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We present, to our knowledge, the first experimental demon-
stration of two on-chip gratings for perfectly vertical cou-
pling at wavelengths of 3350 nm and 3550 nm, respectively.
An anti-backreflection unit containing a fully etched trench
and a subwavelength pillar is introduced in each grating
period, together with a binary-approximated blazed unit,
interleaving fully and shallow-etched slots in 500-nm thick
silicon film. Both gratings show a strong ability to elimi-
nate backreflection and provide predicted directionality of
around 80%. The physical theoretical analysis is applied
during further apodization for mitigating the computa-
tion of the optimization algorithm, improving the efficiency
and optimization reliability, and increasing the fabrication
robustness. The measured coupling efficiencies (CEs) of
the gratings are −5.58 dB and −4.34 dB at wavelengths of
3350 nm and 3550 nm, with a 3-dB bandwidth of at least
87 nm and 210 nm, respectively. © 2023 Optica Publishing
Group

https://doi.org/10.1364/OL.478751

The mid-infrared (MIR) region (2–20 µm) is attractive since
it covers two atmospheric transparency windows (3–5 µm and
8–12 µm) that contain the strong characteristic vibrational tran-
sitions of many important molecules [1]. It is essential for
free-space optical communication, thermal imaging, industry
safety monitoring, and environmental gas detection. On-chip
MIR devices are based on various types of photonics plat-
form [1], such as silicon-on-insulator (SOI), silicon-on-sapphire
(SOS), and germanium-on-silicon (GOS). Of these, SOI is one
of the most preferred platforms, owing to its low cost, high
refractive index contrast, and CMOS compatibility [1]. Most
devices on SOI without undercutting operate below 3.6 µm,
which is useful for sensing some volatile organic compounds,
such as HCl and CH4 [2,3]. By adopting special designs [4,5],
this wavelength limit, which is from the strong absorption of the
buried box layer [6,7], could be surmountable. This extends the
operating bandwidth to cover the first atmospheric transparency
window of 3–5 µm.

Photonic integrated devices, e.g., silicon or germanium
devices, usually require optical fibers to deliver external
light sources into chips. However, highly efficient coupling is
challenging, owing to the huge mode mismatch between on-chip
waveguides and optical fibers. As a result, developing high-
efficiency coupling methods between optical fibers and chips is
essential. Of the common coupling techniques [8], grating cou-
plings are often preferred because of their simpler fabrication
process and larger fiber alignment tolerance. This also allows in
situ wafer-scale testing without additional steps.

Figure 1 summarizes recent advances in MIR grating cou-
plers [9–20]. Most of them are in the wavelength range of
2–2.75 µm, while the wavelength range of 3–5 µm, which is
the atmospheric window, is underexplored. In particular, there
is no report about perfectly vertical coupling in MIR, which has
gained more attraction than tilted gratings for its easy align-
ment and packaging and as a potential solution for realizing
high-density coupling [21].

In this Letter, we demonstrate two high-efficiency grating
couplers on SOI for perfectly vertical coupling. The measured
coupling efficiencies (CEs) are −5.58 dB and −4.34 dB for TE
polarization at wavelengths of 3350 nm and 3550 nm, respec-
tively. The corresponding 3-dB bandwidths are >87 nm and
210 nm, respectively. This is, to our knowledge, the first exper-
imental demonstration of perfectly vertical gratings on SOI for
the MIR. It fills the gap of SOI-based grating couplers at the
wavelength range from 3.3 to 3.6 µm and improves the coupling
efficiency and bandwidth, as shown in Fig. 1.

Figure 2 illustrates the proposed grating coupler, consist-
ing of a subwavelength anti-backreflection (ABR) unit and a
binary-approximated blazed (BAB) structure in each period.
Specifically, the ABR unit contains a fully etched slot and an
unetched silicon pillar, whose widths are denoted e1 and w1,
respectively. Blazed structures have been reported to provide
great coupling directionality [8,22,23], which is defined as the
ratio of the power transmitted toward fibers to the total power
in other directions. We use a BAB structure, specifically, an
L shape, to ease the fabrication. The BAB unit contains a fully
etched slot, a shallow-etched pillar, and an unetched pillar, whose
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Fig. 1. Summary of advances in MIR grating couplers.

