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Abstract—The design, fabrication, and characterization of 1-D
grating waveguide as slow light structure working in mid-infrared
(MIR) region are demonstrated for the first time. The effects of
various structural parameters on slow light properties are inves-
tigated through theoretical analysis, simulation and experimental
verification, providing guidance on slow light engineering in 1-D
grating waveguide. By adjusting structural parameters, average
group indices of 9.4–15.5 with bandwidths of 23–66 nm and nor-
malized delay-bandwidth products of 0.093–0.164 are obtained.
Thermo-optic tuning is also demonstrated with π phase shift and
group index tuning from 23 to 33 at the wavelength of 3.9024 μm
by applying 1.4 mA current. The proposed tunable 1-D grating
slow light waveguide provides a promising platform for various
MIR applications such as on-chip absorption-based biochemical
sensors, tunable optical buffers, and thermo-optic modulators.

Index Terms—Slow light, gratings, optical waveguides,
dispersion.
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I. INTRODUCTION

S ILICON photonics (SiP) has attracted great research in-
terest in past decades because it is a promising candi-

date to meet the dramatically increasing demands for high data
transmission capacity in communication networks. The com-
plementary metal-oxide-semiconductor (CMOS) compatibility
of SiP enables low-cost and mass production of photonic de-
vices. Numerous photonic devices have been demonstrated,
most of which operate in near-infrared (NIR) C band and L band
[1]–[7]. In fact, the NIR is not the only wavelength range where
SiP can be utilized. Silicon (Si) is transparent up to the wave-
length of about 8.5 μm, which extends to the mid-infrared (MIR)
region [8]. Nowadays, MIR photonics has been attracting more
and more attention because of its enormous potential in optical
communications and label-free biochemical sensing. On the one
hand, extending the optical bands from NIR to MIR is helpful
in increasing the data transmission bandwidth of optical net-
works [9], [10]. On the other hand, for biochemical detection,
MIR spectrum extensively overlaps with the functional group
regions as well as fingerprint regions of various organic and
inorganic compounds [11], [12].

In the MIR wavelength range, various fundamental build-
ing blocks, such as waveguide [13]–[17], microring resonator
[13], multimode interference splitter (MMI) [13]–[15], Mach-
Zehnder interferometer (MZI) [14], [15], directional coupler
[15], [16], [18] and photonic crystal (PhC) cavity [19], have
been demonstrated with good optical performance, establishing
a solid foundation for MIR photonics applications. Thanks to
the inherent high thermo-optic coefficient of Si, MIR modu-
lators have been demonstrated by integrating spiral MZI with
micro-heater [20]. MIR on-chip absorption-based biochemical
sensors have also been realized using strip and slot waveguides
[21]–[23]. Slow light with remarkably low group velocity of-
fers the possibility for the spatial compression of optical energy,
which reduces the device footprint and enhances light–matter
interactions. Thus, slow light engineering is considered as one of
the most promising techniques for improving the performance
of optical modulators and sensors [24]–[33]. Slow light is also a
feasible solution for buffering and various types of time-domain
processing of optical signals. In addition, thermo-optic tuning
of slow light devices enables advanced time-domain optical sig-
nal processing such as variable optical buffering and dynamic
dispersion compensating [34]–[37].

Slow light on-chip can be realized using various pe-
riodic structures. One of the most commonly utilized is

1077-260X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.

https://orcid.org/0000-0002-5730-3956
https://orcid.org/0000-0002-4122-0953
https://orcid.org/0000-0002-3784-4376
https://orcid.org/0000-0002-9609-523X
https://orcid.org/0000-0002-8886-3649
mailto:yimingma@u.nus.edu
mailto:dongbowei@u.nus.edu
mailto:elelibo@nus.edu.sg
mailto:eleweij@nus.edu.sg
mailto:elecyu@nus.edu.sg
mailto:global advance �reakcnt @ne penalty -@M chongpei24@gmail.com
mailto:global advance �reakcnt @ne penalty -@M chongpei24@gmail.com
mailto:elelc@nus.edu.sg


