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ABSTRACT. Integrated diffraction gratings offer a compact route to magneto-optical traps (MOTs)
for atom cooling and trapping, thus preparing MOTs for future scalable quantum
systems. Although segmented tri-gratings ensure axial radiation pressure balance,
they are limited in optical trapping volume. Planar 2D gratings, though offer larger
trapping regions, suffer from low diffraction efficiency and the resulting axial pres-
sure imbalance, necessitating the use of a neutral density (ND) filter to achieve
this balance. We present a numerically optimized 2D diffraction grating design that
overcomes these limitations and satisfies the required optical conditions for laser
cooling, namely, radiation pressure balance, specular reflection cancellation, and
circular polarization handedness reversal upon diffraction, thus achieving an optical
molasses—a necessary condition in MOT. Using rigorous coupled-wave analysis
and a genetic algorithm, we design a grating for 87Rb grating MOT (GMOT) that
achieves a 24% first-order diffraction efficiency, of which 99.7% have the correct
circular handedness. These properties enable efficient atom cooling without an ND
filter when used with a flat-top beam inside the vacuum chamber. Our design sim-
plifies optical alignment, reduces system footprint, and advances the integration of
GMOTs into compact quantum devices.
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1 Introduction
Magneto-optical traps (MOTs) are widely used to cool neutral atoms to sub-millikelvin
temperatures1 and trap them using a combination of laser light and magnetic fields. An MOT
is a key tool for preparing ultracold atomic gases, which are crucial for exploring fundamental
physics and technologies such as atomic clocks,2 quantum computing and simulation,3 and atom
interferometry.4

An MOT typically uses six or four circularly polarized laser beams with appropriate hand-
edness directed toward the trapping region. These lasers are red-detuned from the targeted ato-
mic transition by a few natural linewidths (Γ). Thus, an atom experiences Doppler cooling as it
moves toward each beam. Simultaneously, a spatial gradient magnetic field, created using a pair

*Address all correspondence to Qing Gu, qgu3@ncsu.edu

0091-3286/2025/$28.00 © 2025 SPIE

Optical Engineering 085106-1 August 2025 • Vol. 64(8)

https://orcid.org/0009-0005-2110-8760
https://orcid.org/0000-0003-3855-3690
https://doi.org/10.1117/1.OE.64.8.085106
https://doi.org/10.1117/1.OE.64.8.085106
https://doi.org/10.1117/1.OE.64.8.085106
https://doi.org/10.1117/1.OE.64.8.085106
https://doi.org/10.1117/1.OE.64.8.085106
https://doi.org/10.1117/1.OE.64.8.085106
mailto:qgu3@ncsu.edu
mailto:qgu3@ncsu.edu


of anti-Helmholtz coils, provides a Zeeman shift to the atoms, pushing the atoms toward the
center of the MOT. Together, a trapping region is formed near the zero gradient quadrupole
magnetic field in the overlap region of multiple circularly polarized, red-detuned beams.

Traditionally, bulky MOT systems require complex configurations and intricate setups with
six collimated laser beams and anti-Helmholtz coils. Shimizu’s group experimentally showed
that a three-dimensional (3D) MOT can be obtained using four collimated laser beams.5,6

Over the past two decades, significant efforts have been made to miniaturize MOT systems using
microfabricated atom chip traps.7

Two main types of miniature MOTs are pyramid MOT (PMOT)8 and GMOT.9–11 A PMOT
uses a single circularly polarized input beam to form the optical trapping region, simplifying
optical alignment by requiring only one laser beam. However, PMOTs are limited by the low
atom capture capability (∼107 atoms)12 and are thus not suitable for applications requiring high
signal-to-noise ratios and atomic degeneracy, such as quantum information processing,13 and
high-resolution spectroscopy,14 which require >107 atoms.

