏  are the total phase, phase in the forward, and backward directions, 

respectively. Unlike previous studies on the symmetric and asymmetric helicity multiplexing 

techniques, the phase profiles of two distinct information are multiplexed in the first step, and 

this accumulated phase 𝜑𝑡  is then encoded on the interface of the metasurface. This total 

phase profile can be calculated by using Equation 2. The complete derivation is available in 

the supplementary information (Section 1). 

 𝝋𝒕 = 𝐚𝐫𝐠[𝐞𝐱𝐩 (𝒊. 𝒕𝒂𝒏−𝟏 {𝒕𝒂𝒏 (
𝝋𝒇 −𝝋𝒃

𝟐
)})]. (2) 

 

It is evident that, the total phase profile 𝜑𝑡 calculated in Equation 2 is completely independent 

of the propagation phase and can be implemented by just employing the geometric phase 

modulation to realize a multifunctional operation. The total phase profile 𝜑𝑡 can be encrypted 

on the metasurface to encode two distinct information on the front and rear face. Therefore, 

the proposed metasurface will only activate one phase profile at a time to display a 

holographic image under CP incidence depending upon its direction. 

2.2. Single Unit-cell Optimization 

Subwavelength scale anisotropic nanoresonators render a localized effect in shaping the 

amplitude and shape of incident waves. The half-waveplate nature of an anisotropic 

nanoresonator provides the freedom required for the design of spin-dependent holographic 

metasurfaces. We have used an array of identical 2D rectangular nanoresonators made of α-

Si:H on top of a glass (SiO2) substrate. Due to the high extinction coefficient of amorphous 

silicon (α-Si) it is unsuitable for visible band applications. The inclusion of hydrogen 

impurities in α-Si passivates its unstructured bonds by eliminating the gap states. This 

provides a more uniform bonding length, increasing its mobility gap and lowering its 

extinction coefficient. This utterly changes the optical properties of the material, making it 
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transparent in the whole visible region[45]. The measured complex refractive index values of 

the optimized α-Si:H are 3.205+0.053i, 3.063+0.013i, and 2.88+0.002i at λ = 488 nm, λ = 532 

nm, and λ = 633 nm. The physical dimensions (i.e., periodic displacement (P), height (H), 

width (W), and length (L)) of the nanoresonator are optimized for maximum cross-polarized 

transmission (Tcross) and minimum co-polarized transmission (Tco) at all operational 

wavelengths. By satisfying the Nyquist sampling criteria (P < λ/2NA, where λ is the operating 

wavelength and NA denotes the numerical aperture), an optimal value of 290 nm is achieved 

for P. In the next step, the values of W and L are optimized using a parametric sweep with 

fixed P = 290 nm and H = 400 nm. Tcross and Tco efficiencies for different widths and lengths 

are depicted in Figure 2a-c. The yellow star shows dimensions of the selected structure that 

fulfills the maximum Tcross and minimum Tco criteria for all operational wavelengths. Full 0 to 

2π phase coverage is accomplished by the geometric phase modulation through the rotation of 

the selected nanoresonator from 0 to π. The selected nanoresonator provides a stable 

transmission response and full phase coverage on all the operational wavelengths, as shown in 

Figures 2d and e. Due to the low extinction coefficient of the material, there are strong 

electric and magnetic dipole resonances inside the optimized nanoresonator, which are well 

confined at λ = 532 nm, as shown in Figure 2f. The confinement of resonance modes within 

the nanoresonator validates the optimization procedure and can also be seen in the previously 

reported α-Si nanoresonator [8, 46]. Intensity plots demonstrating electric and magnetic 

resonance modes at λ = 488 nm and 633 nm are presented in Figures S1 and S2 in the 

supplementary information. 

