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ABSTRACT 
Secure packaging and transportation of light-sensitive chemical and biomedical test 

tubes are crucial for environmental protection and public health. Benefiting from the compact 

form factor and high efficiency of optical metasurfaces, we propose a broadband polarization-

insensitive flexible metasurface for the security of sensitive packages in the transport industry. 

We employ both the propagation and the geometric phase of novel TiO2 resin-based anisotropic 

nanoresonators to demonstrate a flexible and broadband polarization-insensitive metasurface 

in the visible domain. The ultraviolet nanoimprint lithographic technique (UV-NIL) is used to 

fabricate high index TiO2 nanoparticle-embedded-resin (nano-PER) structures that are 

patterned on a flexible substrate. This novel approach provides swift single-step fabrication 

without secondary fabrication steps such as deposition and etching. Moreover, replicating and 

transforming patterns over flexible substrates make the proposed technique highly suitable for 

large throughput commercial manufacturing. As the proposed metahologram manifests high 

transmission efficiency in the visible domain, such flexible metaholographic platforms could 

find several exciting applications in bendable/curved displays, wearable devices, and 

holographic labeling for interactive displays.   

 



INTRODUCTION 

Secure packaging/delivery of chemical and biomedical substances (within the curved 

test tubes or bottles) that are sensitive to direct sunlight (i.e., living cells, tissues, and 

macromolecules) have attracted attention due to their considerable impact on the general public 

health and environmental protection. Nowadays, various techniques and sensor platforms like 

microwave detectors1, optical2, and electrical sensor networks3 are utilized for the security of 

sensitive packages. However, all the above-mentioned platforms only address the secure 

delivery and detection of the package but are incapable of detecting direct light exposure. 

Metasurfaces composed of subwavelength-scaled nanoresonators4-9 could be an excellent 

platform for such applications. Metasurfaces have already shown their applicability to 

demonstrate highly compact and efficient meta-devices such as metapolarizers10-11, metalenses12-

14, metaabsorbers15-17, optical vortexes18-20, color filters21-23 and metaholograms24-30. For the case of 

generality, we have assumed the curved shape of containers for chemical and biomedical 

substances, i.e., test tubes and bottles. Therefore, the aforementioned application requires a 

flexible polarization-insensitive metasurface under unpolarized white light to achieve its 

intended operation. Isotropic nanoresonators as building blocks can be one possible solution of 

polarization-insensitive metadevices. For example, Nasir et al. used hydrogenated silicon-

made circular nanoresonators to simultaneously demonstrate helical beam generation and 

metalens at a single wavelength of 633 nm18. Similarly, Khorasaninejad et al. demonstrated 

achromatic metalens using cuboid nanoresonators at an operating wavelength of 550 nm31. Such 

metadevices strictly operate for a single wavelength due to the intrinsic narrow band property 

of isotropic nanoresonators. Moreover, these designs are also prone to a limited degree of 

freedom which is only the diameter or length of circular nanodisks or nanocubids, respectively. 

The issue of narrow bandwidth can be resolved using Pancharatnam-Berry (PB) phase-enabled 

anisotropic nanoresonators. For example, Zhang et al. demonstrated a polarization-insensitive 

metalens in the THz domain using identical nanoresonators with a measured efficiency of 26% 

at an operating frequency of 0.69 THz32. There exists a trade-off between bandwidth and 

polarization sensitivity due to the phase modulation technique and identical nature of 

nanoresonators. The conversion efficiency of such design technique is theoretically limited to 

50%33. In a few other studies, amplitude manipulation-based polarization-insensitive 

metasurfaces are reported34-35. Such metasurfaces depict the holographic output in the near field 

of the metasurface, making them unsuitable for such biomedical packaging security 



applications.   Therefore, there is a strong need to develop a new phase-manipulation-based 

polarization-insensitive metadevices designing technique that can break all the aforementioned 

limitations.  

