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Guided wave photonics has emerged as a versatile mid-infrared (mid-IR) wavelength platform and option for 
realising light sources, sensors and components in the technologically important wavelength window of 2-25 
μm. Portions of this spectral band represent molecular fingerprint regimes of certain molecules’ characteristic 
signature absorption wavelengths, which find extensive applications in pollution detection and bio-chemical-
medical research. Mid-IR waveband is also attractive for defense, homeland security, sensing of noxious gases, 
astronomy, spectroscopy, LIDAR, optical tomography, etc. In this review paper, we present our own research 
in recent years in the context of highlighting role of guided wave photonics for realizing light sources, sensors, 
and polarization components for use at mid-IR spectral domain.© Anita Publications. All rights reserved.

Keywords: Optical waveguides, Optical fibers, Nonlinear optics, Four wave mixing, Silicon photonics sensors and 
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1 Introduction

 Infrared (IR) radiation beyond red light from a prism dispersed pattern of sunlight was discovered, 
possibly for the first time, by astronomer William Herschel in 1800. In early days near-IR to far-IR spectra 
were mostly used for passive astronomical applications like detection of terrestrial objects like planets, 
comets, asteroids etc. In recent years a strong interest has emerged in developing devices capable of 
operating at wavelengths in the mid-IR range (2-25 μm) in view of their potential applications in areas as 
wide as astronomy, climatology, civil, medical surgery, military, biological spectroscopy, optical frequency 
metrology, optical tomography, and sensing [1-5]. More specifically, this wavelength band is technologically 
important as it encompasses the atmospheric windows like 3-5 μm and 8-14 μm essential for thermal imaging, 
homing, security e.g. remote detection of explosives, and counter measures against heat-seeking missiles 
as well as for molecular fingerprints due to strong characteristic vibrational energy transitions bands for 
absorption of atmospheric and biological molecules [6-9]. It is worth mentioning that many a researcher often 
refers 2 ~ 10 μm as the mid-IR regime (cf. Fig 1). It is conjectured that since mid-wave infrared (MWIR) 
of 3-5 μm offers a clear atmospheric window for high power transmission, compact semiconductor and 
all-fiber light sources should attract applications in defense. The band 3-5 μm is also touted as a potential 
communication window.
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 Furthermore, vibration spectra of compounds like As-H, HCHO, CH3COOH, CH3, CCl4, various 
hydrocarbons, hydrochlorides exhibit strong absorption in the spectral range 5 - 6.5 µm wavelength. In 
fact, absorption lines of protein molecules like amide-I, amide-II and water molecules (H2O), which are 
some of the key components of human tissues, fall at 6.1 and 6.45 µm. Hence, this fingerprint wavelength 
regime is eminently suitable for strong absorption in soft/hard tissue-enabling tissue ablation surgery, e.g., 
laser surgery for brain, nerve, eye, skin etc. Therefore, it has become strategically important to develop 
efficient, high power, and compact light source(s) in the mid-IR wavelength domains, which is the topic of 
discussion in the first part of the present paper. In particular, we focus on designs of all-fiber mid-IR sources 
based on microstructured specialty optical fiber platform. We exploit the concept of tailored microstructured 
fiber designs to achieve longer wavelength (mid-IR) source(s) through wavelength translation via nonlinear 
four wave mixing (FWM) process using commercially available high-power laser(s) that operate at near-IR 
wavelength(s) as the pump(s). Few sample results from our own research would be discussed in the paper. 

Mid-IR: 2-10 µm

Wavelength in nm 

Fig 1. A representative figure for various important regimes of electromagnetic spectrum

