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Silicon photonic devices for mid-infrared
applications
Abstract: The mid-infrared (IR) wavelength region (2–20
µm) is of great interest for a number of applications,
including trace gas sensing, thermal imaging, and freespace communications. Recently, there has been significant progress in developing a mid-IR photonics platform
in Si, which is highly transparent in the mid-IR, due to
the ease of fabrication and CMOS compatibility provided
by the Si platform. Here, we discuss our group’s recent
contributions to the field of silicon-based mid-IR photonics, including photonic crystal cavities in a Si membrane
platform and grating-coupled high-quality factor ring
resonators in a silicon-on-sapphire (SOS) platform. Since
experimental characterization of microphotonic devices is
especially challenging at the mid-IR, we also review our
mid-IR characterization techniques in some detail. Additionally, pre- and post-processing techniques for improving device performance, such as resist reflow, Piranha
clean/HF dip cycling, and annealing are discussed.
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1 Introduction
The mid-infrared (IR) wavelength range (2–20 µm) is of
great utility for a number of applications, including chemical bond spectroscopy, trace gas sensing, and medical
diagnostics. In particular, part of the mid-IR region (8–20
µm) is often referred to as the “fingerprint region”, since
many molecules have uniquely identifiable absorption spectra within this wavelength range. Additionally,
the mid-IR wavelength region is well-suited for thermal
© 2014 Science Wise Publishing & De Gruyter

imaging and free-space communications, especially
within the atmospheric windows of 3–5 µm and 8–11 µm.
Despite this wealth of applications, the on-chip
mid-IR photonics platform needed to access them is
relatively undeveloped. While the last 10–15 years have
seen the development of high-power, room temperature
mid-IR light sources and sensitive mid-IR detectors, little
work had been done in developing the passive photonics elements such as waveguides, resonators, splitters,
modulators, etc. for the mid-IR. Conventionally, mid-IR
photonics has been associated with the III-IV materials
used for active optoelectronic devices (lasers and detectors), as well as chalcogenide glasses [1] used for passive
photonic elements. However, R. Soref et al. proposed in
2006 [2] that group IV materials (silicon and germanium)
are also promising mid-IR materials, as they exhibit low
loss through much of the mid-IR. In particular, silicon is
an attractive material of choice for the mid-IR, as we can
take advantage of extremely well developed fabrication
techniques and CMOS compatibility, making the realization of on-chip integrated mid-IR devices more realistic.
In Figure 1, we show the imaginary part of the refractive index of Si, κ, plotted as a function of wavelength
(data taken from [3]). Below 6.5 µm, κ is smaller than 10-6,
which offers the potential for strong light confinement in
Si devices from 2 to 6.5 µm. Finally, due to the lack of twoand three-photon absorption in the mid-IR, the power
density of optical signals propagating in Si waveguides
or stored in Si optical cavities can be significantly higher
than at the near-IR wavelengths used for telecommunications [4–8]. Because of this, the mid-IR wavelengths afford
the opportunity to exploit Si’s relatively high third-order
optical nonlinearity (n2 = 3.6×10-18 m2/W [9]) for nonlinear
frequency generation applications, since these applications require high pump powers. On-chip four-wave
mixing, parametric oscillation, and frequency comb generation should be possible at mid-IR wavelengths in the
proper Si platform. On-chip frequency combs would be
especially useful for mid-IR sensing and spectroscopic
applications, as broadband sources are often required for
these applications.
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Figure 1 The extinction coefficient κ as a function of wavelength for
silicon. Data taken from [3].

Despite the suitability of Si for mid-IR applications, a
different set of experimental challenges are encountered
when working at the mid-IR as opposed to at the telecommunications wavelengths, where Si photonics is already
well-developed. One relates to fabrication: the silicon-oninsulator (SOI) platform, the standard platform used for
on-chip photonics at telecom, is of limited utility at the
mid-IR due to the high loss of silicon dioxide ( > 2 dB/cm)
at wavelengths larger than 3.5 µm [3, 4]. One solution is
to selectively remove the buried oxide layer under the
devices to form suspended structures. This method has
been used by our group to make Si photonic crystal cavities operational at 4.5 µm [10, 11], and more recently by
researchers at the Universities of St. Andrews and Southampton to make photonic crystal waveguides operational
between 2.9 and 3.9 µm [12]. However, for many applications an on-substrate platform is preferred. Because of
this, much mid-IR work has been performed in the siliconon-sapphire (SOS) platform, because of the low losses in
sapphire below 5 µm [2, 4]. Researchers at the University
of Washington demonstrated the first SOS waveguides
operational at 4.5 µm in 2010 [13], and subsequently demonstrated ring resonators operational at 5.5 µm [14]. SOS
waveguides operating at 2.75 µm [15] and 5.18 µm [16], ring
resonators operating at 2.75 µm [17], and grating couplers
operating at 2.75 µm [15, 17] have also been demonstrated.
Recently, our group has demonstrated high-quality (Q)
factor grating-coupled microring resonators operational
at 4.3–4.6 µm, with intrinsic Q-factors of over 200,000
[18]. Other Si-based platforms in which mid-IR waveguides
have been demonstrated include Si on porous Si (waveguides operational at 3.39 µm) [19], Si on SiN (waveguides
operational at 3.39 µm) [20], SiN on SiO2 (waveguides and
couplers operational at 3.7 µm) [21], and Ge on Si (waveguides operational at 5.8 µm) [22]. Finally, researchers

