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Abstract: We provide the first experimental demonstration of propagation characteristics of holey 
and slotted two dimensional photonic crystal waveguides in silicon-on-sapphire at mid-infrared 
wavelength of 3.43µm.  
OCIS codes: (230.5298) Photonic crystals; (130.5296) Photonic crystal waveguides; (130.3120) Integrated Optics Devices; 

 
Silicon has been the material of choice of the photonics industry over the last decade due to its easy integration with 
silicon electronics as well as its optical transparency in the near-infrared telecom wavelengths. Slow light in 
photonic crystal waveguides (PCWs) [1] and slotted PC waveguides (SPCW) [2], [3] has been used to reduce the 
optical absorption path length and achieve high detection sensitivity in on-chip optical absorption spectroscopy for 
the selective detection of volatile organic compounds (VOCs) [1], [2] and greenhouse gases [3] based on unique 
analyte absorption signatures in the near-infrared (near-IR). In the mid-infrared (mid-IR), most compounds and 
gases of interest, such as xylene and methane respectively, have at least two orders of magnitude larger absorption 
cross-sections than in the near-IR. Silicon-on-sapphire (SoS) (till 5.5µm) can serve as an ideal platform for highly 
sensitive optical absorption spectroscopy on chip in the mid-IR. PC research in the mid-IR has been limited by the 
need for bulky and expensive tunable laser sources [4], [5] and thus cannot be transitioned easily from the lab to the 
field.   

Recently, we presented the first demonstration of photonic crystal waveguide (PCW) characteristics in SoS at 
the mid-IR wavelength 3.43µm with a fixed wavelength interband cascade laser (ICL) [6]. While slowdown of light 
increases the interaction time between the analyte and the propagating optical mode, in PCWs the optical interaction 
in the slow light regime is limited primarily to the in-plane evanescent optical mode overlap within the holes of the 
PC lattice, in the first two or three rows adjacent to the PCW. We previously demonstrated the enhanced detection 
sensitivity of VOCs in PC waveguides versus ridge and slot waveguides [7], [8], by infrared absorption 
spectroscopy on chip. SPCW devices provide enhanced optical absorbance by the analyte due to the combined 
effects of enhanced optical mode overlap with the analyte and large slow-down of light in the PCW. However, in the 
mid-IR, SPCW structures have not been experimentally demonstrated. 

In this paper, we experimentally investigate for the first time in the mid-IR, two structures that enable enhanced 
intensity overlap with the analyte within a slow light PCW. The first structure is a holey PCW (HPCW) wherein 
smaller diameter holes than the bulk PC are etched along the propagation direction within the PCW at the antinodes 
of the PCW propagating mode. The second structure is a SPCW wherein a rectangular slot is etched uniformly at the 
center of the PCW from the input to the output.    

Scanning electron micrograph (SEM) images of the HPCW and SPCW are shown in Figs. 1(a) and (d). The 
devices were fabricated in SoS with h=585 +/-1nm from ellipsometry for the HPCW and h=575 +/-1nm from 
ellipsometry for the SPCW. The fabrication details are described in our previous paper [9]. Figs. 1(b) and (e) show 
the dispersion diagram of the W1.2 HPCW and W1.5 SPCW obtained by 3D plane-wave expansion simulation 
respectively. Here W1.2 and W1.5 indicate that the width of the PCW at the onset of the taper is 1.2× √3 a and 1.5× 
√3a respectively. For HPCW, at the center, a row of smaller holes with radius rs=0.625r, where r=0.25a is the 
radius of the holes in the bulk lattice, is etched at the lattice positions of the PC. For SPCW, the radius of air holes is 
r=0.25a. At the center of it, a rectangular slot with width s=0.155a, is etched from the input to the output. The 
dispersion diagram shows the guided mode separated from the dielectric band by a stop gap. The light line for 
sapphire is superimposed. The electric field intensity profile of the propagating slow light modes, indicated by the 
red circle in Figs. 1(b) and (e) are shown in Fig. 1(c) and (f). The light from the output SWG for short 50µm (~60 
periods) long HPCW devices with several lattice constants but the same r/a is plotted in Fig. 2(a). The plot is 
normalized with respect to the highest and lowest power observed versus lattice constant. It is observed that for a 
less than 830nm, the output power from the devices is practically zero. Propagation loss measurements were done 
for several devices in Fig. 2(a) and plotted. Devices with lengths 50µm, 100µm, 200µm and 400µm were fabricated 
at a=840nm, 845nm, 850nm, 865nm, 870nm and 890nm. Transmission losses as observed in Fig. 2(c) were 
obtained. The measured propagation losses at a=840nm and 845nm are 15dB/cm and 13dB/cm respectively. At 
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a=850nm, 865nm, 870nm, and 890nm, the propagation loss increases rapidly with increasing lattice constant of the 
PCW, reaching as high as 900dB/cm for a=890nm. It can thus be concluded that the ICL emission propagates above 
the light line for devices with a greater than 845nm. When the device is immersed in tetrachloroethylene (C2Cl4), 
non-absorbing liquid at 3.43µm, the guided mode moves to lower frequency. Hence the fixed wavelength ICL can 
transmit light in devices with smaller lattice constant, as shown by the dashed curve in the inset of Fig. 2(a). Similar 
performances were observed on SPCW as shown in Figs. 2(b) and (d). 

In summary, we demonstrated the propagation characteristics of holey and slotted PCWs in SoS at the mid-IR. 
By engineering the lattice constant, we experimentally demonstrated the transmission characteristics with a single 
wavelength source. In the guided mode region below the light line, propagation losses below 20dB/cm were 
observed for group indices ng greater than 20 for the HPCW. Huge losses above the light line and zero transmission 
in the stop band were experimentally observed. Similar losses above the light line and in the stop gap were observed 
in SPCWs. Below the light line, propagation losses observed were similar to losses observed in similar devices in 
SOI in the near-infrared. 
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Fig. 1. HPCW (a)SEM images of fabricated devices on SoS 
substrate, (b) Dispersion diagram of the device in (a) by plane-
wave expansion. (c) Electric field intensity profile of the 
propagating slow light mode at the Brillouin zone boundary. 
SPCW (d)SEM images of fabricated devices on SoS substrate, 
(e) Dispersion diagram of the device in (d) by plane-wave 
expansion. (f) Electric field intensity profile of the propagating 
slow light mode at the Brillouin zone boundary. 
 

Fig. 2. HPCW (a) Normalized transmitted intensity through an air-clad W1.2 HPCW 
in SoS with r=0.25a, rs=0.625r as a function of a at λ=3.43µm plotted in air (bold 
circles). Propagation losses were measured for few devices (open circles). Insets 
magnify the data for devices between a=810nm and a=845nm in air (● ) and 
tetrachloroethylene (□ ). (b) Propagation loss for devices of different length at 
a=840nm (●), a=845nm (○), a=850nm (□), a=865nm (■) and a=870nm (▲). 
SPCW (c) Normalized transmitted intensity through an air-clad W1.5 SPCW in SoS 
with r=0.25a, s=0.155a as a function of a at λ=3.43µm plotted in air (bold circles). 
Propagation losses were measured for few devices (open circles). Insets magnify the 
data for devices between a=830nm and a=800nm in air (●) and tetrachloroethylene 
(□). (d) Propagation loss for devices of different length at a=830nm (●), a=840nm 
(○), a=850nm (■) and a=860nm (□). 
 

 