 In the second part, we would focus on silicon integrated optics for realising certain sensors and 
polarization components. Miller from the then Bell Laboratories had coined the term Integrated Optics (IO)
fifty years ago in 1969 in analogy to electronic integrated circuits (IC) [10]. As an example, Miller proposed 
an IO miniature repeater, which would integrate a photodetector, an amplifier, and a light source on a common 
substrate much like an IC. In fact, 2019 is being celebrated as 50th anniversary of on-chip optical integration.  
However, non-availability of a single material to serve as source, detector, amplifier and modulator, drove 
development along hybrid technology route in which different functional units are surface mounted on a 
common substrate with guided wave components as interconnects between these units. For example, silica 
on silicon was used as a platform to develop several passive components in 1980s and were summarized 
in a review article in Progress in Optics [11]. Subsequently a journal special issue devoted to guided wave 
optics on silicon had also appeared [12]. Primarily driven by applications ranging from social networks and 
streaming media to genomics-driven medicine and the proliferation of connected devices within the Internet 
of Things (IoT), an exponential increase in demand for bandwidth (BW) has been seen in recent years so much 
so that according to UN the number of mobile phone subscribers is already approaching human population 
on earth! But this increase in data access comes at a cost e.g. a single Internet search consumes about 1 
kJ of energy according to Google because these data has to go through a massive monolith of servers and 
switches. Industry experts had estimated that by 2016 the world’s data centers were consuming almost 40% 
more electricity than what is used by the entire UK. Many of these issues would be substantially mitigated 
if cables and switches, which provide sever-to-server interconnects were configured to communicate via 
photons rather than electrons. One potential route to achieve this is silicon photonics, which could enable 
a chip-scale platform for monolithic integration of optics and microelectronics for applications of optical 
interconnects in which high data streams are required in a small footprint [13]. Silicon photonics is also sure 
to find use as a platform for realizing point-of-care bio-photonic healthcare devices [14]. In the second part, 
we would attempt to briefly describe our own research on designing gas sensors and waveguide components 
for achieving polarization diversity within the scope of silicon-based Photonic Integrated Circuits ( PICs). 
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2 Fiber for all-fiber mid-IR light source: design methodology and results

 It is well known that microstructured optical fibers (MOFs) can be broadly classified into two types, 
in both of which wavelength scale periodic refractive index features (typically air holes or a material of lower 
refractive index than the substrate material) form the cladding while the core is formed either with a solid 
material same as the substrate (i.e. the base material) of size typically larger than the holes (in the cladding) 
or a hole of bigger size. Former type of MOFs is called index guided MOFs (sometime referred to as holey 
fiber due to the holes in it) and the latter are called photonic band gap (PBG) fibers. For designing fiber-
based devices like sources for mid-IR applications, chalcogenide glasses (S-Se-Te based glass compositions) 
are promising candidates because of their intrinsic extraordinary linear and nonlinear properties, e.g. lower 
transmission loss than typical communication fiber made of silica, also the Kerr nonlinearity (nonlinear 
coefficient n2) is two orders of magnitude larger than that of silica. Zero dispersion wavelengths (λZD) in 
chalcogenide MOFs can be tailored to fall anywhere between 2 and 11 µm. As is well known [15], during 
the degenerate FWM process, two pump photons of frequency ωp get converted into a signal photon (ωs 
< ωp) and an idler photon (ωi > ωp) according to the energy conservation relation (2ωp = ωs + ωi), where 
subscripts s, i and p stand for signal, idler, and pump, respectively. To study simultaneous evolution of the 
three waves under quasi-continuous wave (CW) condition, a set of coupled equations are required to be 
solved simultaneously [15,16] as described in [17]. To achieve maximum frequency shift Ωs = ωp – ωs = ωi 

– ωp through the FWM process, phase matching parameter Δκ ∑m= 2,4,6,…
∞ 2βm (ωp) 