at the Massachusetts Institute of Technology have very
recently demonstrated an alternate fabrication method to
make air-clad pedestal structures out of bulk silicon, and
have fabricated waveguides and power splitters operational from 2.5 to 3.7 µm through this process [23].
Building complex optical characterization setups for
mid-IR photonic devices is another challenging aspect of
working at this wavelength range. Therefore, a discussion
of mid-IR photonics is not complete without a discussion
of the characterization techniques used to measure the
performance of mid-IR photonic devices. Mid-IR beams
are invisible, and no true viewing cards (such as those
used for the telecom) exist for mid-IR beams (though
photo-thermal paper can be used for rough alignment
with a high intensity beam). Similarly, mid-IR optical
components, such as lenses, polarizers, modulators, etc.
are often quite primitive (as well as more expensive) compared to their visible and telecom counterparts. The same
goes for mid-IR fibers, which are prone to degradation.
Additionally, commercially available quantum cascade
lasers (QCLs), the light sources of choice between 4 and
20 μm, are not currently available with fiber coupling
options (at shorter wavelengths, there has been much
recent promising work on ZBLAN fiber lasers [24]), leading
to extra optical elements being necessary to couple light
into the fiber. For these reasons, we have focused on
free-space coupling methods rather than fiber-coupling
methods to introduce light into our cavities. However,
many other research groups have demonstrated the use
of fiber-coupling to characterize mid-IR silicon devices,
mostly through butt-coupling from waveguide into mid-IR
fiber, as in [19, 20, 23]. As mid-IR fiber technology evolves,
we expect that fiber-coupled devices at the mid-IR will be
more common.
In this review, we present our group’s recent work
on the development of a Si mid-IR photonics platform,
mainly in the form of mid-IR microresonators, as well as
the development of tools to effectively characterize mid-IR
photonic devices. First, we discuss the design, fabrication,
and characterization of mid-IR photonics crystal cavities
in a Si membrane platform. Then we discuss the phenomenon of optical bistability in these devices, and the role
of surface treatments in decreasing absorption loss and
mitigating bistability. Next, we describe the design, fabrication, and characterization of mid-IR ring resonators in a
silicon-on-sapphire (SOS) platform. This is a particularly
suitable platform for integrated mid-IR photonics in the
2–5 µm range. We conclude with an outlook and discussion of integrated mid-IR photonics devices in Si, and consider the feasibility of nonlinear frequency conversion at
longer wavelengths.
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2 M
 id-IR Photonic Crystal
cavities in Si
High quality factor (Q) and low mode volume optical
resonators in the mid-IR are of interest for many applications, including trace gas sensing and optical interconnects. We were particularly interested in photonic crystal
cavities, because of their small footprint and the fact that
they can be easily characterized through free-space coupling methods. Additionally, we decided to work with
the SOI platform, which meant that we needed to make
suspended devices using selective undercutting of the
oxide layer, which is easily done for planar photonic
crystal cavities. Our photonic crystal cavity of choice,
the so-called L3 photonic crystal cavity [25], consists of
a two-dimensional hexagonal photonic crystal lattice of
air holes (periodicity a = 1.34 µm, hole radius r = 353 nm)
in a Si slab (thickness t = 500 nm), with three central air
holes removed to form a line defect [10]. To maximize
the Q of the cavity, the air holes on either side of the line
defect were shifted outward by a shift s = 0.2a, or approximately 270 nm. The optimized cavity design supports a
resonance at a wavelength λ = 4.615 µm, with a Q factor of
66,000.
The devices were fabricated on a silicon-on-insulator
(SOI) substrate (SOITEC Inc.), with a device layer thickness
of 500 nm and SiO2 layer thickness of 3 μm. A standard
100 kV electron beam lithography tool (Elionix ELS-7000)
was used to define patterns in ZEP (Zeon Corp.), a positive
electron beam resist. Etching was performed in a reactive
ion etcher (STS-ICP-RIE) using C4F8, SF6, and H2 gases. The
devices were undercut using a 7:1 buffered oxide etch for
45 min. A scanning electron micrograph of a completed
device is shown in Figure 2.
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We used the resonant scattering method [26, 27] to
test our cavities (Figure 3). Light from a tunable quantum
cascade laser (QCL) with emission from 4.315 to 4.615 µm
(Daylight Solutions, Inc.) is sent into a ZnSe objective
lens with numerical aperture (NA) of 0.22 and focused
onto the sample, which is placed so that the cavity mode
polarization is oriented at 45° with respect to the E-field
of the laser spot [10]. Since the QCL emission is invisible, a yellow HeNe laser beam was aligned to the path
of the QCL and then used to align the rest of the optics.
The sample is mounted on an automatic micropositioner
stage, which can be scanned using computer control. The
light that is coupled and re-emitted by the photonic crystal
cavities is backscattered into the ZnSe objective, and then
travels through a second polarizer (the analyzer) which is
cross-polarized with respect to the input polarizer, before
being focused onto a thermoelectrically cooled mercury
cadmium telluride (MCT) detector. This cross-polarization
method enhances the signal-to-background ratio of the
resonantly scattered light (the signal) to the non-resonantly scattered light (the background). Depending on
this ratio, the resonance peak can appear as a Lorentzian
or a Fano lineshape caused by the phase shift between the
resonant (re-emitted by cavity) and non-resonant components of the back-scattered signal [28].
The experimental results for the photonic crystal cavities are shown in Figure 4A [10]. Photonic crystal cavity
modes are found within the range of 4.38–4.42 µm. As
predicted by theory, the cavity resonance wavelengths
redshift as the air hole shift s is increased from zero to a
maximum of s = 0.225a. A peak Q-factor of 13,600 is found