6101608 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 24, NO. 6, NOVEMBER/DECEMBER 2018

two-dimensional (2D) PhC waveguide [38]–[48]. 2D PhC wave-
guide has also been demonstrated in the MIR wavelength range
and its slow light performance has been characterized. Although
group index of 12 was achieved, the device was limited by
narrow bandwidth (around 10 nm) resulted from large group
velocity dispersion (GVD) [49]. This is a consequence of ignor-
ing dispersion engineering, the purpose of which is to obtain a
flat band away from the Brillouin zone (BZ) edge. Beside 2D
PhC waveguide, one-dimensional (1D) grating waveguide has
also been leveraged to realize slow light effect in NIR region
[50]–[56]. These works reveal that 1D grating waveguide owns
some critical advantages over 2D PhC waveguide. First, the
simpler structure of 1D grating waveguide makes it easier to
be fabricated and more impervious to fabrication imperfection
than 2D PhC waveguide. Second, compared with 2D PhC wave-
guide, in 1D grating waveguide higher ratio of the optical power
is confined in the cladding, leading to stronger light-matter inter-
action, which is conducive to biochemical sensing and nonlin-
ear enhancement applications. Third, 1D grating waveguide has
smaller lateral size compared with 2D PhC waveguide and thus
has favorable potential for compact slow light devices. Nonethe-
less, the feasibility of adopting 1D grating waveguide for MIR
slow light applications remains undiscovered. Besides, the influ-
ence of the structural parameters on the slow light effect based
on 1D grating waveguide, which is important information for
slow light design and engineering, has not been systematically
investigated yet.

In this paper, we demonstrate for the first time, to the best
of our knowledge, 1D grating waveguide with tunable flat band
slow light effect in MIR region. The influence of the struc-
tural parameters of 1D grating waveguide on the slow light
performance is firstly theoretically analyzed and numerically
modeled using 2D plane wave expansion (PWE) method, and
later verified through fabrication and characterization of numer-
ous 1D grating waveguide slow light devices. Average group
indices ranging from 9.4 to 15.5 with bandwidths of 23–l66 nm
are observed. Corresponding experimental normalized delay-
bandwidth products (NDBPs) from 0.093 to 0.164 are compa-
rable with those of reported 1D and 2D slow light structures
operating in NIR region [39], [40], [47], [54]. The influence
of 1D grating waveguide parameters not only serves as a de-
sign guideline for MIR slow light applications, but also is a
general rule that could be utilized for applications at all other
wavelengths based on such periodic structure. Additionally,
thermo-optic tuning is also demonstrated using integrated
micro-heaters. At the wavelength of 3.9024 μm, π phase shift
and group index tuning from 23 to 33 are achieved with 1.4 mA
applied current. The proposed tunable 1D grating slow light
waveguide provides a promising platform for various MIR ap-
plications such as on-chip absorption-based biochemical sen-
sors, tunable optical buffers and thermo-optic modulators.

II. STRUCTURE AND BAND ANALYSIS

Fig. 1(a) shows the schematic structure of the proposed
silicon-on-insulator (SOI) slow light device. A 1D grating wave-
guide with 303 periods is embedded into one arm (signal arm) of

Fig. 1. (a) Schematic illustration of the slow light MZI integrated with
micro-heaters. (b) Schematic illustration of the 1D grating waveguide.
(c) Band diagram of the 1D grating waveguide with Sx = 0.50a, Sy = 1.80a
and W = 0.60a. (d) Mode profiles at the labelled points in (c).