Moreover, the large-scale fabrication of all-dielectric metasurfaces usually suffers 

from low throughput and high manufacturing cost issues34. As the patterning of subwavelength-

scaled nanostructures (that are much smaller than the diffraction limit of photolithography) is 

required, therefore, electron beam lithography (EBL) is commonly used to fabricate dielectric 

metasurfaces. EBL provides the extra degree of freedom for a short wavelength of electron 

beam and provides high precision patterns for nanoimprinting. However, EBL possesses very 

low throughput, which limits large-scale fabrication and process development35. Nanoimprint 

lithography (NIL) can be used to subjugate this issue to fabricate dielectric metasurfaces, which 

can provide high resolution with improved throughput. Although as a first step during the NIL 

process, a master mold prepared by EBL is required. However, subsequent steps of pattern 

transferring from the master mold can be easily repeated, making the process much faster than 

EBL for large-scale fabrication. Furthermore, in conventional NIL fabrication techniques, 

secondary fabrication steps like deposition and etching are needed, reducing the productivity 

and increasing production costs38-39. Some other NIL-based fabrication techniques allow for a 

complete pattern transfer in a single step without secondary steps; however, the master mold 

produced by such technique is not reusable for large-scale production40-41.   

Therefore, keeping in mind the need for an efficient scheme to break the 

aforementioned trade-off with the possibility of high throughput, low cost, and large-scale 

fabrication process, we propose a broadband polarization-insensitive dielectric metasurface 

which is fabricated using a novel single-step NIL fabrication technique of nano-PER as shown 

in (Figure 1b), for sensitive chemical and biomedical substances packaging (Figure 1a). Our 

design technique relies on the superposition of unique sets of geometric and retardation phases. 

By exploiting the phase delay freedom between adjacent perpendicular and parallel 

nanoresonators, an identical phase pattern is achieved for all polarization states. Typical resins 

have refractive index (n) that is too low to confine light, so we developed a high index nano-

PER by mixing titanium dioxide (TiO2) nanoparticles with a UV-crucible resin for low cost and 

single-step fabrication. The measured ellipsometry data of the proposed material displays a 

high enough profile of complex refractive indices in the visible domain, as shown in (Figure 

1d). TiO2 nanoparticles are used due to their high n profile by controlling the concentration; 



therefore, this technique provides another degree of freedom to tune the resultant refractive 

index of the resin. Once hardened via UV illumination, the resin enables transferring of the 

desired pattern from the master mold. Due to the high stiffness of the proposed resin after UV 

illumination, extremely high aspect ratios (up to 10:1) can be achieved in a single step42. 

Furthermore, due to the absence of intermediate fabrication steps, this resin can be easily grown 

on flexible substrates which are vulnerable to plasma etching. Therefore, the proposed 

technique provides an excellent platform to realize flexible dielectric metasurfaces for 

broadband operation.  

 

Design Methodology  
The fundamental building blocks (nanoresonators) of the proposed metasurface act as 

half-wave plates. Therefore, by impinging a circularly polarized (CP) plane wave on the half-

wave plate, we can derive the necessary conditions for a polarization-insensitive metasurface 

using the jones transmission matrix. The complete derivation is presented in Section 1 of the 

supplementary information. The transmission matrix of anisotropic nanoresonator acting as a 

half-wave plate for a fixed output regardless of incident polarization can be written as: 

 𝑻 = 𝒆𝒊𝟐𝜽 (𝟏 𝟎
𝟎 −𝟏,. 

(1) 

Where 𝜃 is a counterclockwise rotation of nanoresonators w.r.t. x-axis (Figure S2), 

it is evident from Equation 1 that a left hand circularly polarized (LCP) incident light will 

provide wavelength-independent 2𝜃  geometric phase, whereas a right hand circularly 

polarized (RCP) incident light will add −2𝜃  phase shift. This results in polarization-

dependent non-identical outputs for different CP incident light. If an identical output response 

for both states of CP light is achieved using anisotropic nanoresonators, the constant wavefront 

can be realized under any arbitrary polarization state due to the fact that every polarization can 

be written as a sum of RCP and LCP components. With respect to the derived polarization 

condition in supplementary Section 1, the orientation angles are only restricted to 𝜃 = 0° and 

𝜃 = 90° (horizontal and vertical orientation of nanoresonators). The results in an identical 

output response for LCP, RCP, linearly and vertically polarized incident light as explained in 

Equations ES9 to ES13 in Supplementary Section 1.   

