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SUMMARY
A numerical investigation revealed the relation between
the groove randomness of actual-size diﬀraction gratings and the diﬀraction eﬃciencies. The diﬀraction gratings we treat in this study have around
10000 grooves. When the illumination wavelength is 600 nm, the entire
grating size becomes 16.2 mm. The simulation was performed using the
diﬀerence-field boundary element method (DFBEM). The DFBEM treats
the vectorial field with a small amount of memory resources as independent of the grating size. We firstly describe the applicability of DFBEM
to a considerably large-sized structure; regularly aligned grooves and a
random shallow-groove structure are calculated by DFBEM and compared
with the results given by standard BEM and scalar-wave approximation, respectively. Finally we show the relation between the degree of randomness
and the diﬀraction eﬃciencies for two orthogonal linear polarizations. The
relation provides information for determining the tolerance of fabrication
errors in the groove structure and measuring the structural randomness by
acquiring the irradiance of the diﬀracted waves.
key words: diﬀraction grating, random structure, numerical method, integral equation, boundary element method

1.

Introduction

Numerical simulations of diﬀraction gratings are important
for designing and analyzing the device properties. For example, the groove shape aﬀects the diﬀraction eﬃciency
and the groove period determines the diﬀraction angles.
Whereas most diﬀraction gratings are designed to have periodicity, actual gratings may not have perfect periodicity due
to fabrication errors. Degradation of the groove periodicity aﬀects the diﬀraction angles, diﬀraction eﬃciency, and
directionality of the diﬀracted waves.
Currently, the simulation methods used for diﬀraction
gratings are based on either scalar or vector diﬀraction theory. In the scalar diﬀraction theory (scalar-wave approximation), the amplitude of the wave transmitted through the
grating is given by the simple product of the amplitude of
the incident wave and the complex transmittance. The absolute value and argument of the transmittance are given by
the refractive index of the material and the groove depths of
the grating, respectively. In the transmittance just described,
the complicated scattering at the sharp groove edges and
multi-scattering among the grooves are not considered. The
diﬀracted waves just outside of the grating are given by the
Fresnel-Kirchhoﬀ diﬀraction integral. The far field is simply given by the Fourier transform of the transmitted wave
at the grating surface. However, when the depth of a sharp
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groove is increased (a groove with high aspect) or the groove
edges are dense (the grating period approaches the order
of the wavelength), the contributions from the scattering at
the edges and the multi-scattering eﬀect cannot be ignored.
Thus, the diﬀracted wave cannot be expressed by a simple product. Consequently, the computation results become
less accurate. The scalar diﬀraction theory has been employed to large-sized structures, e.g., analyses of diﬀraction
gratings [1], design of hybrid-level binary zone plates [2],
and analysis of gratings with many particulate surface defects [3]. The limits of the scalar diﬀraction theory have also
been discussed [4]–[6].
On the other hand, in the vector diﬀraction theory, the
electromagnetic fields are determined such that they satisfy
Maxwell’s equations and the boundary conditions on all dielectric interfaces. Specifically, the finite-diﬀerence timedomain (FDTD) method is applied widely owing to its versatility. The FDTD method discretizes the entire analytical
region using Yee’s cells to perform numerical diﬀerentiation, and provides rigorous vectorial fields in the time domain.
The rigorous coupled wave analysis (also called the
Fourier modal method) discretizes the field and dielectric
structure in the wavenumber domain. This is suitable for
analyses of the steady state of a periodic structure.
The fast multipole method (FMM) [7] is another direction taken for large-sized structures and many-body problems. This approach has been applied to a variety of
problems, achieving simulations with low computational
costs [8].
So far, many approaches have been employed for a variety of groove structures that require rigorous simulation
result. Lamellar gratings with some defects illuminated by
line light sources near the defect have been solved in the
spectral (wavenumber) domain [9]. Gratings with up to 512
fluctuated grooves have been computed using the boundary
element method (BEM) and FMM [10]. Ergül solved the
scattered wave from a two-dimensional array of a large number of dielectric cubes by using FMM [11]. Random gratings expressed by super-cells having 24 or 48 grooves have
been computed by the finite element method [12]. Aperiodic gratings have been designed by using FDTD simulations [13]–[15]. The FDTD method has also been applied
to the random grating in a super-cell [16]. An arranged
Fourier modal method for aperiodic structures has been proposed [17], [18]. The total integrated scattering formula [19]
and the Monte Carlo method [20] have been used to calcu-
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late a rough grating. Two-dimensional random gratings have
been calculated by using the transfer-matrix method [21].
Scattering and surface plasmon polariton modes on a rough
surface have been solved by using integral equations [22].
BEM has also been applied to the analyses of diﬀraction
lenses [23] and finite-size gratings [24].
Whereas the methods described above provide rigorous
results, the computational cost to calculate the whole grating device becomes considerably expensive. Actually, the
electromagnetic fields of the visible light around the gratings must be discretized with intervals of submicron size,
but the incident wave illuminates the grating over areas tens
of millimeters wide. It is very diﬃcult to reserve memory
for this computation with a small-scale environment such as
desktop computers and small-scale workstations.
In this paper, we realize a simulation for large-sized
gratings with 10000 random grooves of wavelength-sized
period with reduced computational costs. The simulation
method is the diﬀerence-field boundary element method
(DFBEM) [25], which is based on vector diﬀraction theory.
DFBEM provides the scattered waves of locally deformed
gratings; the electromagnetic field of the non-deformed grating or dielectric surface is calculated first and then the field
is updated to that after deformation by solving a set of
boundary-integral equations. The set of equations is at a
small scale, which consists of path integrals on the boundaries around the deformed areas only. Thus, the necessary
amount of memory does not depend on the whole structure
size. Approximations such as truncation of the analysis region and introduction of artificial periodicity (super-cells)
are not necessary. Therefore, there is no undesired scattering from the truncated edges, variation of the results among
samples with the same degree of randomness, or discrete
far-field eﬀects due to the super-cells. Up to now, DFBEM
has been employed for designing diﬀraction lenses [26] and
analyzing various type of defective gratings [27], [28].
In Sec. 2, we describe the definition and quantification
of the groove randomness. The condition for illumination is
also presented and will be modeled in the numerical simulation.
In the calculation of random-groove gratings, we start
with the reflected and transmitted wave of the dielectric
plane, and then update the scattered wave by deforming the
plane to add one groove. These groove-addition and field
update processes are continued sequentially until all grooves
are added to the plane. This calculation process is described
in Sec. 3.
Before analyzing the random-groove gratings, the validity of this calculation process has to be established. For
example, the result is invalid if the calculation error is accumulated in the diﬀracted wave through the groove-addition
process. In Sec. 4, to validate the calculation process, we
first describe the result of DFBEM for periodically aligned
10001 grooves. The result is then compared with that of
an infinite grating computed by conventional BEM with
Bloch’s boundary condition. Second, we describe the analysis of a random-groove grating with 10000 low-aspect-ratio