Polarizer
(analyzer)

TE-cooled
MCT detector

Znse Objective
NA=0.22
Tunable CWMHF Laser
(4.3–4.6 µm)

Sample
Polarizer
Motorized stage for x-y
scanning

1 µm

Figure 2 A scanning electron microscope (SEM) image of a midinfrared L3 photonic crystal cavity fabricated in silicon , with hole
periodicity a = 1.34 μm, hole radius r = 350 nm, thickness t = 500 nm,
and hole shift s = 0.15a. Red arrows indicate air hole shift.

Yellow He-Ne beam
(alignment+imaging)

Figure 3 A schematic of the resonant scattering setup used to
measure photonic crystal cavity spectra. The blue line indicates
the QCL beam path; the yellow line indicates the HeNe beam path.
Adapted from reference [10].
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Figure 4 (A) Resonant scattering spectra (taken at low input power) of photonic crystal cavities with air hole shifts s = 0, s = 0.075a, s = 0.15a,
s = 0.225a, where a is the periodicity. Inset shows Fano fit to s = 0.15a cavity. (B) Mid-infrared scanning resonant scattering image of an
array of cavities. Scanning electron micrograph is provided for comparison. When our laser is tuned to one of the cavity resonances, and
scanned over the cavity array, only the cavity in resonance with the laser lights up. For example, when 4380.2 nm light, corresponding to
the resonance of the top right cavity in the center panel, is scanned over the array, only that cavity appears “ON”, featuring a bright spot
in its center. Alternatively, when the laser is tuned to 4401.5 nm and scanned over the array, only the middle-left cavity (rightmost panel)
resonates. Adapted from reference [10].

for s = 0.15a. The inset in Figure 4A shows the measured
Fano lineshape of the resonance. These spectra were taken
at low input power to avoid the effects of optical bistability (discussed in the next section). In order to image the
spatial profile of optical cavities, we developed the mid-IR
scanning resonant scattering microscopy technique [10,
29]. Laser light (at an arbitrary wavelength) was focused on
the sample, which was scanned in the x- and y-directions
using computer-controlled micropositioners. Reflected
light was collected using the same lens and detected
using the MCT detector. This procedure allows us to easily
identify the cavities since they scatter more light than the
background (Figure 4B). Once outlines of the cavities are
identified, the laser is focused on the center of one of the
cavities and its wavelength is swept to obtain a resonant
scattering spectrum (Figure 4A). Finally, the image of the

