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ABSTRACT

We experimentally demonstrate transmission characteristics of a W1 photonic crystal waveguide in silicon on sapphire
at mid infrared wavelength of 3.43 m. Devices are studied as a function of lattice constant to tune the photonic stop
band across the single wavelength of the source laser. The shift in the transmission profile as a function of temperature
and refractive index is experimentally demonstrated. In addition to zero transmission in the stop gap, high transmission
was observe for the characteristic of the waveguiding behavior of photonic crystal line defect modes.
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1. INTRODUCTION

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. In recent years, photonic
devices on chips are increasingly being used for chemical and biological sensing. Ring resonators [1], photonic crystal
waveguides (PCWs) [2], photonic crystal (PC) microcavities [3] operating at 1.55 m have been employed for
biosensing. Optical biosensors can be theoretically designed for operation at any wavelength after taking into
consideration the absorbance of water based biological media. In contrast, chemicals are best recognized by their unique
wavelength specific optical absorption signatures. Slow light in PCWs [4] and PC slot waveguides [5, 6] 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 [5] and greenhouse gases [6] based on unique
analyte absorption signatures in the near-infrared (near-IR). It is common knowledge that in contrast to the near-infrared,
the mid-infrared (mid-IR) wavelengths offer at least two orders of magnitude larger absorption cross-sections than the
near-IR. Silicon is optically transparent over the entire mid-IR till about 8m [7]. Hence, PCWs and PC slot waveguides
in silicon-on-insulator (SOI) (till 3.7m), silicon-on-sapphire (SoS) (till 5.5m) and free-standing silicon membranes
(till 8m) can serve as the ideal platform for highly sensitive optical absorption spectroscopy on chip. Strip [8-11] and
slot waveguides [12] have been demonstrated by several groups in the mid-IR in silicon on both SOI and SoS. In spite of
available material platforms and laser sources in the mid-IR, PC research in the mid-IR has been limited by the non-
availability of appropriate tunable laser sources that can characterize the entire PC transmission bandwidth [13, 14].
Optical parametric oscillators (OPOs) provide a relatively expensive and bulky option using free-space optics for optical
coupling into mid-IR optical devices, and untenable for any realistic sensing system outside the lab [13]. Previously PC
microcavities and PCWs have been demonstrated in free-standing silicon membranes in SOI in the mid-IR wavelengths
[13, 14].

In this paper, we present the first demonstration of photonic crystal waveguide (PCW) characteristics in SoS at the mid-
IR wavelength 3.43 m of our fixed wavelength interband cascade laser (ICL). We demonstrate that by good control of
device fabrication and device parameter engineering, PC waveguiding properties can be adequately determined in mid-
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IR PC devices to facilitate the accurate design of mid-IR PC sensors. The SoS platform provides a more rigid option for
photonic sensing applications in the mid-IR compared to free-standing silicon membranes in SOI.

2. DEVICE WORKING PRINCIPLE

The principle of operation of optical absorption spectroscopy is governed by the Beer–Lambert law. According to this
law, the transmitted intensity I is given by

)exp(0 LII  (1)

where I0 is the incident intensity, α is the absorption coefficient of the medium, L is the interaction length, and γ is the
medium-specific absorption factor determined by dispersion-enhanced light–matter interaction. For various applications,
L must be large to achieve high sensitivity since γ=1. In addition, from perturbation theory
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where c is the speed of light in free space, vg is the group velocity in the medium, and n is the refractive index of the
medium [15]. The term f is the filling factor denoting the relative fraction of optical field residing in the analyte medium.
Group velocity vg is inversely proportional to the group index ng.

Mid-infrared covers most characteristic absorption bands of various organic and inorganic compounds that contain the
molecular fingerprints, it has become very attractive for sensor applications. Compared with near-infrared spectroscopy,
most of the chemical bonds have much stronger absorption peaks in mid-infrared than near-infrared, so by moving from
near-infrared to mid-infrared the sensitivity of spectroscopy can be greatly enhanced by several orders [16].

At the same wavelength, since absorption coefficient does not change, the way to improve sensitivity while keeping
the same device length L is to increase γ. As shown in Eq. 2, increase f or ng or both of them two can lead to increase γ
and hence enhance sensitivity. Slot waveguides have demonstrated in near-infrared that it can significantly increase the
electric field intensity in the narrow slot which is filled with low index material. The enhancement can be around 10
times strong than conventional waveguide [17]. Photonic crystal waveguide has also been demonstrated in near-infrared
that it can slow down the group velocity up to 100 [18]. These two devices provide the potential methods to increase γ
and hence sensitivity [19]. By considering these two factors theoretically we can expected strip waveguide, slot
waveguide, photonic crystal waveguide and slotted photonic crystal waveguide on the same chip will have optical
absorbance increases in order as follow: (a) strip waveguides which has ng∼3, (b) slotted strip waveguides which has
ng∼3 and f∼10 since the intensity of light in a low-index slot is significantly enhanced compared to strip waveguides, (c)
PCWs which has ng∼100, and (d) slotted PCWs which has f∼10 and ng∼100 for a combined factor of ∼1000.

