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The dual-port splitter with >48% efficiency in £1st
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A novel reflective grating with a sandwiched structure is proposed. Under the normal incidence, the grating can function as
a dual-port beam splitter. Rigorous coupled-wave analysis (RCWA) is used to optimize the grating for high efficiency.
Based on the optimized parameters, high efficiency of the +1st orders of 48.17% for transverse electric (TE) polarization
and 48.19% for transverse magnetic (TM) polarization can be achieved, where the Oth order is less than 0.99% for TE and
TM polarizations, and the total efficiency can reach 98%. Simultaneously, we effectively analyzed and verified the device
data using simplified modal method (SMM), finite element method (FEM), and electric field distribution. In addition, the
proposed grating also has a good performance at a bandwidth of 64 nm and the duty cycle of 0.668-0.732.
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1. Introduction

Due to the novel diffraction properties, the grating
with a periodic structure has always been the focus of
optical research [1-7]. The optical field for the
electromagnetic wave can be adjusted by the
metasurfaces [8, 9]. High-efficiency gratings are key
elements in various optical systems, for example,
photodetectors [10-12], sensors [13-15], absorbers
[16-18], etc. With the development of modern optical
system, the demand for grating with high integration and
diffraction  efficiency is increasing. With the
improvement of micro-nano processing technology, there
is more promotion for the optical devices design and
performance [19]. Compared to the past, the grating
density has become increasingly high, and the diffraction
properties of high-density grating are different from
low-density grating. Wang et al. described a novel
reflection-reduced two-layer grating. For the TE and TM
polarizations, the efficiencies of 99.69% and 99.64% can
be achieved, respectively [20]. Feng et al. presented a
dual-function subwavelength fused-silica grating which
can work as a polarization-selective beam splitter with a
total efficiency of 98% for TM polarization and a
high-efficiency grating with the efficiency of the -1st
order of 95% for TE polarization [21].

The analysis methods of grating can be divided into
scalar diffraction theory [22, 23] and vector diffraction
theory [24, 25]. For subwavelength grating [26], where
the grating period is close to the wavelength (resonance
regime), its polarization characteristic becomes very

pronounced. Scalar diffraction theory can no longer be
used to calculate diffraction efficiency. Therefore, vector
diffraction theory should be employed for subwavelength
grating analysis, including RCWA [27-29], FEM [30],
and finite-difference time-domain method (FDTD) [31].
In this paper, we propose a sandwiched reflective
grating structure, which can function as a dual-port beam
splitter [32, 33]. One of the vector diffraction theories,
RCWA, divides the grating structure into an incident
region, a grating region, and an output region. By
employing Fourier series, Maxwell’s equations, and
boundary conditions, the electric field distribution
throughout the entire space can be accurately obtained
[34-36]. Therefore, we adopted RCWA for theoretical
analysis of the optical performance of this beam splitter.
Through RCWA calculations and optimization, we
obtained optimal parameters for this dual-port beam
splitter structure under both TE and TM polarizations.
The results indicate that when incident light with a
wavelength of 1.550 um is vertically incident on the
grating layer along the normal direction of the fused
silica surface, the diffraction efficiencies for both +1st
orders exceed 48% under dual polarization, while
effectively  suppressing the Oth-order diffraction
efficiency. Additionally, due to the incident angle and
grating structure design, the incident energy is evenly
coupled into the +Ist and -lIst diffraction orders. In
Section III of this paper, we provide a detailed analysis of
the diffraction states using SMM. Subsequently, we
validated the performance of the beam splitter through
electric field distribution and FEM. What’s more, this
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paper also discusses the bandwidth of incident
wavelength and the tolerance of duty cycle of grating in
actual fabrication.

2. Structure and numerical calculations

As shown in Fig. 1, The grating structure consists of,
from bottom to top, the metal layer, the connecting-layer,
the periodic grating ridges and the capping layer. The
grating grooves filled with air (n=1.00) are positioned
between grating ridges. Fused silica is used as the
material for grating substrate, connecting layer and

grating ridge. Due to the advantages of appropriate price
and strong plasticity of metal silver, it is reasonable to
choose it to be the reflective layer whose thickness is
hy= 0.100 pm and its refractive index nm=0.469-1%9.32.
Secondly, the depth of grating groove is defined as /;.
The thicknesses of connecting-layer and metal layer are
h and A, respectively. The grating period is defined as
d, and the width of grating ridge is a, so the duty cycle is
f=a/d. In this work, the normal incident wave with
wavelength of 4=1.550 pum illuminates the grating from
fused-silica, so the refractive index of the incident region
is n1=1.45. Due to the refraction of metal layer, the exit
region is also fused silica with the refractive index ni.