 

2.3. Fabrication and Results  

To validate the theoretical prediction of proposed multiplexing technique, a 80 × 80µm2 

metasurface is simulated. A modified Gerchberg–Saxton (GS) algorithm is employed to 
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calculate the phase profile of two images ("Sun" and "Star") in the far-field with a 276 × 276 

unit elements matrix. Far filed images of the calculated phase maps of "Sun" and "Star" are 

depicted in Figure S3. Both phase maps are multiplexed using Equation 2 to calculate the 

total phase profile. The calculated total phase profile is encoded using a commercially 

available finite difference time domain (FDTD) solver on the metasurface. The simulated 

optical outputs at λ = 488 nm, λ = 532 nm, and λ = 633 nm are illustrated in Figures 3a1-c2. 

When RCP light is incident from the backward direction, it produces a holographic image of 

"Sun," whereas "Star" is displayed when LCP is incident from the backward direction.    

 

For the experimental verification, spin-decoupled metasurfaces are fabricated using 

conventional electron beam lithography (EBL). The size of the fabricated samples is 400 ×

400µm2, with 1379 × 1379 unit elements matrix (Figure S4). First, a 400 nm thick film of 

α-Si:H is deposited on top of a 2 × 2cm2 SiO2 substrate using a plasma-enhanced chemical 

vapor deposition (PECVD) process. During the PECVD, the temperature and pressure of the 

main chamber are kept constant at 200 °C and 45 mTorr[42]. In the next step, a positive 

photoresist (Microchem, PMMA 495 A2) is coated on the deposited layer of α-Si:H and 

rotated at 2000 rpm-1 for 1 min. The sample is backed at a hot plate for 5 min at 180 °C, and 

the metasurface patterns are transferred onto the resist using EBL (Elionix, ELS-7800). The 

EBL exposed areas of photoresist is removed by immersing the sample in a solution of methyl 

isobutyl ketone (C6H12O)/isopropyl alcohol (CH3CHOHCH3) for 12 min at 0 °C. In the next 

step, a 30 nm thick chromium (Cr) mask is deposited using electron beam evaporation, 

followed by a lift-off process in hot (50 °C) acetone for 10 min. Dry etching is performed to 

removed the uncovered α-Si:H places. Finally, CR-7 is used to remove the Cr mask. A 

pictorial depiction of all fabrication steps along with scanning electron microscope (SEM) 

images are presented in Figure 4a and b. 
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To fabricate the pressure-sensitive LC cells, polyimide (Nissan Chemical Korea) layers are 

coated on glass plates, which helps the LCs maintain a vertical orientation critical for 

maximizing sensitivity. This is done using a spin coating technique, where glass plates are 

rotated at 16 rps for 10 s, followed by 40 rps for 30 s. In the next step, the glass plates are 

backed at a hot plate for 60 min at 230 °C. Unidirectional alignment of the LCs is achieved by 

rubbing. The plates are amassed together with a 10 μm gap packed with UV glue (NOA 65). 

This sandwich-like configuration is filled with 4-Cyano-4′-pentylbiphenyl (5CB) LCs in 

nematic form. The substrate of the fabricated metasurface sample is attached to the outer 

surface of the LC cell using UV glue. A schematic diagram of this touch-responsive LC cell is 

depicted in Figure 4c. 

A modified microscopic optical setup is used to characterize fabricated samples of the spin-

decoupled metasurface, as shown in Figure 5d. Three laser sources (at λ = 488 nm, λ = 532 

nm, and λ = 633 nm) are used for blue, green, and red. The laser beam is first passed through 

a linear polarizer (LP) and then a quarter-wave plate (QWP) to set the required polarization of 

the incident light. A gradual variation in beam polarization is achieved by varying the 

polarization axis of LP and the fast axis of QWP. Next, this beam is collimated and expanded 

by passing it through a beam expander (BE). The waist of the beam is controlled by using an 

iris. The resultant beam is passed through an objective lens (OL) to zoom in and focus it on 

the square-shaped metasurface, which is backed by the LC cell (MS-LC). As there is no 

applied pressure on the LC cell (∆P=0), the metasurface has produced a "Sun" image that is 

encoded for RCP as LC cell has passed the unmodulated incident polarization. This 

holographic image is recorded by a charge-coupled device (CCD) with the help of a tube lens 

(TL). When the LC cell is gently touched by a finger (10 kPa–0.01 MPa), the pressure-

sensitive LCs reorient their geometry leading to (∆P>0). Because of this exerted surface 

pressure, the LC cell inverts the helicity of the incident light from RCP to LCP; therefore, the 
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projected holographic image is switched from a "Sun" to a "Star" (Figures 3a-c). These 

holographic images are in agreement with the numerical calculations and show high image 

fidelities. However, there is a slight blemish in the optically simulated outputs; one possible 

reason is that we have simulated a small size of metasurface samples due to the limitation of 

computational resources. This problem can be resolved by designing larger size metasurface 

samples by adding more computational resources.      