an MZI for the characterization of the slow light performance.
The light from the input fiber is coupled into the device through
an inversed tapered coupler with linearly broadened width from
0.3 μm to 1.2 μm over 200 μm length. The light then goes
through an S band, which is utilized to stagger the input and out-
put ports, making the alignment between fiber and waveguide
easier. Thereafter, the light is divided equally into the two arms
of the MZI by a Y-junction. On the signal arm, the waveguide
width is linearly tapered down to the central waveguide width
of the 1D grating waveguide and tapered back to 1.2 μm after
passing though the 1D grating waveguide. To compensate for
the mode mismatch and improve the coupling efficiency at the
interface between the strip waveguide and the 1D grating wave-
guide, a tapered grating with linearly shortened grating teeth
(number of periods N = 6) is utilized [50]. The only difference
between the signal arm and the reference arm is the presence
of grating teeth. Finally, the two light beams are recombined
and output using a Y-junction and a tapered coupler of the same
design as those at the input. On top of the upper silicon oxide
(SiO2) cladding layer, two identical micro-heaters are integrated
with both arms of the MZI to realize thermo-optic tuning. The
width of the micro-heater changes gradually between the pad
and the resistance wire in order to avoid the saltation of elec-
trical resistivity, which causes heat concentration and may burn
out the micro-heater. The resistance wires are designed to be
Ω-shape to distribute the heat more uniformly.

Fig. 1(b) schematically illustrates the 1D grating waveguide.
The lattice constant a and thickness h of the 1D grating wave-
guide are fixed at 1.03 μm and 0.4 μm, respectively, to match
the device working wavelengths with MIR region. The width
and length of grating teeth are labelled as Sx and Sy , re-
spectively, while the width of central waveguide is denoted as
W. They are the main parameters to influence the band dia-
gram [56]. The 1D grating waveguide is regarded as a periodic
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structure with alternating high-ε and low-ε regions, where ε is
the effective dielectric constant. The high-ε region consists of
the central waveguide and the long bilateral grating teeth while
the low-ε region is composed of the central waveguide and the
bilateral trench between two adjacent grating teeth, as indicated
in Fig. 1(b). Since the 1D grating waveguide is accessed from
single mode waveguide, transverse-electrical-like (TE-like)
y-odd modes, which have even symmetry with respect to hori-
zontal plane of symmetry z = 0 and odd symmetry with respect
to vertical plane of symmetry y = 0, are most easily excited [52].
Therefore, only modes with these symmetries are taken into ac-
count in the band diagram. 2D simulation with a slab equivalent
index of 2.44 for TE-like mode is adopted. The refractive index
of SiO2 is 1.40. Fig. 1(c) shows the calculated band diagram
with Sx = 0.50a, Sy = 1.80a and W = 0.60a. The dash lines
in Fig. 1(c) presents the TE-like y-odd bands for the case of a
nonperiodic waveguide. The fundamental mode (blue) is folded
back at the first BZ edge, and therefore intersects with the higher-
order mode (red) lying at a higher frequency. Considering the 1D
grating waveguide, the structural periodicity allows the bands
to couple to each other and then split at both the first BZ edge
and the above-mentioned intersection point, which is known
as anti-crossing effect [57], [58]. As a result, a hybrid band is
formed, where the field pattern transforms continuously from
the higher-order mode to the fundamental mode as wave vector
k increases. Fig. 1(d) shows the mode profiles corresponding to
the labelled points on Fig. 1(c). At the first BZ edge (k = π/a)
where the modes have a wavelength of 2a, exactly twice the
lattice constant of the 1D grating waveguide, the low-frequency
mode (point A) concentrates its energy in the high-ε regions,
while the high-frequency mode (point B) has most of its energy
localized in the low-ε regions. With decreasing k, the mismatch
between the wavelength and the lattice constant becomes larger,
thus the mode expands more into the adjacent high-ε region
(point C). The higher-order mode (point D) has an additional
pair of nodes and penetrates deeper into the periodic structure.