 



Optimization  
Nanoscale high-index structures can effectively modulate the phase and desired shape 

of the wavefront due to the presence of strong resonance modes. The optical properties of such 

anisotropic nanoresonators are calculated by rigorous wave-coupled analysis. Here, anisotropic 

nanoresonators are selected because they can provide an extra degree of freedom of geometric 

phase (Figure 1c). Capitalizing on the intrinsic broadband nature of the geometric phase, 

properly optimized anisotropic nanoresonators can provide a unique advantage of desired 

broadband operation. The cross-polarized component of the transmitted light is maximized for 

the whole visible domain by employing parametric optimization technique through 

perturbation in the physical dimension of nanoresonators (i.e., periodicity, lengths, and widths). 

In the first step, the optimal values of periodicity (P = 460 nm) and height (H = 900 nm) are 

numerically obtained by parametric sweeps. In the second step, the lateral dimension (lengths 

L and widths w) of the nanoresonator is optimized. Cross-polarized transmission (Tcross) and co-

polarized transmissions (Tco) efficiencies for different combinations (of length and width) are 

depicted in (Figures 2a-c). An array of four nanoresonators is selected such that each 

nanoresonator possesses maximum Tcross and minimum Tco for all three operational wavelengths 

(λ = 488 nm, 532 nm, and 633 nm) and an incremental propagation phase difference of π/4. To 

achieve full (0 to 2π) phase coverage, four selected nanoresonators are rotated at 90° to generate 

an array of eight nanoresonators. Numerically calculated Tcross, Tco, and phase shifts of the eight 

selected nanoresonators are depicted in (Figure 2d-f).  

Broadband transmission response through selected nanoresonators for desired 

transmission efficiencies is achieved, as shown in (Figure 3). All nanoresonators have their 

maximum cross-polarized transmission and minimum co-polarized transmission at all working 

wavelengths. The simulated average Tcross is 58.1%, 74.62% and 49.95%, whereas, average 

Tco is 4.2%, 5.29% and 37.3% for λ = 488 nm, λ = 532 nm and λ = 633 nm, respectively. Insets 

in (Figures 3a-d) show resonance modes inside the individual nanoresonators at the central 

operational wavelength of 532 nm. There exist multiple Mie (electric and magnetic) resonance 

modes, which are well confined within the nanoresonators. Due to the simultaneous presence 

of both electric and magnetic resonance modes, all nanoresonators provide a decent profile of 

cross-polarized transmission with the desired 0 to 2π phase coverage.    

To authenticate our design technique and performance, we design and numerically 

simulate a 50 μm × 50 μm metahologram. The phase map of an image is numerically calculated 



by the inverse Fourier transform (IFT) method for 108 × 108 unit elements (Figure S3). In the 

phase map calculation, the pixel size is kept equal to the periodicity (460 nm) of the 

nanoresonators. The numerically calculated phase is encoded onto a metasurface interface 

using the optimized array of nanoresonators with parallel and perpendicular orientations. When 

arbitrarily polarized light is incident on the metasurface, the desired phase map will produce a 

holographic image of a "Sun" at the focal point (F = 25 μm) on the z-axis. The intensity profile 

of the simulated optical outputs of the designed metasurface are depicted in (Figure 5) under 

LCP, RCP, x-polarized, and y-polarized incident light. 

 

Fabrication and Experimental Verification  
The fabrication process of the polarization-insensitive metahologram begins with the 

preparation of a 300 μm × 300 μm master mold. A 900 nm thick layer of hydrogenated silicon 

(Si-H) is deposited on fused silica by plasma-enhanced chemical vapor deposition. A thin layer 

of positive photoresist is applied, and the patterns are created using EBL. Next, a chromium 

mask is deposited, followed by a lift-off and dry etching process. The phase map the "Sun" 

image with 652 × 652 unit elements is encoded onto the master mold (depicted in Figure S4). 

Finally, a thin layer of the self-assembled monolayer is coated on the master mold, which 

increases the mold-release abilities by suppressing the surface energy43.  

