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Abstract: In this paper we propose the biomimetic moth-eye anti-reflection 

structures on graphene sheet based on transformation optics. The reflections 

of such structures are investigated by analytical Effective Medium Theory 

combined with Transfer Matrix Method (EMT/TMM) and numerical Finite 

Element Method (FEM). Both analytical and numerical methods have 

shown that the average reflection losses of 1% can be achieved within mid-

infrared region. Moreover, such performance can be maintained to a very 

wide incidence angle, achieving less than 1% reflection up to 60° incident 

angle. The proposed moth-eye anti-reflection structures may provide new 

visions to achieve biomimetic designs with superior photonic functionalities 

on graphene-based devices. 
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1.    Introduction  

Surface Plasmons are electromagnetic excitations propagating along the interface between  

dielectrics and conductors [1]. Graphene is a semiconductor with a two-dimensional form of 

carbon atoms arranged in the honeycomb lattice [2], leading to the optical properties, such as 

ultrafast carrier dynamics [10]. Compared with plasmons on the conventional materials, such 

as noble metals, graphene plasmons (GPs) have shown better characteristics [11] at terahertz 

frequency band. Moreover, the carrier density in graphene can be electrically tuned by over 

two orders of magnitude through electrical biasing [3]. Recently, transformation optics (TO) 

based on graphene have received considerable attentions by offering new possibilities to 

manipulate the propagation of GPs [4], in which one graphene sheet can be regarded as a 

compose of spatially inhomogeneous or non-uniform conductivity regions. 

The natural world around us provides excellent examples of functional systems built with 

a handful of materials. Throughout the millennia, nature has evolved to adapt and develop 

highly sophisticated strategies to generate, detect, absorb, scatter, and otherwise process light. 

The investigations of such biological systems provide a great number of photonic design 

opportunities [5-7], e.g. the designs of some highly selective vapor sensors are inspired by the 

Morpho butterfly wing structures, and the eyes or wings of some species of moth are covered 

with arrays of nanoscale features that dramatically reduce reflection of light [8]. Multiple 

examples are proposed where this approach has been adapted for use in antireflection and 

antiglare technologies with the fabrication of artificial moth-eye surfaces [9, 10]. 

In this paper we design the biomimetic ‘moth-eye’ anti-reflection structures on a graphene 

sheet. In Section 2, the Effective Medium Theory (EMT) combined with Transfer Matrix 

Method (TMM) have been adopted to describe reflections of such structures and compared 

with results by numerical methods. In Section 3, we theoretically investigate the wide-angle 

performances of the proposed anti-reflection structures on the incident wavelength, transition 

region length and graphene chemical potentials. In the end we draw the conclusion.  

2.   Theoretical descriptions of moth-eye anti-reflection structures 

We first develop in this section an analytical method to describe the anti-reflection functions 

of the proposed moth-eye anti-reflection structures. The principle by which these anti-

reflections structures operate is to create an effective smooth transition across the interface 

between two mediums, and therefore ensures that incident light would not encounter a sudden 

change in refractive index, which would generally lead to the reflection of a proportion of 

energy [8]. Such biomimetic structures could provide superior anti-reflection performances 

within broad frequency band and under wide incident angles. On the other hand, according to 

the transformation optics [4], when the graphene plasmons (GPs) encounter two regions with 

different conductivities (Fig. 1(a)), the situation can be treated as an analogy of the plane 

wave passing from one medium to another (upper panel of Fig.1(b)). The modal indexs of 

GPs on the two regions Neff1 and Neff2 can be regarded as the medium refractive indexs. The 

smooth transition in refractive indexs provided by biomimetic anti-reflection structures can be 

obtained from the Effective Medium Theory (EMT) (lower panel of Fig.1 (b)). The length of 

anti-reflection structures is L2.  



                            

Fig. 1. Schematic view of the graphene sheet waveguide (a) and the equivalent structure based 

on transformation optics (upper panel of (b)) and the refractive index variation from effective 
medium theory.  

The realistic situation is illustrated in Fig. 1(a), a pattern-free graphene sheet is placed on 

an uneven doped silicon substrate with a dielectric spacer between them. Since the spacer has 

distinct thicknesses for the two regions, with a biased voltage Vb applied between graphene 

and doped silicon substrate, the difference of spacer thicknesses naturally lead to the different 

graphene chemical potentials on those two regions [11, 12]. In the mid-infrared frequency, the 

conductivity of graphene can be modeled with a semi-classical Drude model with a finite 

temperature correction as [13], 
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where j is the imaginary unit, e is the unit electric charge, ℏ is the reduced Planck constant, KB 

is the Boltzmann constant, c is the graphene chemical potential, T=300 K is the temperature 

and  is the angular frequency. The carrier relaxation time  can be determined through  = 

uc /evf
2, where the carrier mobility u=104 cm2/(V∙s) and the Fermi velocity vf =106 m/s [11]. 