To also demonstrate the off-axis holographic response through the proposed design technique, 

we fabricate another 400×400 µm2 spin-decoupled holographic metasurface. The phase 

profiles of two off-axis images of a "Moon" and a "Star" are calculated for 1379×1379 unit 

elements. A pictorial depiction of a numerically calculated phase profile is shown in Figure 

S5. The off-axis phase profile is implemented with the help of Equation 2, and the off-axis 

spin-decoupled metasurface is fabricated and characterized with the previously used EBL 

process and characterization setup, respectively. Measured optical outputs of the off-axis spin-

decoupled metasurface are depicted in Figure 5. When RCP incident light is incident from the 

backward direction onto the proposed metasurface, a holographic image of a "Moon" is 

produced. When a finger touches the LC cell, it transforms the incident RCP into LCP; 

resultantly a holographic image of a "Star" is depicted on the observation plane. Under the 

untouched condition (∆P=0) of LC cell, when linearly polarized light (LXP and LYP) are 

illuminated, the metasurface displays both holographic images of the "Moon" and "Star" on 

the focal plane. These measured outputs are produced with excellent image fidelity and 

distinction, which confirms the validation of the proposed design technique for off-axis spin-

decoupled holography. The transmitted optical powers of the fabricated samples are also 

recorded with CCD for the calculation of total transmission efficiency. Source power (𝑃𝑠) is 

recorded by directly impinging the incident laser on the CCD camera, whereas the 

metasurface transmission (𝑃𝑚) is recorded in its far-field. Total transmission efficiency (𝜼𝒕) of 
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the sample is 58.8% at λ = 488 nm, 60.4% at λ = 532, and 76.2% at λ = 633 nm which is 

calculated using Equation 3 

 𝜼𝒕 =
𝑷𝒎

𝑷𝒔
⁄ . (3) 

Oblique incidence responses are also crucial for such active tunable holographic meta-devices. 

For that, we have varied the incidence angle from normal incidence to 30° with a step width 

of 10° for both LCP and RCP incidence, and results are depicted in Figure S6 (Supplementry 

section 4). It can be seen that when the incidence angle is tuned from the normal to oblique 

incidence holographic outputs follows the generalized law of refraction and outputs are 

shifted according to the angle of incidence[47]. The proposed metasurface has large incidence 

angle tolerance, and results are crystal clear up to 30° oblique incidences. 

3. Conclusion 

In summary, we have presented a simple approach to realize spin-decoupled asymmetric 

metasurface using a CMOS compatible fabrication process. A new technique is presented 

which is based on a single unit-cell design that eased the fabrication process compared to the 

fabrication of multiple nanorods with different dimensions associated with conventional 

asymmetric metasurfaces. Moreover, a low-loss dielectric material (α-Si:H) with high 

hydrogen content is utilized to fabricate the proposed spin-decoupled metasurface due to its 

high transmission in the whole visible domain. Both on-axis and off-axis holographic 

metasurfaces are fabricated and integrated with pressure-sensitive LCs to demonstrate touch-

enabled asymmetric holography for interactive displays. These demonstrations verify that the 

proposed designing technique is equally effective for encoding central symmetric and anti-

central symmetric information. The fabricated samples reproduced highly transmissive 

holographic images at their focal planes with measured total transmission efficiencies of 

58.8% at λ = 488 nm, 60.4% at λ = 532, and 76.2% at λ = 633 nm. We believe that the 

proposed designing technique is highly efficient for the practical realization of CMOS-
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compatible multifunctional devices for touch-sensitive interactive displays and safety labeling 

applications.   