ωm
s

m! , where βm is the 

mth order group velocity dispersion parameter, should ideally be zero [17]. Considering up to fourth-order 
dispersion terms, the best route to achieve the phase matching criterion for FWM would be to tailor the total 
dispersion through fiber design such that λZD is very close to the pump wavelength (λp) while maintaining a 
small positive value for β2 and a large negative value for β4. We also need to maintain the cutoff wavelength 
for the first higher order mode as low as possible (below λp). By considering an As2S3-based holey type 
MOF geometry (see Fig 2 a) and restricting pump power levels below 5W, we exploited degenerate FWM 
to generate an all-fiber narrow band (FWHM of 16 nm) light source centered at 4.36 µm through nonlinear 
wavelength translation by assuming a CW commercially available Tm-doped fiber laser (λ = 2.04 µm), as 
the pump. Parametric gain of 20.5 dB is attainable that amounted to a power conversion efficiency > 17.6%. 
Fiber design challenge lies in designing it for λZD close to that of the pump; our design yielded λZD ~ 2.106 
µm. Figure (2 b) shows the generated spectrum [17]. By working with a similar As2S3-based index guided 
MOF with the difference that the holes in the holey cladding were assumed to be filled with borosilicate glass 
rods, we have shown that mid-IR power levels in excess of 1 W are achievable in the wavelength domain 
3.1 - 3.9 μm with amplification factor more than 25 dB by using an Er-doped ZBLAN fiber laser (λ = 2.8 
µm) of 5W average power as the pump in a meter-long specialty MOF of our design [18]. A typical result 
is depicted in Fig (2 c). In [19], by suitably designing an As2Se3 based MOF structure with solid core and 
holey cladding that consisted of 4 rings of hexagonally arranged circular holes filled with polyethersulfone 
(PES), which substantially induces a lower refractive index contrast between the core and the cladding, we 
could design all-fiber sources for emission at λ ~ 6 μm via degenerate FWM. Pump was a continuous wave 
CO laser λp 5.6 μm of 5 ~ 10 W power. By tuning the pump wavelength, pump power, fiber dispersion and 
nonlinear properties, we could demonstrate narrow (N)- and/or broad (B)- band all-fiber light source (λ ~ 
6 μm). Parametric amplification > 20 dB is achievable for the N-band source at 6.46 µm with a maximum 
power conversion efficiency (Cm) ~ 33% while amplification ~ 22 ± 2 dB is achievable for a B-band source 
over the wavelength range of 5 – 6.3 µm with a Cm > 40% [19]. Figure (2 d) depicts output power from such 
an all-fiber mid-IR source with wavelength λ.
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shown that mid-IR power levels in excess of 1 W are achievable in the wavelength domain 3.1 - 3.9 μm with 
amplification factor more than 25 dB by using an Er-doped ZBLAN fiber laser    

 
Fig. 2 a) Cross-section of the As2S3 MOF in which air-hole diameter of the second ring is 𝑟𝑟2while in rest of the rings it is 

𝑟𝑟 = 𝑑𝑑 2⁄ , 𝑑𝑑 being the core dimension [17]; b) generated signal spectrum in terms of amplification factor (AFs) vs 𝜆𝜆; a small 
power (Pin) of idler (𝜆𝜆i = 1.33 m) was also fed into the fiber along with the pump (𝑃𝑃p at 2.04 m) as the seed [17]; c) Generated 
broadband spectrum (𝜆𝜆𝑠𝑠  3.0 to 4.5 m) for a similar MOF in which pump was  at𝜆𝜆𝑝𝑝 = 2.797 m and idler seed was 𝜆𝜆i = 2.19 
m [18]; d) Generated narrow-band spectrum centered at 𝜆𝜆𝑠𝑠 =6.46 m in a MOF with a CO laser (𝜆𝜆p = 5.59 m) pump and idler 

(𝜆𝜆i = 4.94 m) [19]. 
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[19].  Figure 2 d) depicts output power from such an all-fiber mid-IR source with wavelength .   
  
3. Guided wave silicon photonics for on-chip sensors and components 

3.1 Introduction to silicon photonics 

      Silicon (Si) Photonics is a versatile complimentary metal oxide semiconductor (CMOS) technology platform that 
allows integration of nano to micron-scale optical waveguide-based components and sensors with micro-electronics 
components in a shared Si technology platform and offer attractive features like low footprints due to large refractive 
index contrast Δn  2.03 between Si and SiO2 and  3.48 between Si and Air, which results in strong light confinement 
and tolerance to very small bend radius  2 m; low power consumption; holds numerous promises to combine best 
of both Si ICs and photonic ICs (PICs), - all of which are attractive for large data centers. Typical PICs find 
applications as delay lines, ring resonators, grating couplers, Mach-Zhender modulators, and directional couplers.  
Other attractive features of Si in the context of photonics are availability of large wafers, large thermal conductivity  
1.3 W cm-1°C-1 that enables surface mounting of active components, and its transparency window of 1.2  7 m can 
be exploited for configuring sensors in the above-mentioned mid-IR molecular fingerprint regime. Sillicon Photonic 
biosensors are very promising candidates for achieving truly point-of-care devices for healthcare diagnostics suitable 
in any place and any time [14].  In this second part of the present review, we would attempt to briefly describe our 
own recent research on designing gas sensors and waveguide components for achieving polarization diversity within 
the scope of silicon photonics. 