The behavior of the dispersion in the vicinity of both anti-
crossing points B and C can be described using a simple
parabolic approximation [59]:

ω ≈ ω0 ±
(

Δk

α

)2

(1)

where ω is the mode frequency, ω0 is the mode frequency at
points B or C, Δk is the wave vector difference to its value at
points B or C, α is positively related to the corrugation strength,
which depends mostly on the index contrast and the structural
parameters. From (1) it can be deduced that the stronger corru-
gation will lead to a flatter mode near the anti-crossing points.
The first derivative over the wave vector k is the group velocity:

νg =
dω

dk
∼ Δk

α2 ∼ (ω − ω0)
1/2

α
(2)

And the reciprocal of the group velocity vg is the group index:

ng =
1
vg

∼ α

(ω − ω0)
1/2 (3)

We are interested in the S-shape dispersion band from point B
to point C, whose profile can be conveniently engineered
through adjusting the corrugation strength of the grating wave-
guide by designing Sx , Sy and W properly. A flat band away
from the first BZ edge is obtained, which has nearly constant
group velocity for a large bandwidth, as illustrated in Fig. 1(c).

The profile variation tendencies of the S-shape dispersion
band BC with different structural parameters are theoretically
studied with the aid of 2D simulation. Fig. 2(a) shows the band
variation with Sx when Sy and W are fixed to be 1.80a and
0.60a, respectively. To see the change of slope and frequency
range more clearly, the bands corresponding to different values
of Sx are moved to have their points B overlapped at the original
location of point B of the band corresponding to Sx = 0.50a.
The original results are shown in the inset. Fig. 2(b) shows the
change tendency with regard to Sy with constant Sx = 0.50a
and W = 0.60a. Fig. 2(c) indicates the change tendency regard-
ing W when Sx and Sy are fixed to be 0.50a and 1.80a, respec-
tively. Similar as Fig. 2(a), the bands corresponding to different
values of W are moved to have their points B overlapped at
the original location of point B of the band corresponding to
W = 0.60a for better presentation. The inset shows the origi-
nal results. Fig. 2(d), (e) and (f) show the group indices versus
wavelength extracted from the bands in Fig. 2(a), (b) and (c),
respectively. These group index curves display the characteris-
tics of U-shape with nearly constant group index over a large
bandwidth. To be consistent with most of the previous works,
here we evaluate the bandwidth as the wavelength range where
group index variation of ±10% is tolerated [54].

Fig. 2(a)–(f) reveal that the band shifts to lower frequency, i.e.,
higher wavelength with either increasing Sx , Sy or W. This is be-
cause the ratio of mode field in the Si structure becomes higher,
which increases the effective index. On contrary to Sx or W vari-
ation, the position of point B, i.e., the band edge, barely shifts
with varying Sy , as shown in Fig. 2(b) and the insets of Fig. 2(a)
and (c). This difference could be attributed to that the mode
at point B interacts almost only with the bottom of the trench,
as shown in Fig. 1(d) panel B, maintaining its effective index
almost unchanged with varying Sy . To understand the change
rules of the slope and the frequency range (in other words, the
group index and the bandwidth) of the S-shape dispersion band
BC, it is necessary to find out their potential link. First, point C
shifts to larger k with increasing corrugation strength. This can
be explained by that the slope of the higher-order mode expe-
riences more drastic change than that of the fundamental mode
since the previous is more sensitive to the change of corrugation
strength due to its further penetration into the periodic structure,
as indicated in Fig. 1(d) panel B and D. Second, as revealed in
(1), band BC becomes flatter with stronger corrugation. Un-
der the combined effect of point C shifting to larger k and the
flattening of band BC, both the slope and the frequency range
of band BC become smaller with stronger corrugation, reveal-
ing a trade-off between high group index and large bandwidth.
The corrugation strength is increased with lengthening grating
teeth, rising the group index and lowering the bandwidth, as
shown in Fig. 2(b) and (e). With larger W, the widened central
waveguide has better mode confinement, which deteriorates the
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Fig. 2. (a) Dispersion band BC variation with Sx , when Sy = 1.80a and W = 0.60a, all bands are moved to have their points B overlapped at the original
location of point B of the band corresponding to Sx = 0.50a, the inset shows the original locations of the bands. (b) Dispersion band BC variation with Sy , when
Sx = 0.50a and W = 0.60a. (c) Dispersion band BC variation with W, when Sx = 0.50a and Sy = 1.80a, all bands are moved to have their points B overlapped
at the original location of point B of the band corresponding to W = 0.60a, the inset shows the original locations of the bands. (d), (e) & (f) Group index curves
extracted from (a), (b) & (c), respectively.

corrugation, leading to contrary change tendency of group index
and bandwidth to that with regard to Sy , as shown in Fig. 2(c)
and (f). As for the variation with Sx , Fig. 2(a) and (d) indicate
that the highest corrugation strength is achieved when Sx is
equal to 0.42a.