Fig. 2. (a) Schematic and (inset) structure parameters of proposed
grating coupler. (b) Variations of backreflection (R) and direction-
ality (D) as a function of FF1 of Grating A (3350 nm) and Grating
B (3550 nm). (c) Simulated electric field profile of Grating B.

widths are denoted e2, w2, and w3, respectively. The total width of
each grating period isΛ, while the thicknesses of the SOI silicon
film hO and the box layer hBox are 500 nm and 3 µm, respectively.
The height of the shallow-etched structure is hE. We denote the
filling factor (FF) of the ABR unit’s width e1 +w1 to the local
period’s width Λ as FF0., while FF1 represents the ratio of e1 to
the entire ABR unit’s width, e1 +w1. In addition, FF2 and FF3

denote the ratio of e2 to the entire BAB unit’s width, e2 +w2 +w3

and the ratio of w2 to the L-shaped structure width, w2 +w3.
Preliminary designs are carried out using a commercially

available finite-difference time-domain (FDTD) solution. We
write a customized particle swarm optimization (PSO) program
to solve the parameters, i.e., Λ, FF0, FF1, FF2, FF3, and hE. As
preliminary results, for grating couplers with uniform periods,
the thickness of the shallow-etched parts hE is 230 nm, and other
parameters are given in Table 1.

To better illustrate the role of the ABR and the BAB units, we
plot the backreflection (R) and the directionality (D) as a function
of FF1 in Fig. 2. For uniform gratings with optimized parameters
[circles in Fig. 2(b)], the equivalent refractive indices of both

Table 1. Preliminary Structure Parameters for Couplers
with Uniform Periods

Λ / µm FF0 FF1 FF2 FF3

Grating A (3350 nm) 1.52 0.24 0.5 0.22 0.56
Grating B (3550 nm) 1.6 0.26 0.52 0.22 0.74

the ABR and BAB units are nearly equal, resulting in negligible
backreflection. Changing FF1 may affect the smooth transition of
refractive indices of different units, which leads to a significant
increase of the backreflection. Moreover, the variation trends
of backreflection and directionality are opposite. This has the
consequence that the remaining light, which can be regarded as
the directionality here, since the power transmitting toward the
substrate or directly through the grating region is very low, is
dominated by the unchanged blazed units.

Although the preliminary designs for both gratings have a
directionality of around 80%, the overlaps between the diffracted
light fields and the fundamental fiber mode are low, which
decreases the overall CEs. We thus design optimization using
a customized PSO algorithm to mitigate the mismatched issue.
Considering the chalcogenide MIR fiber (IRF-S-7) that we used,
we set the refractive index of the fiber to 2.4 and the numeri-
cal aperture (NA) to 0.3. The sizes of the couplers are fixed at
30× 30 µm to match the large NA of the fiber, and the thickness
of the shallow-etched structures, hE, remains the same. Here,
unlike the typical approach that modifies the FF of a grating
while keeping the period, we chirp the grating periods Λ when
apodizing them. After fixing the values of hE andΛ, the remain-
ing four of the six grating parameters, which are FF0, FF1, FF2,
and FF3, are decided using the following method.