Although GMOTs operate on a similar principle to PMOTs, they overcome the low atom
capture limitation by providing a larger overlap region, thanks to multiple diffraction orders from
a large-area grating.15 This enables GMOTs to trap 107 to 108 atoms.15,16 Moreover, GMOTs
minimize the intensity imbalance by allowing only a single pass of the trapping beam through
the atomic cloud. It is, therefore, fair to say that GMOTs are superior to PMOTs for most
applications.

Two types of planar grating chips have been employed in GMOTs: segmented tri-gratings
that consist of three 1D gratings that are 2π∕3 rotated with respect to each other and extended
toward the center of the chip17–19 and 2D gratings.20–22 For both grating geometries, chips with a
2 × 2 cm2 area illuminated by a 2 cm diameter laser beam can provide optical overlap volumes of
∼1 cm3, significantly larger than the 0.01 cm3 overlap volume of PMOTs.15 The molasses works
well for the segmented tri-grating chip because the three first-order diffractions, one from each
segment, satisfy the condition for balanced optical intensity. However, the segmented tri-grating
offers a smaller optical overlap volume than a 2D grating and, therefore, traps only 1/3 of the
number of atoms.15 In addition, there is a point of symmetry in the segmented tri-gratings’ over-
lap volume, requiring precise alignment of the incident beam to the trapping point.23 By contrast,
the 2D grating has a larger overlap volume and does not require precise alignment as the grating
profile is uniform across the entire chip surface. However, 2D gratings’ low diffraction efficiency
prevents them from meeting the required balanced optical intensity along the vertical axis, neces-
sitating the use of an ND filter to achieve this balance.20 Therefore, most state-of-the-art GMOTs
use segmented tri-grating instead of a 2D grating to avoid optical complexity. Reference 24 opti-
mized and fabricated a four-segment grating for GMOTs to set the targeted first-order diffraction
efficiency to 25%, and Ref. 25 proposed a grating design methodology and applied it to seg-
mented tri-gratings. Therefore, it is important to design high-efficiency 2D gratings for compact
GMOTs that simultaneously satisfy the requirement of optical intensity balance along the vertical
axis, allow easy alignment, and can trap a large number of atoms.

Previous studies have clearly identified the necessary optical conditions for efficient Doppler
cooling and trapping, including optical intensity (radiation pressure) balance and circular polari-
zation handedness reversal upon diffraction.8,9,11

In this work, we design and optimize a 2D dielectric diffraction grating with a metal back
reflector that operates at 780 nm for 87Rb GMOTs. The 2D grating can simultaneously support
high first-order diffraction efficiencies, reflected order (specular reflection) cancellation, and
high fidelity in maintaining the correct circular polarization handedness upon diffraction. At
a normal incident wavelength of 780 nm, the grating achieves a diffraction efficiency of
24% for each of the ð�1; 0Þ and ð0;�1Þ diffraction orders, with 99.7% of the diffracted beams
with the correct circular handedness. This design can enhance the performance of GMOTs
employing 2D gratings by improving the axial radiation pressure balance and providing a high
degree of circular polarization. Furthermore, we examine the gratings’ manufacturing tolerance,
demonstrating the robustness of our design to fabrication imperfections. We believe this work
significantly improves over previously reported 2D gratings for GMOTs, paving the way for
next-generation chip-scale MOTs requiring larger atom numbers. A preliminary version of this
work, accepted for presentation at SPIE Optics + Photonics 2025, is available as Ref. 26.
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2 Design and Optimization of the 2D Grating Atom Chip
Figure 1(a) illustrates the GMOT configuration, where a 2D grating diffracts a normally incident
circularly polarized beam into four beams of first-order diffraction [Fig. 1(b)], forming a five-
beam arrangement. The atom cloud can be trapped in the overlap region between the incident
beam and the diffracted beams, positioned near the zero of the quadrupole magnetic field. When
a laser beam is normally incident on the 2D grating, the diffraction angle θ—measured from the
normal to the grating surface—for each order ðm; nÞ is determined by the grating period Λ (con-
sidering Λx ¼ Λy ¼ Λ) relative to the incident wavelength λ, according to the Bragg condition

