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We theoretically investigated the design of polarizing beam splitters (PBS) of two-layer dielectric rectan-
gular transmission gratings in Littrow mounting. The PBS grating is aimed to separate TE and TM polar-
ized waves into two different transmitted orders, i.e. the Oth and —1st orders. The polarization-dependent
diffraction process is analyzed by using a simplified modal method. The mode reflection and transmission

at the interface of the two layers are illustrated. Design equations are given based on the average mode
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indices of the even and odd modes inside the grating region, which are verified by using rigorous coupled
wave analysis. Moreover, with simulated annealing algorithm, two kinds of two-layer PBS gratings are
optimized for operation over the C-band (1520-1570 nm). Compared with the single-layer transmission
PBS gratings, such two-layer scheme exhibits a great flexibility of design. The PBSs of two-layer dielectric

transmission gratings should be useful for practical applications.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The polarization control of optical beams is very important in
many optical systems. A polarizing beam splitter (PBS) is such an
optical element that can separate a beam into two orthogonally
polarized beams. It can be widely used in optical information pro-
cessing systems, such as magneto-optic data storage, free-space
optical switching, etc. A birefringent prism or a multilayer dielec-
tric coating [1] can be designed as a PBS. The birefringent prism
may be heavy, bulky, expensive and not easily integrated. A multi-
layer coating also cost much to fabricate. The gratings whose peri-
ods are comparable to the incident wavelength can behave very
differently for differently polarized waves. A PBS is realizable by
optimizing the grating parameters. Compared with the conven-
tional PBSs, the PBS gratings can be cheap, light and compact for
effective packaging. During the past decades, several PBS gratings
have been designed or fabricated, which can separate TE (electric
field vector parallel to the grating groove) and TM (magnetic field
vector parallel to the grating groove) polarized beams into its re-
flected Oth order and transmitted Oth order respectively, such as
multilayer dielectric gratings [2], metallic wire-grid gratings [3],
sub-wavelength gratings in the quasi-static domain [4], and
embedded metal-wire nano-gratings [5]. A PBS grating can also
separate the TE and TM polarized beams into the transmitted or re-
flected Oth and —1st orders in Littrow mounting with both high
efficiencies and extinction ratios [6-10]. For the case of dielectric
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binary transmission gratings, a simplified modal method can de-
scribe the diffraction process very accurately [11]. The classic mod-
al method was used to calculate rigorous diffraction efficiencies of
gratings by expanding the field inside the grating into a series of
discrete modes that can be supported by a corresponding infinite
periodic waveguide [12]. In the simplified modal method, only
the propagating modes are considered. It has been shown that
the simplified modal method can function as a good design guide-
line for several grating beam splitters [11,13-18]. To our knowl-
edge, no one has ever demonstrated PBSs of two-layer dielectric
rectangular transmission gratings in Littrow mounting with a mod-
al analysis to reveal the diffraction process.

In this paper, we theoretically investigated polarization-depen-
dent diffraction of a two-layer dielectric rectangular transmission
grating in Littrow mounting. The simplified modal method is used
to illustrate the diffraction process in the grating layers. The reflec-
tion and transmission of the propagating modes at the interface of
the two layers are analyzed. Design equations are then given for
separating the TE and TM polarized waves in the transmitted Oth
and —1st orders. Diffraction efficiencies are obtained by using rig-
orous coupled-wave analysis (RCWA) [19], which prove the valid-
ity of the design equations. Together with the simulated annealing
(SA) algorithm [20,21], PBS gratings can be optimized to function
over a wide band with both high diffraction efficiencies and high
extinction ratios. Examples of two kinds of two-layer PBS gratings
are given for operation over the C-band (1520-1570 nm). In com-
parison with the single-layer grating, the two-layer grating exhib-
its great flexibility for the PBS design. The optimized two-layer PBS
gratings can achieve better performance than the single-layer PBS
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gratings. The description in this paper should help our understand-
ing of the diffraction process, and it will contribute to design var-
ious grating beam splitters, polarization dependent or
independent, by using the two-layer scheme. This kind of PBS grat-
ings should be interesting in practical applications.

