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We demonstrate the possibility of post-fabrication trimming of the response of nitrogen-rich silicon nitride race-
track resonators by using an ultraviolet laser. The results revealed the possibility to efficiently tune the operating
wavelength of fabricated racetrack resonators to any point within the full free spectral range. This process is much
faster than similar, previously presented methods (in the order of seconds, compared to hours). This technique
can also be applied to accurately trim the optical performance of any other silicon photonic device based on
nitrogen-rich silicon nitride.
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1. INTRODUCTION

Recently, the short-wave infrared spectral region (around 2 μm
wavelength) has emerged as a promising candidate for the reali-
zation of next-generation communication systems and sensors
[1]. The extensive research in this area is driven by the fact
that the hollow-core photonic bandgap optical fibers have
low loss (0.1 dB/km could, in theory, be reached with opti-
mized design) in the 1900–2100 nm wavelength range [2],
while the optical gain window of thulium-doped fiber ampli-
fiers resides at around 1910–2020 nm [3]. Additionally, such
systems are compatible with silicon photonics technology,
as the material loss of silicon dioxide is low at 2 μm [4–6].
Low-loss waveguides, high-speed defect photodiodes
(20 Gb/s at 2000 nm), and carrier depletion ring modulators
(20 Gb/s at 1950 nm) have all been realized in the silicon-on-
insulator (SOI) platform at short-wave infrared wave-
lengths [7–10].

The SOI platform has become mainstream in silicon pho-
tonics; however, silicon nitride (SiN) has emerged as an alter-
native, due to its promising optical properties. Silicon nitride is
a CMOS compatible material that is transparent throughout
most of the visible wavelength range (down to about
500 nm) where silicon is opaque [11]. This makes it suitable
for silicon photonic applications below 1.1 μm, such as optical
communications at 850 nm or therapeutic sensing in the visible
wavelength range [12]. Similar to SOI, the silicon nitride plat-
form, with silicon dioxide cladding, also has negligible material

absorption in the near- and mid-infrared spectral ranges up to
the wavelength of 3.7 μm, where optical losses increase due to
high material absorption in silicon dioxide [13].

SiN also possesses manufacturing flexibility with a moderate
refractive index contrast that can be conveniently tuned using
different deposition techniques. It can be either deposited
by low pressure chemical vapor deposition (LPCVD) at high
temperatures (>700°C) or by plasma-enhanced chemical vapor
deposition (PECVD) at low temperatures (<400°C). The for-
mer method allows precise control over homogeneity and
thickness, while the latter allows for the deposition of
silicon-rich or nitrogen-rich layers by adjusting the silicon-
nitrogen ratio [14–16]. For all these reasons, silicon nitride
has been successfully used for realizing low-loss waveguides
(≈0.1 dB∕m, orders of magnitude lower than that of SOI
waveguides), wavelength multiplexers, interferometers, and op-
tical filters [15,17–19]. Additionally, two-photon absorption of
SiN is negligible in the telecom bands (1.5–1.6 μm and 1.9–
2.1 μm), which makes it suitable for high frequency
combs and super-continuum generation in strip wave-
guides [20,21].

Ring/racetrack resonators are fundamental components of
silicon photonics circuits and systems. They are suitable for
a variety of applications including optical filtering [22], switch-
ing [23], modulation [24], and sensing [25]. However, these
devices are very prone to fabrication uncertainties and environ-
mental changes. This is particularly pronounced in the SOI
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platform due to its high refractive index contrast and the
high thermo-optic coefficient of silicon (dnSi∕dT � 1.86 ×
10−4 K−1). For example, a 1 nm variation in waveguide width
of an SOI-based ring can cause a 2 nm shift in the operating
wavelength [26], while the temperature sensitivity of the reso-
nant wavelength peak typically varies between 60 pm/K and
100 pm/K [27]. Therefore, both active device tuning and vari-
ous post-fabrication trimming techniques have been used to
precisely control the resonant wavelength [28–33].