EQ-TARGET;temp:intralink-;e001;117;635Λ Sin θ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ n2

p
λ: (1)

When Λ is restricted to the range λ < Λ <
ffiffiffi
2

p
λ, the optical power is primarily distributed among

the (0, 0), ð0;�1Þ, and ð�1; 0Þ diffraction orders, whereas higher diffraction orders appear as
evanescent waves on the grating, thus vanishing in the far field. For an incident wavelength of
780 nm, corresponding to the D2 transition (5S1/2 to 5P3/2) of 87Rb, we design the grating
period Λ ¼ 1080 nm, resulting in a diffraction angle of θ ¼ 46.24 deg, which has experimen-
tally shown to be appropriate for the GMOT.15 Although the optimal diffraction angle θ
for GMOTs cannot be analytically determined, it must meet a few specific requirements.
First, θ must be greater than 30 deg for 1D gratings, and greater than 45 deg for 2D gratings,
to avoid high diffraction orders. Second, a small θ leads to low radial trapping forces and reduces
cooling and trapping efficiency.8 Conversely, a very large θ significantly limits the trapping vol-
ume V, formed by the intersection of the incident and diffracted beams, thereby reducing the
number of trapped atoms, Natoms ∝ V1.2 according to an approximate scaling law27. The volume
of the trapping region formed by the diffracted beams of a 2D grating with side length a, illu-
minated by a laser beam of diameter 2a, can be approximated as the volume of a square pyramid
with height hðV ¼ ð1∕3Þa2h), where h is determined by θ.15

In an ideal GMOT, to achieve the balanced optical molasses condition, the optical forces
acting on the atoms should sum to 0, both radially and vertically, at the center of the quadrupole
magnetic field. This balance can be achieved by carefully designing the intensity and polarization
of the input and diffracted light. Thanks to the symmetry of the 2D grating, radial optical balance
is ensured, and the largest overlap volume is achieved when the incident beam is centered to
illuminate the largest possible area of the grating. However, the axial balance is nontrivial
because GMOTs spatially compress the incident beam upon diffraction, increasing the beam
intensity in each diffraction order.8 For our GMOT configuration, the diffraction orders of the
grating must ensure balanced intensity along the vertical axis while facilitating the reversal of
the handedness—the direction of circular polarization relative to the propagation direction—of
the incident circularly polarized beam.

For an incident beam of intensity Ii, the intensity of each first-order diffracted beam is
Id ¼ ηð1;0Þðwi∕wdÞIi ¼ ηð1;0ÞðIi∕ cos θÞ, where ηð1;0Þ is the efficiency of each first-order diffracted

Fig. 1 Schematic of (a) atom cooling and trapping using a 2D diffraction grating atom chip. Black
arrows point out the propagation direction of the incident and four first-order diffracted beams, with
circular polarizations indicated by white and blue arrows, respectively. (b) The proposed 2D dif-
fraction grating structure, with a top view and side view of a unit cell.
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beam, and wi and wd are the beam waist of the incident and first-order diffracted beam, respec-
tively, as illustrated in Fig. 1(a). For N first-order diffracted beams, the total upward intensity is
NId cos θ ¼ Nηð1;0ÞIi and the condition for vertical intensity balance require that ηð1;0Þ ¼ ð1∕NÞ.
Considering the net intensity incident on the grating chip as Iið1 − ηð0;0ÞÞ, where ηð0;0Þ represents
the efficiency of the (0, 0) order, the vertical intensity balance can be quantified using a dimen-
sionless parameter known as the radiation balance21

EQ-TARGET;temp:intralink-;e002;114;662ηB ¼ Nηð1;0Þ
ð1 − ηð0;0ÞÞ

; (2)

with an ideal value of 1.
Another optical requirement of the grating concerns the polarization of the diffracted beams.

