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Abstract:   
The project developed ultra-thin optical metasurfaces for flexible control of the quantum photon 

polarization states in unconventional regimes. The key advantage of this platform is that the parallel 

photon interference in nano-resonator arrays enables ultimate miniaturization, in contrast to sequential 

interference stages in conventional quantum circuits. We have designed metasurfaces with binary nano-

resonator arrays that realize simultaneous polarization manipulation and filtering, operating across the 

telecommunication wavelengths. The metasurfaces can implement arbitrary polarization 

transformations of entangled photon pairs, and in particular can change the degree of quantum 

entanglement. We fabricated the metasurfaces on a dielectric platform without material absorption and 

demonstrated their high efficiency in experiments. Such ultra-thin meta-devices can find applications 

in quantum network components. Furthermore, we found that the metasurfaces can enable 

discrimination of polarization objects, with possible applications from microscopy to monitoring of 

network links. We also developed new efficient approaches for one-shot multi-photon polarization state 

measurement with a single metagrating even in presence of fabrication imperfections, and for 

monitoring deviations from a target polarization state. The latter results can facilitate diverse 

applications demanding quantum state characterization. 

 

 

Introduction:  
 

Manipulation and measurement of quantum photon states are essential capabilities for the realization of 

quantum networks, including fiber-based and free-space communications. Traditionally, this is 

performed through multiple stages of photon shaping and interference, implemented with bulk optical 

components or extended waveguides. However, such approaches require precise alignment, being 

sensitive to the environmental instabilities, such as vibrations and temperature variations. The research 

objective is to develop a new fundamental approach based on ultra-thin all-dielectric metasurfaces, 

where a single nano-layer encodes multiple parallel quantum state transformations. This platform can 

achieve the ultimate miniaturization and stability combined with high accuracy and robustness, while 

overcoming the limitations of lengthy sequential implementations. The project objective is to develop 

the capability of metasurfaces for flexible control of the quantum photon polarization state in 

unconventional regimes. The technical approach is based on special design of metasurfaces which can 

act as ultra-compact and stable complex polarization waveplates, which simultaneously perform 

polarization transformation and filtering. This will drive the future development of ultra-thin 

metasurfaces providing advanced functionalities in photon state shaping, imaging, and measurement for 

applications in diverse quantum communication networks. 

 

Experiment: 
 

Arbitrary transformation of polarization photon pairs. The corresponding theoretical and experimental 
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approaches are fully described in the journal paper [1]. In the following, we provide a summary of key 

aspects of this work. 

 

A new regime of the so-called complex birefringence has recently been suggested, extending the notion 

of real-valued birefringence. The presence of tailored polarization-dependent loss can enable 

fundamentally new possibilities for polarization control, which cannot be achieved with conventionally 

birefringent media alone. For example, complex birefringent structures could be used to change the 

angle between a pair of polarization states, as illustrated in Fig. 1.1. As shown, a pair of nearby 

polarization vectors can become orthogonal after propagating in the complex-birefringent medium, 

whereas in conventional birefringence the relative angle remains constant.  

 

We developed a new theoretical approach for implementing complex birefringence with all-dielectric 

metasurfaces, without material gain or absorption. We formulate a practical design principle that is 

optimal for achieving any desirable polarization transformation with a minimum amount of loss, which 

is realized through judiciously engineered polarization-dependent diffraction [Fig. 1.2]. Such loss can 

be effectively eliminated for certain polarization states, presenting a fundamental advantage compared 

to the material loss exhibited by all states in plasmonic structures. Our approach can be tailored for 

arbitrary polarization pairs along with polarization transformation and phase control, which can 

underpin a new generation of polarization optical devices for classical and quantum applications. 

 

 
Figure 1.1: Transformation of polarization states with a complex-birefringent wave plate, visualized on 

a Poincaré sphere. Left: two input states with close polarization state vectors indicated by purple arrows. 

Right: state vectors (purple arrows) after a transmission via a complex-birefringent wave plate, which 

become orthogonal. Gridlines on the surfaces illustrate the transformations for other states. 

 

We then perform detailed numerical modeling to design the binary metasurfaces with various 

transmission characteristics. The structures were tailored for operation at the wavelength of 𝜆0 =
1550nm, within the range of the telecommunications band. The nanoresonators are placed on a square 

lattice. We selected the structure period as 𝑑 = 1800nm, which satisfies the following requirement: (i) 

𝑑 > 𝜆0 to allow diffraction, which acts as polarization-dependent loss, and (ii) nano-resonators are 

positioned sufficiently close to suppress direct light transmission through the substrate. We consider 

resonators in the form of rectangular cuboids made of amorphous-silicon on a glass substrate, and 

achieve control of transmission phase along the extraordinary and ordinary axes (𝜙𝑒  and 𝜙𝑜 ) by 

modifying their physical dimensions (𝐿𝑒, 𝐿𝑜) in the plane of the metasurface. These dimensions are 

determined by numerical simulations. 
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Figure 1.2:  Concept of realizing complex birefringence with all-dielectric metasurfaces. (a) A single-

structure unit cell with dielectric nano-pillar placed at an angle 𝜃 realizing real birefringence, with 

real-valued phase retardation along the two principal axes. (b) A unit cell with two pairs of distinctly 

sized nano-pillars realizing complex birefringence. (c) A metasurface utilizing the unit cell in (b), 

realizing engineered polarization-dependent losses via diffraction. (d) Schematic diagram of the 

experimental setup utilized to characterize the manufactured samples. 

 

The nanostructures were fabricated on a 710-nm-thick amorphous-silicon thin film prepared using 

Plasma-Enhanced Chemical Vapor Deposition (PECVD) on a 170μm thick glass substrate. Then, 

etching was carried out via Electron Beam Lithography (EBL) and Inductively Coupled Plasma (ICP) 

etching. Varying exposures (from approximately 150μCcm−2  to 200μCcm−2 ) were utilized to 

produce a small range of metasurfaces with slight variations in sizes to account for fabrication variances. 

