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Abstract: We demonstrate second- and third-harmonic generation in a
centrosymmetric CMOS-compatible material using ring resonators and
integrated optical waveguides. The x® response is induced by using the
nanoscale structure of the waveguide to break the bulk symmetry of silicon
nitride (SisN,) with the silicon dioxide (SiO,) cladding. Using a high-Q ring
resonator cavity to enhance the efficiency of the process, we detect the
second-harmonic output in the visible wavelength range with milliwatt
input powers at telecom wavelengths. We also observe third-harmonic
generation from the intrinsic »® susceptibility of the silicon nitride. Phase
matching of the harmonic processes occurs due to the near coincidence of
indices of refraction of the fundamental mode at the pump frequency and
the corresponding higher-order modes of the harmonic fields.
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1. Introduction

The emerging field of silicon photonics seeks to unify the high bandwidth of optical
communications with complementary metal-oxide-semiconductor (CMOS) microelectronic
circuits. Many components have been demonstrated for on-chip optical communications,
including those that utilize the nonlinear optical properties of silicon [1, 2], silicon dioxide [3,
4] and silicon nitride [5, 6]. Processes such as second harmonic (SH) generation, enabled by
the second-order susceptibility, have not been developed in integrated optics since the bulk
x(z) vanishes in these centrosymmetric materials. Generating the lowest-order nonlinearity
enables a new array of CMOS-compatible optical devices capable of nonlinear functionalities
such as electro-optic modulation, sum frequency up-conversion, and difference frequency
generation.

Silicon nitride (SisNg4) is a centrosymmetric, CMOS compatible material shown to be
useful for integrated optics and to possess interesting nonlinear properties [5-7]. In this study
we induce a XZ) response utilizing the interface between two centrosymmetric materials, the
SizN,4 core and the silicon dioxide (SiO,) cladding. The waveguide interface breaks the bulk
symmetry and a second-order nonlinear response can arise [8-11] from the asymmetric dipole
potential formed at the surfaces. Previously, detecting the second harmonic wave from a
reflected interface has been used for monitoring surface properties, even in centrosymmetric
materials [9, 11], however no CMOS-compatible integrated devices have shown guided SH.
Previous studies of SHG from the interface of thin film Bragg reflectors using various
compositions of amorphous silicon nitride to form microcavities have shown resonant
enhancement of the surface effect [12]. Additionally, it was shown that making the cavities
doubly resonant, at both pump and harmonic wavelength, further increases the efficiency [13].
In this work we demonstrate for the first time in-plane and guided generation of the harmonic
wave coupled from the doubly resonant cavity to an integrated waveguide, as opposed to
simply observing the surface reflection effect with an out of plane configuration. Unlike
previous work in the area, we are able to quantify the strength of the nonlinearity and
conversion efficiency for our device; we generate significant power at the SH wavelengths
compared to previous measurements which only report relative intensities with no absolute
scale. Utilizing the intrinsic ¥ of SizN,, we also measure the generated third-harmonic (TH)
in the integrated cavities. Previously silica microtoroids on silicon [4] and silicon photonic
crystals [2] have demonstrated TH, but this is the first demonstration to our knowledge of in-
plane coupling of the generated light.

2. Design

We are able to effectively generate SH light by careful design of waveguide dimensions of a
device based on recently demonstrated SisN, ring resonators with both high Q and high modal
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confinement [14]. Integrated ring resonators enhance the efficiency of nonlinear interactions
[5, 15, 16] due to the large power build-up in the ring. We design silicon nitride ring
resonators to be resonant at both fundamental and SH frequencies with the same fabrication
process previously described [5, 14]. The ring resonator (Fig. 1(a)) used in this experiment
has a radius of 116 um and a coupling gap of 350 nm between the ring and the bus
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Fig. 1. Design of a silicon nitride ring resonator for second-harmonic generation. (a) A
scanning electron micrograph image of a typical silicon-nitride ring microresonator. (b) The

solid blue line represents the effective index of the fundamental quasi-TE mode at the IR pump

as a function of wavelength for a waveguide with cross-sectional dimensions of 725x1500 nm.

The dashed red lines represent the effective indices for modes of the corresponding SH
wavelengths. The sixth-order mode of the SH (solid red) has a crossing with the blue line
indicating a point of phase-matching.