3.2 Silicon slot waveguide-based gas sensors 

Optical waveguides in various geometries e.g. channel, ridge, photonic crystal, embedded strip, and slot form the heart 
of silicon photonics technology [13]. The parameter power confinement factor ( Γ) or evanescent field fraction (𝜂𝜂) is 
defined as  
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Fig 2.(a) Cross-section of the As2S3 MOF in which air-hole diameter of the second ring is r2 while in 
rest of the rings it is r = d 2, d being the core dimension [17]; (b) generated signal spectrum in terms of 
amplification factor (AFs) vs a small power (Pin) of idler (λi = 1.33 µm) was also fed into the fiber along 
with the pump ( Pp at 2.04 µm) as the seed [17]; (c) Generated broadband spectrum (λs ~ 3.0 to 4.5 µm) for 
a similar MOF in which pump was at λp = 2.797 µm and idler seed was (λi = 2.19 µm) [18]; (d) Generated 
narrow-band spectrum centered at λs = 6.46 µm in a MOF with a CO laser (λp = 5.59 µm) pump and idler 
(λi = 4.94 µm) [19].

3 Guided wave silicon photonics for on-chip sensors and components

3.1 Introduction to silicon photonics
   Silicon (Si) photonics is a versatile complimentary metal oxide semiconductor (CMOS) technology 
platform that allows integration of nano to micron-scale optical waveguide-based components and sensors 
with micro-electronics components in a shared Si technology platform and offer attractive features like low 
footprints due to large refractive index contrast Δn ~ 2.03 between Si and SiO2 and ~ 2.48 between Si and 
Air, which results in strong light confinement and tolerance to very small bend radius ~ 2 µm; low power 
consumption; holds numerous promises to combine best of both Si ICs and photonic ICs (PICs), - all of 
which are attractive for large data centers. Typical PICs find applications as delay lines, ring resonators, 
grating couplers, Mach-Zhender modulators, and directional couplers. Other attractive features of Si in 
the context of photonics like availability of large wafers, large thermal conductivity ~ 1.3 W cm-1°C-1 that 
enables surface mounting of active components, and its broad transparency window of 1.2 ~ 7 µm can 
be exploited for configuring sensors in the above-mentioned mid-IR molecular fingerprint regime. Sillicon 
Photonic biosensors are very promising candidates for achieving truly point-of-care devices for healthcare 
diagnostics suitable in any place and any time [14]. In this second part of the present review, we would 
attempt to briefly describe our own recent research on designing gas sensors and waveguide components for 
achieving polarization diversity within the scope of silicon photonics.
3.2 Silicon slot waveguide-based gas sensors
 Optical waveguides in various geometries e.g. channel, ridge, photonic crystal, embedded strip, 
and slot form the heart of silicon photonics technology [13]. The parameter power confinement factor or 
evanescent field fraction is defined as 
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  η (or Γ) = 
∫gr Sz dxdy

∫total Sz dxdy
 (1)

where Sz is -component of the Poynting vector and the lower limit of integration gr corresponds to guiding 
region i.e. the core of the waveguide, and total refers to total power carried by a guided mode across entire 
cross-section of the optical waveguide (OWG). Slot waveguides, which were first proposed in [20], could 
yield high η. Figure 3 illustrates two versions of slot waveguides: (a) vertical and (b) horizontal [21].

(a) Vertical slot WG (a) Horizontal slot WG

Fig 3. Schematic of (a) vertical and (b) horizontal slot waveguide geometries (after [21]).

 Functional principle of slot waveguides rely on the continuity of the normal component of electric 
displacement vector at the high-index contrast interface between high index Si (H) and low index air in the 
slot (S), which requires

 DN
S  = DN

H ⇒ εS EN
S  = εH E N

H ⇒EN
S  = n

2
H

n2
S

E N
H (2)

where εS,H are dielectric permittivity and corresponding refractive indices are nS,H while DN
S,H and E N

S,H 
represent fields D and E in the low (i.e. in the slot) and high index regions. From Eq (2), it is obvious that EN