Thermo-optical [34] and electro-optical [35] effects can be
used to tune the effective refractive index, but permanent trim-
ming is usually required. Passive devices are also preferred due
to the lower complexity and power consumption. This require-
ment is even more critical for more complex devices with multi-
ple resonators, for example, in channel dropping filters. In the
SOI platform, a permanent change in the resonant wavelength
can be obtained by post-fabrication ion implantation and se-
lective laser annealing. This technique has been proven success-
ful for silicon ring resonators; however, it involves an additional
fabrication step, which increases the costs and requires precise
control of the laser power used for annealing [28,36]. Another
technique involves the deposition of a photosensitive layer
(usually a polymer) on top of the waveguides. This layer is
subsequently exposed to laser radiation [37–40]. This method
can be applied to silicon and silicon nitride resonators, but it
lacks CMOS compatibility and requires an additional deposi-
tion step.

The refractive index of silicon oxide, silicon nitride, and sil-
icon oxynitride can also be modified by either e-beam or UV
irradiation [41–43]. Furthermore, UV exposure of silicon ni-
tride devices fabricated on ultra-thin SOI platform can perma-
nently reduce propagation losses, which may occur due to the
presence of electrical charge in the silicon nitride layer, origi-
nating from paramagnetic defects (dangling bonds) [44].
Haeiwa et al. presented a method for permanently tuning
the resonant wavelength of vertically coupled silicon nitride mi-
croring resonators by UV irradiation. They obtained a resonant
wavelength shift of −12.1 nm by exposing the whole ring for
24 h. This technique is similar to the one proposed here.
However, the method proposed in this paper utilizes a laser
with spot diameter of 7 μm, which makes it possible to reduce
the exposure time to a few seconds and obtain a change of
−2 × 10−2 in the refractive index of the material. This technique
is, therefore, suitable for an inline trimming process, as the de-
vices can potentially be trimmed and monitored in real time.

2. DESIGN AND FABRICATION

The resonant wavelength shift in a ring/racetrack resonator de-
pends on the mode effective index and the optical path length
at the wavelength of interest. The mode effective index at a
given temperature depends on the material refractive index,
waveguide dimensions, and operating wavelength. We have
used Lumerical Mode Solutions for simulation analysis, assum-
ing a refractive index of 1.9 for the nitrogen-rich silicon nitride
material [15].

Rib waveguides with 1 μm height, a 200 nm slab layer, and a
3 μm buried oxide layer have been used. Using 1 μm wide
waveguides, we have designed and fabricated racetrack resona-
tors with 50 μm radius, coupling length of 10 μm, and edge-to-
edge waveguide spacing of 600 nm (Fig. 1). Both resonators
with and without top oxide cladding have been simulated.
According to our simulation analysis, a Q factor of 1700
and an extinction ratio of 25 dB were obtained for racetrack
resonators with top oxide cladding, while the samples without
oxide cladding experienced Q factor of 5000 and extinction
ratio of 25 dB at 1950 nm wavelength.

Rib waveguides and racetrack resonators were fabricated on
a nitrogen-rich silicon nitride layer, grown on a 200 mm Si
wafer with 3 μm thermally grown SiO2. The SiN layer was
deposited at 350°C using NH3-free PECVD as described in
Ref. [15]. The devices were patterned using deep ultraviolet
lithography and inductively coupled plasma etching. A 1 μm
thick layer of PECVD SiO2 was finally deposited at 350°C
on top of some of the fabricated samples to serve as cladding
and to investigate the laser trimming technique with and with-
out a top oxide cladding. The gratings used to provide coupling
of light to and from the single-mode fibers used for testing were
optimized for TE polarization. They were fabricated with a
period of 1470 nm and a target duty cycle of 50%, leading
to an efficiency per grating of 42% for air-cladded devices
and 28% for oxide-cladded devices.

3. EXPERIMENTAL RESULTS

A. Setups and Procedure
The measurements were performed using a TLK-L1950R tun-
able laser centered at 1950 nm (tuning range between 1890 and
2010 nm) and a PDA10DT-EC InGaAs photodetector (0.9–
2.57 μm). The polarization of the light launched into the de-
vices was set using a polarization controller to ensure that only
TE modes were allowed to propagate. Similarly, the chips were
placed on a thermal stage to control the effect of the temper-
ature on the spectral response of the devices. The output volt-
age from the photodetector, which was connected to a fiber
coupled to the through port of the resonator, was measured.
This voltage was then converted into insertion loss, compared
to the voltage measured for a transmission through a straight
waveguide of identical length.