2. Polarization-dependent diffraction behavior

The two-layer transmission grating structure is shown in Fig. 1. A
monochromatic plane wave is incident from the cover (air, n.=1)
with angle 0;,. = arcsin(//2d); i.e., the Littrow angle, where . is
the incident wavelength in vacuum, and d is the grating period.
The transmitted Oth and —1st orders propagates symmetrically
in the substrate with angle 0y=0_; = arcsin(1/2nsd), where n; is
the refractive index of the substrate. The grating region with depth
h is assumed to have two layers with the same duty cycle f (ratio of
the grating-ridge width to the grating period). The thickness and the
refractive index of the ridge of ith layer are h;and n; (i = 1, 2), respec-
tively. The medium in the groove is air. In this paper, it is aimed to
use this kind of transmission grating structure as a PBS, which
means the TE and TM polarized components of the incident wave
are separated in the two transmitted orders.

Several parameters of the two-layer gratings are kept constant
in advance. The incident wave length / is set to be 1550 nm to al-
low the designed PBSs to be used in optical communication sys-
tems. The substrate is fused silica with ns=1.45, which is a
cheap, most widely-used optical material. The ridge of layer 2 is
also fused silica with n, = 1.45. The ridge of layer 1 has a larger
refractive index n; = 2.0. Since there are several optical materials
that have refractive indices around 2.0, such as Ta,0s, this two-
layer element may be practically fabricated [20]. Then, only the
grating geometrical parameters are left to be varying.

The two-layer scheme is more complex than the simple binary
ones. Each grating layer will have an impact on the transmission
efficiencies. We wonder whether there is any average effect of
the two layers. Therefore, we considered the case that the thick-
nesses ratio of the two grating layers is kept constant. An example
is given in Fig. 2, which shows that the —1st-order diffraction effi-
ciencies vary versus the duty cycle f and the total grating depth h
with a thickness ratio hi/h; =1 for both TE and TM polarizations.
It is obvious that the main features are similar to those of the bin-
ary fused-silica gratings in Fig. 2 of Ref. [11]. The locations of the
bright stripes are different for TE and TM polarizations. Especially,

incident wave

air n,

2nd layer: n2, h2

Ist layer: ni, hi

Fig. 1. Schematic of a two-layer dielectric transmission grating PBS: n. and n,
refractive indices of air and substrate, respectively; d, grating period; h, grating
depth; f, grating duty cycle; h; and n;, thickness and refractive index of the grating
ridge of the ith layer (i=1, 2), respectively; 0;,., incident angle; 6, and 0_4,
diffraction angles of the Oth and —1st orders in substrate, respectively.
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Fig. 2. 1st-order diffraction efficiency versus the duty cycle f and the total grating
depth h: (a) TE polarization and (b) TM polarization. The period d of the two-layer
grating is 880 nm, the thicknesses ratio h;/h; is 1, and the incident wavelength 4 is
1550 nm.

there is a dark stripe which is almost straight and independent of
the grating depth around the duty cycle f=0.36 in Fig. 2b for TM
polarization. It is interesting that a two-layer grating has such
depth-independent behavior, which means that a polarizer or
PBS can also be designed by using such a two-layer scheme just
like by using a binary phase grating [11,15]. Fig. 2 suggests an aver-
age effect of the two-grating layers, which is shown by the similar
diffraction patterns as the binary gratings.

Much work has been done on the analysis of binary phase beam
splitter gratings with a simplified modal method [9,11,13-18]. In
the simplified modal method, the effective grating mode indices,
mode profiles and overlap integrals are intensively concerned
[22]. The effective mode indices are proportional to modes propa-
gation constants along the grating grooves and ridges, which are
determined by the dispersion equation

" K+ ke .
F(ngg) = cos(k.fd) cos(kg(1 —f)d) — 2k, sin(k;,fd) sin(ks (1 — f)d)
= cos(kyd) (1a)

41,2 41,2
gk, + nik,

F(ngy) = cos(k:fd) cos(kg(1 — f)d) — 2n2nZk,k, sin(k;, fd)
x sin(ke(1 — f)d)
= cos(kyd) (1b)

with
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where n, is the refractive index of the grating ridge, ng is that of the
grating groove, ne is the effective mode index, the mode propaga-
tion constant k; is 2neg/4, Eq. (1a) is for TE polarization and Eq. (1b)
is for TM polarization.

