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Abstract. 

Light scattered by an object contains plethora information about the object which is distributed 

evenly among all possible Fourier components of light observed in the far-field. There are some 

cases, however, where this information is accumulated in the light confined by the object and 

then encoded in just a few coherent optical beams. Here, Fourier nanotransducers based on 2D 

plasmonic metamaterials are introduced, which are capable of confining light in 2D plane 

contacting with a functional interface, gathering information about its properties and then 

transmitting the information into discrete optical beams with amplified phase relations. It is 

shown that phase of light in such beams can be used for probing dynamic physical properties 

of 2D materials and performing bio/chemical sensing with unprecedented sensitivity. Using a 
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Fourier transducer based on periodic gold nanostructures, ferroelectric response from a single 

atomic layer of MoS2 is resolved and studied for the first time, as well as the detection of 

important antibiotic chloramphenicol at fg/mL level is demonstrated, which several orders of 

magnitude better than reported in the literature. The implementation of phase-responsive 

Fourier nanotransducers opens new avenues in exploration of emergent 2D structures and 

radical improvement of biosensing technology. 

 

Capable of exhibiting properties not found in nature, artificial nanostructured materials 

offer unique opportunities to concentrate light and manipulate its characteristics.[1-4] For 

example, phase of light can be effectively manipulated by 2D nanostructured metasurfaces 

providing new laws of reflection and refraction as well as designer beam shapers.[5,6] Systematic 

studies of light phase changes in space domain have a long successful history and resulted in 

several breakthrough technologies, such as holography[7] and phase contrast.[8] Changes of light 

phase under evolution of a nanomaterial with time attracted significantly less attention. This 

seems to be surprising as behaviour of light phase in time domain was paramount for detection 

of faint signals associated with gravitational waves[9] and important for development of compact 

and fast phase light modulators[10] among others important advancements. 

Nanotransducers enabling manipulations of light phase in 2D plane are of particular 

importance as they could provide breakthrough tools for studying properties of planar structures 

and functional interfaces, including newly emerging 2D materials and van der Waals 

heterostructures[11] that promise appealing applications in electronics, optics, photochemistry, 

biomedicine, etc. The optical response of 2D materials was extensively used for elucidating 

their physical properties; however, currently available methods (absorption spectroscopy, 

Raman, photoluminescence) provide mostly basic information and normally cannot gather 
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dynamic characteristics due to difficulty of signal collection from atomically thin layers. The 

involvement of light phase properties can offer an additional sensitive parameter to characterize 

2D materials, as it was already demonstrated in investigations of ferromagnetic properties of 

van der Waals heterostructures (down to monolayer) using phase detection in simple 

(unamplified) regime.[12,13] Dynamic control of 2D functional interfaces presents another 

important application for phase-sensitive transducers. Optical biosensing is a prominent 

example as it implies time monitoring of refractive index changes in ultrathin (less than a few 

nm) biological layers due to biomolecular binding events between a target analyte coming from 

a solution and its corresponding receptor immobilized on the surface.[14] As shown in previous 

studies, light phase can be orders of magnitude more sensitive to environment as compared to 

light amplitude in tasks of plasmonic biosensing when biological events are probed on plasmon-

supporting gold films[15] or designed nanoarrays.[16,17]  

Here we introduce metastructures based on Fourier nanotransducers for ultrasensitive 

characterization of properties of 2D materials and functional interfaces, which are designed to 

confine light in the plane of studied 2D object and thus sensitively accumulate information 

about its properties and encode the information into discrete optical beams with amplified phase 

relations to enable unlimited raw phase sensitivity to temporal variations in the examined 

object. To demonstrate potential of Fourier nanotransducer metamaterials, we for the first time 

observe ferroelectric behavior in a single atomic layer of MoS2 and demonstrate detection limit 

of fg/mL concentration of chloramphenicol, a critically important antibiotic used in medicine 

and food industry, which is at least three orders of magnitude better than previously achieved 

with all label-free or label-counterparts. 

To explain the main idea, let us consider a general case of light scattering by an 

illuminated examined object. If a studied object is periodically ordered, then, light interference 
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affects the far-field domain and the scattered light can be written[18] as a discrete sum of Fourier 

components ˆ( , ) exp( )sc n n n

n

t E i i t E r ε k r , where index n incorporate both the beam 

number and the light polarization and exp( )n n nE E    is the complex amplitude of discrete 

Fourier component. We will refer to such materials as discrete Fourier materials (DFM). DFMs 

allow one interrogate not only the amplitude of the scattered light in the far-field but also its 

phase. Figure 1a shows a typical example of light scattering by DFM-based transducer designed 

for studies of properties of 2D materials. 