The first-order diffracted beams must exhibit circular polarization with handedness opposite to
that of the incident circularly polarized beam, aligning with the Zeeman effect in the atom’s
interaction with the magnetic field. By contrast, the reflected order must maintain the same hand-
edness as the incident beam to prevent anti-trapping. Expressing the electric field vector of each
first-order diffracted beam with S and P polarization components of intensities Is and IP, respec-
tively, and a phase difference of φSP, we can write

EQ-TARGET;temp:intralink-;e003;114;528
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Equation (3) can be rewritten in terms of the contrast of oppositely handed circular polarizations,
which either trap or anti-trap the atoms (denoted by + or − subscripts, respectively), representing
the degree of circular polarization

EQ-TARGET;temp:intralink-;e004;114;455ξSP ¼ Iþ − I−
Iþ þ I−

¼
2

ffiffiffiffi
Is
Ip

q
sin φSP

1þ Is
Ip

: (4)

Ideally, Iþ ¼ 1 and I− ¼ 0, resulting in ξSP ¼ 1.
Illustrated in Fig. 1(b), the diffractive grating chip is based on a 2D square lattice of nano-

holes within a tantalum pentoxide (Ta2O5)
28 layer of thickness h3, which interfaces with a silicon

dioxide (SiO2) buffer layer of thickness h2, deposited above a silver (Ag) film back reflector of
thickness h1. The buffer layer, with an optimized thickness h2, primarily fine-tunes the optical
path length, enabling phase adjustment of the incident light after it passes through the dielectric
grating and reflects off the metal back reflector for optimal reflection. The material of the back
reflector is silver (Ag) as it functions as an excellent reflector in the near-infrared regime and
therefore can reflect the 780 nm incident light. Zerodur is selected as the substrate due to its low
thermal expansion coefficient and high resistance to deformation under various temperatures.29

At 780 nm, the refractive indices of Ta2O5, SiO2, and Ag are 2.1,30 1.45,31 and (0.0905 +
i5.0617),32 respectively. For the top Ta2O5 nanohole 2D grating, we consider a realistic scenario
of the etched nanohole exhibiting a tapered sidewall with tilt angle α. To account for etching
errors, we consider an unetched Ta2O5 layer of thickness t; namely, the nanoholes are of height
h3 − t. We use the GD-Calc open-source code33 based on RCWA to design the 2D grating. All
RCWA simulations are performed using an expansion basis of 2 × 64þ 1 plane waves. The coni-
cal frustum hole was discretized into 50 layers along the vertical direction for numerical model-
ing, and to approximate the cylindrical structure using block partitioning, the radius of the
circular cross-section was discretized into 200 segments.

Although the multilayer 2D grating geometry itself is not unique, this study is distinguished
by its specific design requirements for GMOTs. 2D gratings have been designed for various
applications, typically optimized to maximize a particular diffraction order under a specific inci-
dent polarization, usually linear.

For the 2D grating studied here, high-efficiency first-order diffracted beams are essential for
improving optical intensity balance along the vertical axis. By contrast, the reflected order must
be suppressed, as its circular polarization handedness is different from the incident beam, which
can cause anti-trapping. Therefore, we need to optimize the grating structure to simultaneously
maximize the first-order diffraction efficiency and minimize the reflected order efficiency while
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ensuring that the first-order diffracted beams exhibit a high degree of circular polarization with
the correct handedness. The geometrical parameters of the 2D grating, including the fill factor f
(the ratio of the hole diameter to the period), SiO2 thickness h2, Ta2O5 thickness h3, tilt angle α,
and the unetched Ta2O5 thin film thickness t, all influence the diffraction efficiency and the
polarization. We design the grating period Λ and fill factor f along orthogonal directions in the
xy plane to be equal, denoted as ΛðΛx ¼ ΛyÞ and fðfx ¼ fyÞ. This design choice Λx ¼ Λy

ensures a spatially isotropic GMOT. Λ and the thickness of the silver film (h1) are not included
in the optimization process and are fixed at 1080 and 200 nm, respectively. As the grating exhib-
its high diffraction efficiencies for h1 ≥ 180 nm, we fixed h1 ¼ 200 nm to ensure strong per-
formance and reduced the optimization time by excluding it from the optimization process.