For a deep low-contrast binary phase grating in Littrow mount-
ing (cos (kyd)=—1), a two-beam-interference view [11] is em-
ployed to reveal the polarization-dependent diffraction process.
The reflections at the grating interfaces and the evanescent grating
modes are neglected. By assuming equal excitations of the only
two propagating grating modes, the transmitted —1st-order effi-
ciency n_, was shown to be [11,22]:

0 y(h) = sin’ <w> )

A

where noey and ny e (Moefr = M) are the effective indices of mode 0
and mode 1, respectively. The sinusoidal efficiency curves versus
the grating depth coincide with the main features of the curves of
rigorous numerical results [11].

For the two-layer scheme in Fig. 1, it is necessary to know the
mode properties in each layer. Fig. 3 shows the mode index differ-
ences (Mg — N1efy) vVersus the duty cycle ffor both TE and TM polar-
izations for the two-layer structure used in Fig. 2. The maximum
index differences for n,=2.0 are over twice of those for n,.=1.45
with the same polarization state. From Eq. (2), it is easily known
that a higher refractive index of the grating ridge can result in a
smaller depth to achieve the maximum —1st-order efficiency. It
is also shown in Fig. 3 that a point with ngeg= 14 is observed only
for TM polarization with 0 <f<1 for both n,=1.45 and n,=2.0. It
can be called the special point which is related to a (f, d) pair.
The special point has been investigated in detail for single-layer
fused-silica gratings [11] with a depth-independent diffraction
for TM wave according to Eq. (2). Here, the duty cycles of the spe-
cial points of the two layers are different for the same period. How-
ever, there is still a straight dark stripe in Fig. 2b with duty cycle
f=0.36. There, the mode index differences (nges — N1efy) are equal
in the two layers as shown in Fig. 3. The reason for such depth-
independent diffraction lies in the parity of the grating modes.

Fig. 4 shows the x-dependent mode profiles of amplitude E, for
TE polarization and Hy, for TM polarization. In this paper, the modes
which are even-symmetric in the grating ridge are called “even
modes”, and the modes which are odd-symmetric in the grating
ridge are called “odd modes”. In Fig. 4a, mode O is even and mode
1 is odd for both grating layers for TE polarization. While for TM
polarization, mode 0 is even for n,.=2.0, while it is odd for
n, = 1.45; the contrary situation comes for mode 1. By using the
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Fig. 3. Mode index difference (npes — n1ef) of the two propagating grating modes
(mode 0 and mode 1) versus the duty cycle f for grating with period d = 880 nm. The
incident wavelength 4 is 1550 nm.
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Fig. 4. Mode profiles of x-dependent amplitude for grating with period d = 880 nm
and duty cycle f=0.36: (a) E, for TE modes and (b) H, for TM modes. The dotted
vertical line indicates the duty cycle 0.36, and the horizontal dotted line indicates
the line of E, = 0 and H, = 0. The incident wavelength 2 is 1550 nm.

overlap integrals [22], it is easily shown that an even/odd mode
can only exchange energy with an even/odd mode. There is no cou-
pling between an even mode and an odd mode. It is better to use
the expressions of “even mode” and “odd mode” rather than
“mode 0” and “mode 1”. Although the mode profiles for TM wave
in Fig. 4 are not as smooth and similar to the sinusoidal curve as
those for TE wave, which is due to the different boundary condi-
tions at the edges of the grating ridge, the two TM modes are still
almost equally excited by the incident wave, just as the two TE
modes. The evanescent high order modes are weakly excited be-
cause their spatial frequencies are higher than the incident wave.