Supporting Information  

Supporting information is available. 

Acknowledgements 

This work was financially supported by the POSCO-POSTECH-RIST Convergence Research 

Center program funded by POSCO, and the National Research Foundation (NRF) grants 

(NRF-2019R1A2C3003129, CAMM-2019M3A6B3030637, NRF-2019R1A5A8080290) 

funded by the Ministry of Science and ICT (MSIT) of the Korean government. I.K. 

acknowledges the NRF Sejong Science fellowship (NRF-2021R1C1C2004291) funded by the 

MSIT of the Korean government. J.K. acknowledges the POSTECH Alchemist fellowship. 

Author contributions 

M.A.N. and J.K. have contributed equally. M.A.N., M.Q.M. and J.R. conceived the idea and 

initiated the project. M.A.N. and I.J. designed the holograms and performed the numerical 

simulations. J.K., J.S. and I.K. designed the process, experiments and fabricated the device. 

M.Z. analysed the data. M.A.N. and M.A.A. mainly wrote the manuscript. J.R. and M.Q.M. 

guided the entire research. All authors participated in discussion and have confirmed the final 

manuscript.  

 

Conflict of Interest 

The authors declare no conflict of interest. 

 

 



  

14 

 

 

Received: ((will be filled in by the editorial staff)) 

Revised: ((will be filled in by the editorial staff)) 

Published online: ((will be filled in by the editorial staff)) 

 

 

  



  

15 

 

References 

[1] I. Kim, M. A. Ansari, M. Q. Mehmood, W. S. Kim, J. Jang, M. Zubair, Y. K. Kim, J. 

Rho, Advanced Materials 2020, 32, 2004664. 

[2] M. A. Naveed, R. M. H. Bilal, M. A. Baqir, M. M. Bashir, M. M. Ali, A. A. Rahim, 

Optics Express 2021, 29, 42911. 

[3] R. Bilal, M. Baqir, P. Choudhury, M. Naveed, M. Ali, A. Rahim, Results in Physics 

2020, 19, 103471. 

[4] I. Kim, W.-S. Kim, K. Kim, M. A. Ansari, M. Q. Mehmood, T. Badloe, Y. Kim, J. 

Gwak, H. Lee, Y.-K. Kim, Science Advances 2021, 7, eabe9943. 

[5] R. Bilal, M. Naveed, M. Baqir, M. Ali, A. Rahim, Optical Materials Express 2020, 10, 

3007. 

[6] M. A. Naveed, M. A. Ansari, I. Kim, M. Zubair, K. Riaz, T. Tauqeer, J. Rho, M. Q. 

Mehmood, "A Pragmatic Metasurface with Asymmetric Spin Interactions", presented at 

CLEO: QELS_Fundamental Science,  2020. 

[7] M. A. Ansari, I. Kim, D. Lee, M. H. Waseem, M. Zubair, N. Mahmood, T. Badloe, S. 

Yerci, T. Tauqeer, M. Q. Mehmood, Laser & Photonics Reviews 2019, 13, 1900065. 

[8] M. A. Ansari, I. Kim, I. D. Rukhlenko, M. Zubair, S. Yerci, T. Tauqeer, M. Q. 

Mehmood, J. Rho, Nanoscale Horizons 2020, 5, 57. 

[9] N. A. Rubin, A. Zaidi, A. H. Dorrah, Z. Shi, F. Capasso, Science Advances 2021, 7, 

eabg7488. 

[10] J. Kim, A. S. Rana, Y. Kim, I. Kim, T. Badloe, M. Zubair, M. Q. Mehmood, J. Rho, 

Sensors 2021, 21, 4381. 

[11] I. Kim, H. Jeong, J. Kim, Y. Yang, D. Lee, T. Badloe, G. Kim, J. Rho, Advanced 

Optical Materials 2021, 9, 2100609. 

[12] J. Kim, Y. Yang, T. Badloe, I. Kim, G. Yoon, J. Rho, InfoMat 2021, 3, 739. 



  

16 

 

[13] S. Chen, Y. Cai, G. Li, S. Zhang, K. W. Cheah, Laser & Photonics Reviews 2016, 10, 

322. 