We employ a genetic algorithm (GA) to optimize the parameters f, h2, and h3, first assuming
straight sidewalls (α ¼ 0) and fully etched Ta2O5 nanoholes (t ¼ 0 nm), where t denotes the
thickness of any residual Ta2O5 layer remaining at the bottom of the nanoholes, due to imperfect
control of etching height [Fig. 1(b)]; ideally, t ¼ 0 nm, indicating complete etching through the
nanoholes, with no residuals. In our design, we used MATLAB’s genetic algorithm with 90
generations, a population size of 50, a function tolerance of 1 × 10−6, and default settings for
mutation, which provided a good balance between convergence reliability and computational
time. The cost function (CF) is defined as CF = 0.5—ðη0;1 þ η1;0Þ, where η0;1 and η1;0 represent
the diffraction efficiencies of the (0,1) and (1,0) diffraction orders for a circularly polarized inci-
dent beam. Due to the rotational symmetry of the 2D grating, the ð0; þ− 1Þ orders and the ðþ− 1; 0Þ
orders always have the same diffraction efficiencies under a circularly polarized incident beam,
we therefore only consider the (0,1) and (1,0) orders in the cost function. The purpose of this
optimization is to minimize the CF, which corresponds to maximizing the diffraction efficiency
of the first order while simultaneously ensuring that other figures of merit remain within our
specified bounds (ξSP ≥ 98% and ηð0;0Þ ≤ 0.6%) using a programmatic approach. Once the opti-
mization algorithm finds the optimal set of geometrical parameters that minimizes the cost func-
tion, the code checks if the values ξSP and ηð0;0Þ are within our specified bounds. If the condition
is not met, the code penalizes the cost function and asks the algorithm to find an alternative set of
optimized geometrical parameters. Once all three conditions are met, the algorithm stops, and
ηð1;0Þ ¼ 24% and ξSP ¼ 99.4% are obtained for optimized parameters f ¼ 0.48, h2 ¼ 520 nm,
and h3 ¼ 238 nm, assuming α ¼ 0 deg, t ¼ 0 nm. To the best of our knowledge, this represents
the highest efficiency reported to date for 2D gratings that meet the optical requirements for
GMOTs. Reference 21 proposed a 2D grating with a 180 nm gold (Au) reflection coating and
reported a first-order diffraction efficiency of <20% and 15% for a 2D grating with a 100 nm
Aluminum (Al) coating. Reference 15 measured a first-order diffraction efficiency of ∼21% for
an Au-coated grating. However, Au-coated gratings are not suitable for in-vacuum use as 87Rb

inside the vacuum system tends to chemically corrode the gold layer.
By substituting ηð1;0Þ ¼ 24% and ηð0;0Þ ¼ 0.5% in Eq. (2), a high radiation balance of ηB ¼

96.6% is obtained. The designed 2D grating, with its high-efficiency first-order beams, enhances
the optical intensity balance along the vertical axis of GMOTs with 2D gratings. It can potentially
reduce the temperature of the molasses without the need for an ND filter to compensate for the axial
intensity imbalance due to low efficiency, if placed inside the vacuum chamber and illuminated by
a flat-top beam. In previous studies, GMOTs utilizing low-efficiency 2D gratings required an ND
filter to achieve the axial optical intensity balance.20,21 If the incident beam has a Gaussian profile,
as the atomic cloud position is raised above the grating surface, the contributing diffracted orders
originate from progressively lower intensity regions of the Gaussian beam. This results in a vertical
imbalance in radiation pressure and pushes the atomic cloud position downward relative to the
center of the quadrupole magnetic field.20 This leads to reduced atom number, increased molasses
temperature, and degraded sub-Doppler cooling performance. Although a flat-top beam is ideal,
using a Gaussian beam with a high-efficiency grating can still support efficient sub-Doppler cool-
ing by raising the atomic cloud position to a location where optical forces are balanced.