At the interface of the two grating layers, the reflection and
transmission of the propagating modes can be analyzed by match-
ing the boundary condition of the electromagnetic fields. The fields
in the two layers can be written in a modal basis as:

Oy(x,2) = Z [a,*‘pu,.p(x) exp(ik; ,2) + a; s p(x) exp(fik}vpz)] (3a)
p

Dy (x,2) = Z [a,*,ipu,,p (x) exp(iky ,2) + ay ,Uinp(X) exp(fik},_pz)]
p

(3b)

where I and II denotes the first and second grating layers, u;p(X) is
the pth normalized mode [22] in the ith layer, af, and a;, are mode
coefficients, whose relationship can be expressed as:
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where r;; is the reflection matrix for the modes in the first layer,
while r; is for the modes in the second layer, and t;; is the trans-
mission matrix for modes in the second layer to modes in the first
layer, while t;; is for modes in the first layer to modes in the second
layer. After applying the boundary condition at the interface of the
two grating layers, the mode transmission and reflection coeffi-
cients for the example two-layer grating can be obtained in Table
1. For reflection, the nonzero values of |rq(i, i)|> can be viewed as
the reflection efficiency of the ith mode to itself in layer a. In Table
1, the maximum reflection efficiency is |r1(1,1)]* for TE wave,
which is about 4.88%. Therefore, the energy of the incident mode
is mostly transmitted, which can also be shown by the nonzero val-
ues of ti; and t,. tgp(i, j) means the transmission amplitude of the
normalized mode j in layer a to the mode i in layer b. However,
the related transmission efficiency is not |ta(i, j)|* In theory, the
transmission efficiency can be written as tq(i,j)t;,(j, i), where the
superscript * means the complex conjugate. Then, the minimum
transmission efficiency in Table 1 is t1»(1, 1)t3, (1, 1), which is about
95.12%. It is the same as 1 — |r;1(1, 1)]%, which means the energy
conservation is maintained. In this view, although there are trans-
mission amplitudes larger than 1, these transmission efficiencies
are very close to, but still less than 1. Considering the mode symme-
try in Fig. 4, the zero values in Table 1 clearly show that there is no
reflection or transmission coupling between an even/odd mode and
an odd/even mode in the two grating layers. The modes in the first
layer can transfer most energy to the modes with the same symme-
try in the second layer. Further more, the phases of the nonzero val-
ues of t;, and t,; are no more than 1.7°, which is very small. These
phase changes can be neglected for deep gratings.

Based on the above illustration of mode couplings, in the two-
beam-interference view [11], the diffraction efficiency of n_; for
the structure in Fig. 1 can be expressed by

1_y(h) = sin® <—n(ne”e";_ n"dd)h) = sin® (_nAr}wh) (5)
with
Aﬁeff = (An].effh] + Anz.effhz)/thnl.eff = Njeven — ni,Odd7 (6)

ﬁeven = (nl,evenhl + nz.evenhz)/h; ﬁodd = (nl‘oddhl + nz‘oddhz)/h-

where 1njeven and n;,qq are the even-mode index and odd-mode in-
dex of the ith grating layer (i=1, 2); respectively; feyen and fogq
are the average index of the even modes and odd modes, respec-
tively; An;ep is index difference of the ith grating layer, and the
Angy is the average index difference. Fig. 4 shows that the Anfy
can be either positive or negative, while An[g; is always positive.
With Egs. (5) and (6), the main features of Fig. 2 can be well ex-
plained for both the TE and TM polarizations. Fig. 5 shows the
transmission efficiencies versus grating depth for the grating in

Table 1
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Fig. 2 with f=0.36, which indicates the center of straight dark
stripe in Fig. 2b. As can be seen, the curve of #% is close to the grey
sinusoidal curve by using Eq. (5). n™ is always close to 0 because
Anl". = —An]'l., and almost all the transmitted energy of TM wave
is in the Oth order. Numerical results also show that the period of
the fluctuations in curve of #IM is about //2fyen (O 1/2M1544, about
925 nm), which is due to reflections of the two modes at the air-
grating and grating-substrate interfaces [11]. Fig. 5 shows that
the concept of the average mode index can be applicable for the
two-layer grating in Fig. 1. In the following section, we will show
a rough design method directly based on the above modal analysis.