Hence, due to an increase in  in Eq. 1, together with the device enhancements from Eq. 2, mid-infrared spectroscopy
can be expected to have a larger sensitivity in absorption spectroscopy than in the near-infrared.

3. DEVICE DESIGN

The device comprises a conventional W1 PCW with a single missing row of holes along the  direction in a
hexagonal lattice of air holes in silicon. Fig. 1(a) shows the simulated transmission spectrum of a W1 PCW with lattice
constant a=845 nm, radius of air holes r= 0.25a and height of silicon slab h=0.69a obtained by three-dimensional (3D)
finite difference time domain (FDTD) simulation. Refractive indices of silicon and sapphire were considered as 3.429
and 1.7 respectively. A distinct transmission band edge is observed at=3.445 m. A conventional experimental
demonstration of the transmission spectrum would simply comprise sweeping the wavelength range with a tunable
spectrum and detector, or spectral identification via a spectral analyzer and a broadband source. However, it is also
possible to characterize the PCW transmission characteristics by careful control of design and fabrication, and sweeping
the lattice constant a. Fig. 1(b) shows a set of FDTD simulations of a W1 PCW with different lattice constant a=830 nm,
840 nm, 845 nm, 850 nm, 860 nm, 870 nm and 890 nm. The radius r was kept fixed at 0.25a. The height of the silicon
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device layer according to wafer specifications is 600±60 nm. In this work, the height of the silicon device layer was
determined to be h=585 nm from ellipsometry. The h/a of the silicon slab was calculated accordingly for each lattice
constant. The wavelength spectrum of our Fabry-Perot ICL is shown by the dashed black line.

There is a group index mismatch between input strip waveguide and the PCW which will reduce the coupling efficiency,
hence in order to overcome this problem we design a group index taper. Light is guided in and out of the PCW by strip
waveguides with PC group index taper to enable high coupling efficiency into the slow light guided mode [20, 21]. Fig.
2 shows the dispersion diagram of the W1 PCW obtained by 3D plane-wave expansion simulation. Refractive indices of
silicon and sapphire were considered as 3.429 and 1.7 respectively. Fig. 1(b) indicates that the ICL emission will
propagate in the high group index regime in devices with a=845 nm. Fig. 2 is thus calculated with a=845 nm. The
dispersion diagram shows the guided mode (in red) separated from the dielectric band by a stop gap. The light line for
sapphire is superimposed. The PC group index taper is created by gradually tapering down the width of the PCW from
the interface between the strip waveguide and PCW over 8 lattice periods from W1.07 to W1. W1.07 indicates that the
width of the PCW at the onset of the taper is ×√a. The red dashed plot in Fig. 2 shows the dispersion of the guided
mode when the PCW is W1.07. Two dashed blue lines are drawn on the dispersion plots of the guided mode at the
representative frequency a/=0.246. The slope of the lines k gives the group indices (8 and 30 respectively) for
W1.07 and W1 PCW, where k is the wavevector and  is the frequency. Hence instead of coupling light from the strip
waveguide to the W1 PCW at a group index ng=30 at a/=0.246 in Fig. 2, group index taper engineering results in light
coupled from the strip waveguide into the PCW at ng=8. It has been shown in the near-IR that such group index
engineering reduces Fresnel reflection losses that would otherwise show significant fringe patterns in the PCW guided
mode transmission spectrum [20, 21].

Fig. 1. (a) 3D FDTD simulation of a short W1 PCW in silicon-on-sapphire for operation at 3.43 m with a=845 nm. The different
parts of the transmission spectrum are indicated. (b) Set of 3D FDTD simulations of short W1 PCWs with different lattice constants a.
Simulation for a=845 nm is indicated by the dotted black plot. The output spectrum of our source ICL is indicated by the dashed black
plot (right axis).
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Fig. 2. 3D plane wave expansion simulation of the dispersion diagram of a silicon W1 PCW on sapphire substrate with air top
cladding. The red dashed line indicates the PCW dispersion at the interface between silicon strip waveguide and W1.07 PCW. The
reduced group index at the interface is indicated by the lesser slope (dashed blue lines) at a representative frequency a/=0.246.
Sapphire light line is superimposed.