Figure 2 illustrates the diffraction efficiencies of the first and the reflected order beams as a
function of SiO2 and Ta2O5 thicknesses, with a fill factor of 0.48 and straight sidewalls. The 2D
grating under circularly polarized illumination achieves a first-order diffraction efficiency of
greater than 22%, whereas the reflected order is lower than 0.10, shown in the region enclosed
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by the solid contour. For a smaller SiO2 thickness variation in the range of 504 to 528 nm and
Ta2O5 thickness in the range of 232 to 242 nm, which are readily achievable with thin film
deposition techniques, the dashed contours show regions of high diffraction efficiencies above
23%, where optimal performance occurs.

In GMOTs, it is essential that the 2D grating can reverse the handedness of the circularly
polarized incident beam upon diffraction. Our optimized 2D grating can diffract the incident
beam into four first orders, with ξSP ¼ 99.4%, resulting in a high proportion of circularly polar-
ized light with the correct handedness, Iþ ¼ 99.7%, as calculated from Eq. (4). This high degree
of circular polarization is more than adequate to create an efficient MOT and exceeds the values
reported in previous studies of 2D gratings for GMOTs.15,21 The high value of ξSP is primarily
attributed to the phase difference between the S and P components φSP of the electric field vector
of each first order, which is very close to π∕2. Table 1 lists the diffraction efficiencies and polari-
zation purities reported in this work and in previous studies on 2D gratings.

Figure 3 illustrates the effect of variations in the SiO2 and Ta2O5 thicknesses, h2 and h3,
respectively, on the parameter ξSP for the first and reflected order beams of the grating with a fill
factor of 0.48 and straight sidewalls. For each first-order beam [Fig. 3(a)], a positive value of ξSP
corresponds to the correctly handed circular light for MOT operation (with handedness opposite

Fig. 2 Diffraction efficiency of (a) each first order and (b) reflected order of the grating as a function
of SiO2 thickness h2 and Ta2O5 thickness h3, with f ¼ 0.48 and α ¼ 0 deg.

Table 1 Diffraction efficiencies and polarization purities of several related works.

Reference
Diffraction

efficiency (ηð1;0Þ)
Polarization
purity (I þ )

Grating top
layer material Data type

Suitable for
in-vacuum use

21 20% 98% 180 nm Au Experimental No

21 15% 99% 100 nm Al Experimental Yes

15 21% — 100 nm Au Experimental No

This work 24% 99.7% Ta2O5 Numerical Yes

Fig. 3 Distribution of ξSP for (a) each first order and (b) reflected order of the grating as a function
of SiO2 thickness h2 and Ta2O5 thickness h3, with f ¼ 0.48, and α ¼ 0 deg. The solid contour
outlines the region, where ξSP > 99%.
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to that of the incident beam), whereas a negative value of ξSP indicates the undesired handedness.
The solid white contour surrounds the region where ξSP > 99%, confirming that the optimized
2D grating shows a high fabrication tolerance to the thickness variation of the SiO2 and Ta2O5.
Figure 3(b) demonstrates the undesired circular polarization handedness of the reflected order
(positive value of ξSP) as it must maintain the same handedness as the incident beam to prevent
anti-trapping. For this reason, the efficiency of the reflected order is minimized during the opti-
mization process, as shown in Fig. 2(b).

3 Robustness Analysis
The proposed 2D grating chip can be fabricated using either electron beam lithography or scan-
ning beam interference lithography, followed by reactive ion etching (RIE).34 Due to inevitable
fabrication variations, including grating hole diameter variation that results in variation in the fill
factor f, tapered sidewalls from RIE that results in a tilt angle α, and grating holes’ height varia-
tion that results from unetched Ta2O5 thin film t, it is desirable that the grating performance
metrics, such as the diffraction efficiency and fidelity in maintaining the correct polarization
handedness upon diffraction, are tolerant to these fabrication variations. A reduction in the dif-
fraction efficiency resulting from such imperfections can lead to higher molasses temperatures
and less effective cooling. Similarly, lower polarization purity can weaken atom confinement and
reduce the number of trapped atoms, thus decreasing the overall trapping efficiency.

