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Abstract: In this paper, we demonstrate silicon-on-insulator (SOI) channel waveguides
with propagation loss and r = 10 μm bends with bending loss as low as 2 dB/cm and
0.02 dB/90◦ in the broad wavelength range of 3.68–3.88 μm. We also indicate the limitation
of SOI waveguide loss in mid-infrared wavelength by analyzing loss mechanisms. Based on
this high-performance mid-infrared waveguide, we systematically analyze the coupling effi-
ciency of various directional couplers, which are critical and commonly used building blocks
for on-chip light routing and power splitting. By varying coupling length and sweeping wave-
length, the performance of directional coupler with various gap separations is meticulously
investigated in 3.68–3.88 μm. A experimental database for directional coupler with any
power splitting ratio is provided. Our results offer a promising broadband platform for dense
wavelength division multiplexing (DWDM) and applications that require precise control of
coupling such as racetrack resonator in the mid-infrared region.

Index Terms: Integrated optics materials, waveguides, mid infrared, photonic integrated
circuits.

1. Introduction
“Internet of things (IoT)” is a concept many developed countries are striving for where physical de-
vices are equipped with tiny electronic devices to exchange information to realize a more integrated
and efficient society. Sensing is a major aspect as it provides in-situ real time environment detection
and monitoring [1]–[6]. Mid-infrared photonics have emerged as a prominent solution for sensing
and attracted abundant research interests in recent years because the fingerprints of many common
chemical bonds, such as C-H,C=C,O-H, are in the mid-infrared region [7]. With active research
effort, environmental [8], [9] and bio-chemical sensing [10]–[12] have already shown promising
performance by utilizing mid-infrared photonics. Various materials, including silicon-on-insulator
(SOI), silicon-on-sapphire (SOS), silicon nitride (Si3N4), aluminum nitride (AlN) and germanium
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(Ge), have been demonstrated to achieve mid-infrared photonic devices with low loss and favorable
performance [13]–[19].

Among these materials, SOI is undoubtedly the most popular material owing to its fabrication
maturity and stability. While previous studies showed the low loss transmission for SOI is limited
up to 3.6 μm [20], [21], recent research have confirmed that SOI remains a promising candidate
up to 3.8 μm due to the high optical mode confinement enabled by the high refractive index
contrast between Si and SiO2. At 3.8 m, low propagation loss of 1.28 dB/cm, 1.46 dB/cm, and
1.4 dB/cm have been achieved in channel waveguide using 500 nm thick Si core, in rib waveguide
using 400 nm thick Si core with 220 nm etch depth, and in slot waveguide with 78 nm gap and
650 nm conductor width respectively [13], [22], [23]. Mach-Zehnder interferometer (MZI) has been
demonstrated with a maximum extinction ratio of 34 dB and free-spectral range (FSR) around
10 nm [22]. Multimode interference splitter (MMI) has been designed to provide loss as low as
0.151 dB/MMI [13]. Racetrack resonator with radius r = 100 μm and coupling length Lc = 50 μm
has been reported with a quality factor (Q) of 8200, extinction ratio up to 10 dB, and FSR around
4.12 nm [24]. The success of all these fundamental building blocks envisions a bright future for SOI
based mid-infrared photonics applications.

Nevertheless, the wavelength dependence of propagation loss and bending loss in the mid-
infrared region lacks investigation. Understanding this dependence is crucial since a spectrum
(continuous or broadband wavelength) is usually necessary to meet the various chemical bonds for
sensing. Furthermore, though bends with low bending loss have been achieved, its large dimension
(r = 100 μm) impedes the growing demand of dense integration. Meanwhile, the limitation of
SOI waveguide loss mainly caused by silicon oxide absorption needs to be thoroughly studied
and understood. Furthermore, directional coupler, as an essential building block in realizing MZI,
racetrack resonator, power splitter, and various applications rooted in evanescent wave coupling,
needs to be systematically examined in the mid-infrared region.