optical mode can be obtained by tuning the laser to the
cavity resonance and scanning the sample holder stages
while recording the resonantly scattered signal at each
position. Images obtained using this approach are shown
in Figure 4B. It can be seen that the cavity regions light up
at the wavelengths corresponding to the resonance peak
in the wavelength scan. This imaging approach can be
seen as a single-pixel mid-infrared camera, allowing for
the visualization of fabricated structures and resonant
modes without the use of expensive mid-IR cameras.
In Figure 5 [10], we show a spectrum and scanning mid-IR images of additional resonances that were
observed in another sample. These photonic crystal cavities on this sample were placed relatively close together,
with a separation of 22 μm in the y-direction. Resonant
scattering spectra of these cavity devices show two extra
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Figure 5 Resonant scattering spectrum showing peaks corresponding to two inter-cavity Fabry-Perot resonances (4430.0 nm and 4567.5
nm) and one L3 photonic crystal cavity resonance (4444.0 nm). (B) Scanning images of Fabry-Perot resonances (leftmost and rightmost
panels) and photonic crystal cavity resonance (center panel). Taken from reference [10].

peaks (at 4.433 μm and 4.567 μm) in addition to the cavity
resonance peak (4.444 μm). Using scanning resonant
scattering microscopy, we were able to image these modes
and attribute them to the inter-cavity resonances of the
Fabry-Perot cavity formed between two adjacent photonic
crystal structures (Figure 5B): one resonance has an antinode (leftmost panel, 4.433 μm) and the other one has a
node (rightmost panel, 4.567 μm) in the center of the intercavity region. The resonance at 4.444 μm (center panel in
Figure 5B) corresponds to a bonafide resonance of the L3
photonic crystal cavity.
Using mid-IR scanning resonant scattering microscopy, we can visualize the spatial profile of resonances
observed in the collected spectrum and unambiguously
attribute them to the modes of different cavities. This
approach results in a very powerful tool that overcomes
many of the inherent experimental difficulties of the
mid-IR.

3 B
 istability in mid-IR photonic
crystal cavities
At higher input powers than those shown in Figure 3,
we saw the evidence of optical bistability in our cavities
[11]. Optical bistability is a well-known phenomenon in

Si microresonators at telecom wavelengths [30–34]. Since
the refractive index of Si can change either directly or indirectly due to incident light intensity, the resonance wavelength of a microresonator also changes with a buildup of
optical power in the resonator. This results in a positive
feedback process that allows the resonator to act as a bistable switch, with an off-resonance, or “empty” state and
an on-resonance, or “loaded” state. The power dependence of the refractive index can be attributed to various
effects, including the χ3 of Si, free-carrier dispersion,
and the thermo-optic effect. Strong light confinement in
nano-photonic devices at telecom wavelengths (e.g., 1.55
µm), and in high quality (Q) factor photonic crystal cavities in particular, results in two-photon absorption processes which lead to a pronounced thermo-optic effect
due to free-carrier absorption. This limits the operation of
Si-based photonic devices to low powers at the telecom
wavelength range.
However, multiphoton absorption is unlikely at our
wavelength range, as at least 4 photons are needed to
overcome the Si bandgap energy. Furthermore, in our
case the bistability is due to a redshift of cavity resonance with increasing power, which narrows down the
possible origins of the nonlinearity to thermal effects
and χ3 effects [35, 36]. Thermal effects occur when light
is absorbed into the cavity, changing the temperature
of the cavity and hence the refractive index through the
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thermo-optic effect, resulting in a red-shift of the cavity
resonance in the case of Si (thermo-optic coefficient of
1.8×10-4 K-1). Different absorption mechanisms that could
lead to the thermo-optic effect in Si at mid-IR wavelengths
include the linear absorption of Si (phonon-assisted
absorption), free-carrier absorption, various surface
absorption effects, and the absorption from native oxide
formed on Si surfaces. Free carrier absorption is unlikely
in our highly resistive Si wafer (ρ = 50 Ω·cm) with a linear
loss constant of α < 0.002 cm−1 at 4.5 µm [37]. Similarly,
the intrinsic Si absorption is negligible at our wavelength
range with an absorption coefficient of 0.04 cm-1 at 4.5
µm [3]. This leaves surface effects and absorption due to
the thin native oxide layer as the possible origin of the
observed bistability. In addition, direct nonlinear processes due to the χ3 of Si (the Kerr effect in particular)
could explain our results. However, the Kerr effect results
in an instantaneous change of refractive index, whereas
thermally-induced refractive index changes occur on
a much slower time scale (on the order of µs). We performed time domain measurements in order to separate
these effects and established that our nonlinearity was
primarily thermal [35, 36, 38]. By modulating the input
laser signal with a sine wave and looking for distortion in
the output signal [35, 38] due to bistablity, we were able
to establish that 200 kHz was the modulation frequency
at which all bistability-induced distortion disappeared,
indicating that instantaneous χ3 effects could not be the
cause of our bistability [11]. The corresponding thermal
time constant, 5 µs, is also consistent with finite-element
modeling of thermal effects in our cavities.