[14] D. Zhang, Z. Lin, J. Liu, J. Zhang, Z. Zhang, Z.-C. Hao, X. Wang, Optical Materials 

Express 2020, 10, 1531. 

[15] T. Ahmad, A. A. Rahim, R. M. H. Bilal, A. Noor, H. Maab, M. A. Naveed, A. Madni, 

M. M. Ali, M. A. Saeed, Electronics 2022, 11, 487. 

[16] N. Yu, F. Aieta, P. Genevet, M. A. Kats, Z. Gaburro, F. Capasso, Nano Letters 2012, 

12, 6328. 

[17] T. Lee, J. Kim, I. Koirala, Y. Yang, T. Badloe, J. Jang, J. Rho, ACS Applied Materials 

& Interfaces 2021, 13, 26299. 

[18] C. Jung, Y. Yang, J. Jang, T. Badloe, T. Lee, J. Mun, S.-W. Moon, J. Rho, 

Nanophotonics 2021, 10, 919. 

[19] J. Jang, K. Kang, N. Raeis-Hosseini, A. Ismukhanova, H. Jeong, C. Jung, B. Kim, J.-Y. 

Lee, I. Park, J. Rho, Advanced Optical Materials 2020, 8, 1901932. 

[20] J. Jang, T. Badloe, Y. Yang, T. Lee, J. Mun, J. Rho, ACS Nano 2020, 14, 15317. 

[21] X. Chen, M. Chen, M. Q. Mehmood, D. Wen, F. Yue, C. W. Qiu, S. Zhang, Advanced 

Optical Materials 2015, 3, 1201. 

[22] M. Khorasaninejad, W. T. Chen, R. C. Devlin, J. Oh, A. Y. Zhu, F. Capasso, Science 

2016, 352, 1190. 

[23] T. Badloe, I. Kim, Y. Kim, J. Kim, J. Rho, Advanced Science 2021, 2102646. 

[24] G. Yoon, K. Kim, S.-U. Kim, S. Han, H. Lee, J. Rho, ACS Nano 2021, 15, 698. 

[25] G. Yoon, K. Kim, D. Huh, H. Lee, J. Rho, Nature Communications 2020, 11, 2268. 

[26] F. Walter, G. Li, C. Meier, S. Zhang, T. Zentgraf, Nano Letters 2017, 17, 3171. 

[27] G. Li, S. Chen, N. Pholchai, B. Reineke, P. W. H. Wong, E. Y. B. Pun, K. W. Cheah, 

T. Zentgraf, S. Zhang, Nature Materials 2015, 14, 607. 



  

17 

 

[28] J. Liu, Z. Li, W. Liu, H. Cheng, S. Chen, J. Tian, Advanced Optical Materials 2016, 4, 

2028. 

[29] L. Zhang, R. Y. Wu, G. D. Bai, H. T. Wu, Q. Ma, X. Q. Chen, T. J. Cui, Advanced 

Functional Materials 2018, 28, 1802205. 

[30] Y. Chen, X. Yang, J. Gao, Light: Science & Applications 2019, 8, 1. 

[31] D. Frese, Q. Wei, Y. Wang, L. Huang, T. Zentgraf, Nano Letters 2019, 19, 3976. 

[32] B. Yao, X. Zang, Z. Li, L. Chen, J. Xie, Y. Zhu, S. Zhuang, Photonics Research 2020, 

8, 830. 

[33] T. Siefke, S. Kroker, K. Pfeiffer, O. Puffky, K. Dietrich, D. Franta, I. Ohlídal, A. 

Szeghalmi, E. B. Kley, A. Tünnermann, Advanced Optical Materials 2016, 4, 1780. 

[34] T. Kawashima, H. Yoshikawa, S. Adachi, S. Fuke, K. Ohtsuka, Journal of Applied 

Physics 1997, 82, 3528. 

[35] J. Jang, T. Badloe, Y. C. Sim, Y. Yang, J. Mun, T. Lee, Y.-H. Cho, J. Rho, Nanoscale 

2020, 12, 21392. 