3. Design of PBSs

For a PBS, the extinction ratio are key important, which can be
defined as

C =min{C,,C 1} (7)
with
Co = —10log (1g*/ng’), C1 =—10log (™ /n"™). 8)

where superscripts Ta and Tb can be either TE and TM or TM and TE,
respectively; #o and #_; are the transmission efficiencies in the Oth
and —1st orders, respectively; Co and C_; are the extinction ratios of
the Oth-order and —1st-order transmissions in the unit of dB,
respectively. The PBS is designed to produce pure Ta wave in the
—1st order and Tb wave in the Oth order. For the transmission grat-
ing structure in Fig. 1, since the incident energy is mainly redistrib-
uted in the two transmitted orders, when 7@ and 5™ are very low,
n™ and n¥ will be high, and then high extinction ratio C can be ob-
tained. From Eq. (5), the design condition for a PBS grating can be
expressed by

At chy + Anjchy = (2m +1)2/2,Anfbchy + Anlchy =nid - (9)

where m and n are integers. As is shown in Section 2, An{Eff is always
positive, while An{’;}’f could be negative, zero or positive, because
Anf¥ . in each grating layer can be smaller than, equal to, or larger
than An/™, . It is necessary to know which case is taking place. It can
be made clear by cutting the (f, d) plane into different regions.

Fig. 6 shows the (f, d) curves of the special point with ngeg = 11
for TM polarization in each grating layer. There are also four dotted
lines. It is relatively easy to fabricate gratings with duty cycle
0.3 < f< 0.7, which is located between the two horizontal dotted
lines. The condition of /1/2min(n; n, ng) < d < 34/2max(n;, n, ns),
which are indicated by the two vertical lines, is strong enough to
make sure that only two propagating modes/orders exist in the
two-layer structure of Fig. 1. Therefore, the center box region is
of our interest with 0.3 <f< 0.7 and 2/2min(n;, ng, ng) <d <341/
2max(n;, ne, ns). This region is divided into three parts by the (f, d)
curves of the special point of each layer, which are labeled by 1,

2, and 3. From Section 2, it can be known that An{’g}’f is zero on

Mode reflection and transmission coefficients at the interface of the two layers of the grating with d = 880 nm, f=0.36, n; = 2.0, n, = 1.45. The wavelength 4 is 1550 nm. t,, and
(i, j) together means the transmission coefficients of mode j in layer a to mode i in layer b, while r,, and (i, j) together means reflection coefficients of mode j to mode i in layer a.

Mode 1 and mode 2 are either even- or odd-symmetric as are shown in Fig. 4.

(1,1) (1,2) (2,1) (2,2)

IE 1 0.2209-0.0066i 0 0 0.1208-0.0058i
22 —0.2209-0.0051i 0 0 —0.1209-0.0047i
ti2 1.2210-0.0041i 0 0 1.1210-0.0051i
o 0.7790-0.0026i 0 0 0.8790-0.0040i

™ 1 0.0127-0.0302i 0 0 0.0711-0.0039i
22 —0.0711-0.0035i 0 0 —0.0143-0.0295i
tio 0 1.0894-0.0032i 1.2156-0.0341i 0
o1 0 0.8211-0.0230i 0.9133-0.0027i 0
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Fig. 5. Transmission efficiency versus the grating depth for both TE and TM
polarizations for the grating with period d = 880 nm, f= 0.36. The two grating layers
are of equal thickness. The gray solid line is the sinusoidal curve of Eq. (5) for TE
polarization.
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Fig. 6. Illustration of the regions by using (f, d) curves with ngeg= nier for TM
polarization for each layer of the two-layer grating. Between the horizontal dotted
lines is the region with 0.3 < f< 0.7; between the vertical dotted lines is the region
with 2/2 min(n;, n, ns) < d < 34/2max(n;, ne, ng). The (f,d) curves cut the center
rectangular region into three regions which are labeled by 1, 2, 3. The incident
wavelength is 1550 nm.

the (f, d) curve, negative in the downside, and positive in the up-
side. So, in region 1, the average index difference Aﬁg‘f/’ is always
negative, while in region 3, it is always positive. In region 2, be-
cause An". is positive while An]" is negative, An[iis a compen-
sated result of the two layers. By choosing proper ratio of the
thicknesses of the two grating layers, Aﬁg}” could be zero as the
case of Fig. 5. Fig. 6 shows the design flexibility of a two-layer
scheme over the binary phase gratings: A two-layer PBS grating de-
sign can fall in all the three regions, while one has to follow a spe-
cial curve of (f, d) to find a lamellar PBS grating.