In order to identify the impact of different surface
effects on the bistability, we performed various microelectronic treatments to alter the surface properties of our cavities [11]. An HF dip [11] was performed in order to remove
native oxide. This resulted in an increase of Q-factor from
about 11,500 to 21,000, but bistability was still present
in the cavity at high input powers. Next, we performed a
Piranha clean/HF dip cycle [11, 39, 40] as proposed by Borselli et al. in [39] in order to reduce surface state absorption and surface roughness. This had a minimal effect on
Q, and the bistability was still present after this treatment.
An anneal at 500°C (for two hours) in air [11, 41] was also
performed, resulting in an increase in Q from 21,000 to
29,300, indicating that water moisture likely has a considerable absorptive effect at 4-5 µm. After this first annealing
step, the bistability was still present at high input powers.
Finally, the cavities were annealed in an N2 environment
in order to desorb hydrogen from the surface of the Si
[41]. After annealing our devices with N2 flowing through
our furnace at 500°C for 2 h, we noticed that the cavity
spectrum no longer had the characteristic bistable lineshape (blue curve, taken before annealing) and instead
was more Fano-like (red curve) at similar input powers
(Figure 6). The Q-factor did not change measurably after
annealing, reaching a value of 25,600.
To confirm that the cavity was no longer bistable
after the N2 anneal, we compared input power vs. output
power hysteresis loops taken before and after the anneal
(inset, Figure 6). The pre-anneal hysteresis loop (blue)
clearly shows the bistable turn-on and turn-off, whereas
the post-anneal hysteresis loop (red) lacks these sharp
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detuning of δ = 330 pm) indicate that bistability is no longer present. Taken from reference [11].
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bistable transitions. Some hysteresis is present in the postanneal, indicating that some small sources of absorption
still remain in the cavity [30], but bistability is no longer
seen after annealing treatment. We therefore concluded
that water moisture and/or SiH bonds on the surface of
the silicon device layer is the primary source of absorption
that led to bistability.
Though main objective in performing these microelectronic treatments on our cavities was to elucidate
the source of the observed bistability, we also discovered
a method to improve the quality factor of the photonic
crystal cavities, from an initial Q of 11,500 to 29,300. In
addition, after these treatments, we were able to measure
a photonic crystal cavity with s = 0.2a with a theoretical Q = 80,000 that had not been visible pre-treatment
(likely due to the small absorption-limited Q before the
treatment), again showing the utility of our treatments
in minimizing losses. A Q-factor of 45,000 was measured
in this case. We believe that micro-electronic treatments
and annealing processes discussed here will be of great
utility in mid-IR Si photonics, and may enable the realization of ultra-high Q cavities of interest for many mid-IR
applications.

4 G
 rating-coupled ring resonators
in a SOS platform
As mentioned previously, many mid-IR photonics applications may require an integrated, on-substrate platform
that does not rely on membrane-type devices such as the
ones discussed so far. For example, while disk and ring
resonators can be realized in the SOI platform (Figure 7),