In this paper, we first study the wavelength dependence of SOI channel waveguide propagation
loss and bending loss in the broad wavelength range of 3.68–3.88 μm. This wavelength range
gains particular interests due to its coverage of the fingerprints of carcinogenic gas Formaldehyde
(CH2O), toxic Hydrobromic acid (HBr), corrosive Hydrochloric acid (HCl), and biologically crucial
glucose (C6H12O6), providing an ideal sensing window for these chemicals since it avoids the strong
water absorption peak in 2.7–3.5 μm. Based on the satisfactory optical loss results, we investigate
SOI channel waveguide directional couplers for broadband mid-infrared photonics application. The
identically designed devices in three randomly selected chips located in an 8-inch SOI wafer
are characterized to reduce the random error. The dependence of directional coupler on both
wavelength λ and coupling length Lc is thoroughly studied and analyzed, offering an experimental
database for directional coupler with any power splitting ratio. Our demonstrations reveal low optical
loss and enable evanescent coupling in broadband integrated mid-infrared photonics. This design
can be adopted in on-chip routing, power splitting, and dense wavelength division multiplexing
(DWDM) for mid-infrared photonics applications.

2. Channel Waveguides and Bends
The device fabrication starts from a commercially available 8-inch SOI wafer with 220 nm top silicon
layer and 3 μm buried oxide (BOX) layer [25], [26]. First, blanket silicon epitaxy is performed in order
to increase the top silicon thickness to 400 nm. Silicon dioxide is then deposited as the hard mask for
structure definition. The device is patterned by deep ultra-violet (DUV) photolithography followed by
a single-step Si reactive ion etching (RIE) to define the waveguide devices. 3 μm SiO2 is deposited
using plasma enhanced chemical vapour deposition (PECVD) as the cladding. Finally, deep trench
is formed in order for butt fiber coupling.

The SOI channel waveguide is designed with the dimension of w × h = 1.2 × 0.4 μm2 in order
to ensure a good optical mode confinement and the single mode condition (see Fig. 1(a)). Fig. 1(b)
shows the scanning electron microscope (SEM) image of the fabricated channel waveguide, while
the insert shows the SEM image of the inverse waveguide tip for light butt coupling. Waveguide
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Fig. 1. (a) Schematic of the designed single mode SOI channel waveguide with the dimension of
w × h = 1.2 × 0.4 μm2. The single-mode profile simulated by COMSOL Multiphysics [27] is shown.
(b) SEM image of the straight waveguide. (inset) Inverse taper tip with w = 0.2 μm used for both output
and input for light butt coupling. The length of taper is 200 μm. (c) Optical image of r = 5 μm waveguide
bends and the SEM image of the bending region. A Fabry-Perot cavity of length 48.8 μm is formed
between interface A and B.

Fig. 2. Measurement setup. The dashed lines represent near-infrared light path used for visualizing
waveguide mode excitation.

bends with three bending radius r = 5 μm, 10 μm, and 25 μm are fabricated and experimentally
examined. An example is shown in Fig. 1(c). The smooth and vertical sidewall will enable low loss
and good waveguide performance.

The measurement setup we undertake is shown in Fig. 2. The light source is a linearly polarized
continuous wave tunable laser from Daylight Solution Inc (Model TLS-41038). A half wave plate
is placed right after the chopper for fine polarization control. The light is launched into the ZrF4