The fabricated metasurfaces were characterized using a variable-wavelength laser operating in the 

1500 − 1575nm telecommunication range as the light source [Fig. 1.2(d)], and input polarization 

states were prepared from this laser using a fixed linear polarizer (Pol 1) and a motorized half-wave 

plate (HWP). A 50:50 beam splitter (BS) and detector were introduced immediately after the state 

preparation to provide a normalization baseline for the measurements. A lens focused the beam to an 

approximate 80μm spot normally incident on the metasurface, followed by an objective lens used to 

image the transmitted light. To exclusively collect zero-th order transmitted light, a Fourier lens was 

used to exclude higher orders of diffracted light. Then, the polarization was characterized via a 

motorized quarter-wave plate (QWP) and a linear polarizer (Pol 2) to project the transmitted state onto 

a varying basis for reconstruction. 

 

We reveal the capability for arbitrary transformation of quantum biphoton polarization states with 

complex birefringent metasurfaces, as sketched in Fig. 1.3(a). We note that any pure state of two 

polarization-entangled photons can be expressed as  

 |Ψ(𝐴, 𝐵)〉 =
𝑎†(𝐴)𝑎†(𝐵)|0〉

||𝑎†(𝐴)𝑎†(𝐵)|0〉||
, 

where 𝐴 and 𝐵 are two single-photon polarization states, and 𝑎† is a one-photon creation operator. 

This expression means that a quantum two-photon state can be represented by a pair of points on the 

Poincaré sphere, for example such as those indicated by two arrows in Fig. 1.1(a). 

 

The action of the metasurface on a two-photon state will, in general, produce a superposition of pure 

two-photon and mixed single-photon (when a paired photon is lost) states, which can be distinguished 

through conditional detection schemes. The two-photon state transformation is simply expressed as:  
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 |Ψ(𝐴𝑖 , 𝐵𝑖)〉
𝑇
→ |Ψ(𝑇𝐴𝑖, 𝑇𝐵𝑖)〉 = |Ψ(𝐴𝑡 , 𝐵𝑡)〉. 

 This means that we can apply the approaches formulated above for the simultaneous independent 

transformation of a pair of polarization states. Importantly, the capacity of a complex birefringent 

metasurface to change the angle between the pair of states on a Poincaré sphere, such as illustrated in 

Fig. 1.1, enables the modification of the degree of quantum entanglement, which would be impossible 

with conventional conservative birefringence. Thereby, a transformation between arbitrary selected 

input to output quantum two-photon states can be accomplished. 

 

Next, we showcase an experimental potential for tailored two-photon manipulation and quantum state 

transformation. Recent studies demonstrated that photon interference in lossy couplers can demonstrate 

unconventional features, including a transition between bunching and anti-bunching statistics. The 

previous experiments were based on plasmonic structures with inherently high metal absorption. Here, 

we present a new design of all-dielectric metasurface which realizes a non-conservative coupler with 

the minimum necessary amount of loss. Specifically, we consider the coupling transformation between 

the |𝐻〉 and |𝑉〉 polarizations with a non-conservative transfer matrix in the form:  

 𝑇𝜑 = 𝜌 [1 e𝑖𝜑

e𝑖𝜑 1
], 

 where 𝜌  is a scaling coefficient. The phase value of 𝜑 = 𝜋/2  corresponds to a conventional 

conservative coupler, while other phases generally correspond to non-conservative transformations. The 

optimal practical realization with the minimal necessary amount of losses in structures without gain 

corresponds to the maximum possible value of 𝜌, which is achieved when the maximum singular value 

of the transfer matrix 𝜎1 → 1. 

 

 
Figure 1.3:  Application of complex-birefringent metasurfaces for arbitrary transformation of 

polarization-entangled two photon states. (a) Schematic of a metasurface oriented at an angle 𝛼 to 

perform the desired transformation for entangled photon pairs. (b) SEM image of a metasurface made 

of amorphous-silicon on a glass substrate. (c,d) Experimentally characterized transfer matrix at a 

wavelength of 1560nm, including (c) arguments and (d) modulus of the elements. (e,f) Transformation 

of |Ψ(𝐻, 𝑉)〉 entangled input state (e) by an ideal phase retarder rotated at angle 𝛼 and (f) calculated 
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with the experimental transfer matrix of the metasurface oriented at angle 𝛼 as shown in (a).  

        

The general approach to complex birefringence formulated above enables us to design the binary 

metasurfaces which can realize the unconventional polarization coupling for arbitrary phase 𝜑. We 

present an example of fabricated metasurface in Fig. 1.3(b), which transfer matrix [Figs. 1.3(c) and (d)] 

realizes the case of 𝜑 ≃ 𝜋/4. There is only a slight variation of the absolute values in the experimental 

transfer matrix, which still enables unconventional interference and control of the biphoton states. 

 

We use the experimentally determined transfer matrix [Fig. 1.3(c) and (d)] to simulate the 

transformation of the input quantum state composed of orthogonally polarized entangled photons, 

|Ψ(𝐻, 𝑉)〉, that is 𝐴𝑖 = 𝐻, 𝐵𝑖 = 𝑉. We further note that a rotation of a metasurface in the plane by angle 

𝛼, as sketched in Fig. 1.3(a), nontrivially modifies the transformation as 𝑅(𝛼)𝑇𝜑𝑅(−𝛼) and thus the 

output states 𝐴𝑡 and 𝐵𝑡 . We visualize the output two-photon state by a pair of same-color points on 

the Poincaré sphere in Fig. 1.3(f), where the colors correspond to different metasurface orientation 

angles 𝛼 and the arrows point to the output state at 𝛼 = 0. For comparison, we plot in Fig. 1.3(e) the 

output states which would be produced by a conventional conservative coupler with 𝜑 = 𝜋/2. We 

observe that in the conservative regime, the relative angle between the photon pairs is unchanged for all 

𝛼 [Fig. 1.3(e)], meaning that the degree of quantum entanglement at the output remains the same as at 

the input, in agreement with the properties of unitary operators. In contrast, this limitation is removed 

in the regime of complex birefringence, and the tailored change of relative angle [Fig. 1.3(f)] enables 

flexible entanglement control. 

 

 

2) Discerning Polarization Objects using Non-local Measurements with Metasurfaces, Ref. [4]. 

 

We develop a protocol of quantum ghost polarimetry using polarization-entangled photons for the 

discrimination of fully or partially transparent polarization-sensitive elements of a known set. We show 

that entangled light is needed to discern all types of objects and we derive the object properties that 

entail the need for entanglement. Furthermore, we demonstrate that specific polarization 

transformations are needed for detection as conventional detectors are not sensitive to polarization. Our 

results reveal that specially designed highly transmissive dielectric metasurfaces are the most suitable 

implementation to map specific polarization states into detectable spatial patterns. 