grooves. This result is compared with that of a calculation
in the scalar-wave approximation.
In Sec. 5, we describe the result for several randomgroove gratings. Finally, we show the result for the dependence of the diﬀraction eﬃciency on the degree of randomness.
2.

Structure of Random Groove Grating and Illumination Setup

The diﬀraction gratings treated in this paper are onedimensional surface-relief gratings, which consist of N
grooves on the surface. The grating period T , which is the
distance from the center of one groove to that of the neighboring one, is constant. We fixed T to 2.7λ throughout this
paper, where λ is the wavelength of the incident wave in
vacuum. The groove depths in the grating are considered
constant, h. The groove widths in the diﬀraction grating are
distributed normally, with an average groove width of 0.5T
and the variance of the distribution σ2 altered depending on
the calculation purpose. Hereafter, we express the grating
randomness by σ. The width of any particular groove is
assumed uniform along its entire length.
The cross section of the groove is located in the x − y
plane, so that the grating surface is in the x − z plane and the
grooves are parallel to the z axis. The grooves on the grating
are labeled gn (1 ≤ n ≤ N). The incident wave illuminates
from the +y direction. In Fig. 1 (a), we depict some cross
sections of the gratings with σ = 0, 0.06T , and 0.12T . The
histograms of the groove width for σ = 0.06T and 0.12T
(N = 10000) are shown in Fig. 1 (b).
We assume that the illuminated wave is a Gaussian

Fig. 1 (a) Cross section of a random-groove grating for σ = 0, 0.06T ,
and 0.12T . (b) Histograms of the groove width for σ = 0.06T and 0.12T ,
when the number of grooves is 10000.
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Fig. 2 Calculation process for random groove structure with DFBEM. (a) Original structure with no
groove. (b) First step: add the left edge groove g1 . (c) Second step: add the groove g2 . (d) n-th step:
add the groove gn .

beam. The beam is linearly polarized; we define the
s−polarization as the electric field parallel to the groove orientation and the p−polarization as the magnetic field parallel to the groove orientation. The incident wave propagates perpendicular to the grating surface, impinging on the
backside of the grating surface. It is then diﬀracted by the
grooves on the front side.
3.

