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Broadband mid-infrared (mid-IR) spectroscopy applications could greatly benefit from today’s well-developed, highly
scalable silicon photonics technology; however, this platform lacks broadband transparency because of its reliance on
absorptive silicon dioxide cladding. Alternative cladding materials have been studied, but the challenge lies in decreas-
ing losses while avoiding complex fabrication techniques. Here, in contrast to traditional assumptions, we show that
silicon photonics can achieve low-loss propagation in the mid-IR from 3 to 6 pm wavelength, thus providing a highly
scalable, well-developed technology in this spectral range. We engineer the waveguide cross-section and optical mode
interaction with the absorptive cladding oxide to reduce loss at mid-IR wavelengths. We fabricate a microring res-
onator and measure an intrinsic quality (Q) factor of 10° at wavelengths from 3.5 to 3.8 pm. This is the highest Q
demonstrated on an integrated mid-IR platform to date. With this high-Q silicon microresonator, we also demonstrate
a low optical parametric oscillation threshold of 5.2 mW, illustrating the utility of this platform for nonlinear

chip-scale applications in the mid-IR.
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1. INTRODUCTION

Silicon photonics has revolutionized optics in the near-infrared
spectral range but has had limited impact on optics in the mid-in-
frared (mid-IR) range, primarily because of the platform’s intrinsic
material absorption. Within the mid-IR wavelength range, many
common molecules relevant to real-world sensing applications
have strong absorption signatures, forming the so-called molecular
fingerprint spectral region [1]. Numerous forms of optical spec-
troscopy have been developed for biological, chemical, environ-
mental, and industrial applications, with an increasing need for
compact and inexpensive sensors enabled by integrated photonics
[1]. The advancement of quantum cascade lasers (QCLs) has paved
the way for the growth of compact, chip-scale mid-IR photonic
applications [2-4]. Concurrently, silicon photonics has trans-
formed near-IR telecommunications technologies while leveraging
the immense semiconductor fabrication infrastructure of the elec-
tronics industry [5,6]. Despite their development in tandem, sil-
icon photonics has long been considered unsuitable for mid-IR
applications because of its lack of broad transparency beyond
the near-IR range. The transparency window of the silicon wave-
guide core extends to ~8 pm wavelength [7,8], whereas the silicon
dioxide (SiO,) cladding material begins absorbing strongly around
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3.5 um [9]. Therefore, few demonstrations of silicon-on-insulator
(SOI) waveguides have operated past 2.5 pm [10-16]. While mid-
IR platforms based on crystalline fluorides [17,18], germanium
[19-25], and chalcogenide materials [26-30] have been demon-
strated with low loss, integrated photonics structures on a silicon
chip in this spectral range have yet to be demonstrated.
Recently, efforts have been made to develop mid-IR photonics
on a silicon platform based on suspended structures and alterna-
tive substrates; however, to date, these have not been able to yield
low-loss optical structures. The challenge of incorporating
alternative cladding materials for silicon-based mid-IR photonics
lies in achieving broadband transparency while ensuring low
propagation loss with minimal fabrication complexity. Removing
the oxide cladding to form either a pedestal or fully suspended
SOI waveguide can greatly reduce or eliminate the absorption
loss, extending the platform’s transparency window [31-38].
However, this approach can introduce fabrication complexity
as well as challenges for the device’s thermal stability and low scat-
tering losses. To increase robustness, the under-cladding can in-
stead be replaced by a more transparent material, such as sapphire
(transparent out to ~4.5 pm). Silicon-on-sapphire is commer-
cially available and has been extensively studied [39-47];
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however, it is a hard material that is difficult to etch, leading to
scattering losses. Additionally, Chen ez a/. have recently demon-
strated a platform based on silicon on calcium fluoride (CaF,),
which extends the transparency window even further [48].
However, this platform introduces significant complexity, requir-
ing completely custom fabrication processing techniques.

2. DESIGN OF LOW-LOSS MID-IR PLATFORM

Here, we demonstrate the ability to leverage silicon photonics to
achieve broadband low propagation losses below 1 dB/cm in the
mid-IR (comparable with the losses achievable in the near-IR
spectral range) by tailoring the waveguide cross-sectional geom-
etry. The primary source of loss for mid-IR silicon waveguides
comes from absorption of the mode that overlaps partially with
the oxide cladding, which surrounds the waveguide core on all
sides. The degree of mode overlap with the cladding, particularly
for high-index contrast waveguides, can be tailored by varying
cross-sectional geometry as well as index contrast, wavelength,
and polarization. Here, to minimize these losses, we engineer
the mode to minimize propagation loss. Figure 1 shows the simu-
lated absorption losses for different waveguide geometries, includ-
ing a traditional silicon photonic waveguide for this wavelength
with cross-sectional dimensions 500 nm x 1400 nm (as in [49]),
using finite element method (FEM) simulations of optical modes
in COMSOL Multiphysics software. We account for the cladding
oxide absorption, adapted from literature [9], which we plot in
Fig. 1 (blue curve). The losses are extracted from the imaginary
component of the simulated mode effective refractive index, #,
from which we calculate propagation power loss, a = 47k/A.
One can see that the loss increases significantly at mid-IR wave-
lengths as the mode grows larger into the cladding, exceeding
10 dB/cm, which is prohibitive for most waveguiding applica-
tions. If we remove the top cladding, we see a modest improve-
ment in loss, limited still by the large remaining overlap with the
under-cladding, as seen in the inset mode picture. By using an
unconventional air-clad waveguide geometry with 2300 nm x
4000 nm cross-section, we are able to significantly decrease
the loss at higher wavelengths by more than two orders of mag-
nitude compared to the oxide-clad waveguide. As evident in the
inset mode pictures, the optical mode for this geometry
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Fig. 1. Simulated absorption losses for different waveguide cross-sec-
tional geometries, including a traditional silicon photonic waveguide for
this wavelength with cross-sectional dimensions 500 nm x 1400 nm (as
in [49]) as well as our air-clad waveguide with cross-sectional dimensions
2300 nm x 4000 nm. The cladding oxide absorption, adapted from lit-
erature [9], is plotted in the blue curve. One can see that the air-clad
geometry shows a 2 order-of-magnitude loss improvement compared
with the oxide-clad geometry.

