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Abstract. To study the mechanism of periodic change of reflective rectangular metallic gratings’ diffraction efficiencies, a dual 

secondary coherent light source array model was established based on the theory of Fabry­Pérot resonator. It was assumed that when 

incident light falls on the grating surface, it transforms into two coherent sources on each grating period. One is on the upper surface 

of the grating, reflected by the metal surface; the other is at the entrance of the grating groove and propagates in the form of a 

fundamental mode (λ
f   
). Based on the above mentioned hypothesis, formulae for the phase difference Δϕ of two sources and diffraction 

efficiency for the first and zero order with grating height h, were established. Δϕ and h are linear relationships, the phase difference 

Δϕ change due to the change of grating height h is the essencial cause of periodic changes of the diffraction efficiencies. When Δϕ 

has a certain value, the energy is distributed only in the zero or the first order direction. The model does not only show the change 

regularity of each diffraction order’s diffraction efficiency of reflective rectangular metallic grating, but it also shows the correlation 

of each diffraction order. It can help to predict diffraction performance of rectangular metallic gratings and to design gratings. 

 
Key words: Fabry­Pérot resonator, dual secondary coherent light source array model, fundamental mode, phase difference, diffraction 

efficiency. 
 
 
1. INTRODUCTION 
1 

Grating is widely used in optical field due to its periodic structure, diffraction and polarization characteristics. 

In 1998, Ebbesen et al. discovered the phenomenon of ultra­transmission of hole array with diameter smaller 

than the length of incident light. They believed that the ultra­transmission phenomenon is caused by the coupling 

of surface plasmon and incident light on hole array [1]. At present, researches on diffraction grating phenomenon 

with feature size smaller than incident light’s wavelength mainly focus on two theories: surface plasmon 

resonance and Fabry­Pérot (FP)­like resonance. Porto et al. studied the diffraction phenomenon of resonant 

waveguide gratings and surface plasmon resonance theory, respect ively [2]. D’Aguanno et al. believed that both 

surface plasmon and FP­like resonance can affect the diffraction grating, and that FP­like resonance supported 

by the waveguide mode in each slit of the grating played a leading role [3], especially under the condition where 

the incident light is perpendicular to the grating surface and there is no prism or substrate. Astilean et al. studied 

the distribution of energy in the grating grooves during diffraction process. They found that the energy in the 
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grooves exhibited a periodic distribution in the direction of grating height. Then they considered the groove of 

the grating as a FP­like resonator [4]. For a long time, scholars have been studying the influence of FP­like 

resonance on transmission or reflective grating diffraction, and gradually confirmed the leading role of FP­like 

resonance [5‒9]. Reflective grating is often used to measure displacement. The grating displacement 

measurement system converges diffraction lights together to generate the interference signal [10‒15]. Moharam 

et al., founders of rigorous coupled­wave analysis (RCWA) [16‒19] calculated the diffraction of the reflective 

metallic grating. The grating period has the same magnitude as the wavelength of the incident light. They 

described the trend of the periodic change of the zero and the first order diffraction efficiency dependence on 

the grating height (note that one of the zero and the first order goes up and the other one goes down, and vice 

versa [19]). For reflective rectangular metallic gratings, the reason and the essence of such a regularity should 

be further studied and discussed. Furthermore, a model is required to not only study the change regularity of 

energy in a single grating period or groove, but also relate them to the diffraction of the grating. 

A dual secondary coherent light source array model was established based on the theory of FP resonator 

to study the diffraction mechanism of reflective rectangular metallic grating with subwavelength feature 

size. In this paper, the surfaces of the grating ridges and grooves illuminated by the incident light are 

considered as two kinds of secondary coherent light sources. The source on grating ridges is reflected by 

the metal surface. The source on grating grooves propagates in grooves as fundamental mode [3]. The phase 

difference between two sources depends on the fundamental mode’s propagation distance in grooves. The 

model was used to reflect the relationship between grating height; and the zero and the first order diffraction 

efficiency. The diffraction process is affected not only by FP­like resonance, but also by the reflected light 

from the upper surface of the grating. The mechanism of how grating height affects diffraction of reflective 

rectangular metallic grating was further analysed. In ad dition, the intrinsic link between the zero and the 

first order diffraction efficiency was discussed. 

 

 

2. MODEL  OF  DUAL  SECONDARY  COHERENT  LIGHT  SOURCE  ARRAY  

 

In this section, the dual secondary coherent light source array model was established based on the theory of 

Fabry­Pérot resonance. The environment was set up at the beginning. The grating period had similar size as the 

wavelength of incident light; and the size of grating groove was smaller than the wavelength of the incident 

light. 

Figure 1 describes the dual light source array model in more detail. Inspired by Fraunhofer diffraction 

theory [20], but different from it, each period of the reflective rectangular metallic grating is composed of a 

ridge and a groove. The ridge and groove surfaces covered by the incident light were considered as two 

secondary coherent light sources. As shown in Fig. 1, the ridge surface is called secondary light source 1, 

and the groove surface is called secondary light source 2. When the incident light enters into the grating 

groove, energy transforms into fundamental mode modulated by the grating. Then, the fundamental mode is 

reflected from the bottom of the groove and propagated to the upper surface of the grating. Finally, the 
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Fig. 1. Dual light source array model for metallic grating. 