DFBEM for Large-Sized Random-Groove Grating

This section describes the DFBEM groove addition and field
update process.
First, we compute the field for a flat substrate with no
grooves on it (Fig. 2 (a)). This process is called step 0. For
this calculation, only the z-component of the electric field is
needed for s−polarization or the z-component of the magnetic field for p−polarization. This necessary component is
labeled f1 outside the substrate and f2 inside the substrate.
We assume that the beam waist of the incident Gaussian
beam is at the grating surface (y = 0), that the beam width is
suﬃciently larger than the wavelength, and that the incident
beam propagates parallel to the y axis. DFBEM requires
the field at the flat substrate in the vicinity of the substrate
surface, 0 ≤ y ≤ h. The field distribution of the incident
Gaussian beam around the surface (labeled fi ) is expressed
by the multiplication of a plane wave and a Gaussian window function as

fi (ρ) = e−ax e jk2 y ,
2

(1)

and thus f1 and f2 in the vicinity of the substrate surface are
written as
f1 (ρ) =te−ax e jk1 y ,
2

−ax2 − jk2 y

f2 (ρ) =re

e

(2)
−ax2 jk2 y

+e

e

,

(3)

where ρ is a vector that defines a position in the x − y plane.
The position is also expressed by the variables x and y. Here,
k1 and k2 are the wavenumbers outside and inside the substrate, respectively, whereas t and r are the transmittance
and reflectance, respectively, at the substrate surface. We
obtain the t and r values by approximating fi (ρ) = exp( jk2 y)
and using Fresnel’s equations. a is determined by the beam
width w (full width at half maximum) as
a=

4 ln 2
.
w2

(4)

We set w to 1/5 of the grating size. For example, when the
number of grooves is 10000, w = 2000T . A set of observation points, i.e., a set of positions where we intend to find the
field, is denoted by P = {ri |i = 1, 2, · · · }, where ri indicates
either a position in the x − y plane or a direction of the far
field. At step 0, the fields at P are given by Eqs. (2) or (3).
For the following process, we label the boundaries; Γ0,L
(infinite boundary) on the substrate at the left side of the leftedge groove g1 , Γ0,R (infinite boundary) on the substrate at
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the right side of the right-edge groove gN , Γ0,n on the substrate between gn and gn+1 , and Γ1,n and Γ2,n on the perimeter
of gn (see Fig. 2 (a)).
Next, a groove g1 is added to the flat substrate at the left
edge of the grating (Fig. 2 (b)). This process is called step 1.
Three regions S1 , S2 , and S3 are defined as the region outside
the substrate, inside the grating, and inside g1 , respectively.
The field on the boundaries, after adding the projection, is
given by solving the following integral equations [27]:
1
Δ f1 (ρ) = IC1,20 Δ f1 + I C1,31 f3 − IC1,21 f1
2
1
1
f3 (ρ) − f1 (ρ)
2
2
= IC1,20 Δ f1 + I C1,31 f3 − IC1,21 f1

(ρ ∈ C0 ),

(5)

(ρ ∈ C1 ),

(6)

1
Δ f1 (ρ) = −I C2,10 Δ f1 − I C2,32 f3 + I C2,11 f1
2
1
f3 (ρ) − f2 (ρ)
2
= −I C2,10 Δ f1 − I C2,32 f3 + I C2,11 f1
1
f3 (ρ) = −IC3,11 f3 + IC3,22 f3 (ρ ∈ C1 ),
2
1
f3 (ρ) = −IC3,11 f3 + IC3,22 f3 (ρ ∈ C2 ),
2

(ρ ∈ C0 ),

(7)

(ρ ∈ C2 ).

