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Abstract: Subwavelength gratings (SWGs) possess an excellent ability to manipulate the wavefronts
of light waves. We investigated the beam tailoring mechanism of aperiodic SWGs in our current work,
and a bifocal lens, a beam splitter, and a beam combiner based on transmission-type one-dimensional
SWGs are presented and simulated here. By designing grating nanobar parameters to meet the
predetermined phase shift profile of the diffraction light, desired beam steering is accurately achieved
for the three devices while maintaining high transmissivity. All the simulated results show good
agreement with the theoretical predictions.

Keywords: subwavelength gratings; beam tailoring; bifocal lens; beam splitter; beam combiner

1. Introduction

In the past decades, all-dielectric metamaterials, commonly known as synthetic
subwavelength-engineered material, have always been the focus of intense research in
the field of optical devices, which can be designed to manipulate the properties of trans-
mitted light [1]. Meanwhile, two-dimensional photonic crystal waveguides (WGs) have
opened a new direction for designing photonic crystal sensors [2], all-optical full-adders [3],
resonators [4], and so on. However, their obscurity regarding production and their in-
herent diffraction losses restrict the range of applications [5]. Moreover, most previous
studies on metamaterials have lacked rigorous theoretical calculations and derivations.
Subwavelength gratings (SWGs), in part, can be considered as subwavelength-scale pho-
tonic crystals and are emerging as an enabling technology for implementing compact,
high-performance photonic integrated devices and circuits [6,7], including reflectors [8],
directional couplers [9], filters [10], splitters [11], sensors [12], and modulators [13], among
others. Moreover, certain subwavelength gratings with novel surface structures can greatly
improve device performance [14].

Recently, with the development and demonstration of array optical devices and spatial
imaging technology, the crosswise controlling of the wavefront in a reflected or transmitted
mode has made significant progress [15,16], as one-dimensional and two-dimensional
SWGs exhibit interesting behavior in the field of integrated optoelectronic devices due
to their excellent abilities of spatial beam controlling [17,18]. With the help of localized
phase front tailoring, the phase, amplitude, and polarization of reflected or transmitted
waves at the interface between two mediums could be manipulated in the near-infrared
communication band. There are applications in optoelectronic devices using SWGs, e.g.,
beam deflection, beam focusing, and beam splitting. Usually, SWGs are used to integrate
with optically active devices to improve their performance and enhance their coupling
efficiency, and thus, they can hardly be made into a single membrane. However, the silicon-
on-insulator (SOI) platform is extremely attractive for realizing high-capacity SWGs, which
makes it possible for us to test the performance of the SWGs-based devices [19]. Moreover,
the SOI platform is fully compatible with mature CMOS technology and is widely used as
a substrate for making various silicon-photonics devices [20].
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In this paper, we summarize our recent work on developing beam tailoring devices,
and a bifocal lens, a beam splitter, and a beam combiner based on non-periodic one-
dimensional SWGs are proposed and demonstrated. For a bifocal lens, the incident beam is
concentrated on two different focal planes along the optical axes, which is similar to the
eyes of certain insects in the extant animal kingdom [21]. Theoretically, SWGs can play the
part of multifocal lenses, which have several applications in the field of beam manipulation
and spatial imaging. As an example, a bifocal lens with two focal planes at 10 um and
20 um, respectively, behind the surface of the grating is demonstrated and simulated using
the finite element method (FEM). For a beam splitter, an incident beam could be split into
multiple beams in different directions and the split beams can be parallel or converge at
different focal points. As an example, a beam splitter with a power ratio of 1:2 and two
deflection angles of 15° and 30°, respectively, is demonstrated and simulated. Moreover, a
beam combiner based on SWG is proposed, which could combine multiple non-coherent
light beams into a single one, it provides an effective way of increasing the output power
of the laser. The simulated results indicated that the SWGs-based bifocal lens, beam splitter,
and beam combiner exhibit excellent beam-tailoring characteristics. The wavefront control
ability of SWGs is verified through the design of these devices. Moreover, we hope to apply
these novel devices to optoelectronic integration and spatial imaging.

2. Theoretical Background

For a periodic SWG, the diffraction efficiencies and phase shift of the incident wave can
be calculated for both transverse electric (TE) and transverse magnetic (TM) polarization
through the use of the rigorous coupled-wave analysis (RCWA) [22]. Its conclusions can
be extended to non-periodic gratings by splicing multiple regions with different design
wisdoms, and high refractive indexed grating nanobars can manipulate the localized phase
of the diffraction beam [17]. The overall effect is that the desired phase distribution can be
obtained while maintaining a high reflectivity /transmissivity. SWG with a beam-steering
ability has been reported in [23], which is a typical application of one-dimensional SWG for
spatial beam control.

