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Silicon has attracted great interest as a platform for both linear and nonlinear integrated photonics for over 15 years.
While its primary applications have been in the telecom window (near 1.5 μm), the capability of exploiting its full
transparency window to 8 μm in the mid-IR is highly attractive, since this will open it up to entirely new applications
in fields such as spectroscopy, chemical and biological sensing, and free-space communications. However, while
silicon-on-insulator has shown great promise just beyond the telecommunications window [to the shortwave IR band
(2.5 μm)], its wavelength range has been limited to < 4 μm by absorption in the silica cladding layer. Here, we
demonstrate octave-spanning supercontinuum generation in silicon, covering a continuous spectral range from
1.9 to beyond 6 μm in dispersion-engineered silicon-on-sapphire (SOS) nanowires. This represents both the widest
spectrum and longest wavelength generated to date in any silicon platform, and establishes SOS as a promising new
platform for integrated nonlinear photonics in the mid-IR. © 2015 Optical Society of America

OCIS codes: (130.5990) Semiconductors; (190.4390) Nonlinear optics, integrated optics; (230.6080) Sources; (320.7110) Ultrafast

nonlinear optics.
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1. INTRODUCTION

The midinfrared (mid-IR) is an important spectral range for a
wide range of applications in medicine, security, food production,
and telecommunications that impact almost all aspects of our so-
ciety. One application that has received a lot of interest is on-chip
sensing of molecules using a broadband source in the mid-IR
(>2.5 μm). In this range, molecules that are important for health,
security screening, and environmental sensing have fundamental
rotational–vibrational absorption lines. Probing with mid-IR light
allows them to be detected with high sensitivity (at levels of parts
per billion or even trillion) due to the strong photon–molecule
interaction. Sensing devices in integrated form would offer the
greatest benefits in cost, footprint, and performance, and this
has motivated the search for efficient platforms for integrated
photonics in the mid-IR.

Both silicon and chalcogenide glass have shown great promise
as platforms for the mid-IR, since their transparency in the mid-
IR extends to more than 8 μm for silicon and beyond 10 μm for
chalcogenide glasses. Chalcogenide glass has demonstrated many

linear and even nonlinear optical functions including broadband
supercontinuum generation (SCG) out to 13 μm [1,2]. On the
other hand, silicon offers significant advantages over many other
materials for its compatibility with electronic integrated circuit
manufacturing (CMOS) as well as extremely high material stabil-
ity and reliability. Its successes include signal processing [3], op-
tical interconnects [4,5], fundamental optical physics [6], and
quantum optical applications such as photon pair sources [7,8],
as well as uses in the shortwave IR (SWIR) band near 2.5 μm,
where the well-known problem of two-photon absorption (TPA)
prevents very high parametric gain [9,10].

However, silicon—in its common embodiment of silicon-on-
insulator (SOI)—has struggled to operate much beyond the
SWIR band (centered at 2.5 μm), despite some promising reports
of nonlinear optics out to 3.5 μm [11–14], due primarily to ab-
sorption of the silica cladding layers. Among the new platforms
proposed for the mid-IR [15,16], silicon-on-sapphire (SOS) has
attracted significant interest [17–22] because of the transparency
of the sapphire substrate to beyond 5 μm, and high-quality optical
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waveguides have been reported out to this wavelength. SOS was,
in fact, the first SOI technology to be developed and has been
used commercially for over 50 years for electronics; the excellent
insulator properties of sapphire yield low parasitic capacitance,
which makes SOS the platform of choice for high-speed electron-
ics, and in particular rf electronics [23].

The first SOS-based waveguides reported in 2010 had
propagation losses of 4.3 dB/cm at 4.5 μm [17]. This work
was soon followed by the demonstration of various devices includ-
ing ring resonators [18–20], grating couplers, and slot wave-
guides [21,22].

However, the nonlinear optical performance of SOS—critical
for many functions such as broadband spectrum generation—has
remained unproven. Indeed, the recent discovery [24–26] that
significant multiphoton absorption (three- and four-photon) ex-
ists in silicon even beyond 2.5 μm, where TPA vanishes, has raised
some doubts about silicon as a viable nonlinear optical platform
for the mid-IR.

Here, we report the first continuous octave-spanning super-
continuum, as well as the longest wavelength produced to date
in the mid-IR, in a silicon platform. We achieve this by exploiting
low-loss dispersion-engineered SOS nanowires. These results not
only firmly establish silicon, and SOS in particular, as a viable
platform for integrated nonlinear photonics in the mid-IR but
also achieve the critical milestone of continuous octave-spanning
SCG directly in silicon.