The phase Fourier nanotransducers (PFN) are then defined as discrete Fourier materials, 

which make possible concentration of light in 2D plane and thus enable abrupt dependence of 

the phase of the beam orders on properties of an adjacent 2D medium. This provides responsive 

temporal control of light phase induced by tiny variations of the 2D medium. The amplitude 

and the phase of the n-th beam (Figure 1a) contain all relevant information about the studied 

sample. This information, however, is not specific and to improve selectivity, one normally has 

to measure spectral and angular dependence of reflection using, e.g., variable angle 

spectroscopic ellipsometry.[19] We then postulate that phase of light produced by PFNs becomes 

an efficient parameter for characterization of 2D materials and interfaces if two conditions are 

satisfied: (i) PFNs exhibit a sudden change of light beams in the discrete orders at the 

measurement conditions. For example, a loss of intensity in reflection is always accompanied 

by enhanced phase sensitivity[15,20]. (ii) Probing light of PFN is confined in the plane of 2D 

material conditioning ultrasensitive phase response on variation of its properties.  

Figure 1 (b-d) describes three methods for the implementation of PFN, which could 

unlock ultra-high phase response from 2D structures. First method is based on darkness where 

the phase of the light is changing in an abrupt fashion and the light is concentrated in 2D plane, 

see Figure 1b. (Previously described thin films and metamaterials enabling light darkness [15-17] 
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could also be suitable provided they concentrate the light in 2D plane.) We showed that the 

increase of phase sensitivity over amplitude one, G, can be described by a simple relation 

min~1/G  , where min 0/nE E  , for details see Ref. 16. The second method of creating 

PFNs is based on disappearance of the diffraction orders, Figure 1c. Indeed, the number of 

orders in DFM is not fixed and can change when the properties of a studied medium is changed. 

This would lead to a rearrangement of all beams produced by scattering and extremely fast 

changes of phase and amplitude of light in all orders. The most famous example of this case is 

Rayleigh cut-off phenomenon where a diffraction order disappears (or appears) for a sample 

fabricated on a substrate with refractive index different from that of the measured medium[21]. 

Finally, Figure 1d shows the third method of creating PFN, which is based on guided modes of 

light. This case does not require rearrangement of diffraction orders. Instead, a periodic 

arrangement of metamaterial elements produces optical beams channelled along the 

nanomaterials elements. As a result, these elements strongly modulate the phase of the 

channelled beam providing extremely high phase sensitivity to tiny changes of the medium 

surrounding nanomaterials. 

The enhancement of phase sensitivity achieved with PFNs over the standard optical 

interrogation can be approximated by the following relation 
proploc

n

LE
G

E 
, where locE  is 

the local field acting on 2D material or interface, nE  is the light field amplitude in n-th Fourier 

component, 
propL  is the characteristic propagation length of the trapped mode and   is the 

light wavelength. Since nE  can be made arbitrary small, it implies that the raw phase sensitivity 

of PFNs has no limits. 

In this work, we show two generic applications of PFNs for studying physical properties 

of 2D materials and label-free biosensing based on functional interfaces. First, we describe 
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investigation of ferroelectricity in a single layer of molybdenum disulphide with the help of 

PFNs. The most common (stable) 1H phase of a single layer MoS2 does not possess ferroelectric 

properties due to its symmetry.[22] The chemical vapor processes can induce the transition of 

1H phase of MoS2 to a metastable 1T phase with lower symmetry.[23] 1T phase of MoS2 is 

metallic and could be relatively stable (it is relaxed back to a semiconductor 1H state by 

annealing in vacuum at 400C). Its symmetry allows piezoelectric behaviour while ferroelectric 

behaviour is still forbidden.[22] In the presence of substrate (pressure, adsorbates), 1T phase 

becomes unstable and subject to Peierls-like instability which leads to the formation of 

semiconductor 1T phase of MoS2.
[24] (It was also suggested that hydrogen adsorbates can even 

stabilize 1T phase over 1H one.[24]) The symmetries of 1T phase of MoS2 allows 

ferroelectricity (perpendicular to the plane) which was indeed predicted to exist at room 

temperature in this polytype of MoS2
[25] but is yet to be observed. 