S  
in the low index slot is higher than E N

H in the high index Si by a factor n2
H/n2

S  [13]. Ratio n2
H /n2

S = 6 for Si/SiO2 

interface and = 12 for Si/air interface. When the slot width ≪ characteristic evanescent field (E ~ e–γsx) decay 
length ~ 1/γs of the fundamental eigen mode in the slot, E-field remains high all across the slot. This fact was 
exploited in [22, 23] to design trace gas sensors in the mid-IR. In [22], design of a chip-scale evanescent field 
absorption-based trace NH3 gas sensor is reported on a silicon-on-nitride (SON of refractive index = 1.9) slot 
waveguide structure at λ = 3 µm. Figure 4 shows a schematic of the structure and confined field strength η 
(same as Γ) in the air-filled slot region. Basic physical principle that underlies the sensor is evanescent field 
of the slot WG mode interacting with the surrounding/exposed gas induces significant attenuation (as per 
Beer-Lamberts law) of the transmitted 3 µm light that corresponds to the absorption line(s) of the gas. Beer- 
Lamberts Law is given by 
 I = I0 e–ΓεCl – αl (3)
where I0 is the input light intensity, ε is the absorption coefficient of the sensing gas, α is the intrinsic loss of 
the waveguide, l is the length of the OWG, and C is the concentration of the sensing gas. Sensitivity of the 
gas sensor is defined by

 S = 
d(I/I0)

dC  = –Γεle–ΓεCl–αl = –ΓεlInorm (4)

where Inorm = I/I0, minus sign is indicator of it being absorptive phenomenon. Sensitivity being proportional 
to Γ, S can be maximized by enhancing Γ. For the optimum length of the designed OWG lopt = 8.7 mm, 
Inorm as a function of λ is plotted in Fig 5 for three different values of C = 2, 10, 50 ppm and for I0 = 10 mW.
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Fig 4.(a) Schematic cross-sectional view of the proposed SON-based slot waveguide and inset shows 2D field 
distribution of fundamental quasi-TE mode of it; (b) 3D power density profile of the fundamental quasi-TE mode of 
the proposed slot waveguide structure; (c) mode field confinement as a function of waveguide parameters (adapted 
from [22]).

Fig 5. Variation of Inorm at the OWG output with λ for three different values of C (2, 10, 50 ppm).

Commercially available quantum cascade laser can be used as the input light source, which offer room 
temperature operation up to a wavelength of 9 µm along with power level ranging from 10 mW to 100 mW 
[24]. Mid-IR commercial detectors e.g. PbSe, HgCdTe can be used to detect the output intensity. Minimum 
resolvable concentration (Cmin) of a gas is given in Refs [22, 25] as

  Cmin = 
NEP

SI0e–αl B   (5)

where NEP is the noise equivalent power and B is the electrical bandwidth of the detector. Using our optimum 
sensor design, detection of NH3 gas down to 5 ppm including waveguide loss is viable in just ~ 8.7 mm length 
of the designed slot waveguide-based gas sensor. Our tolerance studies showed that Γ is relatively more 
critical to the slot width as compared to its height [22]. Photon Design’s FIMMWAVE©: full-vectorial mode 
solver FMM (film mode matching) was used for obtaining modal characteristics of the slot WG. In [23], by 
applying same evanescent field absorption sensing scheme, a chip-level silicon rib horizontal double-slot 
waveguide geometry was proposed and designed for hazardous N2O trace gas sensing at the mid-IR band 
regime of 4.47 µm. Designed geometry and sample results are shown in Fig 6. The sensor showed detection 
down to nearly 0.2 ppm level within 1.44 cm length of our designed waveguide even after including the 
waveguide losses. With this optimum sensor design, we have also studied detectability of CO and CH4 
gases numerically at the wavelengths of 4.6 µm and, 3.67 µm, respectively, and have shown that minimum 
detectable concentrations for these gases are nearly 0.44 ppm and 36 ppm, respectively. Table 1 depicts 
minimum detectable gas concentration (Cmin) and Γ. Fabrication tolerances of the structure have shown 
that sensor has high tolerance to fabrication imperfections. It is seen that up to ±10% variations from these 
optimum WG parameters is tolerable in actual fabrication, because for this kind of variations Γ, still remains 
> 65%, thereby implying that our design is quite robust for actual fabrication. For maximum sensitivity (S), 
optimum WG geometric parameters were taken as h = 0.58 µm, h3 = 0.40 µm, w = 1.05 µm, g = 0.11 µm, rh 
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(= h1/ h) = 0.48, and rw (= w1/w) = 0.28 for which Γ was ≈ 69.0%, which is also evident from the contour plot 
shown in Fig 7; for gap, g ≅ 0.11 µm and h3 ≅ 0.40 µm, Γ ≈ 0.687 i.e. 68.7%.