mid-infrared fiber using a Thorlab fiber launch system equipped with a ZnSe focusing lens and
is then butt coupled to the device sitting on the sample stage. Output light from the sample is
butt coupled to another mid-infrared fiber and directed to the mid-infrared detector (Horiba DSS-
IS020L) which is connected to the lock-in amplifier. Both mid-infrared fibers mentioned sit on the
6-axis stage produced by Newport. A vertical microscope above the sample stage is adopted to
visualize the butt coupling condition. It is worth mentioning a 2 μm laser (Thorlab FPL2000), as
well as a near-infrared camera (MicronViewer 7290A) are used for visualizing the excitation of the
waveguide mode in the absence of a mid-infrared camera. The near-infrared light path is indicated
by dashed lines. The output light from the sample is coupled to the near-infrared camera by another
ZnSe focusing lens. It is after the inspection of waveguide mode excitation we fix the input end and
change the output end to butt coupling to mid-infrared fiber.
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Fig. 3. (a) Averaged butt coupling loss and normalized output from a set of three cut-back waveguides
for propagation loss characterization. The measured output is normalized to the fiber-to-fiber coupling
output. (b) Wavelength-dependent propagation loss measured from three chips in an 8-inch wafer,
together with the simulation result. The green stars show the results from the literature [13], [24], [34].
(c) Normalized output from a set of three cut-back waveguide bends with 5 μm radius. The number of
90◦ bend are 80, 120, and 160. (d)–(f) Wavelength-dependent bending loss of waveguide bends with
(d) r = 5 μm, (e) 10 μm, and (f) 25 μm, from three chips in an 8-inch wafer.

Fig. 3(a) shows the wavelength-dependent averaged butt coupling loss and output power from
three waveguide structures with different lengths in Chip 1 for cut-back analysis. The output power
is normalized to fiber-to-fiber coupling output. The butt coupling loss increases from ∼−5 dB/facet
at 3.68 μm to ∼−7.5 dB/facet at 3.88 μm. A trend of decreasing power with respect to wave-
length is observed. This is the result of larger butt coupling loss and the optical mode at longer
wavelength being less confined and thus more vulnerable to sidewall roughness and surrounding
SiO2 absorption. Based on the cut-back results, we numerically fit the three data points for each
individual wavelength and attain the propagation loss of waveguides in Chip 1. Propagation loss
results of waveguides in the other two chips are also obtained by the same method. Fig. 3(b) shows
the wavelength-dependent propagation loss measured from the three chips. The propagation loss
gradually increases from ∼2 dB/cm at 3.68 μm to ∼3 dB/cm at 3.88 μm as expected. Our result is
comparable to previous literature shown by the green stars in Fig. 3(b). The excellent waveguide
performance in the broad wavelength range could be attributed to the standard and stable process
flow in the Institute of Microelectronics (IME) Singapore and the well designed waveguide that
achieves strong optical mode confinement while maintaining the single mode condition.

We perform analysis on the mechanism of propagation loss in our mid-infrared waveguide.
For straight waveguide, the propagation loss is attributed to scattering loss caused by sidewall
roughness and absorption loss. An analytical formula to calculate sidewall roughness induced
scattering loss has been proposed by Payne and Lacey [28]: αmax = σ2K

k0d4n1
, where α is the upper
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bound of propagation loss, σ is the root-mean square surface roughness, K is a coefficient depending
on waveguide geometry and the statistical distribution of surface roughness, k0 is the wavenumber
in vacuum, d is half of the waveguide width, and n1 is the effective index of the propagating
light. Assuming Gaussian distribution of surface roughness so that K = 0.76 and considering our
waveguide dimension of 1.2 μm and the surface roughness of ∼5 nm achieved by IME fabrication
process, we derive that the upper bound of scattering loss increases from 0.40 dB/cm at 3.68 μm
to 0.44 dB/cm at 3.88 μm. Meanwhile, the absorption loss rises from 1.60 dB/cm at 3.68 μm to
3.07 dB/cm at 3.88 μm as simulated by Lumerical Mode Solution [29] (all the following simulations
are performed by Lumerical Mode Solution). It is worth noting that according to Paliks Handbook
of Optical Constants of Solids (1985) [30], the imaginary part of the refractive index (k) of Si and
SiO2 are around 1.3 × 10−8 and 4.4 × 10−5, corresponding to the intrinsic material absorption loss
of around 4.3 × 10−3 dB/cm (negligible) and 14.55 dB/cm respectively in 3.68–3.88 μm. Hence,
the simulated actual loss of 1.60–3.07 dB/cm proves the strong optical mode confinement in Si
rather than SiO2. Comparing the loss contribution from the two mechanisms, we conclude that
absorption loss is dominating in this mid-infrared wavelength range. The total propagation loss as a
sum of scattering loss and absorption loss is plotted in Fig. 3(b), shown as purple filled triangle. Our
measurement data agree well with the simulation. Although complicating the fabrication process,
rib waveguide structure [31] or suspended waveguide structure [32], [33] could be adopted to lower
the propagation loss for applications that require extremely low loss.