Vol. 4, No. 7 / July 2017 / Optica 708

overlaps minimally with the oxide under-cladding compared with
the traditional cross-section. For this geometry, the propagation
loss remains below 1 dB/cm up to a wavelength of 6 pm (cor-
responding to a Q factor >10°) and below 0.1 dB/cm up to
nearly 5 pm (Q > 10°). This broadband silicon photonics trans-
parency window requires no additional fabrication complexity.
We fabricate an integrated air-clad silicon microring resonator
and waveguide using conventional silicon fabrication processing,
followed by a chemical treatment of the surfaces to ensure low
propagation losses. For our substrate, we use a commercially avail-
able SOI wafer from Ultrasil Corporation with a 2.3 pm top
silicon film thickness and 3 pm buried oxide thickness. The
top silicon film is high-resistivity Float-Zone silicon, with a
resistivity >4,000 € - cm, corresponding to an intrinsic doping
concentration of <1 x 1013 cm™. This high resistivity is advanta-
geous for mid-IR wavelengths to minimize losses due to multi-
photon absorption. The process involves fabricating unclad
photonic structures, integrated with oxide-clad inverse tapers. The
oxide-clad inverse tapers guarantee the taper mode to be delocal-
ized for mode-matching to our input laser beam while remaining
above the cutoff condition for the propagating waveguide mode.
The taper, which is 200 nm wide at the tip, yields a mode that is
designed to overlap with our free-space mid-IR laser beam with a
beam width of 5 pm. Note that with an under-cladding thickness
of 3 pm, we can ensure that there is no leakage into the substrate
at the input facet by removing the substrate (30—40 pm) near the
edge using xenon difluoride (XeF,), while using photoresist as an
etch mask. We pattern the waveguides via electron-beam lithog-
raphy using ma-N 2410 electron-beam resist and fully etch the
silicon using an inductively coupled plasma (ICP) dry etching
process with a C4Fg/SFy gas mixture. We then deposit 3 pm
of plasma-enhanced chemical vapor deposition (PECVD) silicon
dioxide for cladding. To remove the cladding above the wave-
guides and resonators, we pattern a large area above the wave-
guides and resonators, dry etch the PECVD oxide, leaving
200 nm, and finally remove the remaining cladding oxide in di-
lute hydrofluoric acid (6:1 H,O:HF) wet etch. To clean and
smooth the surface, we perform a chemical oxidation surface
treatment with piranha acid (3:1 H,SO4:H,0,) and dilute
HF, as outlined in [50]. To ensure low coupling losses, we then
pattern and etch trenches to define the edge facets of the chip
[51], and finally dice the wafer into individual chips. We fabricate
microring resonators with a 150 pm radius with various coupling
gaps and coupling lengths. Optical microscope and scanning elec-
tron microscope (SEM) images of the fabricated waveguide and
microring resonator are shown in Fig. 2. For this microring, the
coupling region wraps around the ring in a pulley-coupling con-
figuration. Gradual bending radii and transition to the pulley cou-
pling region are included to minimize higher order mode

coupling [52-54].

3. HIGH-Q MICRORING RESONATOR

We measure an intrinsic quality factor of 10° between a wave-
length of 3.5 and 3.8 pm, which is the highest Q demonstrated
to date in an integrated mid-IR platform. To measure the fabri-
cated optical structures, we use as an input a mid-IR laser source
(Argos Model 2400 CW optical parametric oscillator) that is tun-
able from 3.2 to 3.8 pm and has a 100 kHz linewidth. After send-
ing the beam through a variable attenuator and a polarization
controller, we couple light into the chip through an aspheric lens.
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Fig. 2. (a) Optical microscope image of air-clad SOI microring

resonator (radius = 150 pm). (b) SEM image of air-clad waveguides near
the resonator coupling region.