 

 
Figure 2.1:  Sketch of the ghost polarimetry with metasurfaces. 

 

Our proposed measurement scheme is depicted in Fig. 2.1. We consider a source that produces photon-

pairs whose joint polarization state can be modeled by the following density matrix  

 𝜌in =
1

2
(|HPHR⟩⟨HPHR| + |VPVR⟩⟨VPVR|) 

 +𝑞 (
1

2
) (|HPHR⟩⟨VPVR| + |VPVR⟩⟨HPHR|),  
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with 𝑞 representing the degree of entanglement, 0 ≤ 𝑞 ≤ 1, from the strongest classical correlation 

𝑞 = 0 to perfect entanglement 𝑞 = 1. Throughout this manuscript, horizontal and vertical polarization 

are denoted H and V, respectively. The probe-photon interacts with an object Ω, which furthermore can 

be rotated by an angle 𝜃, then is projected into a specific polarization state using the transformation 

𝑀P, and finally detected. After detection of the probe photon, the reduced state of the reference-photon 

is 𝜌R′ = trP[(𝑇P ⊗ 1) 𝜌in (𝑇P ⊗ 1)†], where trP(⋅) is the partial trace over the probe-photon and 

𝑇P = 𝑀PΩ(𝜃). The normalized reduced state of the reference-photon after measuring the probe-photon 

is then 𝜌R = 𝜌R′/tr(𝜌R′). The reference-photon does not interact with the object, but is projected onto 

several polarization bases by interacting with an optical element realizing the transformation 𝑀R. We 

assume, that each of these polarization bases corresponds to a separate output channel, in which the 

probe photons then are detected using polarization-insensitive detectors. Whereas the measurements of 

the probe and reference photons alone do not allow to distinguish different objects Ω and their rotation 

angle 𝜃, we will demonstrate that this is possible using coincidence measurements. The expectation 

value of the coincidence counts between the single output of projector 𝑀P  and the n-th output of 

projector 𝑀R is 〈𝑛〉 = 𝑡𝑟[(𝑀R,𝑛)𝜌R(𝑀R,𝑛)†]. To distinguish objects, each projection basis 𝑀R,𝑛 in 

the reference arm is numerically engineered so that every reduced state 𝜌R  produces a distinctive 

pattern formed by a collection of 𝑛 coincidence measurements. 

 

The optimal choice of the probe-photon projector 𝑀P  can be investigated by geometrically 

representing the reduced state of the reference-photon 𝜌R in the Poincaré spher, where each 𝜌R is 

described by a vector 𝐩 = [𝑝H, 𝑝D, 𝑝C]. Here, 𝑝H  corresponds to the degree of horizontal/vertical 

polarization, 𝑝D  to the diagonal/antidiagonal linear polarization at ±45∘ , and 𝑝C  to the right/left 

circular polarization. The Poincaré vector is found using the Pauli matrices 𝑋, 𝑌, 𝑍  with 𝐩 =
[tr(𝜌R𝑍), tr(𝜌R𝑋), −tr(𝜌R𝑌)]. If the total transformation in the probe-arm, comprising the object Ω 

and projector 𝑀P, is written in the basis of the photon-pair source as 𝑇P = ∑ 𝑇𝑘𝑙|𝑘⟩⟨𝑙| with 𝑘, 𝑙 ∈
{H, V}, then  

 𝑝H = ‖𝑇P‖𝐹
−2(|𝑇HH|2 + |𝑇VH|2 − |𝑇VV|2 − |𝑇HV|2),  

 𝑝D = 𝑞 ‖𝑇P‖𝐹
−2Re(𝑇HH𝑇HV

∗ + 𝑇VH𝑇VV
∗ ),  

 𝑝C = 𝑞 ‖𝑇P‖𝐹
−2Im(𝑇HH𝑇HV

∗ + 𝑇VH𝑇VV
∗ ),  

where ‖⋅‖𝐹 is the Frobenius norm. Since we require that each object produces a different reduced state 

𝜌R, each 𝜌R must occupy a unique position on or inside the Poincaré sphere. 

The components of the Poincaré vector are connected as  

 𝑝H
2 +

𝑝D
2 +𝑝C

2

𝑞2 = (
𝜎1P

2 −𝜎2P
2

𝜎1P
2 +𝜎2P

2 )
2

, 

where 𝜎1P and 𝜎2P are the singular values of the transformation 𝑇P. This equation indicates that the 

reduced state of the reference-photon 𝜌R obtained from the family of transformations 𝑇P which have 

the same |𝜎1P
2 − 𝜎2P

2 |/(𝜎1P
2 + 𝜎2P

2 ) , will lie on an ellipsoid of revolution of long axis |𝜎1P
2 −

𝜎2P
2 |/(𝜎1P

2 + 𝜎2P
2 ) and short axis 𝑞|𝜎1P

2 − 𝜎2P
2 |/(𝜎1P

2 + 𝜎2P
2 ) given that the degree of entanglement is 

in the range 0 ≤ 𝑞 ≤ 1 . This ellipsoid reduces to a point, 𝑝H = 𝑝D = 𝑝C = 0 , when 𝜎1P = 𝜎2P . 

Additionally, the ellipsoid is largest, for a fixed 𝑞, when one of the singular values is zero, 𝑝H
2 + (𝑝D

2 +
𝑝C

2)/𝑞2 = 1 . We concentrate on a scheme with a source of photon-pairs that have maximal 

entanglement 𝑞 = 1, where the ellipsoid is a sphere with radius |𝜎1P
2 − 𝜎2P

2 |/(𝜎1P
2 + 𝜎2P

2 ). 

 

The optimal projectors 𝑀P and 𝑀R in each arm of the setup can be found numerically. However, 

realizing these polarization transformations experimentally can be quite challenging, as they in general 

need to realize partial polarizers in elliptical bases, where the reference arm also needs several outputs. 

Here we demonstrate, that the projectors can be realized using nanostructured dielectric metasurfaces, 

which can effectively act as partial polarizers in arbitrary elliptical bases with any required extinction 

ratio [1]. Each metasurface is a flat optical element composed of a periodically repeated array of nano-

resonators called meta-gratings. We perform optimization of the phase retardances and orientations 

associated with the individual nano-resonators to realize the required projectors. Specifically, we design 

a metasurface for the probe arm such that its zeroth diffraction order realizes the projector 𝑀P. Similarly, 

a second metasurface is placed in the reference arm where the three outputs of projector 𝑀R correspond 

to three diffraction orders (see Fig. 2.1). The unit-cell geometries of numerically found optimal meta-

gratings for the considered set of objects Ω𝑎,𝑏,𝑐 are depicted in Fig. 2.2(b).  