A hard-polydimethylpolysiloxane (h-PDMS) solution is prepared by mixing polyvinyl 

dimethylsiloxane (PDMS) pre-polymer, hydrosilane pre-polymer, modulator, toluene, and 

platinum catalyst44. A thick layer of h-PDMS is coated over the master mold in such a way it 

covers the entire structure. A flexible PDMS layer is then coated over the h-PDMS, which acts 

as a buffer layer. The high stiffness of h-PDMS and low viscosity of PDMS allows for high-

resolution pattern transferability while keeping this soft mold reusable. The Young's modulus 

of h-PDMS can vary from 0 to 10 Nmm−2 depending on the vinyl ratio in hydrosilane and pre-

polymer45. Pure PDMS with a Young's modulus of 2 Nmm−2 usually provides a minimum feature 

size of 400 nm, whereas h-PDMS with a modulus of 9.7 Nmm−2 can pattern very small feature 

size structures down to 80 nm42. For the ease of mold release in the subsequent steps, a self-

assembled monolayer is coated on the soft mold. For nanoparticle composite preparation, the 

first TiO2
 nanoparticles are dispersed in methyl isobutyl ketone (MIBK). The MIBK is blended 

with a monomer mixture and photo-initiator46. The prepared nanoparticle composite is spread 

over the flexible glass substrate. For the pattern transfer, this composite is covered with master 



mold. Appropriate pressure and ultraviolet (UV) light illumination hardens the nanoparticle 

composite. The soft mold is removed, and the final metahologram is created on the substrate. 

A pictorial depiction of each fabrication step and SEM images of the broadband polarization-

insensitive metahologram are shown in (Figures 4a and 4b).  

The fabricated sample is characterized under a modified optical setup, as shown in 

(Figure 5g). Light sources (red, green, and blue lasers) are illuminated on the metasurface 

sample (MS) after circular conversion and collimation of unpolarized light via polarization 

filters such as linear polarizer (LP) and quarter-wave plate (QWP) and beam expander (BE), 

respectively. An objective lens (OL) is used to focus the CP light on the metasurface. A 

tubelens (TL) is used to focus the holographic image on the observation plane. The CCD 

camera is utilized to measure the optical output and performance of the designed metasurface. 

Measured results obtained from the CCD camera are shown in (Figures 5d-f), which are in 

good agreement with the numerical and simulated results, therefore, proving the concept of 

broadband polarization-insensitive metasurface through a novel TiO2 resin-based flexible 

platform. Measured transmission efficiencies of 48.1%, 59% and 46.4% are achieved for λ = 

488 nm, λ = 532 nm and λ = 633 nm, respectively (Figure 5h). These measured efficiencies 

are obtained using the expression:	𝜂	 = 𝑃6 𝑃7⁄ , where 𝑃6 is transmitted power and 𝑃7 is in 

incident power.  

Bending analysis is also very crucial for such bendable holographic metasurfaces, and 

for that, we bent the metasurface from normal to 30° with a step width of 5° and its performance 

is tested for different polarization scenarios (RCP, LCP, x-, and y-polarized) at the central 

operating wavelength (λ = 532 nm). Obtained results are depicted in Figure S5 (Supplementary 

note 3, supporting information). It can be observed that obtained results are almost stable and 

crystal clear up to 30° metasurface curvature proving that the proposed platform is very much 

bending angle tolerant.  

 

 

Conclusion  
In conclusion, we have proposed general design rules for a broadband flexible polarization-

insensitive metahologram, which has potential applications in packaging sensitive 

chemical/biomedical substances for the transport industry. By exploiting the unique control 



over the propagation and geometric phase of anisotropic nanoresonators, we have devised a 

polarization-insensitive phenomenon and full phase control for the entire visible region. As a 

proof of concept, a metahologram is fabricated using novel TiO2 nanoparticles UV-crucible 

resin over a flexible substrate. This nanoparticles composite can be directly used for 

metahologram fabrication due to its high-index and stiffness. This provides a one-step 

fabrication technique avoiding secondary fabrication steps like film deposition and chemical 

etching, which usually curtails the throughput of fabrication and creates substrate compatibility 

issues. Our fabricated sample achieves 48.1%, 59% and 46.4% measured transmission 

efficiencies for λ = 488 nm, λ = 532 nm and λ = 633 nm, respectively. Due to the simple and 

fast fabrication, the proposed technique is an important step towards realizing commercial 

highly transmissive flexible metaholograms.   
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Figure 1. TiO2 resin-based broadband polarization-insensitive and flexible metasurface. (a) 

Working principle of proposed polarization-insensitive flexible metasurface for 

chemical/biomedical package security. If the package encounters light, it will project a 

hologram on an integrated sensor connected with electronic circuitry to generate an alarm. (b) 

Schematic diagram of proposed flexible polarization-insensitive broadband metahologram 

operating under all states of polarizations with a constant wavefront. When any arbitrarily 

polarized light is incident on the metasurface, it produces a holographic image of "Sun" at its 

focal point. (c) The meta-atom is made up of TiO2 resin over a flexible substrate (SiO2). 