We measure an input coupling loss of 8 dB for TE polarization,
likely due to an offset between the designed and fabricated dimen-
sions. We collect light from the chip using another aspheric lens,
send it through a polarization filter, and detect the output beam
using a PbSe detector connected to a lock-in amplifier and an
optical chopper. To measure the Q factor, we modulate the laser
wavelength using a triangular wave applied to an internal piezo
actuator. We measure a resonance at 3790 nm wavelength
(2639 cm™), and we fit to a Lorentzian function. To find the
intrinsic Q, we use the relation

Q = 2Q,

i 1 Zi: \/To’
in which Q); is intrinsic quality factor, Q, is loaded Q, and 7'y is
the normalized transmitted power at the resonance wavelength.
Assuming an under-coupled cavity condition, we find an intrinsic
quality factor of (1.1 £ 0.08) x 10°, shown in Fig. 3(a). The laser
calibration is detailed in Appendix A. The output polarization of
this resonance is rotated away from TE, indicating some polari-
zation rotation occurring inside the chip, likely from the transi-
tion into and out of the air-clad region. We measure intrinsic Q at
several wavelengths from 3.5 to 3.8 pm using devices with varying
coupling gaps. Measured results are shown in Fig. 3(b) as plotted
circles. For comparison, we also measure the intrinsic Q of the
oxide-clad resonators used in [49], with a cross-section
of 500 nm x 1400 nm.

(1)

4. TRANSPARENCY WINDOW

For the geometry used here, we show that both the theoretical and
measured intrinsic quality factor depends weakly on a wavelength
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Fig. 3. (a) Transmission spectrum of the air-clad microring resonator
at 3.8 pm wavelength. (b) Measured (circles) and simulated (solid lines)
intrinsic Q as a function of wavelength for our air-clad waveguide geom-
etry (2300 nm x 4000 nm) and for standard oxide-clad geometry
(500 nm x 1400 nm). There is good agreement between the trends
for simulated and measured Q. One can see that the intrinsic Q depends
weakly on wavelength between 3 and 4 pm, in contrast to the standard
oxide-clad waveguide geometries.
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between 3.5 and 3.8 pm, in contrast to the standard oxide-clad
waveguide geometries. The theoretical wavelength dependence of
the intrinsic quality factor is plotted along with the measured data
in Fig. 3(b). We evaluate the intrinsic quality factor versus wave-
length by extracting the wavelength-dependent absorption from
the FEM simulations and the wavelength-dependent scattering
using the well-known theoretical model for waveguide scattering
loss introduced by Payne and Lacey [55]. We assume loss due to
absorption in the cladding and loss due to sidewall scattering to be
the major contributions to the total loss. Therefore, given a rep-
resentative measured total loss at 3.8 pm, the scattering loss at
3.8 pm can be estimated to be 0.2 dB/cm using the relation
between Q and loss rate:

2rn

Q=" @

in which 7, is group index [56]. Using the Payne-Lacey model
with our geometry, we can extract the approximate wavelength
dependence of the scattering loss to be A2, Thus, quality factor
due to scattering loss scales proportional to the wavelength, 4. In
Fig. 3(b), plotted along with the measured points are the theo-
retical wavelength dependent quality factor trends for both mea-
sured devices, considering both absorption and scattering. We see
a good agreement between the trends for simulated and measured
quality factor. The oxide-clad geometry is clearly absorption-
limited, whereas our air-clad geometry remains flat across the
spectrum, following closely to the theoretically scattering-limited
regime. It is evident that our air-clad geometry achieves a high
Q independent of the oxide absorption, up to an order of
magnitude higher than the traditional oxide-clad geometry, which
exhibits a strong decrease in Q with increasing wavelength.
We show that the waveguide geometry used here extends the
transparency window to a wavelength of 6 pm. In Fig. 4, we
plot the wavelength-dependent Q due to absorption, scattering,
and total loss for our air-clad geometry from 2 to 6 pm. There is a
clear transition from the scattering-limited regime to the
absorption-limited regime near 5 pm wavelength, while for the
traditional oxide-clad geometry, this transition occurs near
3 pm wavelength, illustrating a substantial extension of this sil-
icon photonics platform. One can see that throughout the entire
spectral region out to 6 pm, the total intrinsic ) remains above
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Fig. 4. Theoretical wavelength dependence of microresonator Q (red),
due to absorption loss (blue), scattering loss (green). Absorption is ex-
tracted from FEM simulations in Fig. 1. Scattering loss is estimated based
on Ref. [55]. The intrinsic Q remains above 10° throughout the whole
spectral range between 2 and 6 pm. Around 5 pm wavelength, the total
intrinsic Q transitions from being scattering-limited to absorption-limited.
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10° (loss <1 dB/cm), and above 10° (loss <0.1 dB/cm) out to
5 pm, which is well suited for low-loss nonlinear applications.
Furthermore, the scattering-limited Q is not fundamental and can
be increased through further optimization of side-wall roughness.