This result is a clear demonstration that the observed high-or-
der multiphoton absorption in silicon in the mid-IR does not
pose an insurmountable barrier to exploiting nonlinear effects
in this wavelength range. Furthermore, we show theoretically that
silicon is capable of generating light as far out as 8 μm [27].

2. EXPERIMENTS AND RESULTS

We designed and fabricated SOS nanowires in order to achieve
optimal dispersion (low and anomalous) at the pump wavelength
in the region where multiphoton absorption and linear propaga-
tion losses are low. The dispersion and effective index profile
along with the fundamental mode for a 2.4 μm by 0.48 μm nano-
wire is shown in Fig. 1. Although the nanowire supports a second
mode, its group velocity dispersion is quite different from that of
the fundamental mode, so intermodal coupling has a negligible
effect on the soliton fission process [28].

To minimize propagation loss, the nanowires were treated
with chemical oxidation and oxide stripping to reduce surface
roughness (see Supplement 1) [29–31]. This reduced the losses
to 1� 0.3 dB∕cm at 4 μm. The use of a relatively wide nanowire,
to obtain appropriate dispersion for soliton-based SCG, also had
the benefit of improving the mode confinement, thereby reducing
the contribution from the surface roughness to the loss. The mea-
sured loss spectrum is shown in Fig. 2, where the peak between
3.3 and 3.4 μm represents C-H absorption due to contaminants
on the nanowire surface. We note that tapered or grating couplers
were not employed to reduce end-fire coupling loss, and therefore
we incurred 9 dB/facet loss, with 20 dB total insertion loss. [18].

The SCG experiments, shown in Fig. 1, were performed
by coupling the output of a tunable optical parametric amplifier
[2], producing 320 fs wide pulses at 3.7 μm at a repetition rate
(Rp) of 20 MHz, into the TE mode of the nanowire. The output
was collimated and passed through a monochromator (see
Supplement 1) and detected with two mid-IR detectors with

different operating ranges (PbSe at 1.5–4.8 μm and MCT at
4–6.5 μm).

Figure 3(a) shows the experimentally observed output spectra
for different coupled input peak powers, from 200 W to 2.5 kW,
as well as the results of simulations [Fig. 3(b)]. The widest con-
tinuous spectrum at the −30 dB signal level is 1.53 octaves,

Fig. 1. Top: Calculated dispersion (D) and effective index (N eff ) curve
for the SOS nanowire with a cross section of 2400 nm by 480 nm
shown in inset, having zero dispersion wavelengths at 3.3 and 7.1 μm
(see Methods section). Bottom: Experimental setup. a, gold mirror; b,
Geltech BD2 chalcogenide lens, NA (= 0.85); c, chip; d, reflective micro-
scope objective, NA (= 0.5); e, beam splitter, which was replaced by gold
mirror during measurements.

Fig. 2. SOS propagation loss obtained with a low-power tunable OPA
source to avoid any nonlinear effects. The peak between 3.3 and 3.4 μm
represents C-H absorption. Error bars include uncertainty in streak
analysis, coupling coefficient, and detectivity of the detector.
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achieved with 1.82 kW input power, as shown in Table 1.
Furthermore, at −45 dB, which is still well above the noise floor,
light is generated beyond 6 μm. (Note that the slight offset of the
noise floor at the short and long wavelength edges was due to
dissimilar noise levels of the two detectors, arising from their dif-
ferent active areas.) We also measured the nonlinear transmission,
shown in Fig. 4, since this is expected to be appreciable at such
high peak intensities in this wavelength range [24]. The observed
trend is similar to that reported for SOI waveguides [24], with the
onset of nonlinear loss occurring near 1 GW∕cm2 and strong sat-
uration of the transmission occurring near 10 GW∕cm2. The
maximum fluence reached was just over 0.04 J∕cm2—well under
the damage threshold of silicon, and thus no input facet damage
was observed, unlike in SOI [24,32,33]. The experimental results
are in reasonable agreement with modeling using the absorption

coefficients from [24], suggesting that four-photon absorption
(4PA) is the main cause of the nonlinear reduction in transmis-
sion. The slight discrepancy could be accounted for by the
uncertainty in free carrier absorption due to variation in the free
carrier lifetime from nanowire surface effects and defects at the
silicon–sapphire interface.