(8)
(9)
(10)

where the integral paths C0 , C1 , and C2 are the boundaries
defined as


C0 ≡Γ0,L ∪ Γ0,1 ∪ Γ0,2 ∪ · · · ∪ Γ0,M+1


∪ Γ1,2 ∪ Γ1,3 ∪ · · · ∪ Γ1,M+2 ,
(11)
(12)
C1 ≡Γ1,1 ,
C2 ≡Γ2,1 .
(13)
The infinite path Γ0,L at the left side of g1 is truncated
so that the length is equal  to that of the right side of

g1 , Γ0,1 ∪ Γ0,2 ∪ · · · ∪ Γ0,M+1 ∪ Γ1,2 ∪ Γ1,3 ∪ · · · ∪ Γ1,M+2 .
The parameter M means that the integral equations contain the interaction (multi-scattering) between neighboring
M grooves. For example, as M increases, the computation
accuracy is improved, but more computation resources are
necessary, because C0 must be extended to include the far
groove g M+2 . The number M must be set in consideration
of the trade-oﬀ between the computation accuracy and the
amount of computation resources. Operators I and I represent the boundary integrals defined by
 
 

C
 ∂ f (ρ )
 ∂G p (ρ; ρ )
− f (ρ )
G p (ρ; ρ )
dl , (14)
I p,q f ≡
∂n
∂n
C
 
 

C
 η p ∂ f (ρ )
 ∂G p (ρ; ρ )
I p,q f ≡
− f (ρ )
G p (ρ; ρ )
dl .
ηq ∂n
∂n
C
(15)
Note that ICp,q f becomes a function of ρ. Here, (l, n, z) is a
local coordinate system; l is parallel to the direction of the
path integrals, n is a normal direction, and z is same as the
z component of the global (x, y, z) coordinate system. The

material parameter ηi exhibits the magnetic permittivity in
Si for the s-polarized incident wave and electric permittivity
in Si for the p-polarized one. Gi is a free-space Green’s
function for Si ;


2πni 
j
Gi (ρ; ρ ) = − H0(2)
|ρ − ρ| ,
(16)
4
λ
where H0(2) is a zero-order Hankel function of the second
kind and ni is the refractive index in the region S p (p =
1, 2, 3).
By discretizing C0 , C1 , and C2 with boundary elements, the integral equations (5)–(10) are transformed to
a set of simultaneous equations and solved numerically.
This discretization process is the same as for the standard
BEM [29]. The constant terms of the equation consist of f1
and ∂ f1 /∂n on C1 and f2 on C2 . These values are given by
Eqs. (2) and (3). The solution of Eqs. (5)–(10) contains Δ f1
and ∂Δ f1 /∂n on C0 , as well as f3 and ∂ f3 /∂n on C1 and C2 .
From these solutions, we obtain the field after adding g1 as
f1 + Δ f1 for C0 , f3 for C1 and C2 . The fields at P are given
by adding
Δ f1 (ρ) =IC1,20 Δ f1 + I C1,31 f3 − IC1,21 f1
Δ f2 (ρ) = −

I C2,10 Δ f1

−

I C2,32 f3

+

(ρ ∈ S1 ),

I C2,11 f1

(ρ ∈ S2 ),

(17)
(18)

to f1 and f2 for inside S1 and S2 , respectively, and replacing
with
f3 (ρ) = − IC3,11 f3 + IC3,22 f3

(ρ ∈ S3 )

(19)

for inside S3 . When a component of P is a direction of the
far field, we replace I and I in Eqs. (17) and (18) by the
integral operators I(far) and I (far) , respectively. They are
defined by

 
∂ f (ρ )
j

(far)C

− jk p (in · io ) f (ρ ) e jρ ·io dl , (20)
I p,q f ≡
4 C
∂n

 
η p ∂ f (ρ )
j

 (far)C

I p,q f ≡
− jk p (in · io ) f (ρ ) e jρ ·io dl .
4 C ηq ∂n
(21)
Note that I(far)C
p,q f is a function of io , where io is a unit vector
having the direction of the observation angle and in a unit
normal vector at ρ on the integral path C.
In addition to P, the computation of f1 + Δ f1 and ∂( f1 +
Δ f1 )/∂n on Γ1,n and f2 + Δ f2 on Γ2,n (n = 2, 3, · · · , M + 1)
are necessary for the sake of the following processes. The
diﬀerence field Δ f1 for the former is included in the solution
of the integral equations and Δ f2 for the latter is given by
Eq. (18). Δ f1 on Γ1,m and Γ0,m (m > 1 + M) and Δ f2 on Γ2,m
(m > 1 + M) are approximated by zero. Before adding the
next groove, the fields f1 +Δ f1 , f2 +Δ f2 , and f3 are relabeled
as f1 , f2 , and f1 , respectively. We relabel f3 to f1 because
the region S3 (inside g1 ) at step 1 is redefined as a part of S1
in the following steps.
Second, we add the groove g2 and update the field (step
2). In this step, the paths and regions are redefined as shown
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in Fig. 2 (c), namely the paths C0 , C1 , and C2 are