5. PARAMETRIC OSCILLATION THRESHOLD

The waveguide geometry used here is highly confined but main-
tains the ability to perform dispersion engineering necessary for
nonlinear optics applications, such as frequency comb generation.
Parametric frequency comb generation has been extensively stud-
ied in a plethora of integrated platforms, both in the normal
dispersion as well as in the anomalous dispersion regime
[49,57-66]. Broadband frequency combs, which are advanta-
geous for mid-IR sensing applications, require anomalous
dispersion around the pump wavelength for proper phase-match-
ing [67-69]. This is usually achieved via waveguide dispersion
engineering, which requires certain waveguide confinement
and dimensions [70]. If the waveguide is too small or too large,
the mode resides mostly in the cladding or the core, respectively,
and exhibits mostly material dispersion properties that cannot be
effectively engineered. Here we show that despite our modified
geometry to minimize the waveguide loss, we retain the anoma-
lous dispersion critical for comb generation. Figure 5(a) shows the
dispersion for our air-clad waveguide geometry, which exhibits
strong anomalous dispersion near a pump wavelength of 4 pm
(2500 cm™! wavenumber). This is equidistant in frequency be-
tween 3 pm (3333 cm™!) and 6 pm (1667 cm™'), which corre-
sponds to an optimal pump wavelength for broadband comb
generation spanning this wavelength range [71]. Further
dispersion engineering can be done to achieve the lower anoma-
lous dispersion ideal for broadband comb generation [70,72].
We demonstrate a low optical parametric oscillation (OPO)
threshold of 5.2 & 0.5 mW using the proposed geometry, which
is well within the operating power range of currently available
QCLs, enabling future chip-scale applications [4]. The parametric
oscillation threshold is quadratically dependent on the loaded Q
factor, making it a critical parameter for frequency comb gener-
ation [73-75]. To measure the threshold power of our microre-
sonator, we use the same experimental setup outlined above and
use a Fourier-transform infrared spectrometer (FTIR) to monitor
the mid-IR spectrum. We tune the laser wavelength into a high-Q
resonance at 3.7 pm and observe parametric oscillation sidebands
generated 10 free-spectral ranges (FSRs) away from the pump
wavelength [Fig. 5(b), inset]. To estimate the optical power in
the bus waveguide, we assume that the measured output power
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Fig. 5. (a) Simulated group velocity dispersion for the waveguide
geometry used here (air-clad 2300 nm x 4000 nm). (b) Optical paramet-
ric oscillation (OPO) threshold measurement, indicating a 5.2 mW
oscillation threshold. Inset shows the OPO sidebands generated just
above threshold.
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level is approximately equal to the bus waveguide power inside the
chip by collecting the output beam with a lens. We measure an

oscillation threshold of 5.2 £ 0.5 mW [Fig. 5(b)].

6. CONCLUSION

In summary, we demonstrate that standard silicon photonics can
be instrumental in the development of on-chip photonics in the
mid-IR wavelength region. We show a cross-sectional geometry
that minimizes the interaction with the absorptive cladding and
theoretically extends the transparency range out to 6 pm. This is
achieved without the addition of complexity in the fabrication
process. Our demonstrations of a microresonator with an intrinsic
Q ~ 10° at 3.8 pm and an OPO threshold of 5.2 mW illustrate
the immediate usefulness of this mid-IR platform for mid-IR fre-
quency comb generation for applications such as on-chip optical
spectroscopy [76,77].

APPENDIX A: LASER WAVELENGTH
CALIBRATION

For the Argos CW OPO, the piezo actuator acts to tune the
pump laser wavelength (centered around 1064 nm) while the sig-
nal is held constant, thereby tuning the idler beam at mid-IR
wavelengths. We measure the pump wavelength using a wave-
length meter to an accuracy of 50 MHz and plot as a function
of voltage applied to the piezo element. Performing a linear curve
fit given this wavelength error, we extract the fitting error from the
covariance matrix, yielding a standard deviation of 500 kHz/V
on the slope, which is well within the measurement error.

Funding. Defense Advanced Research Projects Agency
(DARPA) (W31P4Q-16-1-0002).

Acknowledgment. The authors thank Aseema Mohanty,
Avik Dutt, and Christopher T. Phare for helpful discussions. This
work was performed in part at the CUNY Advanced Science
Research Center NanoFabrication Facility.

REFERENCES

1. F. K. Tittel, D. Richter, and A. Fried, “Mid-infrared laser applications in
spectroscopy,” in Solid-State Mid-Infrared Laser Sources, D. I. T.
Sorokina and D. K. L. Vodopyanov, eds., Vol. 89 of Topics in Applied
Physics (Springer, 2003), pp. 458-529.

2. J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson, and A. Y.
Cho, “Quantum cascade laser,” Science 264, 553-556 (1994).

3. A. Hugi, G. Villares, S. Blaser, H. C. Liu, and J. Faist, “Mid-infrared fre-
quency comb based on a quantum cascade laser,” Nature 492, 229-233
(2012).

4. A. Spott, J. Peters, M. L. Davenport, E. J. Stanton, C. D. Merritt, W. W.
Bewley, I. Vurgaftman, C. S. Kim, J. R. Meyer, J. Kirch, L. J. Mawst, D.
Botez, and J. E. Bowers, “Quantum cascade laser on silicon,” Optica 3,
545-551 (2016).

5. M. Streshinsky, R. Ding, Y. Liu, A. Novack, C. Galland, A. E.-J. Lim,
P. G.-Q. Lo, T. Baehr-Jones, and M. Hochberg, “The road to affordable,
large-scale silicon photonics,” Opt. Photon. News 24(9), 32-39 (2013).