The surface-normal permittivity of graphene is assumed as εg,n=2.5, based on the dielectric 

constant of graphite [13, 14]. By treating the graphene as an ultrathin layer with thickness 

d=0.34 nm, the tangential permittivity of graphene can be expressed as g,t=2.5-i/0d [11]. 

The maximum chemical potential of graphene is set as μc=0.7 eV, which can be implemented 

through electronic biasing [11, 12]. The dispersion relation of graphene plasmons can be 

approximately expressed as ≈j0(1+2)/() or the following form if Eq. (1) is substituted,  
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where ε1=1 and ε2=1.76 are the dielectric constants of the mediums above and the dielectric 

spacer without dispersion and dielectric loss. All the numerical solutions have been performed 

by the software package (COMSOL) based on Finite Element Method (FEM). According to 

the Eq. (2), the modal indexs of GPs as functions of chemical potentials and wavelengths can 

be derived. The real and imaginary parts of indexs are respectively shown in Fig. 2(a) and 

2(b). The wavelength spans from 6 m to 10 m while chemical potential varies from 0.2 eV 

to 0.7 eV. As rendered in Fig. 2(a), higher wavelength or chemical potential leads to the lower 

modal index and vice versa. Moreover, unlike the real part, the imaginary part in Fig. 2(b) 

performs much weaker dependence on wavelength while can still be adjusted by chemical 

potential. Higher real index means strong field confinement and simultaneously leads to the 

larger attenuation. It should be noted that for one wavelength (e.g. 6m), the real index gap 

under different chemical potentials can be nearly 50. Once GPs propagate between regions 



with large chemical potential gap (e.g. from 0.7 eV to 0.2 eV), considerable reflection is 

unavoidable.  

 
Fig. 2. Dependencies of the real and imaginary graphene plasmons modal indexs Neff on the 

wavelengths and chemical potentials.. 

To describe the anti-reflection functions of such structures, one may slice the middle 

region with smooth transitional refractive indexs into a large number of thin layers along x 

direction [15, 16]. Each layer is with thickness L2/N and the according effective index can be 

derived from EMT (see Fig. 1(b)), where N=100 to ensure the spacing between adjacent slices 

is less than the shortest plasmons wavelength considered. Afterwards, the reflectance off and 

transmittance through can be obtained by Transfer Matrix Method (TMM). The TMM is a 

simple approach to model waves passing through multilayer layers [10]. It employs continuity 

boundary conditions between dielectric layers and wave equations to describe reflection or 

transmission across each layer. Then, if the electric field is known at the beginning of the 

layer, a transfer matrix based on the wave equation can be used to determine the electric field 

at the other end of the layer [17, 18]. Compared with other methods adopted in analyzing 

multilayer structures, such as the Time-Based Optical Modeling Methods (e.g. FDTD), 

Rigorous Coupled Wave Analysis (RCWA) or the FEM, the TMM owes the fastest 

computation speed with satisfactory accuracy [10]. More detailed information about the TMM 

we adopted in this paper can be found in the supporting information of [19].  

We next present the reflection spectrums of the proposed structure by both analytical and 

numerical methods with alternative middle region lengths L2 and chemical potentials (under 

single biased voltage). For simplicity, the lengths of the first and last region are fixed at L1 

=L3=100 nm with the plasmons attenuations on which have been taken into account. The 

chemical potentials of the two regions are respectively μc1=0.7eV and μc2=0.4 eV in Fig. 3(a) 

and the middle region length L2=100 nm in Fig. 3(b). The wavelength spans from = 6 m to 

10 m. 

 
Fig. 3. Dependencies of the reflection spectrum under distinct middle region length L2 (a) and 

chemical potentials of two regions (b).  



As rendered in Fig. 3(a), the reflectance decreases at larger length L2. The reflectance 

within the whole considered wavelengths can be under 1% at L2=150 nm. It can be explained 

by considering the length L2 approaching the order of half a graphene plasmons wavelength 

(can be calculated from Fig. 2(a)), therefore the reflectance can be considerably reduced [20]. 