The wavelength-dependent bending loss of SOI channel waveguide bends is also characterized
by the same method which has been explained in the propagation loss characterization. The
results are shown in Fig. 3(c)–(f). Fig. 3(c) presents the waveguide output from a set of three
cut-back waveguide bends with bending radius r = 5 μm. Apart from the same general trend
of decreasing output power with increasing wavelength as in Fig. 3(c), four equally spaced dips
located at 3.735, 3.775, 3.815, and 3.855 μm are identified with dash-dotted lines. In Fig. 3(d), the
positive relationship between loss and wavelength is preserved. The average bending loss of the
three chips is calculated on purpose to illustrate the oscillation of bending loss. As can be seen
clearly in Fig. 3(d), the specific wavelengths where peak bending loss occur coincide perfectly with
the dips in the output power from waveguide bends at 3.735, 3.775, 3.815, and 3.855 μm. The
oscillation nature of the waveguide bend output and optical loss could be attributed to the Fabry-
Perot cavity formed between two interfaces (see A and B in Fig. 1(c)) constructed by two connecting
waveguide bends with opposite bending direction where reflection happens due to mode mismatch.
The measured FSR of 0.040 μm corresponds to a Fabry-Perot cavity of length 45.1 μm which is
in accordance with the physical length of 48.8 μm between interface A and B. Nevertheless, the
bending loss oscillation could be eliminated by increasing the bending radius to reduce mode
mismatch and hence reflection that causes Fabry-Perot cavity. As can be seen in Fig. 3(d)–(f), the
oscillation is first dominating at r = 5 μm, then weakened at r = 10 μm, and becomes negligible
at r = 25 μm. For densely integrated system where larger bends are not desired, it is suggested
a straight transition waveguide is added between the two bends with opposite bending direction to
reduce mode mismatch.

In r = 5 μm waveguide bends, the bending loss mainly distributes between 0.04–0.12 dB/90◦

with a gradually increasing trend (see Fig. 3(d)). In contrast, negligible increase of bending loss
is observed in r = 10 μm and r = 25 μm waveguide bends. The bending loss remains at a low
level between 0.01–0.03 dB/90◦ and 0.01–0.02 dB/90◦ in r = 10 μm (see Fig. 3(e)) and r = 25 μm
(see Fig. 3(f)) waveguide bends, respectively. We perform simulation to examine the feasibility of
further reducing the bending loss by increasing bending radius. We individually simulate the two
contributions to the bending loss, namely mismatch loss and propagation loss. The results are
shown in Table 1. At small bending radius (r = 10 μm), the mismatch loss is dominating while
the propagation loss is low due to the short light propagation distance. At large bending radius (r
= 50 μm), propagation loss starts to dominate and results in a high total loss as well. Therefore,
there would exist an optimal bending radius (r = 25 μm) that reduces mismatch loss as much as
possible while permitting a short propagating distance. The simulated losses here are lower than
the measured loss since sidewall roughness is not considered.
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TABLE 1

Simulation Results of Bending Loss

Radius (μm) 10 25 50

Wavelength (μm) 3.68 3.78 3.88 3.68 3.78 3.88 3.68 3.78 3.88

Mismatch loss (dB/90◦) −0.012 −0.012 −0.013 −0.002 −0.002 −0.002 −0.000 −0.000 −0.001

Propagation loss (dB/90◦) −0.003 −0.004 −0.005 −0.006 −0.009 −0.012 −0.012 −0.018 −0.024

Total bending loss (dB/90◦) −0.015 −0.016 −0.018 −0.008 −0.011 −0.014 −0.012 −0.018 −0.025

Fig. 4. (a) Schematic of the designed directional coupler for power coupling coefficient extraction. T and
X are the transmitted and coupled power respectively. (b) SEM image of an array of directional couplers
with varying coupling length Lc . (Inset) Zoom–in gap of a directional coupler.