To prove the validity of Eq. (9), Fig. 7 shows a series of lines by
using it for a two-layer grating with d =880 nm and f=0.4 in re-
gion 2 of Fig. 6. Fig. 7a is for design of PBS with TM in the Oth order
and TE in the —1st order, and Fig. 7b for the opposite case. The
intersection points of the TE and TM lines indicate the design
parameters of PBSs. For example, at the marked point
(h1=0.2532=392 nm, h, =0.6916/ = 1072 nm) in Fig. 7a, the dif-
fraction efficiency #f and #™ are less than 0.35%, ™ and M
are more than 88%, and the overall Extinction ratio C is >24 dB.
The marked point (h; =3.1641=4896 nm, h, = 1.061 = 1642 nm) in
Fig. 7b produces min(nf, n™) > 84.9%, max(n™ ,niM) < 0.2%, and

4

Thickness of Layer 2, h, (4)

Thickness of Layer 1, h, (1)
(a)

Thickness of Layer 2, h, (1)

Thickness of Layer 1, h, (2)

(b)

Fig. 7. Lines of the design equation (Eq. (9)) for the grating with period d = 880 nm
and duty cycle f=0.4. Red solid lines are for TE polarization, and blue dashed lines
are for TM polarization. The black point indicates the design location of a PBS.

C>26dB. This grating is very deep to fabricate. That is because
An7 is small in region 2. In the next section, we will show a shal-
lower PBS grating in region 3 of Fig. 6 with a much larger Aﬁlf’f“.
Fig. 7 shows Eq. (9) successfully designed PBS gratings for opera-
tion at 1550 nm.

4. Optimized PBSs for operation over C-band

It will be convenient if a PBS can exhibit high diffraction effi-
ciency and extinction ratios over a band. Although rough PBS de-
signs for operation at a single wavelength can be directly
obtained by using Eq. (9), not all the designs are as good as the sin-
gle-layer rectangular PBSs ever designed [9,11]. A two-layer trans-
mission grating in Fig. 1 has more geometrical parameters (h;, n;, d,
f). It has the potential to achieve better performance. Here, the
well-known optimization method of SA algorithm is used [20,21].
The aim is to find a two-layer PBS grating for operation over the
C-band (1520-1570 nm). The total grating depth h is kept less than
3 pm. The duty cycle f and period d are confined as in Fig. 6.

Fig. 8 shows the diffraction efficiencies and extinction ratios of
an optimized PBS with TM wave in the Oth order and TE wave in
the —1st order. The grating period d is 1014 nm, and the duty cycle
fis 0.3, which lies on the edge of the region 2 in Fig. 6. The layer
thicknesses of h; and h, are 81 nm and 1986 nm, respectively.
The total grating depth h is about 2 um. As is shown, over the
wavelength range of 1480-1620 nm, the diffraction efficiency 1™
is >92% and nM is >95%, the extinction ratio Cp is >18 dB, and C
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Fig. 8. Diffraction efficiency (a) and extinction ratio (b) versus the incident
wavelength in Littrow mounting for the PBS grating for TM wave in the Oth order
and TE wave in the —1st order with period d=1014nm, f=0.3, h; =81 nm,
h, =1986 nm, n; = 2.0 and n, = 1.45.

is >26 dB. The grating can function as a highly efficient PBS with
high extinction ratios C (>27 dB) over the C-band. This grating
can achieves better performances than the binary fused-silica
PBS grating in Ref. [9] theoretically.