Figure 4(a) shows the effect of unetched Ta2O5 thin film thickness t on the diffraction effi-
ciency of the first and reflected orders, ξSP, and radiation balance ηB, whereas the other geo-
metrical parameters are held at their optimal values (f ¼ 0.48, h2 ¼ 520 nm, h3 ¼ 238 nm),
assuming α ¼ 0 deg. For t < 5 nm, the diffraction efficiencies of the first orders exceed
23%, with ξSP > 99.3%, resulting in ηB > 96.5%. Therefore, our grating design shows an
acceptable tolerance to the thickness variation of the unetched Ta2O5 thin film t. To model
the residual layer in the RCWA simulations, a homogenous Ta2O5 layer was inserted between
the buffer layer of thickness h2 ¼ 520 nm and the grating layer of thickness h3 ¼ 238 nm t. The
height of the grating layer decreases as the height of the residual layer t increases.

In addition, the sidewall tilt angle reflects the fact that, during dry etching, the nanoholes
deviate from a cylindrical shape to take on a frustum shape [Fig. 1(b)]. Figure 4(b) illustrates the
dependence of the diffraction efficiencies, ξSP and ηB, on the grating sidewall tilt angle α,
whereas the other geometrical parameters are held at their optimal values (f ¼ 0.48,
h2 ¼ 520 nm, h3 ¼ 238 nm, and t ¼ 0 nm). For α < 15 deg, the first-order diffraction effi-
ciency is higher than 22%, with ξSP > 95.5%, leading to ηB > 96.5%. To model the sidewall
tilt angle in RCWA simulations, we approximated the tapered nanohole profile by dividing the
grating layer into 50 strata along the vertical direction. Each stratum was further partitioned into
parallel stripes and then into circular blocks representing the air holes, with the radius discretized
into 200 segments. The hole radius in each stratum was adjusted geometrically based on α, result-
ing in a gradual increase in the diameter with height, thus mimicking the sidewall tapering.

Figure 5 illustrates the diffraction efficiencies of the first and reflected orders as a function of
the fill factor f and sidewall tilt angle α when the unetched Ta2O5 film thickness is t ¼ 0 nm

Fig. 4 Diffraction efficiency of the optimized grating, ξSP , and radiation balance ηB as a function
of (a) unetched Ta2O5 thin film thickness t and (b) sidewall tilt angle α, under normal incidence
of circularly polarized light.
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[Figs. 5(a) and 5(b)] and t ¼ 5 nm [Figs. 5(c) and 5(d)]. For t ¼ 0 nm, a high first-order dif-
fraction efficiency exceeding 24% is achieved with a fill factor of 0.473 − 0.489 and a sidewall
tilt angle of 0 to 10 deg, demonstrating that the optimized 2D grating exhibits a high tolerance to
variations in both the fill factor and sidewall tilt angle. For t ¼ 5 nm, the first-order diffraction
efficiency at the fill factor f ¼ 0.48 decreases from 24% of t ¼ 0 nm to 23.1%. However, higher
diffraction efficiencies are seen at larger fill factors, which is attributed to the unetched Ta2O5

film increasing the effective index of the grating structure. Consequently, a higher fill factor
compensates for this increase in the effective index, leading to a higher diffraction efficiency.

Figure 6 illustrates the effect of variations in the fill factor f and sidewall tilt angle α on the
parameter ξSP for the first and reflected orders when the unetched Ta2O5 film thickness is t ¼ 0

Fig. 5 Diffraction efficiency of (a), (c) each first order and (b), (d) reflected order of the grating as a
function of fill factor f and sidewall tilt angle α, at (a), (b) t ¼ 0 and (c), (d) t ¼ 5 n, with h2 ¼ 520 nm
and h3 ¼ 238 nm.