Our results suggest that for waveguide bend design, the bending loss reaches a relatively sat-
urated low value at around 0.02 dB/90◦ without significant oscillation when the radius is larger
than 10 μm. This result is comparable to the previous success of 0.02 dB/90◦ bending loss in a
r = 100 μm waveguide bend [32], but with 1/10 radius occupying only 1/100 areal footprint. Such
small footprint requirement is convincing in enabling more densely integrated mid-infrared photonic
circuits. The closely distributed bending loss data from the three chips show the strong credibility
of the results and the device performance.

3. Directional Coupler
Fig. 4(a) shows the schematic of the designed directional coupler with labelling of the waveguide
width w , the gap separation g, and the coupling length Lc. The transmitted and coupled powers are
respectively labeled as T and X .

In most of the previous theoretical analysis on directional coupler, the coupled mode theory
(CMT) was applied with the assumption that the two involved waveguides are close enough for
evanescent coupling where S bends are not used [35]–[37]. However, most directional couplers
in real-life application use S bends. In our designed directional coupler, the two waveguides are
originally separated by 30 μm, then brought closely to hundreds of nanometers by S bends, and
finally split again to 30 μm via S bends (see Fig. 4). Due to this fact, we slightly modify the equation
obtained previously by the CMT by adding an initial phase φ0 to take coupling in the S bend region
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into account:

T
I

= t2 = cos2
(

π

2
Lc

Lπ

+ φ0

)
(1)

X
I

= K 2 = sin2
(

π

2
Lc

Lπ

+ φ0

)
(2)

Y = atan(

√
X
T

) =
(

π

2Lπ

)
Lc + φ0. (3)

In (1) and (2), T is the power transmitted through the waveguide where the wave is originally
traveling in. X is the power coupled evanescently to the neighboring waveguide. I = X + T is the
total power in the directional coupler. t is the power transmission coefficient. K is the power coupling
coefficient. Lc is the coupling length of the straight coupling region. Lπ is the length for π phase shift
as defined in the previous models without S bends [38]–[40]. φ0 is the initial phase introduced by S
bends. Equation (3) is derived from (1) and (2). By linear fitting Y with respect to Lc, Lπ and φ0 can
be extracted.

For a future design guideline, we have designed three sets of devices with gap separation of
500, 550, and 600 nm, respectively. In order to extract the power coupling coefficient under each
fixed gap separation, various directional couplers with different coupling lengths are designed and
fabricated. Fig. 4(b) shows the SEM image of the directional couplers with various coupling lengths,
while the inset shows the zoom-in gap of one of the directional couplers.

Fig. 5(a) shows the self-normalized X /I and T/I which are averaged from three chips with
negligible variance. The sine squared fitting of both transmitted and coupled powers fit the data
very well with adjusted R-square equal to 0.997, showing a good statistical agreement between the
measured data and the analytical (1) and (2). After Y is obtained from Fig. 5(a), Lπ and φ0 are then
extracted by the linear fitting using (3), as explained above. An example of fitting result is shown in
Fig. 5(b) as inset.

The wavelength-dependent Lπ is shown in Fig. 5(b). The stars represent simulated Lπ. The
difference of < 5 μm between the simulation and measurement result is compatible with the variance
(∼5 μm) of Lπ measured from three chips. It is clearly revealed that Lπ drops almost linearly with
increasing wavelength, which agrees well with [41]. At longer wavelength, the evanescent tail of the
optical mode extends further due to weaker mode confinement, leading to stronger coupling thus
shorter coupling length being required to achieve the π phase shift. However, Lπ is positively related
to g due to more substantial evanescent tail penetration from one waveguide to the other at smaller
gap separation.