Figure 7 A suspended wheel-type disk resonator fabricated in a
silicon-on-insulator (SOI) platform for the mid-IR. Removal of the
oxide layer is required for high performance, since oxide is lossy
throughout much of the mid-IR.
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the fabrication procedure for these devices is complicated
by the need to remove the SiO2 sacrificial layer. Silicon-onsapphire (SOS) is an attractive platform for on-substrate
mid-infrared photonics, due to the low loss of sapphire
through much of the mid-IR [2, 4]. We recently demonstrated grating-coupled SOS microring resonators operating in the 4.3-4.6 μm range, with quality (Q) factors well
above 100,000 [18]. We summarize some of these results
below.
Grating couplers can provide highly efficient coupling of light from a free space beam into an optical
waveguide. This method has already been well studied at
telecom wavelengths [42, 43], with coupling losses as low
as -0.75 dB experimentally attained by Luxtera [44]. Additionally, grating couplers can be placed anywhere on the
chip, affording flexibility in input/output coupling location. Our grating couplers were designed to couple light
from our QCL (CW emission from 4.3–4.6 μm) at normal
incidence into a waveguide etched into the Si device
layer of our SOS, with thickness t = 812 nm. While higher
in-coupling efficiencies can be achieved for an off-axis
incidence, we chose normal incidence for ease of experimental characterization. The grating coupler design was
optimized in Comsol using NOMAD [45], a global optimization algorithm. A linear taper function was applied both
to the periodicity and the duty cycle of the grating structure, which consisted of fully etched slits in the Si device
layer. The theoretical coupling efficiency of the optimized
grating at normal incidence for a fully-etched geometry
was 40%, with a bandwidth of about 150 nm (Figure 8,
inset). The grating slits are 50 μm wide, so as to accommodate our relatively large beam (about 30 μm in diameter) and need to be oriented in the same direction as the
polarization of our horizontally polarized input laser.
The devices were fabricated on a silicon-on-sapphire
substrate with silicon device layer thickness of 812 nm
(IQEP Silicon, Ltd.). ZEP (Zeon Corp.) was used as a mask
for electron-beam lithography. A standard 125 kV electronbeam lithography tool (Elionix F-125) was used to define
patterns in the ZEP layer. A single step etch process was
performed in the STS ICP-RIE, and the resist was removed
using Piranha etch. Then, we performed the Piranha/HF
cycling procedure (three times), as mentioned in Section 3,
in order to reduce surface roughness and surface absorption states. This procedure was found to have a significant
impact on the performance for these devices [18].
An optical micrograph of one of our full devices
(grating-coupled ring resonator) is shown in Figure 9.
The two insets show SEM images of the grating coupler
and the coupling region between the ring and bus waveguide. The grating coupler, taper region, ridge waveguide,

336

R. Shankar and M. Lončar: Silicon photonic devices for mid-IR

×10-3
25

Cross-polarized
Input-polarized

0.32
x-Transmission

20

Intensity (a.u.)

15

0.24
0.16
0.08

10

4.0

5

4.2
4.4
4.6
4.8
Wavelength (microns)

5.0

0

-5

4300

4350

4400

4450
4500
Wavelength (nm)

4550

4600

Figure 8 Resonant scattering response of a grating coupler. A peak is seen in cross polarization, and a dip seen in input polarization, if the
grating coupler couples light within the laser tuning range. Inset shows theoretical transmission response of grating coupler.

and ring resonator all are fully etched into the Si device
layer with thickness t = 812 nm. The coupling waveguide
and ring resonator both have a width w = 1.5 μm, and the
ring radius r = 60 μm. The grating slits are 50 μm wide,
and the taper region between the grating and coupling
waveguide is 500 μm long. Rings with gaps d between the
coupling waveguide and ring resonator varying between
300 and 700 nm were fabricated. Since the bandwidth

Figure 9 Optical image of a representative device, consisting of a
ring resonator coupled to a waveguide with a grating coupler (top
inset) on input end and horn-coupler on the output end. Bottom
inset shows coupling region between ring resonator and bus waveguide, with a gap of 400 nm in this case. Adapted from reference
[18].

of the grating is smaller than the mode-hop free tuning
range of our laser, the grating geometry was varied from
device to device in order to cover the laser’s tuning range.
A horn-shaped coupler consisting of a 750 μm long linear
taper with a width of 50 μm at the output end was used to
improve collection of light at the output.
A grating coupler can be viewed as a one-dimensional
photonic crystal cavity with very low quality factor. Therefore, its performance can also be characterized using
cross-polarized resonant-scattering setup described
earlier: the signal reflected from the coupler will appear as
a resonant peak in the reflection spectrum of the coupler,
Alternatively, if the setup is operated in parallel-polarized
(not cross-polarized) configuration, with both polarizers
aligned, the reflection spectrum will feature a dip, corresponding to the wavelength range where the coupling is
maximized. Results from this characterization for a particular grating coupler are shown in Figure 8, with the
background removed. As predicted, the operating range of
the coupler corresponds to the peaks in cross polarization
(CP) measurement and a dip in parallel-polarization (IP)
measurement. Coupling efficiency was difficult to gauge
from this experiment, but we roughly estimate coupling
efficiencies on the order of 5–10%. The experimental efficiency is much lower than the theoretical one due to substantial differences between the fabricated dimensions of
the grating coupler and those of the design.
After the optimization of grating coupler was accomplished, the complete devices were characterized as
follows: light from a tunable continuous-wave quantum
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cascade laser (QCL) from Daylight Solutions, Inc., with
emission from 4.27 to 4.63 μm1, is sent through a ZnSe
objective (NA of 0.22) and focused onto the input grating.
A second ZnSe lens (NA of 0.64) is placed at right angle
to the ﬁrst lens in order to collect light from the end facet
with the horn-taper coupler. Finally, the light is focused
onto a thermoelectrically cooled HgCdTe (MCT) detector.
The horn-coupler was used in the out-coupling section to
simplify the characterization procedure.
Transmission data from our resonators are shown
in Figure 10 [18]. Results from a device with a value of
d = 300 nm is shown. The experimentally obtained transmission spectra were ﬁtted to theoretical curves obtained
by solving a set of coupled mode equations [46] that take
into account the scattering-induced coupling of clock-wise
and counter-clock-wise propagating modes, which can be
observed as mode-splitting for very high-Q resonators.
We measured total Q-factors as high as Qt = 151,000, and
intrinsic Q-factors as high as Q0 = 278,000. These Q-values
are, to our knowledge, the highest measured in the 4–5 μm
wavelength range in Si. The performance of these devices
was optimized by using the resist reflow technique (which
minimizes surface roughness) during fabrication [47]. In
our case, resist reﬂow consisted of a 5-min post-lithography bake in an oven at 140°C. Because of the ﬁne features
within our grating couplers, we had to use lower bake temperatures for reﬂow than those typically used for microresonators [47]. After the reﬂow, the sample underwent
etching, cleaving, and the Piranha etch-HF acid cycling
1.0