Fig. 6 Distribution of ξSP for (a), (c) each first order, (b), (d) reflected order of the grating as a
function of fill factor f and sidewall tilt angle α, at (a), (b) t ¼ 0 and (c), (d) t ¼ 5 nm, with
h2 ¼ 520 nm and h3 ¼ 238 nm.
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[Figs. 6(a) and 6(b)] and t ¼ 5 nm [Figs. 6(c) and 6(d)]. For the first orders [Figs. 6(a) and 6(c)],
for both t ¼ 0 nm and t ¼ 5 nm, ξSP > 98.6% can be achieved with a fill factor in the range of
0.45 to 0.52 and a sidewall tilt angle of 0 to 10 deg, which demonstrates that the optimized 2D
grating exhibits a high tolerance to variations in both the fill factor and sidewall tilt angle.
Figures 6(b) and 6(d) demonstrate the undesired circular polarization handedness of the reflected
order (positive value of ξSP); however, the efficiency of the reflected order beam is minimized
during the optimization process [Figs. 5(b) and 5(d)].

To evaluate the robustness of the grating to angular misalignment, we analyzed the impact of
the incident angle on the diffraction efficiency of each first-order beam, the radiation balance
parameter ηB, and the degree of circular polarization ξSP. As shown in Fig. 7(a), the diffraction
efficiencies of the ð0; þ− 1Þ orders change inversely with angle. A similar trend is observed for the
ðþ− 1; 0Þ orders. Moreover, a small deviation from normal incidence breaks the balance of the
first-order beams and increases the intensity of the undesired reflected order. Within an angular
tolerance of ∼� 0.7 deg, the grating maintains high performance. Specifically, ηB remains
above 92.66%, as shown in Fig. 7(a), and ξSP exceeds 81.65% for all first-order beams, as illus-
trated in Fig. 7(b).

We also investigated the use of titanium dioxide (TiO2) as an alternative grating material,
paired with either Zerodur or fused silica substrates. Although we were able to optimize the
geometrical parameters of TiO2 gratings to achieve high efficiencies, none simultaneously pro-
vided both high circular polarization purity and robust fabrication tolerance. Our optimized TiO2

gratings either exhibited limited fabrication tolerance, for example, α < 2.6 deg, or a low degree
of circular polarization, such as ξSP ¼ 0.67.

4 Conclusion
This work computationally investigates a 2D diffraction grating with high efficiency and strong
circular polarization flipping properties for insertion in GMOTs. Simulation with RCWA and
optimization with GA shows that the diffraction efficiency of each of the ð�1; 0Þ and
ð0;�1Þ orders can reach as high as 24%, with 99.7% of the diffracted light exhibiting the correct
circular polarization handedness (Iþ ¼ 99.7%), resulting in a high radiation balance greater than
96.6% along the vertical axis of GMOTs. The proposed grating offers significant advancement
for GMOTs by eliminating the need for an ND filter to balance axial optical intensity, previously
required in GMOTs with low-efficiency 2D gratings. When placed within the chamber and illu-
minated by a flat-top beam, it effectively reduces the molasses temperature without additional
components.

Furthermore, our design has a high resilience to manufacturing variations, maintaining
performance despite deviations in critical geometrical parameters such as sidewall tilt angle
α, fill factor f, and unetched Ta2O5 thin film thickness t deviates from optimal values.
Compared with existing 2D gratings and segmented tri-gratings, our proposed 2D grating rep-
resents a superior solution by simultaneously addressing multiple GMOT requirements of sim-
plified alignment, large trapping volume for increased atom capture, and enhanced overall
system compactness.

Fig. 7 (a) Diffraction efficiency of each first-order beam and the radiation balance ηB , and
(b) degree of circular polarization ξSP , as a function of incident angle of the optimized grating.
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