[36] J. Guo, T. Wang, B. Quan, H. Zhao, C. Gu, J. Li, X. Wang, G. Situ, Y. Zhang, Opto-

Electronic Advances 2019, 2, 07180029. 

[37] Z. L. Deng, Q. A. Tu, Y. Wang, Z. Q. Wang, T. Shi, Z. Feng, X. C. Qiao, G. P. Wang, 

S. Xiao, X. Li, Advanced Materials 2021, 33, 2103472. 

[38] Z. L. Deng, M. Jin, X. Ye, S. Wang, T. Shi, J. Deng, N. Mao, Y. Cao, B. O. Guan, A. 

Alù, Advanced Functional Materials 2020, 30, 1910610. 

[39] M. A. Naveed, M. A. Ansari, I. Kim, T. Badloe, J. Kim, D. K. Oh, K. Riaz, T. Tauqeer, 

U. Younis, M. Saleem, M. S. Anwar, M. Zubair, M. Q. Mehmood, J. Rho, Microsystems & 

Nanoengineering 2021, 7, 1. 

[40] D. Yang, S. Wu, Fundamentals of Liquid Crystal Devices John Wiley&Sons. Ltd: 

Hoboken, NJ, USA 2006. 



  

18 

 

[41] D. Demus, J. Goodby, G. W. Gray, H.-W. Spiess, V. Vill, Handbook of Liquid 

Crystals Set Weinheim: Wiley-VCH,  1998. 

[42] T. Badloe, J. Lee, J. Seong, J. Rho, Advanced Photonics Research 2021, 2, 2000205. 

[43] R. C. Devlin, M. Khorasaninejad, W. T. Chen, J. Oh, F. Capasso, Proceedings of the 

National Academy of Sciences 2016, 113, 10473. 

[44] S. Wang, P. C. Wu, V.-C. Su, Y.-C. Lai, M.-K. Chen, H. Y. Kuo, B. H. Chen, Y. H. 

Chen, T.-T. Huang, J.-H. Wang, Nature Nanotechnology 2018, 13, 227. 

[45] Y. Yang, G. Yoon, S. Park, S. D. Namgung, T. Badloe, K. T. Nam, J. Rho, Advanced 

Materials 2021, 33, 2005893. 

[46] K. Huang, Z. Dong, S. Mei, L. Zhang, Y. Liu, H. Liu, H. Zhu, J. Teng, B. 

Luk'yanchuk, J. K. Yang, Laser & Photonics Reviews 2016, 10, 500. 

[47] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne, F. Capasso, Z. Gaburro, 

science 2011, 334, 333. 

  



  

19 

 

 

Figure 1: Schematics of proposed spin-decoupled holographic metasurface integrated 

with pressure sensitive LC cell. With RCP light is incident from the back of the metasurface 

(-z) (a) under the untouched condition (∆P=0) of integrated LC cell, a holographic image of a 

"Sun" is produced. (b) Under the application of a gentle finger touch (∆P>0) on the integrated 

LC cell a holographic image of a "Star" is produced (Supplementary video 1). The inset 

shows the schematic layout of the unit-cell of the employed nanoresonator. The optimized 

physical dimensions for the selected nanoresonator are as follows: width W = 90 nm, length L 

= 220 nm, height H = 400 nm and periodic displacement P = 290 nm. (c) Measured complex 

refractive index values of α-Si:H. The complex refractive indices are 3.205+0.053i, 

3.063+0.013i, and 2.88+0.002i at λ = 488 nm, λ = 532 nm, and λ = 633 nm, respectively. 
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Figure 2: Optimization of the hydrogenated silicon (α-Si:H) nanoresonator. Simulated 

Tcross and Tco for different lengths (L) and widths (W), (a1) Tcross at λ = 488 nm, (a2) Tco at λ = 

488 nm, (b1) Tcross at λ = 532 nm, (b2) Tco at λ = 532 nm, (c1) Tcross at λ = 633 nm, and (c2) 

Tco at λ = 633 nm. One nanoresonator is selected in such a way that it has maximum Tcross 

efficiency and minimum Tco efficiency at all operating wavelengths. To check the maximum 