 

We show in Fig. 2.2(c) the diffraction patterns of the objects Ω𝑎,𝑏,𝑐(𝜃) represented in the space 𝒟, 
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showcasing that the full identification of objects with their corresponding rotation angle is possible by 

optimizing the projectors 𝑀P  and 𝑀R . The patterns in coincidences give non-zero photons counts 

since they lie on the plane 〈−1st〉 + 〈0th〉 + 〈+1st〉 ≈ 0.8 within space 𝒟. As designed, the chosen 

three outputs of metasurface 𝑀R map the geometric shape of Fig. 2.2(a, middle) into the space 𝒟. This 

demonstrates that the full identification of objects with their corresponding rotation angle is possible by 

using optimized metasurfaces. 

   

 
Figure  2.2:  (a) Reduced state of the reference-photon 𝜌R produced by a set of three objects Ω𝑎,𝑏,𝑐 

and an optimal metasurface 𝑀P from two different perspectives. The vector 𝐍 is normal to the blue 

plane where the optimal projection bases of the diffraction orders of the metasurface 𝑀R are located. 

(b) Optimal meta-gratings in the probe 𝑀P  and reference 𝑀R  arms. (c) Diffraction patterns in 

coincidences for each of the objects Ω𝑎,𝑏,𝑐 in the set, depicted in a space 𝒟 where each diffraction 

order is a dimension, showing that the objects cannot only be discerned from one another but also their 

own rotation angle 𝜃 can be identified (𝜃 = 0 is marked with a small line, rotation symmetry is 𝜋). 

 

3) Single Metagrating for Multi-Photon Polarization Measurements, Ref. [11]. 

 

We first formulate a general theory of polarization measurements. We consider a metasurface, which 

splits an input beam into several diffraction orders as sketched in Fig. 3.1(a). Then, the measurements 

of photon correlations between the output ports can be used to reconstruct the input quantum state. In 

previous studies, it was assumed that the photon polarization is specifically selected at each diffraction 

order. This effectively required the metasurface to act as a near-perfect polarization splitter, which came 

at a cost of larger device area requirements due to a need to interleave several gratings and the distortion 

of the output beam profile. In the following, we show that such limitation can be removed, allowing for 

a compact and robust metasurface design. 

 

 
Figure 3.1:  (a) Conceptual sketch of single-metagrating polarimetry. Highlighted in yellow is a single 

16 resonator unit cell. From the output diffraction orders, any unknown input state may be reconstructed 

by knowing the metasurface instrument matrix. (b) Poincaré sphere representation of two arbitrarily 
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chosen input states |Ψ𝑖𝑛
(1)

〉, |Ψ𝑖𝑛
(2)

〉 characterized in Jones formalism by the polarization angles and 

phases (1.5,0.1), (0.1,1.5) respectively. (c,d) Intensities of output diffraction orders corresponding to 

the respective input states |Ψ𝑖𝑛
(1)

〉, |Ψ𝑖𝑛
(2)

〉. 
 

Since we consider a linear regime, the transformation of quantum states can be expressed through the 

classical Jones transfer matrices 𝐓(𝑚) to of each diffraction orders number 𝑚,  

 𝜓𝑜𝑢𝑡
(𝑚)

= 𝐓(𝑚)𝜓𝑖𝑛 , 

 where 𝜓𝑖𝑛 and 𝜓𝑜𝑢𝑡
(𝑚)

 are the classical input and output polarization states at the respective diffraction 

orders. Each diffraction order functions, in general, as a partial polarizer acting on the incoming light. 

It is then convenient for the following analysis to perform a singular value decomposition (SVD) of the 

transfer matrices,  

 𝐓(𝑚) = 𝑈(𝑚) d𝑖𝑎𝑔(𝑠𝑚,1, 𝑠𝑚,2) (𝑊(𝑚))
†

 ,  

 where 𝑠𝑚,1, 𝑠𝑚,2 ≥ 0 are the singular values, 𝑈(𝑚) = [𝑈1
(𝑚)

, 𝑈2
(𝑚)

] and 𝑊(𝑚) = [𝑊1
(𝑚)

, 𝑊2
(𝑚)

] are 

unitary matrices, the subscripts indexing the respective columns. We choose the order of singular values 

such that 𝑠𝑚,1 ≥ 𝑠𝑚,2. 

 

We note that if 𝑠𝑚,2 = 0, the polarization state at the corresponding diffraction order is fixed as in a 

case of perfect polarizer. However in a general case of 𝑠𝑚,2 > 0, the metasurface effectively acts as a 

partial polarizer, with the power extinction ratio of (𝑠𝑚,2/𝑠𝑚,1)2. 

 

We now formulate the transformation by the metasurface of the photon creation and annihilation 

operators from the input, 𝑎̂𝑝
†
 and 𝑎̂𝑝, where 𝑝 = {𝐻, 𝑉} is the polarization state, to each of the output 

diffraction orders, 𝑏̂𝑚,𝑝
†

 and 𝑏̂𝑚,𝑝. This can be expressed through the linear transfer matrix elements 

as:  

 𝑏̂𝑚,𝑝 = ∑𝑝′=𝐻,𝑉 (𝐓𝑝,𝑝′
(𝑚)

)
∗
 𝑎̂𝑝  ,    𝑏̂𝑚,𝑝

† = ∑𝑝′=𝐻,𝑉 𝐓𝑝,𝑝′
(𝑚)

 𝑎̂𝑝
†  . (3) 

 

We target the tomography of quantum polarization-entangled states with a fixed photon number 𝑁 at 

the input, which is a common practical task, considering the simplest type of click detectors that cannot 

resolve the number of arriving photons, and cannot distinguish the photon polarization state. Notably, 

the state characterization can also be generalized to the regime when the maximum photon number is 

known. If no more than one photon arrives at such a detector positioned at the diffraction order 𝑚, then 

its response is governed by the following POVM operator,  

 𝐴̂(𝑚) = ∑𝑝=𝐻,𝑉 𝑏̂𝑚,𝑝
† 𝑏̂𝑚,𝑝 = ∑𝑝,𝑝′=𝐻,𝑉 𝐴𝑝,𝑝′

(𝑚)
 𝑎̂𝑝

†𝑎̂𝑝′  , (4) 

 and we calculate the matrix expression  

𝐀(𝑚) = (𝐓(𝑚))
†

𝐓(𝑚) = ∑

𝑗=1,2

𝑠𝑚,𝑗 |𝑊𝑗
(𝑚)

⟩ ⟨𝑊𝑗
(𝑚)

|  = (𝑠𝑚,1 − 𝑠𝑚,2) |𝑊1
(𝑚)

⟩ ⟨𝑊1
(𝑚)

| + 𝑠𝑚,2𝐼 . 