To measure the ferroelectric response of a single layer MoS2 we have chosen PFNs 

which incorporates darkness and guiding modes. The schematic of the waveguide/plasmonics 

array hybrid PFN structure is shown in Figure 2a. It includes a gold sublayer (65 nm) deposited 

on a glass substrate with a periodic gold grating (period 1560 nm, thickness 70 nm, the stripe 

width 475 nm) fabricated on the top of gold film and covered with 300 nm of Si3N4. The hybrid 

optical modes of this structure were earlier discussed[26]. A CVD grown single layer MoS2 

(supplied by 2D Semiconductors) was transferred on the top of the structure, Figure 2a, with 

the help of the wet transfer procedure. Figures 2b and 2c show the optical and SEM images of 

the studied sample, respectively. To identify regions with a high concentration of 1T/1T phases 

in a transferred MoS2 we apply Raman spectroscopy. 1T/1T phases possess a set of J1, J2 and 

J3 Raman frequencies[27,28] lying in the range of 150-350 cm-1. Figure 2d shows a typical Raman 

spectrum from a region with high concentration of 1T/1T phase of MoS2 with the marked 
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Raman peaks J1, J2 and J3. To verify the prevalence of semiconductor 1T phase over metallic 

1T phase in these regions, we measured the 2D analogue of the Franz-Keldysh effect[29] in the 

sample reflection near the predicted bandgap of 0.7 eV of the 1T phase.[25] Figure 2e shows a 

relatively strong change of reflection of the structure (measured at normal light incidence using 

Fourier Transform Infra-Red spectrometer) with applied gating voltage at the wavelengths just 

below the bandgap (voltage was applied between gold nanostructure and a MoS2 single layer) 

which suggests that we indeed have the presence of 1T phase in the studied region of a MoS2 

flake. The spectrum of ellipsometric reflection of the structure at an incident angle of 80 is 

depicted at Figure 2f. (It is plotted in ellipsometric parametres   and   such that 

/ tan( )exp( )p sr r    , where pr  and sr  are complex amplitude reflection coefficients for p- 

and s-polarization, respectively[19]). There are two points in the spectrum with amplified phase 

relations: one corresponding to 0pr   at wavelength ~540nm and another one corresponding 

to sr =0 at 624 nm. For studying ferroelectric behaviour of MoS2, we have chosen the singular 

point in s-reflection (at 624 nm) as in-plane electric fields of light are more sensitive to the 

charges induced on MoS2 by gating. Figure 2g shows the main result of our measurements – 

hysteretic behaviour of measured light phase as a function of gating voltage. (The hysteresis 

was absent in the amplitude interrogation and in regions of MoS2 without pronounced Raman 

peaks J1, J2 and J3). The switching voltage is around 100swV   V and corresponds to switching 

fields of 
3 4

6/ 3 10sw Si NE V d    V/cm which is the same order of magnitude as the predicted 

value of 107 V/cm.[25] It is difficult to evaluate the spontaneous polarization, zp , from our data 

as the change of the phase  can be also induced by the change of the electron density in MoS2. 

The induced electron density at the 100 V was 3 4

3 4

131.5 10
4

Si N

Si N

V
n

d




    cm-2 and corresponded 
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to the phase change of 0  1.5. A crude top limit for zp  can be estimated from the open 

hysteresis of h  0.14 as 
0

0.22h
zp ne






 


µ C/cm2. This value is quite close to the 

predicted value of 0.2zp   µC/cm2 for 1T phase of molybdenum disulphide.[25] 

For investigation of functional interfaces, we fabricated 2D nanotransducers which 

incorporate darkness, grazing beams and disappearance of diffraction orders in attenuated total 

reflection geometry. Simultaneous generation of these three phenomena becomes possible due 

to diffraction coupling of localized plasmon resonances over periodically arranged individual 

metamaterial elements (nanodots, nanostripes, etc.).[4,16,17] A scheme of such PFNs for 

examining 2D interfaces is shown in Figure 3a. One can see that the reflected beam shows the 

darkness at the wavelength of ~600nm realized due to diffraction coupling of localized plasmon 

resonances[4]. At the same time, the diffracted beam becomes really strong at the condition of 

Rayleigh anomaly[21] and disappears completely when the diffraction order moves into the 

substrate concentrating at the plane of the examined 2D object. The left inset in Figure 3a shows 

a well-defined spectral spike at the wavelength of the reflection darkness measured for grazing 

beam geometry, which confirms the generation of a planar mode at the diffraction edge 

conditions. Figure 3b depicts SEM 3D image of the nano-antenna metamaterial sample used in 

this work while Figure 3c shows the ellipsometric reflection at the resonance conditions when 

the structure shown in Figure 3b contacts aqueous ambience. 