Secondary light source 1

Secondary light source 2



fundamental mode transforms into the propagation light with the same wavelength as of incident light. Two 

kinds of coherent secondary light sources are composed of two kinds of coherent secondary light source 

arrays, and are alternatively arranged on the upper surface of the grating. 

As shown in Fig. 1, the periodic structure or the grating consists of resonant cavities, which are parallel 

to each other with the grating period d [4‒8]. If incident light is perpendicular to the grating, it will be 

modulated by the grating. Then, a part of the energy of the incident light propagates in grating grooves in the 

form of fundamental mode. The wavelength λ
f    
of fundamental mode is determined by the grating material, 

grating groove filling medium, groove width, and the wavelength of incident light [7]. 

The dual secondary coherent source array model was briefly described above. More detailed description 

of the model will be described below. 

As shown in Fig. 1, the interval between any two coterminous centres of secondary light sources under 

arbitrary fill factor f is d/2. Inspired by the Fraunhofer’s diffraction theory, the electric field strength E(α) in 

any direction can be expressed as follows:  

where α represents both positive and negative angles; E
1
(α) and E

2
(α) represent the electric amplitude 

functions of the secondary light source 1 and the secondary light source 2 in α direction; ϕ
1
 and ϕ

2 
represent 

the initial phase of the secondary light source 1 and the secondary light source 2, respectively; ω represents 

the angular frequency of the incident light; N represents the number of the grating period covered by the 

incident light. All the above mentioned electric amplitudes are unknown functions determined mainly by the 

same parameters that determined λ
f
, here E

1
(α) and E

2
(α) stay constant at the grating height h. By adding k 

= 2π/λ and sin(θ) = λ/d in Eq. (1), the electric amplitude vectors E(α) in the first and zero order directions 

can be expressed as follows: 

Both positive and negative angles of diffraction are considered as θ for convenience, E
1
(θ) and E

2
(θ) are 

the electric field amplitudes of the secondary light source 1 and the secondary light source 2 in the first order 

directions, E
1
(0) and E

2
(0) are the electric field amplitudes of the secondary light source 1 and 2 on zero 

order direction. Ignoring the term that includes ω, the interference light intensities  

I (θ) =|E (θ)|2 and I (0) =|E (0)|2 of the first and the zero orders can be expressed as follows: 

Δϕ=ϕ
1
–ϕ

2
 represents the phase difference of the secondary light source 1 and the secondary light source 

2. Equations (4) and (5) show that I(θ) and I(0) are periodic functions on Δϕ under arbitrary N. The term (1­

cos2Nπ)/(1­cos2π) of Eq. (4) demonstrates that the interference light intensity reaches to the maximum in 

the first order direction. Δϕ was assumed to depend only on the distance which the fundamental mode travels 

in the grooves of the grating, Δϕ can be expressed as follows: 
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M stands for arbitrary natural number.  

 

 

3. DISCUSSION 

 

As shown in Fig. 2, a transverse­magnetic (TM) polarized light (the magnetic field vector parallel to the 

grooves of the grating) at the wavelength of λ = 532 nm is modelled to understand the effect of the zero and 

the first order diffraction efficiencies related to the parameters of the grating. A schematic diagram of the 

rectangular metallic grating diffraction is depicted in Fig. 2. 

Equations (7) and (8) show that the light intensities of the first order reach to the minimum while the 

zero order reaches to the maximum if h = Mλ
f
/2. Equations (9) and (10) show that the light intensities of 

the first order reach the maximum while the zero order reaches the minimum if h = (2M+1)λ
f
/4. Formulae 

(4) and (5) show that the diffraction efficiency of the zero and the first order varies periodically, and the 

peak value and the valley value of the first order overlap with the valley value and peak value of the zero 

order, respectively. 

In order to verify the correctness of the trend obtained by the model presented in this paper, RCWA is 

adopted to obtain the change diagram of the diffraction efficiency of the first and the zero order diffraction 

light with the change of grating height h and duty ratio f. Specific parameters are as follows: the TM 

polarized incident light with the wavelength of 532 nm is perpendicular to the grating; the grating period d 

composing of alternating regions of ridge and groove are assumed to be 752 nm. The grating with fill factor 

f from 0 to 1 denotes the proportion of a grating period occupied by a grating ridge, and grating height h 

X. Qiao et al.: Modelling the diffraction of reflective metallic grating 77

Δϕ=4πh/λ
f
   

For h=Mλ
f 
/2:

      (6)

 

Fig. 2. Geometry of the rectangular metallic grating diffraction.
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from 0 to d. The ridges and substrates of the grating are made of aluminium [21]. The grating is bounded 

by the air, the permittivity of the air and the grooves is Ɛ
0
 = 1. 

