High confinement micron-scale silicon nitride
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Abstract: We demonstrate high confinement, low-loss silicon nitride ring
resonators with intrinsic quality factor (Q) of 3*10° operating in the
telecommunication C-band. We measure the scattering and absorption
losses to be below 0.065dB/cm and 0.055dB/cm, respectively.
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Silicon nitride (Si3N,) is a promising material for a waveguide platform due to its low
nonlinearity [1] and its transparency in both the visible and infrared spectrum [2—4]. To date
silicon nitride waveguides have not been widely employed for propagation at the infrared due
to the high tensile stress which limits the thickness of low pressure chemical vapor deposited
(LPCVD) SisN, films to around 250 nm [5-8]. The small film thickness limits the lowest loss
modes to quasi-TE (electric field polarized in the substrate plane) which are poorly confined
in the nitride and have a very small effective mode index (n.) < 1.6. Highly delocalized
waveguides in the C-band have demonstrated losses as low as 0.1 dB/cm [9] and rings, with
diameters as large as several mm, have been shown with quality factors as high as 2.4%10°
[10]. In the visible spectrum, Adibi et al. demonstrated structures with Q’s over 4%10° at
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wavelength of 655 nm [11]. Plasma enhanced chemical vapor deposition (PECVD) has been
recently optimized to deposit Si,Ny nitride films at low temperature (400°C) with losses
below 1 dB/cm at wavelength of 532nm [12].

We demonstrate a method based on temperature cycling and annealing for fabricating low
loss Siz;N, waveguides with highly confined optical modes. We achieve losses down to 0.12
dB/cm and intrinsic Q’s up to 3,000,000 in single mode ring resonators (Fig. 1). We
successfully deposited films up to 744nm in thickness. This thickness, sufficient for the high
confinement waveguides used here does not appear to be an absolute limit. A single mode
waveguide at this thickness is strongly confined, with an effective index reaching ~1.75 for
both TE and TM (compared to the bulk material index ~2.0).

We fabricate our devices on thermally oxidized silicon wafers. Stoichiometric silicon
nitride is deposited in an LPCVD oven at 800°C and 0.1 mTorr. To deposit thick films we
cycle the temperature in the deposition process. Layers over 400 nm thick are deposited in
multiple steps, allowing wafers to cool to room temperature in between depositions. MaN
2403 e-beam resist is used for patterning with a JEOL 9300 E-beam system. We use a post
exposure bake for 5 minutes at 145°C to reflow the resist surface and reduce sidewall
roughness. During the reflow the top surface of resist shrinks by ~1-10% depending on the
resist thickness while the bottom surface remains attached to the nitride and does not change
size. An inductively coupled plasma reactive ion etcher (ICP RIE), Oxford 100, is used to
etch the devices with a CHF;/O, chemistry. Note that etching a 4” wafer with a thickness
greater than 400nm requires a pause of the etching process, and the etching of the nitride from
the back of the wafer in order to ensure that the thick nitride layer on the backside does not
cause excessive stress and break the wafer. Devices are annealed at 1200°C for 20 min in
oxygen atmosphere at 1 atm and then in a nitrogen atmosphere for 3 hours. Annealed devices
are clad with 460 nm of high temperature silicon dioxide (HTO) deposited at 800°C at 0.2
mTorr. A final silicon dioxide cladding was deposited using a PECVD tool.
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Fig. 1. Transmission spectrum of multiple 40 pm diameter rings coupled to a waveguide. Inset,
high resolution spectrum of a 1.5%10° coupled Q ring, 5.4*10° intrinsic Q, 0.065 dB/cm loss in
ring.
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Inserted scattering defects
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Fig. 2. (a) A series of ring resonators coupled to a single waveguide. The resonators have
slightly different radii to distinguish their transmission spectra. (b) SEM micrograph of
scattering defects (vertical bars) across a ring resonator inserted to separately measure
scattering and absorption losses.