C0 ≡Γ0,L ∪ Γ2,1 ∪ Γ0,1 ∪ Γ0,2 ∪ Γ0,3 ∪ · · · ∪ Γ0,M+2


∪ Γ1,3 ∪ Γ1,4 ∪ · · · ∪ Γ1,M+3 ,
(22)
(23)
C1 ≡Γ1,2 ,
C2 ≡Γ2,2 .
(24)
The integral path Γ0,L is truncated so that the length of
Γ
 0,L ∪ Γ2,1 ∪ Γ0,1 is equal
 to that of the left side of C0 ,
Γ0,2 ∪ Γ0,3 ∪ · · · ∪ Γ0,M+2 ∪ Γ1,3 ∪ Γ1,4 ∪ · · · ∪ Γ1,M+2 . S1
is the sum of the region inside the already added groove g1
and outside of the grating, whereas S3 is inside the groove
g2 . The integral equations (5)–(10) are solved with the
paths described above. The constant term consists of f1 and
∂ f1 /∂n on C1 and f2 on C2 . They have been given in step
1 as the field on Γ1,2 and Γ2,2 . The fields at P are updated
by using the integral equations (17)–(19) as well as step 1.
In addition to the update of P, it is necessary to compute
f1 + Δ f1 and ∂( f1 + Δ f1 )/∂n on Γ1,m (3 ≤ m ≤ M + 2) and
f2 + Δ f2 on Γ2,m (3 ≤ m ≤ M + 2) for the sake of the following processes. After that, the fields f1 + Δ f1 , f2 + Δ f2 , and
f3 are relabeled f1 , f2 , and f1 , respectively.
Generally, when adding a groove gn , as shown in
Fig. 2 (d), we define the integral paths as
⎤
⎡M
⎤ ⎡ M+1
⎥⎥⎥
⎢⎢⎢ 
⎥⎥⎥ ⎢⎢⎢



C0 ≡ ⎢⎢⎣
Γ2,n−i ∪ Γ0,n−i ⎥⎥⎦ ∪ ⎢⎢⎢⎣
Γ1,n+i ∪ Γ0,n+i−1 ⎥⎥⎥⎦ , (25)
i=1

C1 ≡Γ1,n ,
C2 ≡Γ2,n .

i=1

used at step n as constant terms of the integral equations.
After the integral equation is solved at step n, the field data
is freed from the computer memory because these data are
never used in step n + 1, n + 2, · · · N. Thus, the memory for
Γ1,n and Γ2,n is allocated only in step n − M to n. Consequently, the field that we must hold at any given time is only
the perimeter of the M + 1 grooves.
4.

Validation of 10000-Groove Computation

The first analysis for validation is through the comparison between DFBEM and the standard BEM. For DFBEM,
10001 grooves are regularly aligned with intervals of T (=
2.7λ) as shown in Fig. 3 (a). The width and height of each
projection are 0.5T and λ, respectively. The refractive indices inside of the grating (n2 ) and outside of grating (n1
and n3 ) were set to 1.5 and 1.0, respectively.
We expect that the field around the center of the grating surface (near g5001 ) is close to that of an infinite periodic
grating. The infinitely periodic grating was calculated by
BEM with Bloch’s boundary condition [30]. The geometry of the grating is shown in Fig. 3 (b). The field on ΓR is
associated with that on ΓL by Bloch’s boundary condition.
For both DFBEM and BEM, each boundary is discretized
by line segments of length less than λ/10 and the field distribution on each boundary element is expressed by a linear
function [31]. We obtained the field distribution on the line
−0.5T ≤ x ≤ 0.5T and y = −0.02T for comparison with

(26)
(27)