Table 1. Values of various parameters for different gases with minimum detectable gas concentration (Cmin) [23]

Gas Peak absorption 
wavelength µm Γ (%)

Absorption 
coefficient ε

(ppm − cm)−1

(ppm)
(for SNR = 1)

(ppm)
(for SNR = 10)

N2O 4.47 68   1.075 × 10−4 0.021 0.214
CO 4.6 66.6   5.377 × 10−5 0.044 0.436
CH4 3.67 65.4   6.721 × 10−7 3.544 36

 

 a)
b)

c) d)

Fig 6. (a) Cross-sectional view of proposed rib horizontal double-slot WG on CaF2 substrate; (b) 3D 
view of this WG; (c) 2D field distribution of fundamental quasi-TM mode of the double-slot WG; 
(d) 3D power density profile of the fundamental quasi-TM mode of this WG (adapted from [23]).

Fig 7. Contour plot of Γ as a function of h3 and g keeping h = 0.58 µm, w = 1.05 µm, rh = 0.48, 
and rw = 0.28 (adapted from [23]).
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3.3 Silicon photonics-based ultra-short Mid-IR polarization splitter
 Large refractive index contrast WGs inherently exhibit strong polarization sensitivity in their 
response. A solution to substantially overcome this strong polarization sensitivity requires deploying a 
polarization diversity scheme shown in Fig 8 [26]. In [27], we reported an ultra-compact ~ 6.6 µm long 
polarization splitter (PS) for the mid-IRwavelength of 4.47 µm (N2O gas absorption line). It is based on a 
directional coupler made of a horizontal slot waveguide and a strip waveguide with Si as core material and 
CaF2 in the slot as well as the substrate material [see Figs 9 (a) and (b)]. 

Fig 8. Example of polarization diversity scheme showing use of various components like 
polarization combiners, rotators, and splitters (adapted from [26]).
   

Fig 9. (a) Schematic cross-sectional view of the proposed polarization splitter (PS) and (b) its 3-D view [27].

 Eigenmode expansion method by employing software package FIMMPROP©, which was linked 
with FIMMWAVE© was used to investigate its propagation characteristics. Design was targeted to make the 
horizontal slot WG support only one quasi-TM mode and the strip WG supports both quasi-TM and quasi-TE 
modes. Consequently, TM modes of the two WGs will only satisfy the phasematching condition. Accordingly, 
if the length of the directional coupler is chosen to equal the coupling length (the shortest length required for 
maximum power transfer) for the TM modes of the two WGs, TM mode of strip WG would get coupled to 
the slot WG, whereas the TE mode would exit from the throughput port. There are multiple combinations of 
geometric parameters for TM modes of the two WGs to satisfy the phase matching condition. However, to 
ensure that confinement of the TM modes is sufficiently high in respective WGs we have chosen w = 0.58 μm 
and that of w1 = 0.999 μm through several iterations. By choosing appropriate additional structural parameters 
h = 0.3 μm, h1 = 0.8 μm, and t = 40 nm [27], we have designed the polarization splitter such that only the 
TM polarization satisfies the phase matching condition for coupling at the targeted wavelength of 4.47 μm. 
Achieved extinction ratios (ER) were ~ 41.6 dB (with a low insertion loss (IL) of ~ 0.25 dB) and ~ 37.1 dB 
(with an appreciably low IL of ~ 0.07 dB) for the cross-coupled and the throughput ports, respectively. It 
can function over a broad bandwidth of 200 nm with high ER (> 37 dB and > 17 dB, for cross-coupled and 
throughput ports, respectively) and correspondingly low IL (< 0.5 dB and < 0.1 dB, respectively). Figures 10 
(a) and (b) depict light propagation along the polarization splitter for TM and TE polarized light, respectively. 
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It is evident that TM polarized light is cross-coupled after propagating through ~ 6.6 µm while the TE 
polarized light exits from the throughput port without any cross coupling. TM polarization satisfies the phase 
matching condition for coupling at the targeted wavelength of 4.47 μm. Achieved extinction ratios were ~ 
41.6 dB (with a low insertion loss of ~ 0.25 dB) and ~ 37.1 dB (with an appreciably low IL of ~ 0.07 dB) for 
the cross-coupled and the throughput ports, respectively. Thus, our design scheme yielded an ultra-short ~ 
6.6 µm polarization splitter for the mid-IR wavelength of 4.7 µm.