4. DEVICE FABRICATION

Devices were fabricated using a combination of electron beam lithography and inductively coupled plasma etching. The
process started from a SoS platform with 585 nm silicon device layer on a 500 μm thick sapphire substrate. The
fabrication flow is shown in Fig. 3. A 140 nm silicon dioxide layer was first deposited on top of silicon layer using
plasma enhanced chemical vapor deposition (PECVD) to serve as a hard mask for pattern transfer. All the components
including grating couplers, strip waveguides, PCW were patterned in one step with JEOL JBX-6000FS electron-beam
lithography tool. In order to ensure good control over the fabrication process, a thin conductive polymer (ESPACER)
from ShowDenko chemicals was spin coated on the ebeam resist ZEP-520A, prior to ebeam lithography. After ebeam
exposure, the devices was rinsed in DI water to remove the conductive polymer and then was developed in n-Amyl
acetate (ZEP-N50) for 2 mins, and rinsed in isopropyl alcohol (IPA). The ebeam resist pattern was next transferred to
silicon dioxide by reactive ion etching (RIE) using CHF3 and O2 at 400 V DC bias and 40 mTorr pressure for 8 mins.
Following this,  the pattern in silicon dioxide was transferred to silicon by inductively coupled plasma (ICP) etch using
HBr and Cl2 at 400 W ICP power, 200 W RF power, 10 mTorr pressure and 20 Torr Helium flow for backside cooling
for 6.5 min. Finally, the chip was cleaned using Piranha for 15 min and followed with three cycles of Piranha/HF post-
process treatment.

(a) (b) (c) (d)

Figure 3: Fabrication steps of PCW (a) PECVD growth of  oxide (b) E-beam Resist (ZEP-520A) patterning (c) Transfer of resist
pattern to oxide by RIE using CHF3 followed by resist strip (d) Transfer of pattern from oxide to Si by ICP in HBr and Cl2.
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SEM images of the fabricated devices are shown in Figs.4 (a)-(b).

Fig. 4. (a) Microscope image of the device showing input and output SWGs and PCW. (b) Top view SEM image of PCW and (c) side
view SEM image of the PCW at the PCW-strip waveguide interface. Magnified top view SEM images of (d) input taper (e) PCW and
(f) output taper.

5. EXPERIMENTAL RESULTS

The light from the output SWG for PCW devices with several lattice constants but the same r/a is plotted in Fig. 5(a).
The length of the W1 PCW is 50 m. The plot is normalized with respect to the highest and lowest power observed
versus lattice constant. It is observed that for a less than 845 nm, the output power from the devices is practically zero.
Fig. 5(a) also plots the output power from the devices when immersed in tetrachloroethylene (C2Cl4). C2Cl4 is practically
non-absorbing at 3.43 m with a refractive index ~1.5 at room temperature. The absolute power measured by the
photodetector is lower with C2Cl4 than with air cladding in Fig. 5(a) due to the lower modal confinement; however the
normalized plot shows the transmission profile shifted to lower lattice constants. Fig. 5(b) plots the output power as a
function of temperature for varying lattice constant. The temperature is varied from 25 oC to 60 oC. The normalized plot
also shows a shift of the transmission profile to lower lattice constants, with increasing temperature.

At a=840 nm and lower, the probed wavelength of 3.43 m is clearly within the photonic band gap; hence the
transmitted power is zero. At lattice constants from a=845 nm to a=850 nm, the fixed wavelength ICL probes the W1
PCW guided mode at gradually decreasing group indices which translates experimentally to gradually increasing
transmitted power. At a greater than 850 nm, the probed wavelength propagates above the light line and the transmitted
power reaches a maximum for the short W1 PCWs.
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When the cladding refractive index is increased from n=1 in air to n=1.5 in C2Cl4, the W1 PCW guided mode is shifted
down towards the dielectric band in Fig. 2. All simulated curves in Fig. 1(b) are shifted to longer wavelengths. As a
result, the 3.43 m fixed wavelength source can be propagated through PCWs with smaller lattice constants. The
phenomenon is experimentally observed by the shift of the transmitted intensity vs. lattice constant curves to shorter
lattice constants. The effect of temperature can be similarly explained. Silicon has a positive temperature coefficient of
refractive index at 3.43 m [22]. An increase in temperature increases the silicon refractive index so that the W1 PCW
guided mode is again shifted down in frequency in the normalized dispersion diagram in Fig. 2. As a result, the 3.43 m
source can be transmitted through PCWs with smaller lattice constants as temperature is increased, as observed in Fig.
5(b).

Fig. 5. (a) Normalized transmitted intensity through an air-clad W1 PCW in SoS with r=0.25a, as a function of a at =3.43 m plotted
(a) in air (bold circles) and C2Cl4 (open circles) and (b) as a function of temperature at 25 oC (bold circles) and 60 oC (open squares).
Insets magnify the data for devices between a=840 nm and a=855 nm.

6. SUMMARY

In summary, we demonstrated the propagation characteristics of PCWs in SoS in the mid-IR. By engineering the lattice
constant, we experimentally demonstrated the transmission characteristics with a single wavelength source. Zero
transmission in the stop band were experimentally observed. Our method enables the design of guided wave photonic
structures, using miniature PC devices in the mid-IR, even in the absence of mid-IR tunable sources.
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