III. FABRICATION AND EXPERIMENT

The fabrication starts from a SOI wafer with 220 nm thick de-
vice layer and 2 μm thick buried oxide (BOX) layer. The device
layer is epitaxially grown to 400 nm thick for MIR application.
SiO2 is deposited as the hard mask and patterned by deep ul-
traviolet (DUV) photolithography. The pattern is transferred to
the Si device layer by reactive ion etching (RIE). 3 μm thick
SiO2 is then deposited, followed by chemical mechanical pol-
ishing (CMP) to obtain a planarized 2 μm thick upper cladding
layer. Finally, 120 nm thick Titanium nitride (TiN) is deposited,
patterned and etched to realize the micro-heater. TiN is chosen
to be the micro-heater material because of its very high melt-
ing point (2930 °C), low electrical resistivity (20 μΩ·cm) and
CMOS compatibility [60]. Fig. 3(a) shows the microscopic im-
age of the fabricated devices with different dimensions of 1D
grating waveguide. Limited by the space among MZIs, adjacent
4 or 5 MZIs share the same pair of electrical pads and the re-
sistance wires above each signal arm of MZI are connected in
series. Identical resistance wires are also arranged above every
reference arm and connected in series to another pair of electri-
cal pads. Consequently, the signal arm and the reference arm on

Fig. 3. (a) Microscopic image of the fabricated devices with different values
of Sx , Sy and W. (b) Microscopic image of the 1D grating waveguide as well
as the linear taper. (c) Microscopic image of the resistance wire. (d) SEM image
of the 1D grating waveguide.

each MZI can be heated independently. Fig. 3(b) and (c) show
the zoom-in microscopic images of the 1D grating waveguide
and the resistance wire, respectively. Fig. 3(d) shows the scan-
ning electron microscope (SEM) image of the fabricated 1D
grating waveguide.

The measurement setup is shown in Fig. 4. The light source
is a linearly polarized continuous wave tunable MIR laser
(3.64–4.12 μm). A half wave plate is placed between the
laser and the chopper for fine polarization control. The light
is launched into the ZrF4 MIR fiber using a fiber launch system
equipped with a ZnSe focusing lens and is then butt coupled
to the device fixed on the sample stage. Output light from the
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Fig. 4. Schematic illustration of measurement setup.

Fig. 5. (a) Measured transmission spectrum with Sx = 0.50a, Sy = 1.80a
and W = 0.60a. (b) Group index extracted from the spectrum in (a) and corre-
sponding U-shape curve fitting. The bandwidth, average group index and NDBP
are determined according to the fitting curve.

device is butt coupled to another MIR fiber and directed to the
MIR detector which is connected to the lock-in amplifier for data
reading. Both MIR fibers sit on the 6-axis stages to precisely
control the alignment between them and the device. A verti-
cal microscope above the sample sage is adopted to visualize
the butt coupling condition. For realizing thermo-optic tuning,
the two connected electrical pads are approached by probe tips
simultaneously. The two probe stages are connected to the pos-
itive and negative ports of direct current (DC) power supply,
respectively. A multimeter is connected in series into the circuit
to measure the current.