6. A.E. J. Lim, J. Song, Q. Fang, C. Li, X. Tu, N. Duan, K. K. Chen, R. P. C.
Tern,and T. Y. Liow, “Review of Silicon Photonics Foundry Efforts,” IEEE
J. Sel. Top. Quantum Electron. 20, 405-416 (2014).

7. R. A. Soref, S. J. Emelett, and W. R. Buchwald, “Silicon waveguided
components for the long-wave infrared region,” J. Opt. A 8, 840-848
(2006).

8. M. M. MiloSevi¢, P. S. Matavulj, P. Y. Yang, A. Bagolini, and G. Z.
Mashanovich, “Rib waveguides for mid-infrared silicon photonics,”
J. Opt. Soc. Am. B 26, 1760-1766 (2009).



9

10

20

21

22

23

24

25

26

27

28

Research Article

. R. Kitamura, L. Pilon, and M. Jonasz, “Optical constants of silica glass

from extreme ultraviolet to far infrared at near room temperature,” Appl.
Opt. 46, 8118-8133 (2007).

. G. Z. Mashanovich, M. M. MiloSevi¢, M. Nedeljkovic, N. Owens, B.
Xiong, E. J. Teo, and Y. Hu, “Low loss silicon waveguides for the
mid-infrared,” Opt. Express 19, 7112-7119 (2011).

. C. Reimer, M. Nedeljkovic, D. J. M. Stothard, M. O. S. Esnault, C.
Reardon, L. O’Faolain, M. Dunn, G. Z. Mashanovich, and T. F. Krauss,
“Mid-infrared photonic crystal waveguides in silicon,” Opt. Express 20,
29361-29368 (2012).

. M. M. Milo$evi¢, M. Nedeljkovic, T. M. B. Masaud, E. Jaberansary,
H. M. H. Chong, N. G. Emerson, G. T. Reed, and G. Z. Mashanovich,
“Silicon waveguides and devices for the mid-infrared,” Appl. Phys. Lett.
101, 121105 (2012).

. M. Nedeljkovic, A. Z. Khokhar, Y. Hu, X. Chen, J. S. Penades, S.
Stankovic, H. M. H. Chong, D. J. Thomson, F. Y. Gardes, G. T.
Reed, and G. Z. Mashanovich, “Silicon photonic devices and platforms
for the mid-infrared,” Opt. Mater. Express 3, 1205-1214 (2013).

. S. Khan, J. Chiles, J. Ma, and S. Fathpour, “Silicon-on-nitride wave-
guides for mid- and near-infrared integrated photonics,” Appl. Phys.
Lett. 102, 121104 (2013).

. G. Roelkens, U. Dave, A. Gassenq, N. Hattasan, C. Hu, B. Kuyken, F.
Leo, A. Malik, M. Muneeb, E. Ryckeboer, S. Uvin, Z. Hens, R. Baets, Y.
Shimura, F. Gencarelli, B. Vincent, R. Loo, J. Van Campenhout, L.
Cerutti, J.-B. Rodriguez, E. Tourni¢, X. Chen, M. Nedelikovic, G.
Mashanovich, L. Shen, N. Healy, A. C. Peacock, X. Liu, R. Osgood,
and W. Green, “Silicon-based heterogeneous photonic integrated
circuits for the mid-infrared,” Opt. Mater. Express 3, 1523-1536 (2013).

. S. Zlatanovic, J. S. Park, S. Moro, J. M. C. Boggio, |. B. Divliansky, N.
Alic, S. Mookherjea, and S. Radic, “Mid-infrared wavelength conversion
in silicon waveguides using ultracompact telecom-band-derived pump
source,” Nat. Photonics 4, 561-564 (2010).

. C. Lecaplain, C. Javerzac-Galy, M. L. Gorodetsky, and T. J. Kippenberg,
“Mid-infrared ultra-high-Q resonators based on fluoride crystalline mate-
rials,” arXiv:1603.07305 (2016).

. A. A. Savchenkov, V. S. lichenko, F. D. Teodoro, P. M. Belden, W. T.
Lotshaw, A. B. Matsko, and L. Maleki, “Generation of Kerr combs
centered at 4.5 um in crystalline microresonators pumped with
quantum-cascade lasers,” Opt. Lett. 40, 3468-3471 (2015).

. R. Soref, “Mid-infrared photonics in silicon and germanium,” Nat.
Photonics 4, 495-497 (2010).

. Y.-C. Chang, V. Paeder, L. Hvozdara, J.-M. Hartmann, and H. P. Herzig,
“Low-loss germanium strip waveguides on silicon for the mid-infrared,”
Opt. Lett. 37, 2883-2885 (2012).

. A. Malik, M. Muneeb, Y. Shimura, J. V. Campenhout, R. Loo, and
G. Roelkens, “Germanium-on-silicon mid-infrared waveguides and
Mach-Zehnder interferometers,” in IEEE Photonics Conference (2013),
pp. 104-105.