Figure 3(b) shows that the reflectance can be tuned by the chemical potentials through biased 

voltage. The reason is similar to that in Fig. 3(a), the chemical potential influences the real 

modal index, which further affects the graphene plasmons wavelength.  Lower potential gives 

rise to the higher modal index and lower plasmons wavelength afterwards, making plasmons 

wavelength and length L2 comparable and reducing reflectance. Furthermore, the analytical 

results from EMT/TMM agree very well with numerical method (error<0.5%), implying that 

the EMT/TMM can be adopted in the design of such anti-reflection structures. 

3. Anti-reflection performances under wide incident angle 

In this section, we investigate the wide-angle anti-reflection performances of the biomimetic 

‘moth-eye’ structures on graphene sheet by the EMT/TMM. In the practical applications, 

although the numerical simulations could provide rigorous solutions, they are quite time- and 

resource-consuming. As mentioned before, the EMT/TMM provides the fastest calculation 

speed, physical insight as well as satisfactory consistency to rigorous numerical simulations. 

Thus we suggest the analytical methods can be the ‘first step’ in the design procedure and 

numerical simulations afterwards. Firstly, we present the reflection spectrums under various 

incident angles and wavelengths in Fig. 4(a) and middle region length L2 in Fig. 4(b) through 

analytical methods. The chemical potentials are set as c1=0.7 eV and c2=0.4 eV. 

 

Fig. 4. Dependencies of normalized reflections by EMT/TMM on the incident wavelength (a) 

and middle region length L2 (b). The parameters settings are shown in the figure. 

As shown in the Fig. 4(a), the proposed ‘moth-eye’ anti-reflection structures possess well 

wide-angle performances, achieving reflections below or around 1% up to 60° incident angle 

and below 20% up to 80° incident angle. Moreover, as shown in Fig. 4(b), larger length L2 

should be chosen for small angle incidence (<50°). While for the larger incident angle 

(between 50° and 60°), the reflection shows unobvious dependence on the length L2. Such 

biomimetic anti-reflection structures can be applied as boundary to prevent the scatterings of 

incident GPs in the graphene-based devices. Secondly, as shown in Fig. 3(b), the reflection 

can be tuned by chemical potential on the two regions. Therefore, we assume two situations 

and investigate the wide-angle anti-reflection performances. One is the two regions under 

same varied biased voltage with fixed spacer thicknesses, resulting in the fixed chemical 

potentials ratio c2/c1. While in the other case, the two regions owe varied dielectric spacer 

thicknesses with same biased voltage, giving rise to the different chemical potential ratios. For 

simplicity, we set c1 as the independent variable and c2 as the dependent variable. In Fig. 

5(a), the ratio is fixed while c1 spans from 0.3 eV to 0.7 eV. While in Fig. (b), the c1 is fixed 



at 0.7 eV and chemical ratio spans from 0.1 to 0.9. The settings of wavelength and middle 

region length  L2 are shown in the figures. 

 

Fig. 5. Dependencies of normalized reflections by EMT/TMM on the chemical potential c1 

under same biased voltage (a) and the chemical potentials ratio with c1 is fixed. The 

parameters settings are shown in the figure. 

Figure 5(a) renders that the reflections are nearly independent on the biased voltage under 

sufficient long transition region (L2=150 nm), which means that the proposed structure can 

still perform well even at quite smaller biased voltages, cutting implement complexities and 

becoming more easily realized. On the other hand, in Fig. 5(b) the reflections show obvious 

dependences on the chemical potential ratios. The lower ratio means the larger index gap 

between the two regions and accordingly high reflection, therefore suitable L2 (near the order 

of half a graphene plasmons wavelength) is needed to achieve low reflection. 

Conclusion 

In this paper, we proposed a biomimetic ‘moth-eye’ anti-reflection structures on the graphene 

sheet. As the graphene plasmons propagate on the graphene sheet with two spatially distinct 

chemical potentials, the reflectance can be reduced by introducing one layer with smooth 

transition of plasmons modal index. The reflectance derived from Effective Medium Theory 

(EMT) and Transfer Matrix Method (TMM) shows well consistency to the numerical methods. 

Reflectance below 1% can be achieved in the mid-infrared frequency band with well wide-

angle performances. Theoretical investigations show that for the structures with enough length, 

the reflectance is nearly independent on the biased voltage, while for the case with large 

chemical potential gap, the length should be appropriately selected. The proposed structures 

pave ways to achieve analogies of biological structures with superior photonic functionalities 

on the graphene-based devices. 
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