Fig. 5(a) shows the transmission spectrum of a representative
unbalanced MZI. The structural parameters of the 1D grating
waveguide embedded into it are Sx = 0.50a, Sy = 1.80a and
W = 0.60a. The oscillation in the spectrum is due to the group
velocity difference between the two arms of the MZI. The free
spectral range (FSR) of the oscillation decreases near both anti-
crossing points of the 1D grating waveguide, approximately
3.825 μm and 3.860 μm, corresponding to point C and point B,
respectively. The group index therefore can be extracted from
the oscillation pattern using the equation [34]:

ng (λ) = nref
g (λ) +

λmaxλmin

2L |λmax − λmin | (4)

where ng is the group index of the 1D grating waveguide, nref
g

is the group index of the reference strip waveguide with slight
wavelength dependence and is extracted from 2D finite element

method (FEM) calculated dispersion relation, λmax and λmin are
the wavelengths at adjacent valley and peak of the oscillation,
and L represents the length of the 1D grating waveguide. The
extracted group indices are plotted in Fig. 5(b). As suggested by
(3), negative one-half time-squares fitting is adopted near both
anti-crossing points to realize the U-shape curve fitting. The
measured bandwidth Δλ is determined according to the fitting
curve, as illustrated in Fig. 5(b). The NDBP is a good indication
of the highest slow light capacity that the device potentially
provides and is defined as [42]:

NDBP =
ng × Δλ

λc
(5)

where λc is the central wavelength of the flat band slow light
region, ng is the average group index calculated by:

ng =
∫ λc +Δλ/2

λc −Δλ/2
ng (λ) dλ/Δλ (6)

1D grating waveguides with varying Sx , Sy and W are mea-
sured. The measured group indices and corresponding fittings
are shown in Fig. 6(a), (b) and (c). The highest measurable
group index is limited by the wavelength accuracy of the MIR
laser as well as the residual Fabry–Perot (FP) noise that arises
from interference in the optical circuit outside the MZI. Close
to both anti-crossing points, the amplitude and FSR of the oscil-
lation become ambiguous because it is comparable with that of
the FP noise [34]. Fig. 6(a) shows the dependence of the slow
light performance on Sx . The highest group index as well as the
narrowest bandwidth appear at Sx = 0.44a, which is slightly
larger than the simulated value 0.42a. This might be mainly
caused by the fabrication imperfection. As shown in Fig. 3(d),
the designed square corners become rounded in fabricated de-
vices due to the limitation of the 248-nm lithographer. These
rounded corners narrow the gap between the effective indices
of the alternating high-ε and low-ε regions, which are noted as
nh and nl , respectively. For 1D periodic structures, it is known
that the corrugation strength reaches its maximum at [58]:

nhSx = nl (a − Sx) (7)

Therefore, the experimental extreme value of Sx is closer to
0.50a than the simulated one. Except this quantitative mismatch,
all the change tendencies obtained in the measurement qualita-
tively agree well with those revealed by theoretical analysis and
simulation, which provides a solid guideline on the slow light
engineering in the 1D grating waveguide through adjusting the
structural parameters. By altering structural parameters, aver-
age group indices of 9.4–15.5 with bandwidths of 23–66 nm
are obtained. Corresponding NDBPs are calculated to be from
0.093 to 0.164, which are comparable with those of reported
1D and 2D slow light structures operating in NIR region [39],
[40], [47], [54]. The NDBP increases when average group index
decreases, which is due to that the corresponding bandwidth in-
creases more rapidly. This tendency is similar to that in 2D PhC
waveguide [42], [44]. The sensitivities of slow light properties
with structural parameters are determined by the slopes of corre-
sponding linear fittings. For the sensitivities with Sx , monotone
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Fig. 6. Group index curve variation with (a) Sx , when Sy = 1.80a and W = 0.60a; (b) Sy , when Sx = 0.50a and W = 0.60a; (c) W, when Sx = 0.50a and
Sy = 1.80a.