For the three devices proposed in this paper, silicon nanobars are patterned on an
SOI platform due to the design flexibility. The design of aperiodic SWGs relies on the
calculations of transmittance and wavefront phase in periodic SWGs of different sizes, and
the phase spectrum should span a complete 27t when nanobar width changes. To obtain
higher transmittance, the optimal thickness of the top silicon layer is set to 0.8 um at an
operational wavelength of 1.55 pm under normal incidence. It should be noted that TE
incident light can only achieve a complete 271 phase coverage and a higher transmittance
simultaneously in one-dimensional SWGs with difficulty; therefore, the devices mentioned
in this paper are all based on TM polarization transmission-type SWGs. The transmittance
and phase spectra as functions of the period A and duty cycle # for TM incident waves
are shown in Figure 1, where the periods of the nanobars range from 0.4 pm to 1.2 um
and the duty cycles range from 0.3 to 0.8. These two diagrams have provided a phase
categorization table for obtaining the necessary phase shift in the design process of the
gratings with special performances.
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Figure 1. (a) Transmittance spectrum and (b) phase spectrum of periodic 1D subwavelength gratings.
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3. Design Process and Numerical Simulation
3.1. SWG Bifocal Lens

Bifocal lenses and multifocal lenses are important optical elements, which have always
been an enticing topic in the field of bionics and spatial imaging [24,25]. An SWG-based
bifocal lens can achieve similar functions. The schematic diagram of the proposed SWG
bifocal lens is shown in Figure 2, and the width and period of the nanobar are denoted as
w and A, respectively, while all the nanobars have the same height k; therefore, the duty
cycle can be expressed as 17 = w/A. The vertically incident light will be split into two beams
according to the desired power ratio; each beam will be concentrated on its focal plane
along the optical axes, as shown by F; and F; in Figure 2; and the corresponding focal
lengths are f1 and f», respectively. In the coordinate system shown in Figure 2, the desired
phase profile of the transmitted light wavefront is demonstrated below:

{cb(x):a”( 2+ - fi)+@(0), (x| <a) "

o) =¥ (\/2+ - f) +(0), (x| =a)

where ®(x) is the local phase of the transmitted light wavefront on the transmission plane,
®(0) is the local phase at the center of the grating (origin of coordinates), A is the vacuum
wavelength of the incident light, f; is the first focal length, f; is the second focal length,
and the value of a determines the power ratio of two foci. According to the desired phase
profile, silicon nanobars with maximum possible transmittance are selected one by one
from center to periphery by searching the phase categorization table shown in Figure 1.
As an example, we have designed an SWG bifocal lens with two focal planes are at 10 um
and 20 um, respectively, behind the surface of the grating, where the total grating width is
50.8 pum, the grating height is 0.8 pm, and a is set to be 15 pm.

BEIRNCewdulin

TM incidence

Figure 2. Schematic of SWG bifocal lens on an SOI wafer.

To verify the splitting and focusing ability of the SWG bifocal lens, the numerical
simulation of the grating is performed using the FEM at an operational wavelength of
1.55 um, the perfectly matched layer (PML) boundaries are considered in both the x
and y-directions. TM normal incident waves illuminate upon the substrate of the wafer
and then converge at two different foci behind the grating surface. Figure 3a shows the
numerically simulated field distribution of the transmitted wave. It is apparent that the
incident light converges at two spots, which are at around 9.8 um and 20.9 um behind
the surface of the grating lens, respectively, and the total transmittance of the grating is
around 89%. The simulated results show a good agreement with the design value. The
factor, which may contribute to the error, is discontinued in the phase modulation and a
limited number of SWG elements. Figure 3b shows the field distributions on these two
focal planes and demonstrates that the peaks occur on the optical axes, and the full width
at half maximums (FWHMs) of the electric field intensity at two foci are around 1.12 um
and 1.14 um, respectively. In Figure 3¢, the peaks along the optical axes are represented by
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pink dashed lines, which indicate the accurate position of two focal planes, the depth of
foci can also be obtained. The conclusion drawn from the above simulation is that a bifocal
lens can be easily obtained using SWGs. It should be noted that the results regarding
the one-dimensional nanobar grating can be extended to the two-dimensional circular
grating [26], thus realizing the true bifocal lens in the three-dimensional space. Related
works are in progress.
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Figure 3. (a) Field distribution of the SWG bifocal lens, (b) field distribution on the focal plane, and
(c) e-field intensity along the optical axes.

3.2. SWG Beam Splitter

A beam splitter is an important optical element in integrated optical circuits. A number
of novel technologies can realize beam splitting, such as metasurface [27], diffraction
grating [28], plasmon waveguide [29], and others. In this section, we investigate the
feasibility of developing SWG-based beam splitters. The schematic diagram of the proposed
SWG bifocal splitter is shown in Figure 4. A normal incident beam will be split into two
beams according to the predetermined power ratio and steering angles denoted as « and j
in the figure. In the coordinate system shown in Figure 5, the desired phase profile of the
transmitted light wavefront can be written as:

d(x) = P(0) + 2y . sina, (x <0)
{CD(X) =®(0) - %x -sinB, (x>0) @)
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Figure 4. The schematic of an SWG beam splitter on an SOI wafer.
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Figure 5. (a) E-field distribution of the SWG beam splitter and (b) field distribution on sections with
different distances behind the grating surface.