 We see that this is a sum of a polarization projection operator and a polarization-insensitive detection. 

The presence of the latter term is a consequence of the partial-polarizer transformation at each of the 

diffraction orders. Although conventional polarimetry requires near-perfect polarizers (i.e. 𝑠𝑚,2 = 0), 

we find that POVM formalism enables unique and accurate quantum state reconstruction in the regime 

of 𝑠𝑚,2 > 0. 

 

After determining the detection operators, we find the probabilities of the simultaneous detection of 𝑁 

photons by a combination of 𝑁  detectors at the diffraction orders 𝑚1, 𝑚2, … , 𝑚𝑁 , when there is 

exactly one photon at each detector. These are proportional to the corresponding photon correlations:  

 Γ(𝑚1, 𝑚2, … , 𝑚𝑁) = T𝑟(𝜌𝑁𝐴̂𝑚1
𝐴̂𝑚2

⋯ 𝐴̂𝑚𝑁
). 

 Here, 𝜌𝑁 is an input density matrix. Then, we follow an established procedure [21, 20] to enumerate 

with index 𝑞 all the possible 𝑁 combinations of 𝑀 detectors, (𝑚1, 𝑚2, … , 𝑚𝑁) and rewrite Eq. (6) 

in an equivalent form,  

 Γ𝑞 = ∑𝑆
𝑠=1 𝐵𝑝,𝑠𝑟𝑠   . 

 Here 𝑟𝑠  are the independent real and imaginary parts of the input density matrix, 𝑆 = (𝑁 +
3)!/(3! 𝑁!), 𝑞 = 1, … , 𝑄, 𝑄 = 𝑀!/(𝑁! (𝑀 − 𝑁)!), and 𝑀 is the total number of detected diffraction 

orders. The matrix elements 𝐵𝑝,𝑠 depend on the transfer matrix elements, and more specifically on the 
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vectors 𝑊𝑗
(𝑚)

 and singular values 𝑠𝑚,𝑝. 

 

We can then reconstruct an input state from the correlation measurements by performing a pseudo-

inversion, provided the number of different correlations matches or exceeds the number of unknowns, 

𝑄 ≥ 𝑆,  

 𝑀 ≥ 𝑁 + 3  . 
Importantly, in addition to the necessary condition, it is essential that reconstruction results are robust 

in presence of experimental errors in the correlation measurements. This can be expressed as a 

requirement to minimize the condition number 𝜅 of matrix 𝐵, defined as a ratio of its largest and 

smallest singular values 

 

 

 
Figure  3.2:  (a) Ordinary and extra ordinary phase retardances (𝜙𝑜, 𝜙𝑒)  for a metasurface 

numerically optimized for polarimetry of a single incoming photon state. The render shows the 

metasurface calculated via analytical calculations and Rigorous Coupled Wave Analysis (RCWA), 

including the angles to which each element is rotated. The metasurface was designed as 832𝑛𝑚 thick 

amorphous silicon on glass, and has an inverse condition number 1/𝜅 = 0.573, close to the theoretical 

limit of 1/√2. (b) Poincaré sphere representation of partially polarized diffraction orders (±2, ±1) 

used as the basis states to affect the single-shot polarimetry using the metasurface shown in (a). (c) 

Phase retardances and three-dimensional render of a metasurface designed for polarimetry of an 

incoming bi-photon state, simulated for 790𝑛𝑚 thick amorphous silicon on glass. This has an inverse 

condition number of 0.170. (d) Basis states for (±2, ±1,0) single-shot polarimetry of bi-photon states.  

 

The metasurface was designed and optimized in multiple steps. First, multi-stage optimization of the 

metagrating's phase parameters was performed via a semi-analytical approach, targeting the most 

robust polarization reconstruction using the inverse condition number. Knowing that each cuboidal 

resonator defines a transfer matrix 𝐔 represented in the Jones formalism as  

 𝐔 = 𝐑(−𝜃). [𝑒𝑖𝜙𝑜 0
0 𝑒𝑖𝜙𝑒

] . 𝐑(𝜃) (9) 

 where 𝐑(𝜃)  is a two-by-two rotation matrix by angle 𝜃  and 𝜙𝑜  and 𝜙𝑒  are the phase shifts 

imposed by the resonator along the ordinary and extraordinary axis, we defined a metagrating as the 

action of some number of pixels arranged into a periodic supercell, as shown in Fig. 3.2(a,c). It is 

therefore possible to analytically calculate the transformation matrix of the metasurface using the fourier 

transform.  

 𝐓(𝑚) = ∑𝑁
𝑗=0 𝐔(𝑗)𝑒−

2𝜋𝑖

𝑁
𝑚𝑛, (10) 

 where 𝑁 is the total number of elements in a single unit cell, each of which has a transfer matrix 𝐔(𝑗). 

This was implemented numerically using a fast fourier transform, thus allowing for the calculation of 

the condition number 𝜅 as the ratios of the minimum and maximum singular value decomposition 

values. By minimizing the condition number, it is thus possible to optimize towards a highly robust 

design. This optimization produced a set of phase parameters corresponding to each pixel of the unit 

cell, consisting of phase-shifts along the ordinary and extraordinary axes of each pixel as well as the 

angle of each pixel, which may be seen in 3.2(a,c) for one- and two-photon designs respectively. This 
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also allowed us to calculate the basis states of the diffraction orders to be used for the reconstruction, 

demonstrating that they are clearly non-orthogonal. 