Fig. 7. Summarized plot of the sensitivities of slow light properties with
structural parameters.

interval of [0.44a, 0.54a] is selected for the characterization. All
extracted sensitivities are plotted together in Fig. 7. It is seen
that Sx is the most sensitive parameter to change the average
group index, while W is the most sensitive one with respect to
the bandwidth and the NDBP. Although Sy is not as sensitive
as Sx and W, its variation range can be larger, leading to wider
tuning ranges of slow light properties. The feasible largest and
smallest Sx are strongly limited by the critical dimension of
the fabrication capability. Likewise, W needs a moderate value
considering the issues of mode confinement and propagation
loss. Besides, Sy is the most appropriate parameter to be en-
gineered when large-scale adjustment of slow light properties
without significant influence on the wavelength, especially the
band edge, is required. On the contrary, Sx has the highest

priority when considering large tuning range of the wavelength,
as shown in Fig. 6(a), (b) and (c). The position of the band edge,
where the slow light effect reaches the strongest, is required to
be carefully engineered for various applications. While utiliz-
ing slow light structures for absorption sensing, for example,
it is best to locate the band edge as close as possible to the
absorption peak of the analyte in order to enhance the detection
sensitivity [32].

1D grating waveguide with Sx = 0.50a, Sy = 1.80a and
W = 0.70a is used for the demonstration of thermo-optic tun-
ing. Fig. 8(a) shows the measured transmission spectra with
different current levels applied to the signal and reference arms.
The spectra are manually shifted vertically by 4 dB for clarity.
As expected, heating of the reference arm (with its group index
nearly constant throughout this spectral region) does not result
in significant changes of the measured transmission spectrum.
On the contrary, heating of the signal arm results in the wave-
length shift of the interference signal to longer wavelengths.
With 0.7 mA applied current, the interference signal shifts only
about 0.4 nm. When the current is increased to 1.4 mA, more
drastic shift of around 1.2 nm is observed. At the wavelength of
3.9024 μm, applying 1.4 mA current on the signal arm results
in almost π phase shift, as marked by the black dash line. The
group indices of the 1D grating waveguide with 0 and 1.4 mA
applied current on the signal arm are deduced and fitted using
the procedure described above, as shown in Fig. 8(b). It is seen
that the derived group index curve almost maintains its shape yet
shifts to longer wavelengths with increasing applied current, in-
dicating both the average group index and the bandwidth almost
remain unchanged. However, at some specific wavelengths, the
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Fig. 8. (a) Measured transmission spectra with different applied current. Spectra are manually shifted vertically by 4 dB for clarity. Red, blue, yellow and green
spectra correspond to zero applied current, 1.4 mA current applied to the reference arm, 0.7 mA and 1.4 mA current applied to the signal arm, respectively.
(b) Group index curves corresponding to 0 and 1.4 mA current applied to the signal arm. (c) Zoom-in of the zone indicated by the black square box in (b).

group index can be significantly tuned. At 3.9024 μm, the group
index is tuned from 23 to 33 with 1.4 mA current applied on the
signal arm, as shown in Fig. 8(c). An even larger tuning range of
phase and group index can be achieved at wavelengths closer to
the anti-crossing points, where the slow light effect is stronger.

IV. CONCLUSION

In conclusion, we experimentally demonstrated the first 1D
grating waveguide with tunable flat band slow light effect in MIR
region. The influence of various structural parameters on slow
light properties was studied through theoretical analysis, sim-
ulation and experimental verification. The experimental results
are consistent with our theoretical prediction and simulation,
providing a solid guideline on the design of 1D grating slow
light waveguide for not only MIR applications, but also appli-
cations at all other wavelengths based on such periodic struc-
ture. By altering structural parameters, average group indices of
9.4–15.5 with bandwidths of 23–66 nm are achieved. Corre-
sponding NDBPs of 0.093–0.164 are comparable with those of
reported 1D and 2D NIR slow light structures. As a promising
method for realizing active control of slow light performance,
thermo-optic tuning was also demonstrated in 1D grating wave-
guide. π phase shift and group index tuning from 23 to 33 were
achieved at 3.9024 μm with 1.4 mA applied current. Our results
can be adopted in the realization of MIR slow light for vari-
ous applications such as on-chip absorption-based biochemical
sensors, tunable optical buffers and thermo-optic modulators.
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