2.0

0.8

Measured
Fit
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procedure described earlier, which we also found to have
a significant impact on the Q-factors of these devices.
We demonstrated another variant on grating-coupled
SOS ring resonators by partially etching rather than fully
etching the Si. This resulted in devices that have a Si “pedestal” in cross section. Because of this, the optical mode
is more strongly confined to the Si, though the waveguide
was widened in order to accommodate the pedestal. The
higher confinement in Si leads to lower loss since less of
the mode interacts with the comparatively lossier sapphire
substrate. We made grating-coupled SOS ring resonators
with a 510 nm partial etch, and a waveguide width of 2.8
μm, and coupling gaps d of 600 nm, 800 nm, and 1000 nm.
Other than the grating parameters (period and slit widths),
which needed to be changed to accommodate the partial
etch, all other parameters were kept the same as in the fully
etched case. All part of the device (grating, taper, waveguide, ring) were etched to the same depth. Results from
one of our partially etched devices, with no post-fabrication
treatments performed, are shown in Figure 11. No resist
reflow was performed during the fabrication. Remarkably,
the as-processed Q-factors on this sample were similar to
devices made with resist reflow and Piranha-HF cycling,
with Qt as high as 188,000 and Q0 as high as 275,000. We
attribute this to the fact that more of the mode is confined
to the Si, thus reducing the overlap with the surface and the
silicon-sapphire interface. Afterwards, Piranha-HF cycling
was performed, but it had very little impact on the Q-factors
of the device. Performing even shallower partial etches may
have an even greater impact on Q.
Using our Q values, we can estimate the loss of our
ring resonators to be about 0.74 dB/cm at 4.5 μm. We note
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Figure 10 Transmission measurement of fully-etched device with
d = 300 nm, fabricated using resist reflow and post-fabrication
Piranha-HF cycling. The reflow results in higher Q-factors, with
a maximum loaded Qt of 151,000 and intrinsic Q0 of 278,000, as
shown in the inset. Adapted from reference [18].
1 Our QCL was rebuilt in the time between this experiment and the
photonic crystal cavity experiment, resulting in slightly different tuning ranges.
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Figure 11 Transmission measurement of partially etched device,
with partial etch of depth 510 nm. No resist reflow or post-processing Piranha etch/HF dip cycling is performed for these devices.
Intrinsic Q-factors of 188,000 and total Q-factors of 275,000 are
achieved.
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that this loss value takes into account not only light scattering (due to surface roughness) and material absorption
(due mostly to surface states), but also bending losses of
the ring resonator. The latter, however, are negligible in
large diameter devices that we studied. This loss value
is slightly higher than the lowest waveguide loss values
reported for silicon devices at the mid-IR (0.6 dB/cm at
3.39 μm in the case of SOI waveguides [19]). Our comparatively higher losses may be due to scattering losses from
twinning defects inherent in SOS [48]. Figure 12 shows a
SEM image of the top surface and sidewalls of our device.
Roughness on the sidewalls, as well as graininess on the
top surface (likely due to twinning defects), can be seen.
Using thicker Si device layers can minimize the effect of
the twinning defects, since these defects originate at the
silicon-sapphire interface [48]. Additionally, further optimization of the fabrication process needs to be done in
order to reduce sidewall roughness and thereby increase
resonator Q-factors even further.