If n ≤ M, then a part of Γ0,L is included in C0 . If n ≥ N − M,
then a part of Γ0,R is included in C0 . In either case, Γ0,L or
Γ0,R is truncated so that the lengths of C0 for the left and
right side of gn are equal. The regions S1 , S2 , and S3 are
defined as outside the grating and inside the already added
grooves (g1 , g2 , · · · , gn−1 ), inside the grating substrate, and
inside the groove gn , respectively.
The groove-addition and field-update process is continued until all N grooves are added. Finally, the field at P
becomes the field for the structure with N grooves.
The DFBEM algorithm is suitable for large N because
the computer memory resources do not depend on N. The
memory resource is consumed when solving the integral
equations, setting the field at P, and the fields on Γ1,n and
Γ2,n . The memory resource for the set of integral equations
is determined by the number of unknowns, which depends
on the lengths of integral paths C0 , C1 , and C2 . The memory resource for P depends only on the number of its components ri . It is not necessary to hold the fields on all Γ1,n
and Γ2,n (n = 1, 2, · · · , N) in memory at the same time. For
example, the field on gn (Γ1,n and Γ2,n ) before step n − M
is equal to that given by Eqs. (2) and (3), because Δ f1 and
Δ f2 on Γ1,n and Γ2,n from step 1 to n − M is approximated
to zero. At step n − M, the memory region for Γ1,n and Γ2,n
is allocated, and we calculate the field by using Eqs. (2) or
(3). This field is updated across step n − M to n − 1, and then

Fig. 3 (a) Cross section of the regularly aligned 10001 grooves for calculation of DFBEM. All groove widths and depths were set constant, 0.5T
and λ, respectively. (b) Geometry for the calculation of a periodic grating
with BEM. Bloch’s boundary condition is applied on the left and right side
boundaries ΓL and ΓR . The groove width and depth were also set to 0.5T
and λ, respectively.
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DFBEM. The observation lines for each DFBEM and BEM
simulation are indicated by dashed lines in Figs. 3 (a) and
3(b), respectively. They were regularly discretized into 41
points, which are components of the observation point set P.
The calculated fields for DFBEM and BEM are denoted by
fi(DFBEM) and fi(BEM) , respectively. The index i (1 ≤ i ≤ 41)
varies with the x coordinate.
By selecting the groove number as 10001, the grating
center, where the y-axis and the center of the incident Gaussian beam are positioned, is at the center of g5001 . Because
of this condition, the grating structure and the incident beam
are both symmetric about the y-axis. In the condition of
BEM, the grating structure and the incident beam (a plane
wave propagating in the −y direction) are also both symmetric about the y-axis as shown in Fig. 3 (b). Therefore,
we can expect a good agreement between the DFBEM and
BEM results.
We implemented a DFBEM program that is written in
Fortran 95, and compiled by using the GNU fortran compiler (GFortran). The integral equations of DFBEM were
transformed to simultaneous equations, and then solved by
LU decomposition with the LAPACK library. We ran the
program with a desktop computer that has an Intel Core i75930K CPU. No parallel computing such as multicore processing, clustering, or graphical processing unit, was used
in the computation.
The results (real part of the complex field) for the s−
and p−polarizations are shown in Fig. 4. As we expected,
the results of DFBEM is close to those of standard BEM for
both polarizations. We also evaluated the average error e
(%), which is defined by
e=

100
41

41


| fi(DFBEM) − fi(BEM) |
,
| fi(BEM) |
i=1

(28)

and listed in Table 1.
The table indicates that the average error (computation
accuracy) can be reduced by increasing M. Moreover, as
described in Sect. 3, we can see the trade-oﬀ relation between the computation accuracy and the computation resources (CPU time and memory). In the following analyses,
we decided to employ the setting M = 3.
In the second analysis, we confirm the reliability of the
far field for the random groove structure. As we described
in Sect. 1, the scalar approximation is valid for suﬃciently
shallow groove structures. Thus, the result of DFBEM is
compared with that of the scalar approximation.
The randomness of the groove is fixed to σ = 0.14T ,
and we prepared 16 grating samples whose groove depth
h was varied from 0.03T (0.081λ) to 0.48T (1.296λ). The
observed point set P contains two directions of −90◦ and
−68.2615◦ for the far fields. Those are angles from the +x
axis, corresponding to the zero-order and first-order diﬀraction angles of a diﬀraction grating with a 2.7λ period.
At step 0, it is necessary to compute the far fields that
belong to P. Those far fields f1(far) (i p ) consist of waves transmitted through the flat substrate, which is algebraically cal-