. M.Brun, P. Labeye, G. Grand, J.-M. Hartmann, F. Boulila, M. Carras, and
S. Nicoletti, “Low loss SiGe graded index waveguides for mid-IR appli-
cations,” Opt. Express 22, 508-518 (2014).

. L. Carletti, P. Ma, Y. Yu, B. Luther-Davies, D. Hudson, C. Monat, R.
Orobtchouk, S. Madden, D. J. Moss, M. Brun, S. Ortiz, P. Labeye, S.
Nicoletti, and C. Grillet, “Nonlinear optical response of low loss
silicon germanium waveguides in the mid-infrared,” Opt. Express 23,
8261-8271 (2015).

. L. Shen, N. Healy, C. J. Mitchell, J. S. Penades, M. Nedeljkovic, G. Z.
Mashanovich, and A. C. Peacock, “Mid-infrared all-optical modulation in
low-loss germanium-on-silicon waveguides,” Opt. Lett. 40, 268-270
(2015).

. U.Younis, S. K. Vanga, A. E.-J. Lim, P. G.-Q. Lo, A. A. Bettiol, and K.-W.
Ang, “Germanium-on-SOIl waveguides for mid-infrared wavelengths,”
Opt. Express 24, 11987-11993 (2016).

. H.Lin, L. Li, Y. Zou, S. Novak, K. Richardson, and J. Hu, “High-Q mid-
infrared chalcogenide glass resonators for chemical sensing,”
arXiv:1612.04322 (2016).

. B. J. Eggleton, B. Luther-Davies, and K. Richardson, “Chalcogenide
photonics,” Nat. Photonics 5, 141-148 (2011).

. N. Carlie, J. D. Musgraves, B. Zdyrko, I. Luzinov, J. Hu, V. Singh, A.
Agarwal, L. C. Kimerling, A. Canciamilla, F. Morichetti, A. Melloni, and
K. Richardson, “Integrated chalcogenide waveguide resonators for
mid-IR sensing: leveraging material properties to meet fabrication chal-
lenges,” Opt. Express 18, 26728-26743 (2010).

29

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Vol. 4, No. 7 / July 2017 / Optica 711

. P.Ma, D.-Y. Choi, Y. Yu, X. Gai, Z. Yang, S. Debbarma, S. Madden, and
B. Luther-Davies, “Low-loss chalcogenide waveguides for chemical
sensing in the mid-infrared,” Opt. Express 21, 29927-29937 (2013).
Y. Zha, P. T. Lin, L. Kimerling, A. Agarwal, and C. B. Arnold, “Inverted-rib
chalcogenide waveguides by solution process,” ACS Photon. 1,
153-157 (2014).

. N. Singh, D. D. Hudson, and B. J. Eggleton, “Silicon-on-sapphire pillar
waveguides for mid-IR supercontinuum generation,” Opt. Express 23,
17345-17354 (2015).

V. Singh, P. T. Lin, N. Patel, H. Lin, L. Li, Y. Zou, F. Deng, C. Ni, J. Hu, J.
Giammarco, A. P. Soliani, B. Zdyrko, I. Luzinov, S. Novak, J. Novak, P.
Wachtel, S. Danto, J. D. Musgraves, K. Richardson, L. C. Kimerling, and
A. M. Agarwal, “Mid-infrared materials and devices on a Si platform for
optical sensing,” Sci. Technol. Adv. Mater. 15, 014603 (2014).

P. T. Lin, V. Singh, Y. Cai, L. C. Kimerling, and A. Agarwal, “Air-clad sil-
icon pedestal structures for broadband mid-infrared microphotonics,”
Opt. Lett. 38, 1031-1033 (2013).

Z. Cheng, X. Chen, C. Y. Wong, K. Xu, and H. K. Tsang, “Mid-infrared
suspended membrane waveguide and ring resonator on silicon-on-
insulator,” IEEE Photon. J. 4, 1510-1519 (2012).

Y. Xia, C. Qiu, X. Zhang, W. Gao, J. Shu, and Q. Xu, “Suspended Si ring
resonator for mid-IR application,” Opt. Lett. 38, 1122-1124 (2013).

J. Chiles, S. Khan, J. Ma, and S. Fathpour, “High-contrast, all-silicon
waveguiding platform for ultra-broadband mid-infrared photonics,”
Appl. Phys. Lett. 103, 151106 (2013).

J. Soler Penadés, C. Alonso-Ramos, A. Z. Khokhar, M. Nedeljkovic, L. A.
Boodhoo, A. Ortega-Mofiux, I. Molina-Fernandez, P. Cheben, and G. Z.
Mashanovich, “Suspended SOl waveguide with sub-wavelength grating
cladding for mid-infrared,” Opt. Lett. 39, 5661-5663 (2014).

W. C. Jiang, J. Zhang, and Q. Lin, “Compact suspended silicon microring
resonators with ultrahigh quality,” Opt. Express 22, 1187-1192 (2014).
A. Spott, Y. Liu, T. Baehr-Jones, R. llic, and M. Hochberg, “Silicon wave-
guides and ring resonators at 5.5 um,” Appl. Phys. Lett. 97, 213501 (2010).
T. Baehr-Jones, A. Spott, R. llic, A. Spott, B. Penkov, W. Asher, and M.
Hochberg, “Silicon-on-sapphire integrated waveguides for the mid-infra-
red,” Opt. Express 18, 12127-12135 (2010).