In traditional apodization, the FF F, defined as the ratio of the
unetched section to the local period, can be expressed as [24]

F = F0 − R × z, (1)

where F0 is the FF of the first grating period, R is a linear
apodization coefficient, and z is the distance from the starting
point of the grating to each period. As illustrated previously,
since the BAB units dominate the diffracted mode profile, we
would apply Eq. (1) to the BAB units only, and adjust FF1 of the
ABR units to ensure similar equivalent refractive indices. Thus,
the ratio of the width of the BAB structure to the entire blazed
unit, which is 1−FF2, becomes F in Eq. (1) for the following
optimization. In other words, 1−F0 is equal to the value of the
FF2 in the periodic design, shown in Table 1. Moreover, R is a
variable to be solved by PSO, and z is decided by each grating
period Λ, which can be solved by using

Λ =
λ

neff_blazed
, (2)

where λ is the working wavelength of the grating, and neff_blazed

is the effective refractive index of the blazed unit in each period.
Note that since we are interested in designing a perfectly vertical
grating coupler, we set the diffraction angle to zero. To acquire
neff_blazed, we first determine the effective refractive indices of the
three sections in the BAB unit, i.e., the fully etched section, the
shallow-etched section, and the unetched pillar, by applying the
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dispersion equation for TE modes [25,26]:√︂
n2

f − N2
eff ×

2π
λ

h = mπ + tan−1

√︄
N2

eff − n2
c

n2
f − N2

eff
+

tan−1

√︄
N2

eff − n2
s

n2
f − N2

eff
(m = 0,±1,±2, . . .),

(3)

where nc and ns are the refractive indices of the cladding and
substrate media, respectively, Neff is the effective index, and h is
the thickness of structures.

Then, by applying Eq. (4) twice, we can derive neff_blazed:

neff =

√︂
f × N2

eff1
+ (1 − f ) × N2

eff2
, (4)

where f is the FF and Neff_1 and Neff_2 are the two different
effective indices. When calculating the effective index of the
L-shaped structure, we replace f with the FF3 predicted by the
PSO, and substitute Neff_1 and Neff_2 with Neff_E and Neff_O, respec-
tively. Here, Neff_E and Neff_O represent the effective indices of
the shallow-etched and the unetched sections. Finally, since a
BAB unit consists of a fully etched slot and an L-shaped struc-
ture, by replacing f, Neff_1, and Neff_2 with FF2, nair= 1, and the
index just derived, we can solve for neff_blazed. Substituting these
parameters, we convert Eq. (2) into

Λ =
λ√︂

FF2 + (1 − FF2)[FF3 × N2
effE
+ (1 − FF3) × N2

effO
]

. (5)

Consequently, the five parameters of each grating period are
considered in the optimization; these are Λ, FF0, FF1, FF2, and
FF3. A group of varied FF3 is first predicted by the PSO. Next,
the Λ in the first period is solved using Eq. (5) by applying the
initial value of FF2 given in Table 1. Then the values of FF2 and
Λ in the following periods are solved one by one by substituting
each other into Eq. (1) and Eq. (5). The values of FF1 and FF0

are determined by PSO to cope with the change of the equivalent
refractive indices in the BAB sections.

Since one of the parameters is determined from physical prin-
ciples, the computation effort of the optimization algorithm
is greatly reduced. Thus, the cost of taking all coefficients
into consideration at the same time becomes affordable. This
ensures the reliability of the optimization results. It avoids the
situation that only some of the parameters are calculated at a
time, owing to too many parameters and too much computation,
which will often fail to obtain the global optimal solution. The
optimized overlaps between the diffracted field and the fiber
mode are 84% and 82% for 3350 nm and 3550 nm gratings,
respectively, leading to simulated CEs of about −1.68 dB and
−1.78 dB at wavelengths of 3350 nm and 3550 nm, respectively.
Figure 2(c) displays the simulated optical field profile of the
3550 nm grating; we observe a perfectly vertical output field.
The optimized grating parameters and the simulated CEs are
shown in Figs. 3 and 4, respectively. As shown in Fig. 3, the
backreflection at the center wavelengths of both gratings is about
−30 dB.