Fig. 1. Schematic diagram of dual -port grating with a sandwiched structure: (a) 3-D view (b) 2-D view (colour online)

The performance of a grating depends on its
structural parameters. To achieve a high-efficiency
grating with dual-port functionality and suppression of
the Oth-order diffraction, we employed RCWA to
optimize the grating structure. Through RCWA
simulations, the optimal structural parameters were
obtained: the period ¢=2.100 pum, the duty cycle /=0.7,
the thicknesses 4, h; and 4, of 2.000 um, 1.850 um and
0.100 pm, respectively. The parameters are listed in

Table 1. Through numerical calculations, as shown in Fig.

2, high efficiencies of 48.17% for TE polarization and
48.19% for TM polarization are achieved in the +1st

orders. The Oth-order efficiency remains below 0.99% for
both polarizations, while the total efficiency exceeds
98%.

Table 1. The optimized parameters of grating structure

f d h[ h2 hm
2.100 2.000 1.850 0.100

pm pm pm pm
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Fig. 2. The efficiency versus the thickness of grating groove depth and connecting layer under normal incidence with 2.=1.550 yum,
d=2.100 um, hw=0.100 um and f=0.7: (a) +1st orders of TE polarization, (b) £1st orders of TM polarization; (c) Oth order of TE
polarization; (d) Oth order of TM polarization (colour online)

The above structure is theoretically designed, and
due to the involvement of a silver reflective layer and
relatively deep etching, it is necessary to discuss the
feasibility of the fabrication process for this device

structure. The manufacturing steps are as follows [37,38]:

First, we prepare a layer of fused quartz as the substrate
and deposit a metallic silver layer using magnetron
sputtering technology. Second, the grating structure is
obtained by coating photoresist on the quartz surface,
followed by exposure, development, patterning, and ion
beam etching techniques. The grating is then subjected to
plasma activation treatment. Finally, a similarly
plasma-activated fused quartz substrate is placed over the
grating, and the sandwich-structured grating is bonded
firmly with the metal silver layer. Compared to
traditional surface gratings, the sandwich-structured
grating with a cover layer reduces Fresnel losses. This
further validates the high credibility of the structure
investigated in this study.

3. SMM for the grating structures

In this study, the performance of the dual-port beam
splitter primarily relies on simulation results. It is
necessary to explore the underlying physical mechanisms

behind it. Since RCWA cannot describe the energy
exchange between diffraction orders within the grating
structure, we employ SMM for theoretical analysis of its
fundamental physical principles. According to SMM, the
characteristic ~ functions of  TE-polarized and
TM-polarized incident light in the grating region are
respectively [39,40]:

F(nZss) = cos(Bfd) cos[y(1 — f)d]
BZ+y? . ,
—55 - sinBfd)sinfy(1—-Hdl, (1)

F(n2ss) = cos(Bfd) cos[y(1 — f)d]

_ nptendy?

an‘]nﬁﬁy Sln(ﬁfd) Sln[Y(l - f)d]' (2)

8 2 ’nﬁ—ngff 2m ’né—ngﬁ

— Y =—— 3)

where, n.sfrepresents the effective refractive index of
the excited discrete modes. f and d represent the duty
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cycle and grating period, respectively. 71; and ng represent
the refractive indices of the grating ridge and grating
groove, respectively. This structural design employs
normal incidence, so the self-collimating line F (ngff) =
1. When incident light propagates along the grating, it
excites discrete modes within the grating layer. The
properties of these discrete modes depend on the
effective refractive index. When ngff > 0, the effective
refractive index of the discrete mode is a positive real
number, allowing the light to penetrate and transmit
through the grating. When ngff <0, the effective

refractive index of the discrete mode is imaginary,
causing the incident light to decay rapidly during
propagation along the grating [41]. Therefore, this case is
not considered in this study. The relationship between the
grating characteristic function and the effective refractive
index is shown in Fig. 3. It can be observed that the
discrete modes excited by TE-polarized and
TM-polarized light within the grating are the Oth mode,
Ist mode, and 2nd mode. Their corresponding effective
refractive indices are listed in Table 2(a).
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Fig. 3. The relationship curve between the effective refractive index and the grating characteristic function (colour online)

Table 2. Simplified modal method for the dual-port
functional gratings

(a) Effective refractive index of the grating layer.

Noerf Niefrf Noeff
TE 1.3987 1.1975 0.9975
™ 1.3813 1.1331 0.9983

(b) The energy exchange between the grating modes
and the diffraction orders

Mode Diffraction Order
TE (0th) TE ™ ™
(£lst) (0th) (x1st)
Mode 0 0.8415  0.0785  0.7585  0.1203
Mode 1 0 0.4919 0 0.4676
Mode 2 0.1376 ~ 0.3930  0.1371  0.3933

During the process of incident light penetrating the
grating layer, it undergoes two coupling events. The
incident light couples with the grating for the first time,
exciting the grating mode; the second coupling occurs
between the grating mode and the diffraction orders, and
the energy exchange between them can be described by
the following formula [42,43].