 

Fig 10. upper figure: intensity variations of TM and TE modes along length of the designed PS (a) 
when TM is the input and (b) when TE is the input; lower figure: numerically computed normalised 
power transmission in the two waveguides) as a function of length of the coupler [adapted from [27]).

 In order to check the accuracy of our just mentioned approach for designing a PS, we have 
simulated the results on a experimentally realized PS reported in [28] using two identical horizontal single 
slot WGs. Results of comparison are shown in Fig 11, in which ER for the throughput port is plotted (red 
dots: experimental results) as a function of length of the fabricated PS [28] alongwith our simulated results 
(black dots) for the telecommunication wavelength of 1.55 µm. From this figure, it can be observed that our 
simulated results are in good agreement with the experimental results of PS reported in [28].

Fig 11. Comparison of our simulation results with the fabricated PS reported in [28] in terms 
of ER for the throughput port (at the wavelength of 1.55 µm) as a function of length of the PS.
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3.3 Polarization rotator(PR)
 In [29], we have reported design of an efficient polarization rotator. As shown in Fig 12, it is based 
on an asymmetric directional coupler made of a horizontal slot waveguide and a strip waveguide (WG) on 
silicon-on-calcium-fluoride platform for the mid-IR regime. In particular, we have optimized it for realizing 
rotations of both the polarizations at the operating wavelength of 4.47 µm. It is worth noting that silicon-on-
calcium-fluoride (SOCF) platform was chosen in place of traditional SOI platform because SiO2 exhibits high 
absorption at wavelengths > 3.6 μm [30]. Refractive index of CaF2 is ~ 1.4 and have low loss transmission 
windows up to ~ 9 μm, which is a wider transparency window in the mid-IR as compared to other materials 
such as sapphire (Al2O3 of n ~ 1.7) and silicon nitride (Si3N4 of n ~ 1.9) having spectral transparency windows 
up to ~ 5.5 μm and ~ 7μm, respectively. Power coupling through appropriate phase matching between the 
quasi-TM mode of the designed horizontal slot WG and the quasi-TE mode of the designed strip WG has 
been exploited for realizing polarization rotation. Through numerical simulations we have demonstrated 
that achievable maximum power coupling efficiency (Cm) is as high as ~ 95% (within a device length of ~ 
0.57 mm).We have also investigated and optimized in a similar manner a double-slot WG-based structure 
depicted in Fig 13 and results are presented in Figs 14 and 15. For the double-slot WG geometry, Cm was 
even better ~ 97% with an even shorter device length of ~ 0.47 mm. Both the designed polarization rotators 
(PRs) exhibited relatively large bandwidth of 50 nm. Their fabrication should be relatively easy as it would 
not require etching of nano-sized vertical slot and any kind of tapering. Furthermore, it can convert/rotate 
an input quasi-TM polarization in the slot WG to a quasi-TE polarization output from the strip WG, and a 
quasi-TE polarization input in the strip WG to a quasi-TM polarization output from the slot WG with very 
high-power coupling efficiency of ~ 95%.

Fig 12. (a) Cross-sectional schematic of the single-slot PR, (b) its 3D view (adapted from [28]).

Fig 13. (a) Schematic cross-sectional view of the proposed PR based on double-slot WG geometry, 
(b) its 3D view (adapted from [29]).
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Fig 14. Light propagation in the designed double-slot WG PR with TM mode in the slot WG and TE 
mode in the strip WG for the cases (a) when TM is input in the slot WG, (b) when TE is input in the 
strip WG. Here, w = 0.95 µm, w1 = 1.221 µm, h1 = 0.8 µm, h2 = 0.35 µm, h3 = 0.05 µm, and t = 0.02 
µm (adapted from [29]).

Fig 15. The normalized power variations of TE mode in the strip WG (black curve) and TM mode in 
the slot WG (red curve) as a function of the device length for the double-slot PR (adapted from [29]).

4 Conclusions

 In this paper, we have presented a review of our recent research on the role of guided wave mid-IR 
photonics to realise all-fiber sources, silicon waveguide-based gas sensors, and optical components important 
for attaining polarization diversity. Several sample results are presented for guided wave mid-IR light 
sources, noxious gas sensors through silicon slot waveguides, and polarization components like polarization 
splitter and polarization rotator for mid-IR wavelength by exploiting strong mode power confinement in Si 
slot waveguides in the context of deploying polarization diversity in silicon photonic integrated circuits. 
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