Fig. 5(c) demonstrates the wavelength-dependent φ0. The data is averaged from three chips with
a variance of ∼0.05. Simulation is not performed due to the limitation of Lumerical Mode Solution.
In 3.68–3.88 μm, φ0 almost linearly increases, and smaller gap (g = 500 nm) exhibits higher φ0. φ0

of g = 550 nm overshoots that of g = 500 nm at some points due to variance caused by fabrication
error. At λ = 3.88 μm, φ0 = 0.207 is achieved, showing a significant coupling caused by S bend.

The power coupling coefficient K is crucial in directional couplers with S bends since K takes φ0

into account and characterizes the actual power coupling efficiency. K at λ = 3.70 μm is calculated
by (2), based on the obtained Lπ and φ0 and presented in Fig. 5(d). As can be seen, K keeps
increasing with Lc and is approaching unity. The required Lc for K = 1 at varying wavelength and g
is plotted in Fig. 5(e). It is clear that Lc (K = 1) is positively related to g and negatively related to
wavelength. These relations can be predicted from the previous reasoning provided to explain the
dependence of Lπ on g and wavelength.

Fig. 6 shows the color contour maps which are employed to visualize the dependence of power
coupling coefficient K on both wavelength and Lc simultaneously. The data is averaged from three
chips. The equal-K lines are slanted, indicating K is wavelength dependent. The required Lc for each
wavelength to achieve three commonly used power splitting ratios, namely 50:50, 20:80, and 10:90,
are marked by black, blue, and red dash-dotted lines, respectively. To demonstrate the application
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Fig. 5. (a) Self-normalized transmitted (T/I ) and coupled (X /I ) powers of an SOI channel waveguide
directional coupler with g = 550 nm at λ = 3.70 μm as a function of coupling length Lc . The solid line
is sine squared fit with adjusted R-square equal to 0.997. The data is averaged from three chips with
negligible variance. (b) Wavelength dependent Lπ of directional couplers with different gap separations
g. The star symbols are the simulated Lπ. (inset) Linear fitting of Y to Lc to extract Lπ and φ0 at 3.70 μm
for the directional coupler with g = 550 nm. Extracted Lp i and 0 are 79.48 μm and 0.173, respectively.
(c) Wavelength-dependent φ0. The results are averaged from three chips. (d) Power coupling coefficient
K of SOI channel waveguide directional couplers with various g at 3.70 μm. (e) Required Lc for 100 %
(K = 1) coupling at various wavelengths and g.

Fig. 6. Color contour maps of the dependence of K on Lc and wavelength for directional couplers with
g = (a) 500 nm, (b) 550 nm, and (c) 600 nm. The dash-dotted line represents three commonly used
power splitting ratios ‘50:50,’ ‘20:80,’ and ‘10:90.’ The purple arrow in (c) indicates the corresponding Lc
≈ 40 μm to achieve 3 dB power splitting at 3.70 μm.

of the color contour maps and the specific power splitting ratio lines, an example is provided in
Fig. 6(c). As indicated by the purple arrow, at 3.70 μm, 3 dB power splitting could be achieved by
Lc ≈ 40 μm. In a similar manner, the required coupling length Lc for any power splitting ratio could
be extracted from these contour maps. This illustrates the ability of these contour maps to serve as
a design guideline for mid-infrared directional couplers with arbitrary power splitting ratio.
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4. Conclusion
We demonstrated SOI channel waveguide with propagation loss as low as 2 dB/cm in the broad mid-
infrared range of 3.68–3.88 μm. The waveguide bending loss is as low as 0.02 dB/90◦ with bending
radius larger than 10 μm. Our results are in accordance with the theoretical analysis and indicate
the limitation of SOI waveguide loss in mid-infrared. We thoroughly investigated channel waveguide
directional couplers for broadband mid-infrared applications. The power coupling coefficient for
various designed directional couplers were extracted, respectively with regard to the coupling
length and operation wavelength. Experimental database for directional coupler with arbitrary power
splitting ratio over 200 nm bandwidth in the mid-infrared region were offered. Our result could
enable novel functionalities involving evanescent coupling such as MZI and racetrack resonator for
broadband mid-infrared applications.
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