3. NUMERICAL MODELING AND DISCUSSION

To model the SCG, we use the nonlinear Schrödinger equation:
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Here, E is the electric field envelope, α�ω� is the linear propaga-
tion loss, Aeff � j R �E ×H�� · ẑdAj2∕ R j�E ×H�� · ẑj2dA [34]
is the effective mode area at the pump wavelength, βm is the
mth dispersion order, and R�t� includes instantaneous electronic
and delayed Raman responses (negligible in silicon); σ��
8.26 × 10−21 m2�, μ�� 3.16�, and Nc , where
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are free carrier parameters, and γ4pa is the 4PA coefficient [24,25].
For such a broad supercontinuum, the frequency dependence
of the nonlinearity parameter γ�ω� is accounted for by
γ 0�ω0�
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1
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∂ω , where ∂n2
∂ω is negligible for silicon

in the operating wavelength range and the last term is
−2 × 10−15 s [35].

Since the signal generation is prominent in the region where
three-photon absorption is dominant (2.2–3.2 μm), we included
its frequency dependence, denoted by 3pa�ω�. Here, 3pa�ω� �
3pa�ω0� � i3pa 0 ∂∂t , where 3pa�ω0� is zero and 3pa 0 �
1

2A2
eff

�
∂γ3pa
∂ω −

γ3pa
Aeff
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∂ω

�
, where the last term is zero as γ3pa at ω0

is negligible, and ∂γ3pa
∂ω is 7 × 10−42 m3 sW−2.

Table 1. Supercontinuum Results

Coupled Power (kW)
Spectral Output Range (μm),

at −30 dB
Octaves

2.5 2–5.56 1.47
1.82 1.9–5.5 1.53
1.06 2–5.12 1.31
0.52 2.12–4.62 1.12
0.2 2.86–4.2 0.55

Simulation

(b)

(a)

Fig. 3. (a) Experimental data with input peak power ranging from
200 W to 2.5 kW and (b) simulation results. Here, the pump corre-
sponds to 7 W.

(a) (b)

(c) (d)

Fig. 4. Transmission versus coupled intensity at the input of a 5 μm
by 0.5 μm SOS waveguide. (a)–(d) Experimental and calculated trans-
mission at (a) 3.5 μm, (b) 3.7 μm, (c) 3.9 μm, and (d) 4.1 μm. Error bars
include uncertainty in coupling coefficient, detectivity, calibration, and
nonlinear power response error of the detector.
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We neglected any nonlinear contribution from sapphire, be-
cause only 13% of the total power of the pump wave was propa-
gating in the substrate and sapphire’s Kerr index (n2) is much
smaller than silicon [36]. The higher linear losses on the short
wavelength side in Fig. 2 are accounted for by the frequency-
dependent loss parameter, α�ω� � α�ω0� � ∂α∕∂ω�ω − ω0�,
causing less than 2 dB signal reduction due to the continuous
feedback from the pump into the dispersive wave following
soliton fission [shown in Fig. 5(b)]. We used 320 fs pulses with
peak power levels consistent with the experiment, with waveguide
parameter α�ω0� � 1 dB∕cm, Aeff � 1.15 μm2, and n2 �
6 × 10−5 cm2∕GW [24].

The spectral broadening shown in Fig. 3 is chiefly governed by
higher-order soliton propagation, which broadens the spectrum
around the pump wavelength via the soliton fission process
[35], while at the same time generating phase-matched dispersive
waves in the normal dispersion region below 3.3 μm [37,38]. The
dispersive waves were phase matched with the soliton waves gen-
erated with 3.7 μm pump, satisfying

P∞
m�2

βm�ωs�
m! Ωm

d � 1
2 γPs,

where Ωd � ωd − ωs, ωs and ωd [39] are frequencies of soliton
and dispersive waves, respectively, and Ps is the peak power of
soliton after fission. The calculated soliton fission length is 8 mm,
in agreement with Fig. 5, and the soliton number is 143 at a peak
power of 2.5 kW.

In order to investigate the dependence of the nanowire’s non-
linear response to pump wavelength over the range where the SOS
displays the combination of low linear propagation loss, lower
nonlinear transmission loss, and smaller mode area, the optical
parametric amplifier (OPA) was scanned from 3.5 to 4 μm.
Only a 5% improvement in γ was gained by tuning the pump
from 3.7 μm to over 3.5 μm.

The SCG was mainly limited by 4PA, causing high loss as well
as narrowing of the spectrum, while free carrier effects were not as
significant, since Rpτ < 0.06 and the generated carriers lagged be-
hind the pulse (unlike picosecond pulses). We note that the
gradual decline in signal at the long wavelength side (5–6 μm)
is expected regardless of nonlinear absorption (as confirmed by
turning off the 4PA component in the modeling [35]) or attenu-
ation due to the intrinsic multiphoton edge of sapphire in the
mid-IR [15,40]. With further improvement in the design, it
would be possible to exploit the long wavelength dispersive wave,

as we demonstrate below. In addition, the calculated degree of
first-order spectral coherence jg �1�12 j > 0.5 was obtained from
3.6 to 4.7 μm, which can be improved with shorter input pulses
and waveguide [41].

