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mirror, and red photons (650−800 nm) emitted from NV
centers are collected and analyzed after passing through a
dichroic mirror (DM) and long-pass filters. Our detection path
is split into two arms, one of which is always fixed at the
excitation spot (C1) while the second arm can be scanned

independently (C2). The latter allows us to spatially separate
excitation and collection positions. First, we scan the sample to
obtain an emission image of the device using C1. Figure 1c
(right) shows a scan of the photon collection position over the
ring in C2 (yellow circle) while constantly exciting with the

Figure 1. (a) Fabrication schematic used to make ring resonators is as follows: First, we thin a diamond slab via an oxygen based reactive ion etch
(RIE). Next, we use e-beam lithography to define the devices in e-beam resist. Finally, we transfer the mask into the thinned diamond slab using RIE.
Residual resist is not removed from devices during characterization. Optically active defect centers are indicated in red. (b) The SEM image shows
diamond ring resonators on SiO2/Si with varying radii. Inset: Higher-magnification image of two ring resonators with smooth sidewalls. (c)
Schematic of a two collection arm confocal microscope. Having obtained a scan of the device using collection arm C1 we fix the green pump beam
(red circle) and use collection arm C2 to obtain a second scan and collect photons from a different position at the ring resonator (yellow circle). The
yellow circle also marks the collection position while taking spectra. (d) The photoluminescence spectrum features peaks that correspond to the
modes of the resonator. Inset: A Q-factor of (12.6 ± 1) × 103 is obtained by fitting the experimental data (red).

Figure 2. (a) SEM image of a single mode ring resonator coupled to a waveguide containing second order gratings on both ends. The ring diameter
is 5 μm and its width is 245 nm. The gap between the waveguide and the ring is 100 nm, while the waveguide itself has a width of 370 nm. The
device is sitting on a SiO2/Si substrate. Inset: Magnified image of the grating region. (b) The transmission spectrum is obtained by exciting the
structure with white light (from supercontinuum source) using the right-hand side grating and measuring transmitted signal using the left-hand side
grating. The dips in the transmission correspond to the ring resonator modes.

Nano Letters Letter

dx.doi.org/10.1021/nl204449n | Nano Lett. 2012, 12, 1578−15821579

Diamond!

CMOS-compatible multiple-wavelength oscillator
for on-chip optical interconnects
Jacob S. Levy1†, Alexander Gondarenko1†, Mark A. Foster2, Amy C. Turner-Foster1, Alexander L. Gaeta2

and Michal Lipson1*

Silicon photonics enables the fabrication of on-chip, ultrahigh-
bandwidth optical networks that are critical for the future of
microelectronics1–3. Several optical components necessary for
implementing a wavelength division multiplexing network
have been demonstrated in silicon. However, a fully integrated
multiple-wavelength source capable of driving such a network
has not yet been realized. Optical amplification, a necessary
component for lasing, has been achieved on-chip through
stimulated Raman scattering4,5, parametric mixing6 and by
silicon nanocrystals7 or nanopatterned silicon8. Losses in
most of these structures have prevented oscillation. Raman
oscillators have been demonstrated9–11, but with a narrow
gain bandwidth that is insufficient for wavelength division
multiplexing. Here, we demonstrate the first monolithically
integrated CMOS-compatible source by creating an optical
parametric oscillator formed by a silicon nitride ring resonator
on silicon. The device can generate more than 100 new wave-
lengths with operating powers below 50 mW. This source can
form the backbone of a high-bandwidth optical network on a
microelectronic chip.

As in lasing, optical parametric oscillation occurs when the
roundtrip parametric gain exceeds the loss in a cavity. Four-wave
mixing (FWM), a third-order nonlinear parametric process,
occurs when two pump photons are converted into a signal
photon and an idler photon, conserving energy in the process.
The efficiency of FWM depends on the pump intensity, the wave-
guide nonlinearity and interaction length, and the degree of phase
mismatch. Phase matching allows the generated light to add up con-
structively along the length of the waveguide and has been demon-
strated in integrated photonic circuits with a suitable choice of
waveguide dimensions6,12,13. In addition to phase matching, achiev-
ing parametric gain requires a relatively high optical intensity and
long interaction length. By using an optical resonator with a high-
quality factor (Q), the power requirement and device footprint
can be reduced due to the enhancement of the photon lifetime
and optical field14–16 that occurs when all the interacting waves are
on cavity resonances. Because the FWM wavelengths are strictly
determined by energy conservation, achieving phase matching in
a microresonator allows the cavity resonances to coincide with the
generated FWM wavelengths by yielding an equally spaced distri-
bution of resonant modes in terms of energy. Appropriate design
of the ring-waveguide cross-section allows the dispersion to be tai-
lored12–14, thereby enabling this constant mode spacing. When a
pump laser is tuned to a cavity resonance (Fig. 1a), the device is
capable of generating simultaneous parametric oscillations at
numerous wavelengths. High-Q CaF2 toroidal resonators17 and
silica microtoroids18 and microspheres19 have shown parametric
oscillation based on degenerate FWM in cavities. More recently,

works in silica20 and CaF2 resonators
21 have demonstrated cascaded

frequency generation by means of non-degenerate FWM of the
cavity modes. However, because these materials have low nonlinea-
rities, the Q necessary for operation is extremely high. As a result,
these devices are sensitive to perturbations and not conducive to
on-chip integration, because operation requires a purged N2
environment and delicate tapered-fibre coupling.