 

The vectors 𝐖𝑗
(𝑚)

 are the basis states of the projection measurement. By converting these to a Stokes 

basis, these may be plotted on a Poincaré sphere for convenient visualization of the basis states 

implemented by a given metasurface design, as shown in Fig. 3.2(b, d), with the lengths normalized as  

 𝑅 = 1 −
𝑃𝑚𝑖𝑛

𝑃𝑚𝑎𝑥
, 

 where 𝑃𝑚𝑖𝑛 and 𝑃𝑚𝑎𝑥  are the minimum and maximum powers transmitted to the relevant diffraction 

order. Furthermore, this provides a convenient conversion between the Jones transfer matrix formalism 

and the instrument matrix formalism: The vector components of the instrument matrix (𝐼𝑛1
(𝑚)

, 𝐼𝑛2
(𝑚)

, 

𝐼𝑛3
(𝑚)

) are exactly equivalent to the basis state vector as derived from 𝐖𝑗
(𝑚)

. 

 

A physical parameter sweep of cuboidal pixels was then computed using a numerical technique known 

as Rigorous Coupled Wave Analysis (RCWA), thus producing a phase map from which suitable designs 

could be selected analytically. The physical parameters of the metasurface were thus designed by 

selecting pixels from the sweep that fit desired phase parameters, up to an arbitrary global phase, while 

accounting for the rotations of the pixels. This thus greatly simplifies the design process, reducing the 

parameters considered to just the length and widths of the cuboidal pixels. The combined metasurface 

structure thus designed was then simulated using a commercial electrodynamics solver, CST Studio, as 

a final optimization pass and safeguard against second and higher order interactions between adjacent 

pixels that are not accounted for in the analytical design. 

 

 

 

 
Figure 3.3:  Plots demonstrating the resistance to random fabrication error Δ𝜙  of the single and 

double photon metasurface designs. The numerically calculated designs were perturbed by adding 

random errors up to a maximum of Δ𝜙 to each of the nanoresonator elements, and the inverse condition 

numbers 1/𝜅 and diffraction efficiencies 𝜂𝑚𝑖𝑛, defined as the minimum power that is captured within 

the diffraction orders used. The errors were randomized 100000 times for each value of Δ𝜙, and the 

results normalized at each value to a total probability of 1.  

 

Based on the POVM formulation of the design, strong robustness against fabrication errors is expected 

of the metasurface. Numerical simulations were carried out to demonstrate this. Using the analytical 

design of a metasurface designed for single- and double- photons, random errors were introduced as 

follows. 

 

Under realistic fabrication scenarios, the most common deviations from the analytical design pertain to 
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the overall sizes of the nanoresonators. This were modelled as variance in the phase shifts along the 

ordinary and extraordinary axes of the individual nanopixels, i.e. random errors up to 𝛿𝜙 were added 

to each nanopixel, and the overall transmission of the altered metasurface structure calculated via 

superposition of the electric fields and subsequent fourier transformation. From this result, we computed 

the overall inverse condition number for the altered metasurface. By trialing large numbers of errors, 

we estimated the falloff of performance with the degree of random error, as shown in Fig. 3.3. The 

errors trialed range up to an extreme case of Δ𝜙 = 𝜋/2, which may be considered to be well in excess 

of accuracy of nanofabrication technology. 

 

We find that for realistic levels of error, on the order of 10−1, both the inverse condition number and 

the diffraction efficiencies do not drop significantly, as shown in Fig. 3.3. However, as one might expect, 

the double-photon design is more sensitive to error than the single-photon design, owing to the 

necessary consideration of additional diffraction orders to fully resolve multiple photons. 

 

The metasurfaces were fabricated [Fig. 3.4(b)] from a 832𝑛𝑚-thick amorphous silicon layer prepared 

at the ANU node of Australian Nanofabrication Facility (ANFF) using Plasma-Enhanced Chemical 

Vapor Deposition (PECVD) on a glass substrate. It was subsequently etched at the University of Jena 

using Electron Beam Lithography (EBL) and Inductively Coupled Plasma (ICP) etching. Slight variants 

in the prepared metasurfaces were prepared by in turn varying the EBL exposure times, accounting for 

minor errors due to fabrication error.  

 

 

 

 
Figure 3.4:  (a) Schematic of the experimental setup used to classically characterize the metasurface. 

Input states were prepared from a variable-wavelength infrared laser using a fixed polarizer and 

motorized half- and quarter- waveplates, before being collimated on the metasurface by lenses. Output 

diffraction order intensities were collected using a CCD camera. (b) Scanning Electron Microscope 

(SEM) image of the metasurface, fabricated as 832𝑛𝑚 amorphous silicon on glass via electron beam 

lithography. (c) Representative reading as taken using the camera, and the processed intensity plot 

obtained by slicing across the diffraction orders. Intensities were normalized to 1.  

  

After fabrication, the metasurfaces were characterized using the experimental setup shown in Fig. 3.4(a). 

The experiment was performed fully in free-space. Using a half waveplate, quarter waveplate and fixed 

polarizer, polarization states were prepared from a variable-wavelength laser operating in the 1500 −
1575𝑛𝑚  telecommunications bandwidth. The prepared polarization state was then focused to a 

spotsize of approximately 1𝜇𝑚 normally incident on the metasurface. The diffraction orders were then 

collected using an objective lens with a high numerical aperture, and further focused onto an infrared 

CCD camera using a convex lens. As a separate measurement, the camera was replaced with a calibrated 

power meter in order to determine the total power that was transmitted through the metasurface. 

 

The intensities of the diffraction orders over varying input polarization orders were thus captured as 

images in the camera, as shown in Fig. 3.4(c). The diffraction order spot locations were determined by 

hand, and the individual intensities were extracted by integrating the total intensities around each 

location. Each diffraction order was then fitted individually. We thus characterized the instrument 

matrix of the metasurface as a 4 × 𝑚 matrix. By normalizing this according to the degenerate elements 

of the density matrix, we may calculate the N-photon inverse condition number of the reconstruction. 
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Figure 3.5:  (a) Poincaré sphere representation of the basis states as calculated from the (±2, ±1) 

diffraction orders of the fabricated metasurface. These are, as predicted, partially polarized states. (b) 

The experimentally characterized inverse condition numbers of the metasurface across a wavelength 

range are plotted using the solid green line. The blue, dashed line represents the original RCWA design 

target, and the orange, dotted line represents the theoretical maximum. (c) The minimum and maximum 

power directed to each diffraction order, as determined by experiment. (d) Poincaré sphere showing a 

comparison of input states versus the reconstructed states using the experimentally characterized 

metasurface.  