We fabricate multiple ring resonators with radii of ~20 um, height 644 nm, and width of
900 nm coupled to a bus waveguide of the same dimensions. The devices are clad on top and
bottom with 4 microns of silicon dioxide. The circumferences of each ring in the series of
resonators varies by 80nm to distinguish their resonances. Each ring has from 0 to 8 defects
introduced, Fig. 2(b), to increase scattering losses and reduce the Q. The waveguides were
terminated with tapers to improve coupling light to fiber [13]. The difference between TE and
TM effective indices was ~0.03 and minor field component in both polarizations was <10% of
the major field component. The rectangular cross section was chosen to minimize coupling
between the polarizations. The measurement of transmission spectrum of the waveguide
coupled rings showed distinct TE and TM resonances with high (>20dB) extinction for both,
ensuring polarization stability.

In order to accurately distinguish between scattering and absorption losses, we introduce
carefully engineered defects in the cavities and use Borselli’s method [14] to extract linear
absorption and scattering coefficients from the optical cavity spectrum. The method consists
of measuring the shift of the cavity resonance as a function of the input power coupled into
the ring, Fig. 3. The red shift is caused by the temperature increase in the cavity. The
temperature change is only dependent on the absorption coefficient (and not on the
scattering). The resonance shift as a function of the input power is measured for several rings
with different intrinsic quality factors to accurately calculate contributions from different loss
mechanisms. The quality factor determines the degree of built up energy in the ring, and
therefore the dependence of the resonance shift with the input power.
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Transmission spectrum at different powers
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Fig. 3. Shift in the transmission spectra of a waveguide coupled ring with increasing coupled
power. Input laser power heats the ring, causing an increase in the refractive index and in turn
shifts in the resonance spectrum. The laser power is not sufficient to cause nonlinear absorption
hence the Q of the ring does not change, as is evident by the constant extinction ratio across all
coupled powers.

We measure the Q of rings with different number of artificial defects and from the
difference between Q’s find that each scatterer contributes 0.15 + 0.05dB/cm of attenuation in
the ring. Figure 3 shows the red shift of the resonances for one of the rings without defects.
The slight asymmetry of the resonance at high input power is due to the bistability, typical of
high Q rings. Figure 4 shows the extracted resonance shift from plots such as Fig. 3 for rings
with different number of defects. The resonance shift shows strong linear dependence on the
coupled power indicating low nonlinearities (Fig. 4). Quadratic fit of resonance shift to power
dropped indicates nonlinear losses were 2% of total losses in the cavity. We measure coupled
Q for a ring without scatterers to be 244,000 with 70% transmission on resonance
corresponding to intrinsic Q of 3,000,000 [15] and an intrinsic attenuation coefficient of
0.12dB/cm.

Resonant wavelength power dependence
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Fig. 4. Shift of ring resonance at different coupled power. Rings with scattering defects absorb
less of the coupled power and hence have small resonance shift.
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We estimate the scattering and absorption losses to be below 0.065dB/cm and
0.055dB/cm, respectively. These losses are extracted from the resonance shift dependence on
the power dropped by the ring, P,, given by AA(P,)=C(y,/y,)P,, where C is the thermal

coefficient of the effective index of the waveguide, (y,/y,)P, is the fraction of dropped

power absorbed by the material in the cavity, y, is the absorption loss coefficient, and y, is

a

the total loss coefficient in the cavity. The total loss coefficient is the sum of all
lossesy, =y, +y,+y,, where y , is the loss due to scattering and y, is the unloading loss

from the ring to the bus waveguide calculated from the measured low power transmission
lorentzian line shape [14,15]. The shift over power ratio AA(P,)/P,=C(y,/y,)=S 1is

extracted from Fig. 4 for the different rings. The thermal coefficient C = 0.01 pm/uW is
extracted from resonance shifts nonlinear dependence on dropped power by fitting a quadratic
dependence of resonance shift on P,. The absorption loss coefficient, y,, is then found by

extracting y, for each ring.

The demonstrated silicon nitride devices in this work have the lowest loss and highest
confinement to our knowledge in the near infrared spectrum. We achieve low losses utilizing
resist reflow, temperature cycled deposition, and etch optimization in our process flow. The
temperature cycling allows us to overcome the nitride stress limit and deposit thick films,
enabling the fabrication of high confinement waveguides. The low loss and high confinement
are applicable for low power, dense on chip integration.
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