Periodicity (P=460 nm) and height (H=900 nm) are fixed for all meta-atoms; however, length 

(L) and width (w) vary depending on the desired phase shifts. (d) The measured ellipsometry 

data (n and k) for proposed TiO2 resin. At three common wavelengths in the visible domain, 

the values of complex refractive indices are 1.94+0.003j at λ = 488 nm, 1.918+0.0023j at λ = 

532 nm and 1.887+0.0015j at λ = 633 nm. 

 



 

Figure 2. Optimization of the TiO2 resin nanoresonators. Simulated cross-polarized 

transmission (Tcross) and co-polarized transmission (Tco) for different lengths (L) and widths (w) 

are depicted for (a) λ = 488 nm, (b) λ = 532 nm and (c) λ = 633 nm. The upper row (a1 to c1) 

displays Tco, whereas the middle row (a2 to c2) displays Tcross. Dimension of four nanoresonators 

are selected such that they possess maximum Tcross and incremental π/4 phase difference each. 

The optimal length and width for all nanoresonators are as follows: for the first nanoresonator, 

w=75 nm and L=395 nm, for the second nanoresonator w=90 nm, L=410 nm, for third 

nanoresonator (w=110 nm, L=410 nm), and fourth nanoresonator w=130 nm, and L=415 nm. 

For full 0 to 2π phase coverage, these nanoresonators are repeated with 90º rotation to generate 

an array of 8 nanoresonators. (d) Tcross, (e) Tco, and (f) Full (0 to 2π) phase coverage of all selected 

nanoresonators at three operational wavelengths.  



 

Figure 3. Simulated broadband analysis of cross- and co-polarized transmission efficiencies 

for (a) First nanoresonator with w=75, nm and L=395 nm, (b) Second nanoresonator with 

w=90, nm and L=410nm (c) Third nanoresonator with w=110, nm and L=410 nm, and (d) 

Fourth nanoresonator with w=130 nm, and L=415 nm. All nanoresonators have a Tcross at the 

central wavelength (of 532 nm) with an average efficiency of 74.62%. Average values of Tcross 

at λ = 488 nm and λ = 633 nm are 58.1% and 49.95%. Insets show 𝐸:⃗  & 𝐻::⃗  intensities inside 

the nanoresonator at λ = 532nm under both x- and y-polarized incident lights. The fields are 

well confined within the nanoresonators.  



 
Figure 4. Fabrication steps and scanning electron microscope (SEM) images of polarization-

insensitive metahologram. (a) In the first step, the master mold is fabricated using EBL. The 

hard dimethylsiloxane layer is coated on the master mold then a dimethylsiloxane layer is 

coated, which will act as a buffer layer. TiO2 nanoparticles made UV crucible resin is spread 

on a flexible glass substrate and covered with soft mold in the next step. After applying a certain 

pressure and illuminating it with a UV light source, this nanoparticle composite is hardened 

and takes the shape of the master mold. Due to the reusable nature of the soft mold, this process 

can be replicated to enhance the yield. Final patterns have a nominal size residual layer, which 

can be neglected as the structure height is comparatively much higher. SEM images of 

Polarization metahologram are depicted (b1) top view with magnification scale of 1 μm, (b2) 

30° tilted view with magnification scale of 1 μm. 

 

 



 

Figure 5. Simulated and measured results of proposed metahologram for different incident 

polarizations. The size of the metasurface used for simulations is 50 μm × 50 μm. (a1-a4) The 

simulated optical outputs for incident RCP, LCP, linear x- and y-polarized light at λ = 488 nm. 

(b1-b4) The simulated optical outputs for incident RCP, LCP, linear x- and y- polarized 

incident light at λ = 532 nm and at (c1-c4) at λ = 632 nm. For experimental verification, a 400 

μm × 400 μm sample is fabricated. (d1-d4) The measured optical outputs for incident RCP, 

LCP, linear x- and y- polarized incident light at λ = 488 nm, at (e1-e4) λ = 532 nm, and at (f1-

f4) λ = 632 nm. (g) A modified optical setup was used for the characterization of the 

metasurface. (h) Simulated and measured transmission efficiencies of proposed polarization-

insensitive metahologram. 
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