As an example, we designed an SWG beam splitter with two steering angles, « = 15°
and p = 30°, while the splitting power ratio is 1:2, which is determined by the grating
area. The numerical simulation of this grating is performed at an operational wavelength
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of 1.55 pym under TM normal incidence. Figure 5a shows the e-field propagating in the
SWG beam splitter. The simulated deflection angles of the two transmitted beams are
14.4° and 29.5°, respectively, and the splitting power ratio is around 1:1.87, which are close
to the theoretical values. The total transmittance of the grating is around 85%. E-field
distributions on three cross-sections with different distances behind the grating surface are
shown in Figure 5b, and it is clearly evident that the FWHMSs of the electric field along the
split beam are almost constant; in other words, the split beams are still parallel.

3.3. SWG Beam Combiner

The function of the beam combiner is the opposite of that of the beam splitter, which is
commonly used to combine multiple lasers with lower power and achieve high brightness
and high beam quality [30]. The schematic diagram of the proposed SWG beam combiner
is shown in Figure 6, in which the two incoherent beams with different incidence angles are
combined into one beam, and the desired phase profile of the transmitted light wavefront
can be written as:

A®(x) = AD(0) — Fx-sina, (x <0) 3
{AdD(x) =A®(0) + Fx-sinp, (x>0) ®)

where A®(x) = ®'(x) — ®(x) is the phase change of the transmitted light wavefront at a
random position x, while ®(x) is the phase of the incident light on the incident plane and
@/ (x) is the phase of the transmitted light on the transmission plane at the corresponding
position x. A®(0) = ®(0) — P(0) is the phase change of the transmitted light wavefront
at a position x = 0, while ®(0) is the phase of the incident light on the incident plane, and
@’(0) is the phase of the transmitted light on the transmission plane at the corresponding
position x = 0. Here, we use phase change because the beam is an oblique incidence and
cannot use transmission phase to replace the phase change.

Transmitted light

LT
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Beam 1 Beam 2

Figure 6. Schematic of SWG beam combiner on an SOI wafer.

An SWG beam combiner with incidence angles & = 8 = 15° and a transmitted beam
perpendicular to the transmission surface (theoretically, the transmission angle can be
an arbitrary value of less than 90°) is proposed. The numerical simulation of the beam
combiner is performed at a wavelength of 1.55 um. Figure 7a shows the e-field propagating
in the SWG beam combiner, and e-field distributions on several planes at different distances
along the optical axes are plotted in Figure 7b. It is clearly evident that the FWHMs of the
transmission spectrum remain largely the same at the distances of y = 120 um, y = 140 um,
and y = 160 pm, which indicates that the transmitted light is a parallel beam. The total
transmittance of the grating is around 91.3%. The simulated results show a good agreement
with theoretical predictions.
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Figure 7. (a) E-field distribution of the SWG beam combiner and (b) field distribution on sections
with different distances behind the grating surface.

4. Conclusions

In this article, a bifocal lens, a beam splitter, and a beam combiner, based on transmission-
type one-dimensional SWGs, are proposed in order to demonstrate the excellent beam
tailoring ability of SWGs fabricated on an SOI wafer. We choose the optimized thickness
of the top silicon layer, when the periods of the nanobars range from 0.4 pm to 1.2 um
and the duty cycles range from 0.3 to 0.8, and the complete 27t phase modulation of
the transmitted wave could be achieved while maintaining a high transmissivity, which
provides a theoretical basis for device design. An SWG bifocal lens with two focal planes
at 10 um and 20 um, respectively, behind the grating surface, is designed and simulated,
the simulated results are around 9.8 um and 20.9 pm, respectively, which indicate that the
proposed bifocal lens was able to produce two distinct and well-focused images along
the optical axes. An SWG beam splitter with two steering angles, « = 15° and g = 30°, is
proposed, and the simulated results are around 14.4° and 29.5°, respectively. Moreover,
an SWG beam combiner with the incidence angle « = 8 = 15° is presented, the simulated
results indicate that the transmitted light is a parallel beam. All the simulated results show
good agreement with theoretical values, through which the wavefront control ability of
SWGs is demonstrated.

5. Discussion

The proposed bifocal lens, beam splitter, and beam combiner in this paper are all based
on one-dimensional nanobar subwavelength gratings; however, the conclusions of the
one-dimensional nanobar SWGs can be extended to two-dimensional circular SWGs and
two-dimensional block SWGs. It should be noted that two-dimensional block SWGs have
better spatial beam controlling abilities [31], and related research is ongoing. Moreover,
these SWGs-based beam tailoring devices on SOI platforms are easy to fabricate with
standard photolithography, and perfectly prepared strip subwavelength gratings using
electron beam lithography and inductive coupled plasma etching techniques have been
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reported in many relevant studies [32]. The fabrication of two-dimensional block gratings
was also mentioned in our previous work [31]. We envision the near-future application of
SWGs-based devices in the field of beam reshaping, spatial imaging, and integrated optics.
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