Tcross efficiency and full 0-2π phase coverage selected nanoresonator is rotated from 0 to π.(d) 

Tcross plots of selected nanoresonator at three operational wavelengths. (e) Full 0-2π phase 

coverage at all operational wavelengths. (f1-f4) Cross-sectional view of resonance mode 

intensities inside α-Si:H nano-resonator at λ = 532 nm. (f1) E-field under linearly x-polarized 

(LXP) incidence (f2) H-field under LXP incidence (f3) E-field under linearly y-polarized 

(LYP) incidence and (f4) H-field under LYP incidence.  



  

21 

 

 

Figure 3: Simulated and measured results of proposed spin-decoupled on-axis 

holographic metasurface. (a1-a2) The simulated optical outputs for RCP and LCP incident 

light at λ = 488 nm. (a3-a4) The measured optical outputs for RCP incident light at λ = 488 

nm under the LC cell untouched (∆P=0) and finger-touched (∆P>0) condition. (b1-b2) The 

simulated optical outputs for RCP and LCP incident light at λ = 532 nm. (b3-b4) The 

measured optical outputs for RCP incident light at λ = 532 nm under the LC cell at ∆P=0 and 

∆P>0 conditions. (c1-c2) The simulated optical outputs for RCP and LCP incident light at λ = 

633 nm. (c3-c4) The measured optical outputs for RCP incident light at λ = 633 nm under the 

LC cell at ∆P=0 and ∆P>0 conditions (more details in Supplementary video 1). 
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Figure 4: Fabrication of the proposed spin-decoupled metasurfaces. (a) Detailed 

fabrication steps of the proposed metasurface. A layer of Si:H is grown on top of a 500 μm 

thick SiO2 substrate. A controlled deposition rate is achieved by managing the flow rates of 

SiH4 and H2 gases. Electron-beam lithography is used on a positive-type photoresist for Si:H 

nanoresonators structuring. A 30 nm thick chromium (Cr) mask is deposited then the 

photoresist layer is removed by the lift-off process. Dry etching is used for Cr mask removal. 

(b) SEM images of the designed spin-decoupled metasurface. Inset shows a magnified view 
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(scale of 500 nm) of α-Si:H nanoresonators on the SiO2 substrate. (c) Pictorial depiction of 

pressure-sensitive LC cell. When no pressure is inserted (∆P=0), the LCs are well aligned 

with each other in between the bounding layers. Any externally inserted surface pressure 

disturbs their state and forces them to reorient.  
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Figure 5: Measured results of fabricated off-axis spin-decoupled holographic 

metasurface integrated with LC cell for different incident polarizations and operating 

wavelengths. The measured optical outputs for RCP incident from backward direction in 

(untouched (∆P=0) and touched (∆P>0) condition), LXP, and LYP illumination at (a1-a4) λ = 

488 nm, (b1-b4) λ = 532 nm, and (c1-c4) λ = 633 nm (more details in Supplementary video 

2). (d) The microscopic optical setup used for the characterization of fabricated samples. The 

different laser sources of blue, green, and red color are used for the characterization.   
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Supplementary Section 1: Design Principle of Spin-decoupled Asymmetric Metasurface 

Suppose we have the two-phase profiles (𝜑𝑓 and 𝜑𝑏) required to reconstruct two images, and 

we want to implement one phase for the forward direction and the second on the backward 

direction of the metasurface, keeping the helicity of light fixed. The total phase profile 𝝋𝒕 

needed to be implemented on the whole metasurface is given by  

 𝝋𝒕 = 𝐚𝐫𝐠[𝐞𝐱𝐩(𝒊𝝋𝒇) + 𝐞𝐱𝐩(−𝒊𝝋𝒃)]. ES1 

Expanding gives 

 𝝋𝒕 = 𝐚𝐫𝐠[𝐜𝐨𝐬(𝝋𝒇) + 𝒊 𝐬𝐢𝐧(𝝋𝒇) + 𝐜𝐨𝐬(𝝋𝒃) − 𝒊 𝐬𝐢𝐧(𝝋𝒃)], ES2 

 𝜑𝑡 = arg[cos(𝜑𝑓) + cos(𝜑𝑏) + 𝑖{sin(𝜑𝑓) − sin(𝜑𝑏)}]. ES3 

Solving these equations gives  

 𝝋𝒕 = 𝒕𝒂𝒏−𝟏[
𝒔𝒊𝒏(𝝋𝒇) − 𝒔𝒊𝒏(𝝋𝒃)