Fig. 9 shows the diffraction efficiencies and extinction ratios for
a PBS with TM wave in the —1st order and TE wave in the Oth order.
The (d, f) d is (944 nm, 0.47), which lies in the region 3 in Fig. 6. The
thickness of h; and h; are 1973 nm and 461 nm, respectively. The
total grating depth h is about 2.4 pm, which is much smaller than
that of the marked point in Fig. 7b. In the C-band, #E is >94%, n™ is
>97%, and the extinction ratio C is over 20 dB. As #™ is small over a
relatively wide band (1480-1620 nm), almost pure TM wave can
be obtained in the —1st order with a high efficiency.

The above two PBS gratings satisfy the design equation of Eq. (9)
approximately as is shown in Table. 2. Only small deviations are
caused by the reflection effects. The performance of the designed

Table 2
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Fig. 9. Diffraction efficiency (a) and extinction ratio (b) versus the incident
wavelength in Littrow mounting for the PBS grating for the TM wave in the —1st
order and TE wave in the Oth order with period d = 944 nm, f=0.47, h; = 1973 nm,
h, =461 nm, n; = 2.0 and n, = 1.45.

grating is rather good. It is worth mention that the diffraction pat-
tern in Fig. 9b can not be easily achieved by using a binary fused-
silica grating, because the depth will be large. Moreover, by using
the two-layer scheme, the grating parameters, other than the geo-
metrical ones, can also be optimized for theoretical analysis [20].

5. Discussions and conclusion

In the modal analysis, the reflections between the layer inter-
faces are neglected. That is because the index contrast of the mate-
rials used in the grating is low. At the grating interfaces, most of
the incident energy can be transmitted. The main features of
Fig. 2 can be explained by Eq. (5), and the numerically optimized
PBS designs satisfy Eq. (9) roughly. However, one should take care
to explain all the diffraction behaviors of any two-layer grating in
Fig. 1. For example, in Fig. 2a, when the duty cycle approaches 1,
the fluctuations of the efficiency seem to increase. That might be

Average indices and phases of the two PBS gratings optimized by using the SA. The wavelength Z is 1550 nm. m and n indicate the m and n in Eq. (7).

hy (nm) hy (nm) Aﬁg‘f” AﬁZfEf ZnAﬁeTf"f”h/i 2piAﬁZfth/). m, n
PBS1 81 1986 —0.00157 0.36993 —0.00131 3.09962 m~0,n~0
PBS2 1973 461 0.32250 0.63731 3.18197 6.28811 m=~0,n=1
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because the cheap fused-silica is selected as the substrate material
while a grating layer contains a material with a higher refractive
index. The effective indices of that layer can be larger than that
of the substrate (ns cos 0p) when the duty cycle gets large enough.
For such cases, the multiple reflections inside the grating should be
considered, just as the case of high-contrast gratings [17,23]. If the
substrate has the largest refractive index, the fluctuations could be
less. In this paper, the grating PBSs with 0.3 < f< 0.7 and h < 3 um
are preferred for the ease of fabrication. The fluctuations in that re-
gion of Fig. 2 are tolerable.

In summary, we theoretically investigated the polarization-
dependent diffraction behavior of a two-layer dielectric rectangu-
lar transmission grating in Littrow mounting. By the simplified
modal method, the diffraction process is revealed. The mode reflec-
tion and transmission at the interface of the two layers are ana-
lyzed. The design equation of the two-layer PBS gratings is
derived, which is an extension of the design equation of a single-
layer PBS grating. Numerical results with RCWA are given for the
examples of two-layer gratings, which are in accordance with the
design method. Because there are more grating parameters, a PBS
can be designed more freely. For example, if the grating period d
and the duty cycle f are fixed, a PBS grating can be obtained by
changing the thickness ratio among grating layers. With the
well-known optimization technique of SA algorithm, PBS gratings
with excellent performance may be obtained. Two different types
of two-layer PBS grating are optimized to be highly efficient over
the C-band. The optimized two-layer gratings can probably exhibit
better performance than the single-layer gratings [24]. The fabrica-
tion example of deep two-layer grating has been reported [20].
Similar simplified modal analysis can also be made for the polari-
zation-independent diffraction of the two-layer grating [20]. The
description of the two-layer scheme in this paper may be viewed
as a step towards the modal analysis of multilayer transmission

gratings. The two-layer PBS grating should also be useful in practi-
cal applications.
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