Fig. 4 Field distribution computed by DFBEM (M =1, 3, and 5) on the
grating surface y = −0.02T and −T/2 ≤ x ≤ T/2. As M increases, the
field distributions for both the s− and p−polarization become close to that
calculated by BEM with Bloch’s boundary condition (see also Table 1).
Table 1 Average relative error e between BEM (periodic structure) and
DFBEM for M =1, 3, and 5. Whereas the error reduces as M increases,
the necessary calculation resources (CPU time and memory consumption)
increase.
s−polarization
p−polarization
CPU time
Memory
M
e(%)
e(%)
(h)
(Mbyte)
1
8.09
5.13
1.721
13.66
3
1.54
2.15
10.48
50.16
5
0.664
0.808
30.96
110.8

culated by
f1(far) (i p ) = I(far)C
1,1 f1 ,

(29)

where f1 is given by Eq. (2), and C is an infinite path along
the grating surface y = 0.
In the calculation under the scalar approximation, the
far field is given by
f (far) (i p ) = I(far)C
1,1 f,

(30)

where C is an integral path on y = 0. The directions of the
far fields (i p ) are same as the components of P for DFBEM,
namely, −90◦ (zero-order) and −68.2615◦ (first-order). f is
the field on y = 0 (S1 side), which is given by
⎧
−ax2
⎪
⎪
(x ∈ Γ0,n , n = 1, 2, · · · N − 1)
(31)
⎨ te
f (x) = ⎪
2
⎪
−ax
−
j(k
−k
)h
⎩ te e 1 2
(x ∈ Γ , n = 1, 2, · · · N). (32)
1,n
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t is the transmittance through the boundary from the inside
to the outside of the grating, which is given by the Fresnel’s
equation as
⎧
2k2
⎪
⎪
⎪
(s−polarization)
(33)
⎪
⎪
⎪
k
+ k2
⎪
1
⎨
t= ⎪
⎪
2k2 /n22
⎪
⎪
⎪
⎪
(p−polarization).
(34)
⎪
⎩ k1 /n2 + k2 /n2
1
2
The calculation results (irradiance) for DFBEM and the

scalar approximation are shown in Fig. 5. For small h, the
results of DFBEM are very close to those of the scalar approximation. This result shows the validity of DFBEM for
the calculation of the random groove structure and the far
fields. In the scalar approximation, as we can see from
Eqs. (31) and (32), the wavefronts are discontinuous at the
groove edges, in violation of Maxwell’s equations, because
the boundary condition on the wall surface of the grooves is
not considered. This discontinuity increases as the groove
depths h increases. Therefore, the precision of the scalar
approximation decreases as h becomes larger.
5.

Diﬀraction Eﬃciency of Random Grooves

In this section, we describe the relation between the randomness of the grooves and the diﬀraction eﬃciency. The
groove depth h was set to λ. The randomness of the groove
width σ was varied from zero to 0.13T . We computed the
diﬀraction eﬃciency, defined by the ratio of the irradiances
of the two far fields: the first-order diﬀracted wave toward
−68.2615◦ and that of the incident wave toward −90◦ . The
far field of the incident wave fi(far) (i0 ) is given by
fi(far) (i0 ) = I(far)C
2,2 fi ,

(35)

where i0 is a unit vector oriented along −90◦ . C is an infinite
integral path on y = 0, and fi is the incident wave on C
given by Eq. (1). Note that this far field is calculated with
the incident wave in the grating substrate after changing its
amplitude by passing through the dielectric interface on the
backside of the grating. Hence, the diﬀraction eﬃciency is
not comparable to the experimentally acquired one, unless

Fig. 5 Irradiance for the zeroth and first order diﬀracted wave computed
by DFBEM and the scalar-wave approximation. The randomness of the
groove σ is 0.14T . As the groove depth decreases, the results for DFBEM
and the scalar-wave approximation are in good agreement.