We apply the PFNs shown in Figure 3 for label-free biosensing. To this end, we 

developed a novel protocol for a quantification of chloramphenicol (CAP, D(-)-threo-2-

dichloroacetamido-1-p-nitro-phenyl-1,3-propanediol), a critically important small molecular 

weight (323 Da) antibiotic against gram-positive and gram-negative bacteria, which is widely 

used in clinical and veterinary applications. Since a regular consumption of CAP with food and 
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other products may lead to serious adverse effects for human health (leukemia, aplastic anemia 

and cardiovascular collapse), precise and sensitive quantification of CAP is critically important. 

A schematic description of functionalization steps on nanoparticle surface to implement the 

CAP detection protocol is illustrated in Figure 4a. 

The quantification of CAP was realized in a label-free competitive assay mode (see short 

and detailed descriptions in Figure 4b and in Supplementary Information, respectively). The 

detection was carried out in phosphate-buffered solution, pH 7.4 supplemented with 1% of 

bovine serum albumin since it is frequently used buffer similar to physiological conditions. As 

shown in Figure 4c, the change of CAP concentration in the pumped solutions from 106 ng/mL 

to 0 ng/mL leads to a gradual spectral shift of the resonance position until it comes to saturation 

at the concentration of 10-3 ng/mL. The limit of detection (LOD) for minimal CAP 

concentration based on spectral data was determined by 3σ criterion and found to be 25 pg/mL 

(Supplementary Information), which is already better than LOD values from all previous 

studies for label-free methods (e.g., LOD equal to 0.26 ng/mL,[30] 32.2 pg/ml,[31] 30 pg/mL[32]) 

and not far from best values for label-based methods such as EIA assays (7.6 ng/mL,[33] 6 

pg/mL[34]).  

It is the phase interrogation, however, which is expected to provide hypersensitivity. As 

shown in Figure 4c, phase started to evolve only after the third concentration of CAP, which 

was obviously related to the beginning of fast variation range within its singularity (Figure 3c). 

Then, using phase as a signal parameter we could follow all subsequent concentrations of CAP, 

while the whole phase variation nearly reached its full dynamic range (180 deg). Finally, phase 

started to come to saturation at last points, which is consistent with complete binding of all 

active CAP sites on Au nanoparticles by the antibodies. The error of phase measurements 

provided by the ellipsometer for a fixed angle of incidence and the spectral operation range of 
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600-800 nm is 0.05 deg. Using this value of the error, we can estimate the relevant LOD as 27 

fg/mL, which is almost 3 orders of magnitude better than all values recorded by alternative 

techniques. As we reported in our previous study[15], a much better phase resolution of 10-3 deg. 

(and lower) can be obtained, e.g., by using advanced phase sensitive systems based on low-

noisy acousto-optical modulators. It is easy to find that with such a phase resolution the LOD 

can be below 1 fg/mL, i.e. in the sub-fg/mL level. It is important that this spectacular result can 

be obtained in the absence of the labelling step, which requires extra time and cost demands, as 

well as often occludes the binding site provoking false negative signals[14]. Furthermore, the 

used optical arrangement enables one to follow biomolecular interactions in real time and thus 

obtain additional information on kinetic constants of reactions, which is hardly possible with 

labelling approaches. 

To conclude, advanced materials based on Fourier nanotransducers provide wherewithal 

to study dynamic properties of 2D materials and functional interfaces with unprecedented 

sensitivity. In particular, using PFN light phase response we observe ferroelectric behavior of 

1T phase of single layer MoS2, recently predicted by theory. We envisage a wide application 

of PFNs for studying ferroelectricity in other 2D materials. We showed that PFN can help to 

exceed LODs of current state-of-the-art label-free[30-32] and label-based[33,34] biosensors by 4 

and 3 orders of magnitude, respectively. We believe that such hypersensitivity can radically 

advance label-free biosensing technology and eventually extend its application area beyond 

research laboratories. Here, we envision several biomedical, safety and security tasks, which 

could profit from the reported hypersensitivity. These include the detection of deadly pathogens 

to timely diagnose the progression of deadly diseases in clinical applications[35] and the 

detection of ultra-small concentrations of drugs in sports doping.[36] We also see the detection 

of highly toxic biotoxins for environmental safety and counter-bioterrorism applications.[37] 
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Finally, PFNs can be applied for monitoring of pathogens, drugs and other components in food 

samples. The detection of some target analytes in complex matrices (meet, honey, milk etc.) 