Figure 3 shows the first and zero order diffraction efficiencies under TM conditions with grating structures 

shown in Fig. 1. Both the zero and the first order diffraction efficiencies show periodic oscillation as functions 

of grating height h under arbitrary fill factor f. The locations of peak values of the first order almost overlap 

with the valley values of the zero order, which means that under arbitrary f, as the zero order diffraction 

efficiency reaches valley value, the first order always approaches the peak. It can be seen that under arbitrary 

f condition, the law of change curve conforms to the periodic functions (4) and (5). 

The phenomena that the grating height of the first and zero order diffraction light varies periodically is caused 

by the phase difference Δϕ of the two secondary coherent light source arrays. The distribution of light intensity 

in the light field is determined by the interference of two secondary coherent light source arrays. Changing the 

grating height also changes the phase difference Δϕ, and the change of the Δϕ is the determining factor of the 

light intensity change, so that the diffraction efficiency of the first and zero order changes periodically. When 

f = 0.46, the diffraction efficiency of the zero order reaches the lowest value: 0.0010795%, while that of the 

first order reaches up to 44.76%. For the grating displacement sensor which uses the first order diffraction light 

as signal of displacement, a smaller zero order diffraction means a higher signal­to­noise ratio.  

In order to more intuitively reflect the interaction between two secondary coherent light source arrays on 

the model, two specific grating heights were selected to observe the energy distribution of the first and zero 

order diffraction light. Figure 4 demonstrates the light distribution of the dual secondary coherent light source 

array using the finite­difference time­domain method (FDTD) [22]. The fill factor is f = 0.46 and the 

wavelength of the fundamental mode λ
f
 is 514 nm for f = 0.46. As the number of periods N covered by the 

incident light is limited, only 15 periods are modelled to demonstrate the light distribution of the model while 

reducing the computational work. 

Figure 4a demonstrates that the light is mainly distributed in the first order direction for Δϕ = π 

(corresponding to h = λ
f
/4 = 129 nm) due to the constructive interference of light 1 and light 2. Meanwhile, 

the zero order light nearly disappears due to the destructive interference by the light 1 and light 2. Figure 4b 

demonstrates that the light is mainly distributed in zero order direction for Δϕ = 2π (corresponding to 

h = λ
f
/2 = 257 nm), which shows the phenomena of contrary behaviour compared to Fig. 4a. The light is 

mainly distributed in the zero order direction for Δϕ = 2π due to the constructive interference of light 1 and 

light 2, meanwhile the first order light nearly disappears due to the destructive interference by the light 1 and 
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Fig. 3. Diffraction efficiencies of the first and the zero order under TM condition as a function of ridge height h (0‒d) and fill factor 

f (0‒1) for aluminium rectangular gratings (d = 752 nm). 
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Grating height h, nm



light 2. When the energy of the zero order diffraction light reaches the lowest point, most of the energy of 

the incident light is allocated to the first order. When the energy of the first order diffracted light is the lowest, 

the energy of the incident light is mostly converted to zero order. 

 

 

4. CONCLUSIONS 

 

In this paper, a dual secondary coherent light source array model for TM light was proposed, and formulae 

for diffraction efficiency of the first and zero order diffraction light with grating height parameters were 

established. When the height of grating h changes while other parameters of the grating are fixed, the change 

of the efficiency of the first and zero order is mainly influenced by the phase difference Δϕ = 4πh/λ
f
 between 

the two secondary light source arrays. Δϕ depends on the propagation distance of the fundamental mode of 

the grating groove, which has double length of the grating height h. When Δϕ is equal to π multiplied by any 

odd number (corresponding to h = (2M+1)λ
f
/4), the diffraction efficiency of the first order reaches the 

maximum, while the diffraction efficiency of the zero order is the minimum. When Δϕ is equal to π multiplied 

by any even number (corresponding to h = Mλ
f
/2), the diffraction efficiency of the first order reaches the 

minimum, while that of the zero order reaches the maximum. This means that at some specific grating height 

h, the phase difference Δϕ leads to interference enhancement in direction of the first or zero order, and 

interference cancellation in other direction. 

In addition, the periodical change of the first and the zero order diffraction efficiencies with grating 

height h is caused by the change of Δϕ, while the change of Δϕ is caused by the change of the grating 

height. According to the above analysis, the model establishes the relationship between the law of 

diffraction of reflective rectangular metallic grating and the grating height. The interrelation between the 

zero and the first order diffraction efficiency on the grating height can also be explicated by the model. 

Compared to the existing diffraction theory, this model can more intuitively reflect and explain the causes 

of the first and the zero order diffraction efficiencies’ regularity of the periodic variation with grating 

height, and the essential cause of the interaction between the zero and the first order diffraction light. It 

can also predict the diffraction efficiency of rectangular metallic grating and provide guidance for the 

design of rectangular metallic grating. 
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 Fig. 4. Light distribution of the secondary light source 1 and the secondary light source 2 corresponding to h = 129 nm (a) and 

h = 257 nm (b).
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