4)

2

|de Eyj(x)um(x)dx|
E,i(x) o u,)= ,
(Ey;(x) m) By dx [ um (o) [2dx

|de Hyk(x)uq(x)dx|2

f0d|Hyk(x)|2dx f0d|uq(x)|2dx

(Hyk(x) « uq) = (%)

Here, E,j(x) and u,, denote the diffraction order

and grating mode for TE polarization, respectively.
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Hy(x) and u, denote the diffraction order and grating
mode for TM polarization, respectively. Using formulas
4 and 5, the weight for energy exchange between grating
modes and diffraction orders within this dual-port beam
splitter grating layer can be calculated, as detailed in
Table 2(b). Analysis based on the SMM theory, combined
with the aforementioned chart data, can effectively
explain that our proposed dual-port beam splitter exhibits
high diffraction efficiency in the +1st diffraction orders
and incorporates a Oth-order diffraction suppression
capability.

4. Discussion and data analysis

Based on the theoretical parameters calculated via
RCWA, we performed analysis and validation using the
FEM. Table 3 lists the calculation results from both
methods. It can be seen that the FEM results are almost
identical to the RCWA results, thus effectively
demonstrating the credibility of the theoretical
parameters for this device.

0.5

(@

Table 3. The efficiencies of grating under the optimized
parameters based on RCWA and FEM

Theory 1 7™ (%) (0 70™ (%)
+
(%) (%)
RCWA  48.17 48.19 0.98 0.66
FEM  48.12 48.17 0.92 0.65

Fig. 4 displays the normalized electric field
distribution. Evidently, when /4, is 0.100 pm, the energy
of both TE and TM polarizations reaching the metal layer
is almost entirely reflected back and symmetrically
distributed across the grating, the cover layer, and the
connection layer. Notably, this energy distribution further
demonstrates that the =+lst diffraction orders exhibit
identical diffraction efficiency. Additionally, the electric
field energy distribution differs significantly between TE
and TM polarizations within the grating layer. Under TE
polarization, the electric field energy is primarily
concentrated in the grating ridges, whereas under TM
polarization, it predominantly localizes within the grating
trenches.
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Fig. 4. The normalized electric field distribution diagram of the grating with A=1.550 um, d=2.100 yum, hn=0.100 um
and f=0.7: (a) TE polarization; (b) TM polarization (colour online)

Furthermore, to highlight the distinctive features of
the structure investigated in this study compared to other
relevant reports [44,45], we compare the diffraction order
efficiency, structure, polarization compatibility, and
fabrication tolerance. As shown in Table 4, we find that,
compared to the other two structures, the proposed
design in this study demonstrates significant advantages
in incident wavelength bandwidth and duty cycle
tolerance, thereby better meeting practical manufacturing
requirements. Compared to the Ref. [45], the diffraction
efficiencies for both the +1st and -1st orders under TE

and TM polarizations have been improved in this work.
Furthermore, compared to the Ref. [44], the diffraction
efficiencies for the +1st orders under TM polarization
have been significantly improved, and the suppression of
the Oth-order diffraction efficiency has also been further
strengthened. Interestingly, compared to beam-splitting
gratings limited to a  specific  polarization,
polarization-independent ~ dual-port beam  splitters
demonstrate promising application potential in laser
beam processing or transient grating spectroscopy (TGS)
[46,47]. For instance, TGS based on polarization -
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insensitive diffraction gratings can be employed to

investigate the distribution of the mean free path of

energy carriers [47]. Detailed comparisons are presented
in Table 4.

Table 4. The comparison of the structural data proposed in this work with the structural data from other relevant studies

Scheme Ref. [44] Ref. [45] This work
no"™ (%) 0.25 0.51 0.98
N1 (%) 48.63 48.01 48.17
o™ (%) 2.90 0.85 0.66
ner™ (%) 44.30 47.90 48.19
Covering layer Yes No Yes
Reflective layer No Yes Yes
Connecting layer Yes Yes Yes
Polarization state Polarization independent Polarization independent Polarization independent
. 38 nm 20 nm 64 nm
Bandwidth of wavelength (Me1>42%) (M1>47%) (M=1>47%)
Duty cycle tolerance 0.09 0.03 0.064
(M«1>42%) (M1>47%) (M+1>47%)

The selection of duty cycle and grating trench depth
critically governs the diffraction efficiency of the grating.
The trench depth controls the phase accumulation of
incident light within the grating, serving as a phase
modulation mechanism. Insufficient depth leads to
inadequate phase modulation, whereas excessive depth
causes energy leakage to non-target diffraction orders.
Meanwhile, the duty cycle, defined as the ratio of the
grating ridge width to the period, influences the
distribution of diffraction efficiency across different
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orders. Furthermore, when the grating layer directly
contacts the metal reflective layer, light induces the skin
effect at the metal surface, increasing propagation loss.
By introducing a connection layer, the propagation phase
difference accumulates to achieve reflective phase
compensation, thereby enhancing the efficiency of
specific diffraction orders and broadband performance.
Fig. 5 shows the efficiency versus the thickness /> under
the normal incidence. In Fig. 5, when /> is 1.850 um, the
function of the grating is well realized.