𝒄𝒐𝒔(𝝋𝒇) + 𝒄𝒐𝒔(𝝋𝒃)
] ES4 

 𝜑𝑡 = 𝑡𝑎𝑛−1[
𝑠𝑖𝑛 (

𝜑𝑓 − 𝜑𝑏

2 )

𝑐𝑜𝑠 (
𝜑𝑓 − 𝜑𝑏

2 )
] ES5 

 𝜑𝑡 = 𝑡𝑎𝑛−1[𝑡𝑎𝑛 (
𝜑𝑓 − 𝜑𝑏

2
)] ES6 

 𝜑𝑡 = arg[exp (𝑖. 𝑡𝑎𝑛−1 {𝑡𝑎𝑛 (
𝜑𝑓 − 𝜑𝑏

2
)})] ES7 

Equation ES7 defines the total phase profile which we need to implement on the metasurface 

for spin decoupled holographic metasurface.  
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Supplementary Section 2: Resonance modes inside the nano-resonator 

Dielectric resonance modes for all nano-resonators at λ = 488 nm and λ = 633 nm are depicted 

in Figures S2 and S3. Both electric and magnetic resonances are well confined inside the unit 

cells.   

 

Figure S1: Resonance modes inside the α-Si:H nano-resonators at λ = 488 nm. Cross-

sectional view of field intensities and orientations under x-polarized incident light for the (a) 

electric field and (b) magnetic field. Cross-sectional view of field intensities and orientations 

under y-polarized incident light for the (c) electric field and (d) magnetic field.  
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Figure S2: Resonance modes inside α-Si:H nano-resonators at λ = 633 nm. Cross-sectional 

view of field intensities and orientations under x-polarized incident light (a) Electric field 

(Vm−1) (b) Magnetic field (Am−1). Cross-sectional view of field intensities and orientations 

under y-polarized incident light (c) Electric field (Vm−1) (d) Magnetic field (Am−1).  
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Supplementary Section 3: Numerically Calculated Results 

Numerically calculated phase holograms for two images (“Star” and “Sun”) under left and 

right circularly polarized light are depicted below in Figure S3. A modified Gerchberg-Saxton 

(GS) algorithm is used to calculate these phases for a ≈ 80 × 80 μm2 metasurface. 

 

Figure S3: Numerically calculated phase-only holograms calculated using MATLAB for the 

incident light with a) left circular polarization (LCP) (b) and right circular polarization (RCP). 

Numerically calculated phase holograms for two images (“Star” and “Sun”) under left and 

right circularly polarized light are depicted below in Figure S4. A modified GS algorithm is 

used to calculate these phases for ≈ (400 × 400) μm2 metasurface. 
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Figure S4: Numerically calculated phase only holograms which are calculated using 

MATLAB for the incident light with a) left circular polarization (LCP) (b) and right circular 

polarization (RCP). 

Numerically calculated phase holograms for two off-axis images (“Moon” and “Star”) under 

the right and left circularly polarized light is depicted below in Figure S5. A modified GS 

algorithm is used to calculate these phases for a ≈ 400 × 400 μm2 metasurface. 
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Figure S5: Numerically calculated phase-only holograms using MATLAB for the incident 

light with (a) right circular polarization (RCP) (b) and left circular polarization (LCP). 

Supplementary Section 4: Oblique Incidence Analysis 

To check the oblique incidences response, the incident wave is tilted upto 30° with a step 

width of 10° for both RCP and LCP polarizations. Simulated results are displayed in Figure 

S6.   

 

Figure S6: Simulated optical outputs for oblique incidences at all operational wavelengths.  