  

From this characterization, we compute first the polarization bases of the instrument matrix, and plot a 

representative example in Fig. 3.5(a), calculated at a wavelength of at 1560𝑛𝑚. We further computed 

and plotted the inverse condition number across the wavelengths, along with the inverse condition 

number from the numerical design [Fig. 3.5(b)]. The experimentally calibrated inverse condition 

number deviates from the design target only by up to 15%. 

 

From the experimental data as well as the instrument matrix of the metasurface, a reconstruction was 

performed. From experimental data, an arbitrary range of angles for the half- and quarter- waveplates 

were chosen. From these angles, and knowing that the first polarizer was positioned vertically, we thus 

know the polarization states 𝜓𝑖𝑛
(𝑚)

 before incidence on the metasurface, accounting for experimental 

angular misalignment. For these input states, we also compute the states reconstructed from the 

measured intensities 𝑃𝑜𝑢𝑡  and the experimentally characterized instrument matrix 𝐼𝑛, as:  

 𝜓𝑟𝑒𝑐𝑜𝑛
(𝑚)

= 𝐼𝑛−1. 𝑃𝑜𝑢𝑡 

We then plotted these on the same Poincaré sphere for comparison, as shown in Fig. 5(d), and thus 

demonstrate that the reconstruction is successful with high accuracy.  

 

 

 

 

4) Optimal Monitoring of Deviations from Target Polarization with Metasurfaces, Ref. [3] 

 

We show the concept of the metasurface enabled sensitive monitoring of polarization deviations in Fig. 

4.1. An elliptical polarization shown by the black spot on the Poincaré sphere in Fig. 4.1(a) and defined 

by |𝛹⟩ is an arbitrarily chosen anchor polarization state. The quantity that needs to be sensed alters the 

anchor polarization by a small deviation δ, bringing it to the perturbed input state |𝛹in⟩ = |𝛹⟩ + 𝛿|𝛹̃⟩, 

where |𝛹̃⟩ represents the orthogonal polarization of |𝛹⟩, i.e. ⟨𝛹̃|𝛹⟩ = 0. The size of the red spherical 

area near the anchor polarization state indicates the magnitude of the deviation. It is hard to directly 

monitor such a small polarization deviation when |𝛿| ≪ 1, which would require a polarimeter with 

extremely high resolution. A polarimeter typically comprises of several optical elements and requires 

multiple measurements, which are always prone to errors and thus have limited resolution. We develop 

a novel concept of using a metasurface to project the anchor polarization |𝛹⟩ to a linear polarization 

state with attenuated power, while the small deviation 𝛿|𝛹̃⟩ is almost fully mapped to the orthogonal 

linear polarization state. By doing so the initial deviation 𝛿 is magnified and becomes easily detectable 

in the form of linear polarizations, whose monitoring requires only a single linear polarization splitter 

and two detectors.  
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Fig. 4.1. Concept of sensitive polarization deviation monitoring with metasurfaces. (a) An arbitrarily 

chosen elliptical anchor polarization shown by a black dot on a Poincaré sphere and deviations up to |δ| 

are indicated by red spherical crown. (b) A metasurface performing a special non-conservative 

transformation T. (c) The transmitted anchor state is converted to a horizontal polarization, with the 

vertical component representing amplified responsivity to deviations by a factor α. 

 

We design a metasurface that realizes a transformation 𝐓 [Fig. 4.1(b)] according to the following 

principles. First, it converts the input anchor polarization to the |𝐻〉 state, such that the output |𝑉〉 
component is zero in absence of perturbations. Then, the deviations are associated with the appearance 

of the output vertical polarization component, see Fig. 4.1(c). The corresponding deviation amplitude 

which is the ratio of the V-H amplitudes is 𝜂 = |⟨𝑉|𝐓|𝛹in⟩ ⟨𝐻|𝐓|𝛹in⟩⁄ |. Accordingly, the second 

metasurface design goal is to increase the deviations by a factor 𝛼, such that the ratio of output vertical 

and horizontal components provides an amplified value of the deviation. Such conditions can be only 

satisfied by a non-unitary polarization transformation 𝐓 expressed as  

 𝐓 = 𝜉(|𝐻⟩⟨𝛹| + 𝛾|𝐻⟩⟨𝛹̃| + 𝛼|𝑉⟩⟨𝛹̃|). (1) 

We define the amplification of the output V-H power ratio over the input perturbation-anchor power 

ratio as the responsivity of this scheme, that is 𝑆 = |𝜂|2/|𝛿|2. For small perturbations with |𝛿| ≪ 1, 

|𝛹out⟩ ≃ 𝜉(|𝐻⟩ + 𝛼𝛿|V⟩) and thus 𝜂 ≃ |𝛼𝛿| and 𝑆 ≃ |𝛼|2. For a specific anchor polarization state 
|𝛹⟩ = [cos(β), sin(β)exp(iφ)]T, we analytically determine the optimal metasurface transformation by 

identifying the two scaling parameters 𝜉, 𝛾 which maximize the mapping of deviations to the |𝑉〉 
component, under the constraints of (i) a chosen responsivity S0 and (ii) a passive (non-amplifying) 

and non-chiral (symmetrical) 𝐓. The optimal transformation has the following form 

 𝐓 =
1

𝜎𝑚
𝐓0 =

1

𝜎𝑚
[

1 √𝑆0⁄ −sin2(𝛽)

𝑐𝑜𝑠 (𝛽)
exp (𝑖𝜑) sin (𝛽)

sin (𝛽) −cos (𝛽)exp (−𝑖𝜑)
] (2) 

where 𝜎𝑚 is the maximum singular value of T0. 

 

We achieve the optimal transformation 𝐓 with a monolithic dielectic metasurface by non-trivially 

generalizing the use of pairwise structures, which we have developed for synthesizing the polarization-

dependent diffraction loss [1]. An exemplary metasurface layout is shown in Fig. 2(a) with a unit cell 

consisting of two types of silicon nano-pillars, each realizing a unitary transformation 

𝐔𝟏(𝜙𝑒
(1)

, 𝜙𝑜
(1)

, 𝜃(1)) or 𝐔𝟐(𝜙𝑒
(2)

, 𝜙𝑜
(2)

, 𝜃(2)), such that for the whole metasurface 𝐓 = (𝐔𝟏 + 𝐔𝟐)/2. 