TE(0th)
TE(1st)
TM(Oth)
TM(1st)

1.85 1.9 1.95 2

Thickness h,, (zm)

Fig. 5. The efficiency versus the thickness hz of connecting layer under normal incidence with 2.=1.550 um, d=2.100 um,
hn=0.100 um and f=0.7 (colour online)

It is necessary to consider the cost of grating
fabrication. Fig. 6 presents the efficiency versus the
metal layer thickness /,,. When A, is from 0 pm to 0.100
um, the grating reflection efficiency increases; When /i,

is 0.100 pum, the efficiency reaches the maximum; When
hn is greater than 0.100 um, the efficiency is hardly
changing. Therefore, it is reasonable to choose /4, as
0.100 um.



The dual-port splitter with >48% efficiency in +1st diffraction orders 401

50
45|
40

35

Efficiency 1 (%)
- NN W
a S o O

—_
o

Ol I
0 0.1 0.2

- TE(1st)|
TM(1st).

0.3 0.4 0.5

Thickness hm (yzm)

Fig. 6. The relationship between the efficiency and the thickness of metal layer (colour online)

In this work, the designed structure operates under
normal incidence at a theoretical wavelength of 1=1550
nm to achieve high diffraction efficiency in the +1st
orders. However, in practical applications, the incident
wavelength cannot be precisely fixed at 1550 nm, which
requires investigation into its performance across a range
of incident wavelengths. Fig. 7 shows the efficiency
versus the incident wavelength A. For TE polarization
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and TM polarization, the +1-order diffraction efficiencies
exceed 47%, while the Oth-order efficiencies are
suppressed below 3% over the 64-nm bandwidth
spanning 1524 nm to 1588 nm. It indicates that the
grating has a wide incident wavelength bandwidth so that
it can satisfy the application requirements for wide
incident bandwidth.

—TE(0th)
TE(1st)
TM(Oth)

“TM(1st)

Wavelength A (nm)

Fig. 7. The efficiency versus the incident wavelength 1 with d=2.100 um, h;=2.000 um, h2=1.850 um, hn=0.100 pum
and f=0.7 (colour online)
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The grating duty cycle in this device is a parameter
calculated based on RCWA theory. However, during
actual fabrication, limitations in microfabrication
precision and process control may lead to deviations in
grating etching depth, consequently affecting device
performance. It is therefore imperative to systematically
investigate the impact of varying grating duty cycles on
device performance. Fig. 8 shows the relationship
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between duty cycle fand the grating efficiency. It can be
observed that when the duty cycle f'is within the range of
0.668-0.732, for both polarizations, the efficiencies of the
+1st orders are nearly greater than 47%, and those of Oth
order are less than 3.7%. All in all, the grating has a wide
incident bandwidth and a large process tolerance in the
duty cycle, which is of great significance for the actual
production.

TE(Oth)
TE(1st)
TM(Oth)
T™(1st)

0.75 0.8

Duty cycle f

Fig. 8. The relationship between duty cycle f and the grating efficiency with 2=1.550 um, d=2.100 um h;=2.000 um,
h2=1.850 um, and hm=0.100 um (colour online)

5. Conclusion

In conclusion, this paper proposes an efficient
sandwich-structured grating capable of functioning as a
dual-port output energy splitter under normal incidence.
To enhance efficiency, the structural parameters of the
grating were optimized using RCWA. Based on the
optimized parameters, the =lIst-order efficiencies of
48.17% for TE polarization and 48.19% for TM
polarization ~were achieved, respectively, while
effectively suppressing the Oth-order. The total efficiency
can reach 98%. Furthermore, we comprehensively
analyzed the physical mechanisms governing the
performance of this beam splitter through SMM, FEM
simulations, and electric field distributions. The grating
can retain high-efficiency in the range of 1524-1588 nm
(bandwidth 64 nm). The efficiencies of the +1st orders
are greater than 47% for two polarizations when the duty
cycle f is within the range of 0.668-0.732. Such a
high-efficiency, wide incident bandwidth and wide
fabrication tolerance grating should be promising in
various optical applications.
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