Efficient SHG is possible by satisfying the phase-matching condition of matching the
effective index of the fundamental waveguide mode in the IR to a higher order mode in the
visible range. This method has previously been suggested for phase-matched third-harmonic
generation in SiO,, in both microtoroids [4] and microstructured fibers [17, 18]. In order to
determine which mode is best phase-matched, we use a finite difference method mode solver
to calculate the effective index for both the pump and SH frequencies. This calculation solves
for the effective refractive index for a waveguide bending with a radius equivalent to that of
the fabricated ring resonator. By solving for the effective index instead of a centrosymmetric
cavity mode, we are able to fully take into account material dispersion and track the phase-
matching for a continuum of wavelengths. Figure 1(b), shows a plot of the effective index
against wavelength for the first 8 modes of the waveguide at the SH wavelength and the
fundamental mode at the pump wavelength. Since the phase-matching condition is satisfied
when the effective index at the pump and corresponding SH wavelengths are equal, crossing
points between the blue and red lines are perfectly phase-matched for the corresponding
wavelength pair and mode number. As the plot shows, we have a phase-matching point near
our experimental pump wavelength with the 6th transverse waveguide mode at the SH
wavelength.

3. Experimental results
3.1 Second-harmonic conversion

We measure the SH wavelength in the waveguide coupled to the resonator for input pump
powers as low as 3 mW. A tunable diode laser is amplified using an erbium-doped fiber
amplifier and coupled to the waveguide using a tapered lensed fiber. We use a polarization
controller to launch light in the fundamental quasi-TE mode of the waveguide. The pump
wavelength Ap is tuned into the resonance of the ring cavity near 1554 nm and, with suitable
power levels, we are able to observe generation of the second harmonic (Fig. 2(a)). We use a
spectrometer to measure the wavelength of the visible emitted light. Figure 2(b) shows the
output with the generated SH wavelength Asy measured to be 777.1 nm which, as expected, is
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Jpl2. Since only the SH wavelength is detected, we conclude we are not generating broadband
photoluminescence which has been previously described in silicon nitride [19, 20]. To
measure the power of the SH, both the IR pump and the visible signal are collected into an
optical spectrum analyzer (OSA). The powers measured by the OSA are corrected to the
absolute power values coming out of the waveguide, taking into consideration the coupling
efficiencies from the waveguide to the fiber and to the OSA for both pump and SH
wavelengths, respectively. The OSA confirms the wavelength measurement for both the pump
and SH. We observe a maximum conversion efficiency of —35 dB with 100 pwW of SH
generated for a pump of 315 mW. At increased pump powers, the ring’s resonance
experiences a thermal shift which prevents efficient coupling from the waveguide to the
resonator.
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Fig. 2. The visible and spectral output from the generated SH light. (a). Top view visible CCD
camera image of the microresonator generating red light. IR light, invisible to this camera, is
launched from the left and couples into the ring. The power builds-up in the ring generating SH
which couples back into the waveguide propagating out to the right. (b) The output from the
waveguide, pumped at 1554.2 nm, is collected into an optical spectrometer. The visible emitted

light occurs only at the expected SH wavelength

3.2 Modal profile image

The captured mode image of the waveguide output (Fig. 3) corresponds well to the simulated
mode profile for the 6th order SH mode which optimizes the phase-matching condition. Since
the ring and bus waveguide cross-sections are identical, we expect the same-order mode
generated in the ring resonator to couple to the waveguide. To effectively image the mode, we
polish away the nanotapers [21], used to increase coupling efficiency, at the output of the
waveguide. We collect the output light with a high NA objective to focus the image on a CCD
camera. There are three distinct lobes in the mode showing a good match with the simulated
mode.
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(b)

Fig. 3. Modal cross-section profiles for phase-mathched SH generation. (a) The simulated
cross-section mode profile for the sixth-order mode of our waveguide at 777.1 nm. (b) The
captured mode image of the visible emission from our waveguide showing good agreement
with the simulated mode profile.

3.3 Third-harmonic generation

In addition to SH, we also observe third-harmonic generation in the ring resonators as shown
in Fig. 4(a). The intrinsic »® nonlinearity of the silicon nitride induces the third order process
in which three pump photons generate a single photon at the third-harmonic frequency.
Efficient THG requires meeting the same phase-matching condition as SHG: the effective
index of the pump must equal the effective index at the TH wavelength. By performing
similar simulations as before we find the fundamental mode of the pump is closest in
refractive index to the 18th order mode at the third-harmonic wavelength.
(a) : ]
¥

(b) I I I I I I I

+«— 520.1 nm

400 500 600 700 800 900 1000
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Fig. 4. Third-harmonic generation in silicon nitride resonators. (a) Top view CCD image of
waveguide coupled ring resonator generating visible TH from an IR pump tuned to the cavity
resonance. (b) Spectrometer output from the waveguide shown in (a). The monochromatic
response confirms the wavelength and that THG is occurring.