This structure enables amplified sensing of polarization deviations around the non-trivial elliptical 

polarization state sketched in Fig. 2(b), with |𝛹⟩ = [cos(0.2𝜋), sin(0.2𝜋)exp(0.3𝑖)]T. We also plot a 

perturbed state |𝛹in⟩  with a dashed ellipse, corresponding to |𝛿| = 0.1 . The optimal design 

parameters of nano-resonators, the orientation angles 𝜃(1,2) and the phase retardances 𝜙𝑜,𝑒
(1,2)

 along 

the two axes labeled ordinary (𝑜) and extraordinary (𝑒), nontrivially depend on the amplitude ratio 

enhancement parameter 𝛼, see Fig. 4.2(c). In Fig. 4.2(d) we plot the dependence of the V-H amplitude 

ratio readout 𝜂 on the perturbation strength |𝛿| for two representative values of target amplification 

factor 𝛼 = 2, 10 . We observe that transformations with larger 𝛼  exhibit more pronounced 

enhancement of V-H ratio for a large range of polarization perturbations. According to the original aim, 

the largest amplification of deviations occurs in the range of small |𝛿| , which can facilitate the 

monitoring of weak perturbations. 
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Fig. 4.2. Realization of optimal metasurfaces for monitoring of polarization deviations. (a) Scanning 

electron microscope (SEM) image of a fabricated metasurface designed to resolve an anchor 

polarization state |𝛹⟩ = [cos(0.2𝜋), sin(0.2𝜋)exp(0.3𝑖)]T with the target amplification 𝛼 = 10. (b) 

The elliptical anchor polarization |𝛹⟩ (solid), and a perturbed state |𝛹in⟩ with |𝛿| = 0.1 (dashed). 

(c) Optimal nanoresonator orientations and phase retardance (with 𝜙𝑜
(1)

= 0) vs. the target sensitivity 

𝛼. (d) The output V-H ratio 𝜂 vs. the perturbation magnitude |𝛿| for the amplifications 𝛼 = 2, 10.  

 

 

Results, Discussion, Plans for Next Option Period:  Describe significant experimental and/or 

theoretical research advances or findings and their significance to the field.  Describe the main 

objectives for the next year. 

 

The key results are as follows: 

1) Development of metasurfaces that can perform arbitrary transformation of polarization photon pairs, 

Ref. [1]. 

 

Birefringent materials or nanostructures that introduce phase differences between two linear 

polarizations underpin the operation of wave plates for polarization control of light. Here we develop 

metasurfaces realizing a distinct class of complex-birefringent wave plates, which combine polarization 

transformation with a judiciously tailored polarization-dependent phase retardance and amplitude 

filtering via diffraction. We prove that the presence of loss enables the mapping from any chosen 

generally non-orthogonal pair of polarizations to any other pair at the output. We establish an optimal 

theoretical design-framework based on pairwise nanoresonator structures and experimentally 

demonstrate unique properties of metasurfaces in the amplification of small polarization differences and 

polarization coupling with unconventional phase control. Furthermore, we reveal that these 

metasurfaces can perform arbitrary transformations of biphoton polarization-encoded quantum states, 

including the modification of the degree of entanglement. Thereby, such flat devices can facilitate novel 

types of multi-functional polarization optics for classical and quantum applications. 

 

2) Discerning Polarization Objects using Quantum Non-local Measurements with Metasurfaces, Ref. 

[4]. 

 

We developed theoretically a generalized scheme to discern polarization-sensitive objects and their 

rotation through non-local measurements using non-classical light. Remarkably, we proved that non-

classical correlations between probe and reference-photons are needed to enable discrimination of all 

types of objects. Our proposed measurement scheme can be implemented with dielectric metasurfaces 

that harness modern advanced nanofabrication capabilities for high-fidelity operation. We believe, that 

this approach can satisfy the strong demand in research and industry for efficient and integrated optical 

schemes performing characterization of objects with polarization-sensitive transmission characteristics 

across a broad spectral range. In particular, it can benefit applications demanding accurate 

discrimination of objects with various polarization characteristics, including sets of phase objects like 

biological samples. 

 

3) Single Metagrating for Multi-Photon Polarization Measurements, Ref. [11]. 

 

We formulated a new conceptual approach for one-shot full Stokes polarization measurement with a 

single metagrating, and develop novel design through advanced computational optimization of 

individual nano-resonator properties delivering robust operation even under strong fabrication 

inaccuracy. We fabricated the metasurface from amorphous silicon nanostructures deposited on glass, 
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and experimentally confirmed accurate optical polarization reconstruction. We anticipate that our new 

concept will facilitate diverse applications such as optimal polarization state imaging tailored for 

computer vision or quantum state characterization. 

 

 

 

4) Optimal Monitoring of Deviations from Target Polarization with Metasurfaces, Ref. [3] 

 

We reveal that non-chiral dielectric metasurfaces can provide amplified responsivity for monitoring 

small deviations in the vicinity of an arbitrarily chosen anchor polarization state through a simple 

readout of output horizontal and vertical components. We determine the analytically optimal design and 

its practical realization through a binary combination of nanoresonators with tailored characteristics. 

We anticipate that our work will enable a new class of ultra-compact and ultra-sensitive flat meta-optical 

devices for a broad range of applications, including advanced sensing, imaging, and metrology in both 

classical and quantum photonics. 

 

Plans for Next Option Period 
 

Option plan 

 

Aim: Develop multi-functional metasurfaces for in-line quantum state monitoring and transformation. 

 

Conceptual approach: Develop a next generation of metasurfaces for realization of in-line monitoring 

of quantum photon states, based on detection of a small fraction of photons. The transmitted photons 

will be left either undisturbed, or transformed up to the required specifications. For this purpose, we 

will build on the results achieved in Year 1, to realize the multi-functional metasurfaces addressing a 

range of needs in quantum optical communications. 

 

Work plan and methodology:  

Our working principle is to design a metasurface which splits only a small fraction of light to diffraction 

orders, while at the same time transmitting most of the photons in the forward direction. We will build 

on our recently formulated general theoretical framework of in-line quantum state monitoring and 

employ advanced machine learning approaches to develop most efficient and robust metasurface design 

to simultaneously (i) apply a desired quantum polarization state transformation to the transmitted 

photons and (ii) realize effective POVM operators at different diffraction orders enabling state 

monitoring and discrimination (QSD). Thereby, such metasurfaces would be capable of integrating the 

multiple different functionalities, providing a key step forward compared to single-function optimized 

metasurfaces targeted in Year 1, opening up completely new opportunities for applications. 
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