F. Li, S. D. Jackson, C. Grillet, E. Magi, D. Hudson, S. J. Madden, Y.
Moghe, C. O'Brien, A. Read, S. G. Duvall, P. Atanackovic, B. J.
Eggleton, and D. J. Moss, “Low propagation loss silicon-on-sapphire
waveguides for the mid-infrared,” Opt. Express 19, 15212-15220
(2011).

C. Y. Wong, Z. Cheng, X. Chen, K. Xu, C. K. Y. Fung, Y. M. Chen, and
H. K. Tsang, “Characterization of mid-infrared silicon-on-sapphire micro-
ring resonators with thermal tuning,” IEEE Photon. J. 4, 1095-1102
(2012).

R. Shankar, I. Bulu, and M. Loné€ar, “Integrated high-quality factor silicon-
on-sapphire ring resonators for the mid-infrared,” Appl. Phys. Lett. 102,
051108 (2013).

N. Singh, D. D. Hudson, Y. Yu, C. Grillet, S. D. Jackson, A. Casas-
Bedoya, A. Read, P. Atanackovic, S. G. Duvall, S. Palomba, B.
Luther-Davies, S. Madden, D. J. Moss, and B. J. Eggleton, “Midinfrared
supercontinuum generation from 2 to 6 um in a silicon nanowire,” Optica
2, 797-802 (2015).

S. Kalchmair, R. Shankar, S. Kita, C. Mittag, |. Bulu, and M. Loncar,
“Cascaded four-wave mixing in silicon-on-sapphire microresonators at
lambda=4.5 um,” in Conference on Lasers and Electro-Optics
(CLEO) (Optical Society of America, 2015), paper STu2l.3.

Y. Zou, S. Chakravarty, and R. T. Chen, “Mid-infrared silicon-on-
sapphire waveguide coupled photonic crystal microcavities,” Appl.
Phys. Lett. 107, 081109 (2015).

Y. Huang, Q. Zhao, S. K. Kalyoncu, R. Torun, and O. Boyraz, “Silicon-on-
sapphire mid-IR wavefront engineering by using subwavelength grating
metasurfaces,” J. Opt. Soc. Am. B 33, 189-194 (2016).

Y. Chen, H. Lin, J. Hu, and M. Li, “Heterogeneously integrated silicon
photonics for the mid-infrared and spectroscopic sensing,” ACS Nano
8, 6955-6961 (2014).

A. G. Griffith, R. K. W. Lau, J. Cardenas, Y. Okawachi, A. Mohanty, R.
Fain, Y. H.D. Lee, M. Yu, C. T. Phare, C. B. Poitras, A. L. Gaeta, and M.
Lipson, “Silicon-chip mid-infrared frequency comb generation,” Nat.
Commun. 6, 6299 (2015).

M. Borselli, T. J. Johnson, and O. Painter, “Measuring the role of surface
chemistry in silicon microphotonics,” Appl. Phys. Lett. 88, 131114
(2006).



51

52

53

63

Research Article

. J. Cardenas, C. B. Poitras, K. Luke, L. W. Luo, P. A. Morton, and M.
Lipson, “High coupling efficiency etched facet tapers in silicon
waveguides,” IEEE Photon. Technol. Lett. 26, 2380-2382 (2014).

. S. Ramelow, A. Farsi, S. Clemmen, J. S. Levy, A. R. Johnson, Y.
Okawachi, M. R. E. Lamont, M. Lipson, and A. L. Gaeta, “Strong polari-
zation mode coupling in microresonators,” Opt. Lett. 39, 5134-5137
(2014).

. T. Herr, V. Brasch, J. Jost, |. Mirgorodskiy, G. Lihachev, M. Gorodetsky,
and T. Kippenberg, “Mode spectrum and temporal soliton formation in
optical microresonators,” Phys. Rev. Lett. 113, 123901 (2014).

. D.T. Spencer, J. F. Bauters, M. J. R. Heck, and J. E. Bowers, “Integrated
waveguide coupled Si;N, resonators in the ultrahigh-Q regime,” Optica 1,
153-157 (2014).

. F. P. Payne and J. P. R. Lacey, “A theoretical analysis of scattering loss
from planar optical waveguides,” Opt. Quantum Electron. 26, 977-986
(1994).

. P. Rabiei, W. H. Steier, C. Zhang, and L. R. Dalton, “Polymer micro-ring
filters and modulators,” J. Lightwave Technol. 20, 1968-1975 (2002).

. P. Del'Haye, A. Schliesser, O. Arcizet, T. Wilken, R. Holzwarth, and T. J.
Kippenberg, “Optical frequency comb generation from a monolithic
microresonator,” Nature 450, 1214-1217 (2007).

. 1. S. Grudinin, N. Yu, and L. Maleki, “Generation of optical frequency
combs with a CaF; resonator,” Opt. Lett. 34, 878-880 (2009).

