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S1. Formulation of rigorous coupled-wave analysis (RCWA)

Fig. S1 shows a schematic representation of a crossed grating with hole array in hexagonal
lattice. In the attached rectangular Cartesian coordinate system, the x and y axes are parallel to
periodic directions, and the z axis is perpendicular to the grating plane. The device is divided
into three layers along the z direction: the incident layer (I: air, z <0), the grating layer (II:
silicon with hole array, 0<z <h), and the substrate layer (IIl: Si for bulk wafer or Si on
SiO, film for the SOI wafer, z > /). The propagation direction of the incident plane wave is
given by polar angle 6, azimuthal angle ¢, and polarization angle .

I: Air
II: Hole array

III: Substrate

Fig. S1 Periodic hole array in hexagonal lattice illuminated by a plane wave with a rectangular Cartesian

coordinate system added for clarity.
The unit electric field of the incident plane wave in layer I is expressed as
E. (x,y,z) =uexp[—ik,n (sin @ cos gx +sin &sin gy +cos 0z)] (1)
where u is the unit electric-field vector,

u = (cosy cos@cosp—siny sinp)e,
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where e,, e,, and e. are the unit basis vectors along x, y and z axis, respectively.
The electric fields in layer I and layer III can be written as, respectively,
E(x,y,2)=E, (x,y,2)+ Z ZRmn exp[-i(k,,x+k,y -k _,,2)] 3)
EHI (x’ y’ Z) = Z z Tmn eXp {_l[kxmx + kyny + kHI,zmn (Z - h)]} (4)

where R, and T, are the normalized electric field of the [m n] order reflected wave in layer I and
transmitted wave in layer III, respectively. The wave vectors kyu, Ky, Kkizmn, Kkupmn are,

respectively,

k. =kyn, sin@cosgo—z;[—m (5a)
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In layer I, ni=n=n,;., in layer 11, ny= ns;.
The electric field and magnetic field in layer II (grating layer) can be expressed in terms of
spatial harmonics by Fourier series expansion, respectively,

E (x,y,2)= Z Z[Sxmn (2)e.+S,,,(2)e, +S.,,(2)e. ]exp[—i(k,x+k,y)] (6)

Hy(%,0,2) =i, 2 S [U, (e, + U, (2)e, + U, (2)e.]expl-i(k, x+k, )] ()
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where Sz, Unn(z) are the amplitudes of normalized electric field vector and magnetic field vector
of [m n] order spatial harmonic.
The time dependence of exp(iw?) is assumed. In layer II,

VxE, =—iouH, ®)

VxH, =iwe(x,y)E; (€]

where e(x,y) is the permittivity of the grating layer which is represented by means of Fourier
expansion. The electric field can be decomposed into normal component (Ey) and tangential
component (E7). The electric displacement (D) can be written as D=[e(x,y)|Er+[1/e(x.»)]" En,
where the brackets denote the formation of a Toeplitz-matrix out of a vector of Fourier
components. At the boundaries (z=0 and z=/), Er is continuous and can be treated with Laurent’s
rule. Ey is discontinuous, but the normal component of the electric displacement
(Dy=[1/e(x,y)]'Ey) is continuous and can be treated by the inverse rule [1,2]. Utilizing the
boundary conditions of electromagnetic field at z=0 and z=h, the quantities Sxmn(z), Symncz) »Usmn(z)»
Uymn(zy can be obtained by solving the Maxwell curl equations in Cartesian coordinates and
represented by the eigenmodes, respectively,

S (D) =D & Wi, €XP(4,2) (10)
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where 4;and wy,,,; (I=1, 2, 3, 4) are eigenvalues and eigenvectors, g; are coefficients determined
from the boundary conditions. 4; and wy,,; can be obtained by solution of matrix eigenvalue
problem with a size of 4nx4n using eig function in Matlab programs [3], where n is the number of
spatial harmonics (orders) retained. Then, R,,, and T, can be solved by using the field equations
to match the boundary conditions at grating interfaces (z=0 and z=h). Reflection diffraction
efficiency (#zn,) and transmission diffraction efficiency (47,,), defined as the power of reflected
and transmitted light diffracted into a particular order [m n] to the incident power, can be
calculated by, respectively,

N, = Re(ﬂ)m 4R R (14)
Rmn koni cos 9 xXmn ymn zmn

n, = Re(—Mam_yip 2 7, #1170 (15)
mn kol’ll- cos 9 xmn ymn zmn

where the subscripts x, y, and z represent the components of R, and T, along the x, y, and z
directions, respectively. The absorption can be obtained by,

A=1-D " g + ) (16)

S2. Reflection calculation at Si/SiO, interface

When a beam of light illuminates from the SOI device layer (p-Si) into SiO, film with a
refractive index of ng0,=1.4721 at the wavelength of 850 nm [4], the critical angle of total
reflection (6,) can be calculated as 23.79° using equation (17).

Isio,

sin@, =

(17)
i

Therefore, the reflection ( Ry ) of transmitted wave (7) in the SOI device layer at Si/SiO,

interface can be calculated by equation (18), depending on the deflection angle (0y) of the

transmitted wave. In equation (18), 4 :arcsin(”s:ﬂ'"é’w) is the refraction angle of light in
nsio,

Si0, film. If 6y> 6,, all the transmitted waves in the SOI device layer will be reflected by the

SiO, film (R, =1).
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