Figure 4 displays a scanning electron micrograph of the fab-
ricated grating coupler and the measurement setup, where the
CE is measured through two grating couplers connected with
a tapered straight waveguide. The devices were fabricated in
ShanghaiTech University Quantum Device Lab. The detailed
fabrication process is given by Zhang et al. [27]. During the

Fig. 3. (a, b) Optimized parameters of apodized (a) Grating A
(3350 nm) and (b) Grating B (3550 nm). Solid symbols represent
the value of each parameter and hollow symbols are sample points
used in the PSO, which finally decides the polynomial variation of
parameter curves. There are no hollow symbols on the curve of FF2,
since it is completely derived by Eq. (1). (c, d) Simulated CE and R
of apodized (c) Grating A (3350 nm) and (d) Grating B (3550 nm).

Fig. 4. (a) Scanning electron micrograph of fabricated grating
coupler. Inset: enlargement of grating coupler. (b) Measurement
setup. (c) Optical micrograph of testing device. (d, e) Simulated
and measured results of (d) Grating A (3350 nm) and (e) Grating B
(3550 nm).

measurement, collimated linearly polarized light emitted from
a tunable quantum cascade laser is first coupled into an input
chalcogenide MIR fiber (IRF-S-7) using a reflective collimator.
The polarization status after passing the 1-m-long chalcogenide
fiber is characterized for later coupling efficiency calculation.
The light is then coupled into the chip through the proposed

zax
高亮
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grating coupler. The output signal from the output grating cou-
pler is collected by a chalcogenide MIR fiber and sent to an
optical spectrum analyzer (YOKOGAWA AQ6377). The exper-
imental results are plotted in Fig. 4, of which we assume that
the losses of both input and output gratings are equal and the
propagation loss is negligible. Compared with the simulated
CE of −1.68 dB at the fundamental mode of an IRF-S-7 fiber,
with a 3-dB bandwidth of around 130 nm at a wavelength of
3350 nm, the measured efficiency peak is about −5.58 dB at
3324 nm, with a bandwidth of at least 87 nm, which is limited
by the shortest available wavelength (3300 nm) of the laser used
in the experiment. The simulated CE of the 3550 nm grating is
about −1.78 dB and the 3-dB bandwidth is around 300 nm. The
experimental result is −4.34 dB at 3561 nm with a 3-dB band-
width of ≈210 nm. The limitation to achieving higher coupling
efficiency is mainly from the approximated blazed structure,
which decreases its ability to concentrate the diffraction into a
single order. The small number of sampling points during the
optimization, to reduce computation, also affects the couplers’
performances. The shift of the peak wavelength and the decrease
in the measured CEs mainly come from the fabrication process.
During fabrication, the alignment error between two exposures
for shallow-etched and fully etched structures can reach up to
40 nm, which is roughly 20% of the width of the ABR sections.
Other fabrication errors, such as over-etching at structure edges
and an incorrect etch depth, also affect the CE and the peak
wavelength. In addition, the size of the mode field of the fibers
is relatively sensitive to the distance between the chip and the
fiber facet, owing to the large NA of the chalcogenide fibers we
used, which may lead to different fiber conditions between the
simulation and experiment.

In conclusion, we report the first demonstration of high-
efficiency grating couplers for perfect vertical coupling in MIR.
By exploiting ABR units and blazed structures, together with
an apodization process, we experimentally achieve CEs of
−5.58 dB and −4.34 dB with a 3-dB bandwidth of at least 87 nm
and 210 nm for the two target wavelengths of 3350 nm and
3550 nm, respectively. The performance can be further improved
by either improving fabrication procedures or increasing the
undetermined parameters considered in the optimization. For
example, by utilizing a gray-scale patterning approach, it is
possible to develop a perfectly shaped blazed grating coupler
with higher perfectly vertical coupling efficiency. We believe
that the demonstrated perfectly vertical couplers have the poten-
tial to further advance the development of MIR couplers. They
can also facilitate optical MIR applications, such as multicore-
fiber-based space division multiplexing, and thus lay the
foundation for highly integrated MIR optical applications in the
future.
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