Fig. 6 Relation between the groove randomness and the diﬀraction efficiency of the first order. The diﬀraction eﬃciencies for both s- and ppolarization decrease as the groove randomness increases.
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Table 2

Variation of diﬀraction eﬃciency of 12 samples having a fixed randomness σ = 0.08T .

sample index
1
2
3
4
5
6
7
8
9
10
11
12
average

s−polarization
diﬀraction eﬃciency
variation (%)
0.3101889
0.00103
0.3101289
0.0204
0.3105448
0.114
0.3098147
0.122
0.3104708
0.0899
0.3106178
0.137
0.3103766
0.0595
0.3100388
0.0494
0.3103165
0.0401
0.3100175
0.0563
0.3098675
0.105
0.3099223
0.0870
0.3101921
–

the incident far field was calculated from the incident wave
before entering the grating substrate.
The computation results are plotted in Fig. 6. For both
s− and p−polarizations, the diﬀraction eﬃciency monotonically decreases as the randomness σ increases. The relation between the groove randomness and the diﬀraction eﬃciency is known qualitatively; for random grooves spacings,
the scattered wave radiated from the grooves cannot be in
phase in the direction of the theoretical diﬀraction angle.
The results of Fig. 6 agree with the qualitative discussion.
The parameter σ is a statistical number and the diﬀraction eﬃciency may vary among the samples for the same σ.
To investigate the range of variation, we prepared 12 groove
patterns that have the same randomness σ = 0.08T , but created by using diﬀerent random numbers. Each diﬀraction
eﬃciency and the variation from the average diﬀraction efficiency for both s− and p−polarization is listed in Table 2.
The table shows that the variation for the s− and
p−polarization are less than 0.137% and 0.252%, respectively. For smaller σ the variation range would be reduced,
because for small σ, the structural variation becomes small,
and at σ = 0 the variation must be zero.
6.

Conclusion

In this paper, we have presented the numerical analysis of
the diﬀraction eﬃciencies of diﬀraction gratings with random grooves. The numerical method is based on DFBEM,
which makes it possible to solve the scattering problem with
small amount of computation resources. In the analysis of
10001 grooves, the necessary CPU time was 10.48 h, and
the memory consumption was 50.16 Mbyte. Because the
requisite memory size is very small, DFBEM is suitable
for concurrent computation of various grating parameters.
Combining this with parallel computing such as multicore
CPU and graphical processing unit, the computation can be
made even more eﬃcient.
We have also validated the application of DFBEM to
an extremely large-sized diﬀraction gratings. The field distribution of regularly aligned 10001 grooves calculated by
DFBEM agreed with that calculated by BEM with Bloch’s
boundary condition. DFBEM was also applied to 10000

p−polarization
diﬀraction eﬃciency
variation (%)
0.4687677
0.0108
0.4688499
0.0283
0.4694407
0.154
0.4677728
0.201
0.4695449
0.177
0.4698991
0.252
0.4691750
0.0977
0.4683618
0.0758
0.4688713
0.0329
0.4682840
0.0924
0.4677389
0.209
0.4679009
0.174
0.4687173
–

random groove structures; the results agree with that of the
scalar-wave approximation for a shallow groove structure.
From those analyses, we conclude that DFBEM provides reliable results for both large-sized random groove structures.
In the numerical simulation of the random diﬀraction
gratings, the structures and the illumination setup were directly modeled after the actual case. We noticed the randomness of the groove width, and obtained a relation between the randomness and the diﬀraction eﬃciency. There
is little variation among the samples with the same randomness. For this reason, the computed diﬀraction eﬃciency is
a global characteristic of the grating, not determined by the
local groove structure in the grating.
If we assume the wavelength 600 nm, the grating size
we treated in this work is 16.2 mm, and the incident beam
width is 3.24 mm. This configuration is easy to set up experimentally. Although the task to consider the reflectance and
transmittance at the backside of the grating surface remains,
we expect the result to become quantitatively comparable to
the experimental one.
In the future, this work would be applied to the design
of diﬀraction gratings and quality examination of produced
gratings. For example, the relation between the groove randomness and the wavelength resolution can be used to estimate the tolerance for the fabrication error of products.
By computing the far field distribution for several wavelengths, we can also find the wavelength resolution of the
grating and its dependence on the groove randomness. As
another application, by referring to the simulation result of
the relation between the groove randomness and the diﬀraction eﬃciency, we can determine the groove randomness of
products from a simple examination, where one illuminates
the product and measures the irradiance of the first-order
diﬀracted wave. However, actual diﬀraction gratings could
have many kind of randomness other than in the groove
width, such as randomness in period, groove depth, groove
shape, and grating-surface roughness. Each randomness can
be analyzed by DFBEM only if the cross sectional geometry of the grating is available. Our future work is to analyze
such other types of randomness and to characterize the eﬀect
on the diﬀracted wave.
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