Silicon nitride, the material of choice here for demonstrating an
on-chip optical parametric oscillator (OPO), has recently been shown
to have a nonlinear refractive index, n2¼ 2.5! 10215 cm2 W21,
about an order of magnitude larger than silica22. Silicon nitride is a
CMOS-compatible material with a linear refractive index of 1.98 at
1,550 nm and, due to its larger bandgap, does not suffer from two-
photon absorption and the concomitant free-carrier absorption that
plague silicon at communications wavelengths. Deposited silicon
nitride films have yielded waveguides with low losses in both the
visible23,24 and infrared25,26 regimes. Until recently, the thickness of
low-loss silicon nitride waveguides had been restricted to less than
250 nm due to tensile stress25 in the nitride film. Such thin films
are poor for nonlinear optics because the waveguide mode is

10 µm
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Figure 1 | On-chip optical parametric oscillator. a, A single pump laser
tuned to the resonance of an integrated silicon nitride microring allows the
generation of numerous narrow linewidth sources at precisely defined
wavelengths. This device can dramatically increase the bandwidth of chip-
scale communications by encoding information in parallel on these new
wavelength channels. b, A scanning electron micrograph of a silicon nitride
microring resonator coupled to a bus waveguide.
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Absorption edge: 400 nm 
Low two-photon absorption: > 800 nm!
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4. Experimental and simulation results

Figure 2 shows measured and simulated spectra for a 900-nm wide anatase TiO2 waveguide

using a 170-fs pulse at λ0 = 1565 nm. We present the extracted nonlinear parameters in Table 2.

Comparing the lowest and highest energies, we observe broadening by a factor of 3.8, measured

−15 dB below the peak. We observe a reasonably good fit for pulse energies up to 229 pJ, while

the modulation of the peak at 443 pJ is stronger experimentally than in our simulations.
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Fig. 2. Measured (thick) and simulated (thin) spectral broadening for a 900-nm wide

polycrystalline-anatase TiO2 waveguide at λ0 = 1565 nm at incident energies from 29 pJ

to 443 pJ. As the energy is increased, oscillatory features appear in the central peak and a

secondary peak around 1600 nm emerges for energies greater than 120 pJ.

We observe two distinct features in the 1565-nm data. First, we see a rounding of the central

peak for energies of 172–229 pJ (corresponding to a 3/4- π nonlinear phase shift in the sim-

ulation) followed by an M-shaped oscillatory structure for 443 pJ. This structure corresponds

to a π phase shift in the simulation and is a result of self-phase modulation. Second, we ob-

serve an additional asymmetric peak around 1600 nm for a pulse energy of 120 pJ. This peak

corresponds to an energy difference of 140 cm
−1

from the 1565 nm peak and is similar to

the 144 cm
−1

Raman shift in anatase [44]. Therefore, we fix τ1 to 37 fs to correspond to 144

cm
−1

. Additionally, the peak red shifts with higher pulse energies, an effect which becomes

strongly pronounced at 443 pJ. Setting fR to zero in the simulation turns off SRS and removes

the asymmetric peak while retaining the dominant features in the central peak.

Table 2. Nonlinear optical parameters determined from fitting simulation to experimental

data (Figs. 2 and 3). We estimate an uncertainty of ± 20% for 1565 nm. Parameters around

794 nm should be considered order of magnitude estimates. Parameters with asterisks were

not fit.

λ0

(nm)

γ
(W

−1
m

−1
)

n2

(m
2
/W)

α2

(m/W)

τ1

(fs)

τ2

(ps)
fR

1565 1.5 0.16×10
−18

0 37* 1.4 0.18

794 79 1.6×10
−18

7×10
−12

37* 0.4 0.64
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Extracted nonlinear parameters!

λ! n2! equiv.!

1565 nm! 0.16 × 10-18 m2/W! 5 x silica!

794 nm! 1.6 × 10-18 m2/W! 50 x silica!

Kerr index!
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Extracted nonlinear parameters!

Raman gain coefficient!

6.6 × 10-12 m/W! 130 x silica!
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•  Titanium dioxide is a cheap, abundant, non-toxic material 
with attractive properties.!

•  Promising platform for visible photonics.!

•  Nonlinear optics (spectral broadening, third harmonic 
generation) in the visible regime.!
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