presents a real challenge due to high viscosity of these products, which requires complicated 

treatment procedures to separate all matrix components.[38] The increase of sensitivity makes 

possible 1000-time dilution of samples and their direct and prompt analysis. Finally, PFNs can 

find their applications in other time domain control of light phase, e.g., compact light 

modulators and light multiplexers. 
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Figure 1. Phase Fourier nanotransducers (PFNs): a) General concept. Light beam is directed 

onto a transducer, which is capable of concentrating light in a tested 2D object, while optical 

information on the event is encoded in just a few coherent beams: reflected and transmitted 

(black arrows), diffracted in the plane of incidence (red arrows) and out of this plane (blue 

arrows); b) PFNs enabling a drastic drop of intensity in reflected, transmitted or diffracted 

beams due to absorption in the system or other phenomena; c) PFNs enabling the disappearance 

of a diffraction order (Rayleigh cut-off) or a redistribution of energy between them; d) PFNs 

enabling light coupling to a guiding mode along nanomaterial elements 
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Figure 2. PFNs for study of ferroelectric response from a single atomic layer of MoS2. a) 

Schematics of the structure used for studying ferroelectricity in MoS2. The PFNs structure 

comprises glass substrate, 65 nm gold film, gold grating, 300 nm Si3N4 waveguide which also 

serves as a dielectric separator, a single layer CVD MoS2 flake. The gating voltage is applied 

between the gold layer and the MoS2 flake. b) The optical image of the structure. c) The SEM 

image of the structure. d) The Raman spectrum of MoS2 flake from the region with presence of 

1T phase. J1, J2 and J3 mark Raman peaks corresponding to 1T’ phase of MoS2. E2g and A1g 

indicate peaks corresponding to 1H phase of MoS2. The inset shows the optical image of the 

region from which spectra were acquired. e) The change of the sample reflection measured at 

normal angle of incidence due to applied gating voltage.  f) A typical ellipsometric spectrum 

measured from the full structure at an incident angle of 80. The blue line represents the 

amplitude response , the red line – phase response . The dark red arrow indicates the point 

of vanishing reflection of s-polarization, 0sr  . g) The phase response of PFNs combined with 

MoS2 at the wavelength of 630 nm as a function of gating voltage.  
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Figure 3. Diffraction edge phenomenon in PFNs based on 2D plasmonic nanoarray. a) 

Schematics of experiment for probing properties of functional interfaces using ellipsometry 

platform in ATR geometry. PFN is arranged in such a way that one of diffracted orders 

propagates over nanostructured transducer and is confined in 2D plane of the tested object. As 

a result, one can observe a peak in the grazing beam spectrum (left inset) and a dip in the 

reflection spectrum (bottom inset). Any dynamic change of 2D material or interface can be 

recorded in reflected, transmitted and diffracted beams by following amplitude and phase 

characteriatics of light; b) Scanning Electron Microscopy image of 2D plasmonic array based 

on merged 150 nm nanoparticles used in our tests; c) Spectral dependencies of ellipsometric 

reflectivity Ψ (black) and phase Δ (blue) for light reflected from PFN array depicted in the panel 

b contacting with aqueous ambience in ATR geometry  
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Figure 4. PFN in biosensing for study of antibiotic chloramphenicol (CAP) detection a) 

Functionalization of nanoparticle surface for enabling a protocol of chloramphenicol (CAP) 

detection. A carrier protein (bovine serum albumin, BSA) is first conjugated with CAP. BSA-

CAP complex is then incubated with 1,4-Dithiothreitol (DTT) in carbonate-bicarbonate buffer. 

Then, DTT-treated BSA-CAP complex is immobilized on gold nanoparticles; b) In the 

competitive mode, CAP analyte in a sample under investigation is pre-incubated with anti-CAP 

antibody and the incubated complex (CAP*anti-CAP IgG) is pumped near CAP-coated Au 

nanoparticles. When CAP concentration is high, all antibodies are pre-blocked with CAP and 

their binding to surface-coated CAP is impossible (right panel). The decrease of CAP 

concentration leads to the appearance of free antibodies, which start to bind to CAP on the 

surface and the resulting signal is proportional to the number of surface-bound antibodies 

(middle panel). At low CAP concentrations (left panel) the recorded signal finally comes to a 

saturation corresponding to a complete binding of all sites on the surface of nanoparticles with 

antibodies (left panel); c) Dependence of spectral resonance minimum position (black) and light 

phase signal (blue) on concentration of CAP. The errors for spectral dependence were 

determined from the spectral resolution of the spectrometer (0.5 nm) improved by fitting 

with the use of N=7 points to an experimental error of /√𝑁0.2 nm. The error was phase 

measurements was determined similarly and was about 0.05 Deg. 
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