The residual discrepancy between theory and experiment be-
low 2.25 μm can be attributed to fabrication uncertainty in the
nanowire dimensions. This has a strong effect on the dispersion
profile, which in turn can substantially change the soliton dynam-
ics that affect phase matching for the dispersive waves. Including
other effects such as input pulse chirp and the frequency depend-
ence of both n2 and Aeff in the model did not produce any sig-
nificant spectral shift and can be ruled out as a possible source of
the discrepancy. The mismatch in signal drop <3.2 μm could be
due to uncertainty in high propagation losses at shorter wave-
lengths (Fig. 2), water, and C-H absorption. At low power, how-
ever, uncertainty in the coupled peak power may be responsible
for the discrepancy.

To determine the sensitivity of the dispersion parameters to
variations in the nanowire dimensions, we calculated them [β2,
β3, and zero dispersion wavelength (ZDW) for the first zero
of β2 ] for various heights and widths for TE polarization. Figure 6
shows the results, where we observed a large shift of 0.8 μm in the
ZDW for a change in height of only 20 nm, which was the differ-
ence between the measured height of our nanowire and the de-
signed 500 nm. Moreover, the analysis illustrates a slightly
nonlinear dependence of the ZDW on nanowire width, sug-
gesting that a tighter tolerance is expected for any variation in
height. For example, a single-mode nanowire operating at a pump
wavelength of 3.7 μm would experience a shift of 400 nm in
ZDW from just a 2% change in height compared to a 25%
change in the width. This is because the aspect ratio of mid-IR
nanowires tends to be higher than those designed for the near-IR
[42]. Hence, slight variations in height can change the mode con-
finement significantly. As a result, a high precision in fabrication is
required, particularly in height, for nonlinear processes such as
SCG in high index contrast mid-IR waveguides.

In this work the supercontinuum-generated spectrum
covered over 60% of silicon’s transparency window. To access

Fig. 5. Simulated (a) temporal evolution and (b) spectral evolution
along the waveguide at a peak power of 2.5 kW.

(a)

(b)

(c)

Fig. 6. Calculation of the dependence of SOS dispersion on nanowire
dimension. Here, the width is varied from 2.4 μm for a constant height of
500 nm, while the height is varied from 500 nm for a constant width of
2.4 μm. (a) β2, (b) β3 (at 3.7 μm), and (c) ZDW dependence on width
and height variations.
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the remaining long wavelength region, one would need to exploit
dispersive waves, just as in the short wavelength side (below
3.5 μm) in Fig. 3. In Fig. 7 we show one of the possible structures
of a suspended silicon rib nanowire designed to avoid any sub-
strate-related multiphonon losses, which has flat dispersion over
a 1 μm range with the second ZDW around 5 μm.

We modeled SCG in a 1.6 cm long suspended nanowire with a
coupled peak power of 1 kW at 4 μm (to minimize multiphoton
absorption) with a 320 fs pulse. To include the linear propagation
loss for a suspended structure, we used a conservative estimate of
4 dB/cm based on [43]. The generated spectrum, with a disper-
sive wave beyond 6 μm, is shown in Fig. 7. Nevertheless, no signal
was observed for wavelengths shorter than the first ZDW. This
could be due to the extreme sensitivity of phase matching for the
dispersive waves on the nanowire dimensions (shown in Fig. 6).

Although suspended structures avoid substrate-related absorp-
tion, they tend to be fragile. Thus an SOS based pillar waveguide
can be employed to confine modes away from the substrate while
achieving a flat dispersion across a wide bandwidth [44].
Additionally, further improvement in epitaxial growth methods
would minimize the near-IR linear losses (by reducing lattice mis-
match effects (e.g., dislocations) at the silicon and sapphire inter-
face [45]). This should enable SCG coverage over the full
transparency of silicon with a single nanowire.

4. CONCLUSION

In conclusion, we demonstrate continuous octave-spanning SCG
in a silicon nanowire, covering the mid-IR wavelength range of
2–6 μm. This was achieved by pumping the dispersion-
engineered SOS nanowire in the low linear and nonlinear loss
mid-IR region. Theoretical calculations show that, in principle,
spectral generation via SCG to beyond 8 μm is possible in silicon.
This work opens the door for many new applications for CMOS-
compatible silicon-based on-chip photonic signal processing,
sensing, and broadband spectral emission in the mid-IR for a wide
range of applications.

Funding. ARC, Laureate Fellowship (FL120100029);
CUDOS (CE110001018); Discovery Early Career Researcher
Award (DE130101033); Marie-Curie FP7 REA grant (PCIG-
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