5 Summary and outlook
We have presented our recent work on the development of
Si photonic devices in operational at the mid-IR, focused
on the 4–5 μm range. Devices in two different platforms
– photonic crystal cavities in a Si membrane platform
and grating-coupled ring resonators in a SOS platform –
are discussed. We have also focused on the experimental
techniques we use to characterize and test our devices,
including scanning resonant scanning microscopy and
grating-coupled transmission measurements. The next
step is to transfer devices such as these to on-chip applications, e.g. on-chip spectrometers for trace gas sensing

Figure 12 Scanning electron micrograph of sidewalls and top
surface of a fully etched device. Graininess on the top surface, due
to twinning defects in the SOS [48], can be seen, along with roughness on the sidewalls.

or high-power photonic chips for data communications.
An on-chip spectrometer operational at 3.8 μm using
mid-infrared Si waveguides and arrayed-waveguide gratings was demonstrated recently by M. Muneeb and colleagues at Ghent University, IMEC, and the University of
Southhampton [49]. Using high-Q factor resonators for
an on-chip spectrometer, such as in [50] would greatly
decrease the footprint of the spectrometer.
For truly integrated mid-infrared devices, active
devices such as lasers, detectors, and modulators have to
be integrated on-chip. In the case of on-chip modulators,
it is possible to use Si itself for the modulator, as demonstrated by M. van Camp and colleagues at IBM Watson
Labs, who demonstrated an electrorefractive Si modulator at 2.165 μm, with modulation speeds of up to 3 GHz
[51]. Note that modulators at wavelengths above 3 μm will
likely require an electro-absorptive configuration [51, 52].
However, for the case of sources and detectors, hybrid
integration will be required, since mid-IR sources and
detectors are largely composed of III-V materials. Recently,
researchers at Ghent University and Universite Montpellier demonstrated the integration of GaInAsSb photodiodes and photodetectors operating around 2.2 μm to a
SOI platform using BCB adhesive bonding [53]. However,
much more work needs to be done in integrating QCLs and
longer-wavelength detectors to Si-based chips. Lastly, the
use of graphene, due to graphene’s broad absorption spectral bandwidth and ultrafast response time, is a promising avenue for on-chip silicon-based modulators [54] and
detectors [55] at the mid-IR.
Another direction that is also being explored is nonlinear frequency conversion in mid-IR photonic devices. The
mid-infrared wavelength regime is an ideal wavelength
range to achieve nonlinear frequency conversion in Si,
due to the lack of two-photon absorption at wavelengths
above the two-photon band-edge of 2.2 μm. In the last few
years, multiple research groups have demonstrated parametric amplification and parametric generation around
2.2 μm in Si waveguides. For example, in 2010, Xiaoping
Liu and colleagues at IBM Watson Labs and Columbia
University demonstrated parametric amplification in 4
mm-long Si waveguides [8]. A broadband parametric gain
of 25.4 dB was achieved, which was large enough to overcome insertion losses, resulting in an overall net off-chip
gain of 13 dB. Similarly, in 2010, Sanja Zlatanovic and colleagues at UCSD and UCF demonstrated four-wave mixing
in 3.8 mm-long Si waveguides [6]. More recently, Xiaoping Liu and colleagues at IBM Research Labs, Columbia
University, and Ghent University demonstrated downconversion of mid-infrared photons at 2.44 μm to telecom
photons at 1.62 μm through four-wave mixing in silicon
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waveguides [56], with a parametric gain of 19 dB. This type
of parametric down-conversion to the telecom regime can
be highly advantageous for compact mid-IR devices, as
telecom detectors are more sensitive and more energy-efficient (since cryogenic cooling is not required) than their
mid-IR counterparts.
Perhaps the most exciting application of mid-IR photonics is the realization of integrated frequency combs
operating in mid-IR range. By using high Q-factor midinfrared Si resonators such as the ones described earlier in
this review, nonlinear frequency conversion can be made
much more efficient, allowing for optical parametric oscillation to occur with relatively low power thresholds (tens of
mW inside the device). The generation of many-sideband
optical parametric oscillators in high-Q factor microresonators has already been demonstrated in several different
material systems at the telecom wavelength range, including Hydex glass microrings [57], SiN microrings [58], and
silica microtoroids [59]. Recently, C. Wang and colleagues
have demonstrated the first mid-infrared frequency comb,
based on a MgF2 crystalline microresonator, operational
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around 2.5 μm [60]. We anticipate that Si-based optical
parametric oscillators operational at the wavelengths
produced by commercial QCLs ( > 3.5 μm) will be demonstrated in the near future. This development would be
especially useful for on-chip trace gas sensing, as a midinfrared frequency comb could act as both a multichannel
generator and spectral analysis tool [61].
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