. J. S. Levy, A. Gondarenko, M. A. Foster, A. C. Turner-Foster, A. L.
Gaeta, and M. Lipson, “CMOS-compatible multiple-wavelength
oscillator for on-chip optical interconnects,” Nat. Photonics 4, 37-40
(2009).

. W. Liang, A. A. Savchenkov, A. B. Matsko, V. S. lichenko, D. Seidel, and
L. Maleki, “Generation of near-infrared frequency combs from a MgF,
whispering gallery mode resonator,” Opt. Lett. 36, 2290-2292 (2011).

. J. Li, H. Lee, T. Chen, and K. J. Vahala, “Low-pump-power, low-
phase-noise, and microwave to millimeter-wave repetition rate operation
in microcombs,” Phys. Rev. Lett. 109, 233901 (2012).

. C. Y. Wang, T. Herr, P. Del'Haye, A. Schliesser, J. Hofer, R. Holzwarth,
T. W. Hansch, N. Picqué, and T. J. Kippenberg, “Mid-infrared optical fre-
quency combs at 2.5 um based on crystalline microresonators,” Nat.
Commun. 4, 1345 (2013).

. H. Jung, C. Xiong, K. Y. Fong, X. Zhang, and H. X. Tang, “Optical fre-
quency comb generation from aluminum nitride microring resonator,”
Opt. Lett. 38, 2810-2812 (2013).

. B. J. M. Hausmann, |. Bulu, V. Venkataraman, P. Deotare, and M.
Lonéar, “Diamond nonlinear photonics,” Nat. Photonics 8, 369-374
(2014).

65

66

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Vol. 4, No. 7 / July 2017 / Optica 712

. X. Xue, Y. Xuan, Y. Liu, P.-H. Wang, S. Chen, J. Wang, D. E. Leaird, M.
Qi, and A. M. Weiner, “Mode-locked dark pulse Kerr combs in normal-
dispersion microresonators,” Nat. Photonics 9, 594-600 (2015).

. M. Pu, L. Ottaviano, E. Semenova, and K. Yvind, “Efficient frequency

comb generation in AlGaAs-on-insulator,” Optica 3, 823-826 (2016).

P. Del’Haye, T. Herr, E. Gavartin, M. L. Gorodetsky, R. Holzwarth, and

T. J. Kippenberg, “Octave spanning tunable frequency comb from a

microresonator,” Phys. Rev. Lett. 107, 063901 (2011).

Y. Okawachi, K. Saha, J. S. Levy, Y. H. Wen, M. Lipson, and A. L. Gaeta,

“Octave-spanning frequency comb generation in a silicon nitride chip,”

Opt. Lett. 36, 3398-3400 (2011).

B. Kuyken, T. Ideguchi, S. Holzner, M. Yan, T. W. Héansch, J. Van

Campenhout, P. Verheyen, S. Coen, F. Leo, R. Baets, G. Roelkens,

and N. Picqué, “An octave-spanning mid-infrared frequency comb gen-

erated in a silicon nanophotonic wire waveguide,” Nat. Commun. 6, 6310

(2015).

A. C. Turner, C. Manolatou, B. S. Schmidt, M. Lipson, M. A. Foster, J. E.

Sharping, and A. L. Gaeta, “Tailored anomalous group-velocity

dispersion in silicon channel waveguides,” Opt. Express 14, 4357-

4362 (2006).

T. Herr, V. Brasch, J. D. Jost, C. Y. Wang, N. M. Kondratiev, M. L.

Gorodetsky, and T. J. Kippenberg, “Temporal solitons in optical

microresonators,” Nat. Photonics 8, 145-152 (2014).

Y. Okawachi, M. R. E. Lamont, K. Luke, D. O. Carvalho, M. Yu, M.

Lipson, and A. L. Gaeta, “Bandwidth shaping of microresonator-based

frequency combs via dispersion engineering,” Opt. Lett. 39, 3535-3538

(2014).

T. J. Kippenberg, S. M. Spillane, and K. J. Vahala, “Kerr-nonlinearity op-

tical parametric oscillation in an ultrahigh-Q toroid microcavity,” Phys.

Rev. Lett. 93, 083904 (2004).

A. B. Matsko, A. A. Savchenkov, D. Strekalov, V. S. lichenko, and L.

Maleki, “Optical hyperparametric oscillations in a whispering-gallery-

mode resonator: threshold and phase diffusion,” Phys. Rev. A 71,

033804 (2005).

F. Gholami, S. Zlatanovic, A. Simic, L. Liu, D. Borlaug, N. Alic, M. P.

Nezhad, Y. Fainman, and S. Radic, “Third-order nonlinearity in silicon

beyond 2350 nm,” Appl. Phys. Lett. 99, 081102 (2011).

M. Yu, Y. Okawachi, A. G. Giriffith, N. Picqué, M. Lipson, and A. L.

Gaeta, “Silicon-chip-based mid-infrared dual-comb spectroscopy,”

arXiv:1610.01121 (2016).

G. Villares, A. Hugi, S. Blaser, and J. Faist, “Dual-comb spectroscopy

based on quantum-cascade-laser frequency combs,” Nat. Commun.

5, 5192 (2014).



	XML ID funding