By pumping at a resonance near 1560 nm, we generate the TH and measure the light to be
exactly one third of the pump wavelength (Fig. 4). We are able to measure picowatts of output
power with for the same pump strength as used to generate SH light. This is on the same order

#146538 - $15.00 USD Received 28 Apr 2011; revised 22 May 2011; accepted 23 May 2011; published 26 May 2011
(C) 2011 OSA 6 June 2011/ Vol. 19, No. 12/ OPTICS EXPRESS 11419



as shown in a silicon photonic crystal [2], but here light is coupled and guided in the bus
waveguide as opposed to out of plane emission.

4. Analysis

We calculate the effective x® to be as large as 4 x 107 m/V from the conversion efficiency
observed in the ring. For SHG with an undepleted pump, the expected signal power may be
calculated for a given pump intensity and propagation distance by solving the coupled
amplitude equations [22]. Since we are using a resonator, the intensity of the pump and SH
are increased by the respective cavity enhancement effects of the ring. In order to accurately
model the nonlinear susceptibility, we take into account the finesse of the cavity, the
simulated modal field overlap and phase-mismatch, and the radius of the ring. The power Pg,
for second harmonic wave is then given by:

b C,.Cp (@, x“LP,)*
o 8n2n,,c’e, Al

A sinc?(AKL/2) f(A,A,),

' 2 @
o P | Imexplal/2) |
"R |eXP(jki L) -7, exp(-¢ |_/2)|
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where w, is the pump frequency, &, is the permittivity of free space, c is the speed of light in
vacuum, n; is the effective index for the modes, A; is the mode area, Ak is the phase mismatch,
L is the ring circumference and Py is the pump power in the waveguide. The modal overlap
integral between the fundamental and second-harmonic fields is accounted for by the function
f (ApAsn). Ci takes into account the circulating power in the ring [15] where x and = represent
the coupling parameters from the waveguide to the ring, o is the propagation loss in the ring
and k; is the wavenumber. We can directly measure C, from the transmission spectrum of the
pump resonance and calculate this to be approximately 156. For the SH resonance we are
unable to directly characterize the intrinsic and coupling Q’s. We estimate that Cg, is at most
C, and at least unity. From this approximation we come up with a range of potential values
for the effective ¥ 3 x 107 to 4 x 10 m/V. We believe the actual enhancement at the SH
wavelength is closer to unity than C, and therefore the effective X‘z) to be on the larger side of
the approximation range. From Eqg. (1), we see that the SH wave has a quadratic dependence
on the pump power and nonlinear susceptibility X‘Z). In order to clearly demonstrate the
theoretical square dependence of the SH process, we plot the dropped pump power against the
generated SH on a log-log scale (Fig. 5) and calculate a best fit slope of 1.9745 + 0.0225.
From the measured output power values we estimate our induced y®. The integrated high
finesse resonator in silicon nitride increases the efficiency of the SHG significantly when the
pump and SH are both resonant.
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Fig. 5. The power dependence of generated SH coupled out versus pump power dropped to the
ring. The red-dashed line with slope near 2 on the log-log plot represents the best fit line of the
experimental data and is very close to the theoretical square prediction.

The *® response in silicon nitride has been previously examined [5-7] by quantifying the
nonlinear refractive index, ny, through the Kerr-shift, self-phase modulation and four-wave
mixing respectively. Like previous work involving SiO, resonators [4], we expect to see THG
with high enough circulating powers and phase-matching to higher order modes from the bulk
nonlinearity as opposed to an enhanced surface effect with the SHG. From the spectrometer
measurements taken to confirm the wavelength of the harmonic, we can measure the collected
photons over a specified integration time. From this data we calculate the collected power to
be on the order of picowatts with a maximum input power of 120 mW dropped into the ring.
Given the circulating power in the resonator, the nonlinearity of the material and the cubic
dependence of the third-harmonic power on the pump intensity, we expect much stronger
conversion efficiencies. We believe that imperfect phase-matching and the weak spatial
overlap between the fundamental and third-harmonic modes may account for the weaker than
expected third harmonic. Therefore, our estimation of the effective »® could be a lower bound
since we assume ideal phase-matching, as suggested by our simulations, in this
approximation.

5. Conclusions

Our demonstration of guided on-chip visible light generation opens the available spectrum for
Si-based devices from the IR to the visible, increasing bandwidth and enabling potential
integration of silicon photodetectors to on-chip optical networks. We have demonstrated an
integrated coupling of both the second and third harmonics from a cavity to a waveguide for
the first time on a silicon platform. Additionally, the doubly resonant SH generation presented
here could produce squeezed states [23] of both the pump and SH frequencies for quantum
optics studies. Finally, the induced second-order nonlinearity could be used for difference
frequency generation to combine two near infrared pumps to generate a mid-infrared source
[24].
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