A technique called small spot direct ultraviolet writing
(SSDUW), shown in Fig. 2, was used for the trimming experi-
ments. This system is usually employed to write waveguides
and Bragg gratings on chips and optical fibers [45,46]. The de-
vices were exposed to a 244 nm frequency-doubled continuous-
wave argon-ion laser. The light from the laser was split into two
arms using a beam splitter and recombined and focused into a

Fig. 1. SEM image of one of the resonators.
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7 μm spot onto the sample surface. This focused Gaussian spot
contained an interference pattern (as shown as side view in
Fig. 2), which, in combination with the electro-optical modu-
lator (EOM), can be used to create Bragg gratings [47]. For
trimming, however, this feature is not desirable. Therefore,
the sample was positioned on a software-controllable air-
bearing moving stage and continuously translated underneath
the laser spot, blurring out the interference fringes. The laser
output at the sample surface was 25 mW. The fluence was set
to 40 kJ∕cm2. The translation speed of the moving stage, nec-
essary to obtain the set fluence on the sample, was automati-
cally calculated given the laser output power as input.

The racetrack resonators were exposed as shown in Fig. 3. In
this way, for each line, two arcs of 7 μmwere exposed, achieving
a total combined exposed length of 14 μm. This length is ap-
proximated, as it depends on the vertical position of the line
and the profile of the laser beam. In order to characterize a
dependence of the resonant wavelength shift on the exposed
length, four lines were written on the same resonator. The race-
track resonators were characterized after each exposure.

B. Results
The transmission spectra of unexposed and exposed racetrack
resonators (from 1 to 4 lines) are compared on Fig. 4. As it can
be seen, the resonant wavelength shift is observable in devices
both with and without a top oxide cladding. The measurements
were conducted with a 50 pm resolution. It was found that the
shift in resonant wavelength peak was linearly dependent on the
number of lines written across the resonator, and therefore, it is
dependent on the length of the racetrack that has been exposed
to the laser, as can be seen in Fig. 5. Due to an alignment error,
the fourth line was closer to the straight section, and the length
of the exposed section could be slightly larger than for the other
lines. From the linear dependence, it is possible to derive the
minimum length that needs to be exposed in order to cover a
full free spectral range (FSR) of 6.15 nm, which, in this case, is
around 106 μm (corresponding to an exposure of 8 lines). A
resonant wavelength shift of 6.95 nm has been experimentally
observed by exposing a total length of approximately 126 μm
(9 lines, at a distance of one spot size to each other), demon-
strating that it is possible to achieve this result; this implies that
the device is completely tunable with the presented technique.

A simulation analysis has been carried out to quantify the
material’s refractive index change (Fig. 6). The simulation did
not focus on precisely obtaining the same group refractive in-
dex; instead, its aim was to match the shift of the resonant
wavelength. The same shift as in the last exposure of 9 lines
was observed when, in the simulation, the refractive index
of silicon nitride in the whole racetrack was changed by
−7 × 10−3, which corresponds to a change of −6 × 10−3 in
the effective refractive index [Fig. 6(b)]. Considering
Δn∕n ∝ Lexp∕Ltot (where n is the refractive index, Δn is the
change in the refractive index, Ltot is the total length of the

Fig. 2. Setup used for small spot direct UV writing in trimming
experiments.

Fig. 3. Schematic of the device and the writing procedure.

Fig. 4. Transmission spectra of fabricated racetrack resonators for different lengths of the exposed section of the resonator. (a) Device without
oxide cladding and (b) device with oxide cladding.
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resonator, and Lexp is the portion of the total length exposed to
the laser), the refractive index of the exposed region (considered
uniform across the waveguide) changed by approximately
−2 × 10−2. It is not possible to affirm that this value corresponds
to the change in distribution of the refractive index within the
waveguide, since the mechanisms of absorption and change in
the bond configuration are not fully defined through simula-
tions or measurements. This value is, therefore, given as the
average change of the refractive index of the material. In the
simulation, the change of the refractive index was homo-
geneous through the whole thickness of the silicon nitride layer.
If the refractive index of the material changed, instead, only
near the surface, then the change would have had to be greater
to cause the same effect on the effective refractive index.

By calculating the Q factor and the extinction ratio of the
devices, it was possible to study the effect of exposure on the
insertion losses of these devices. The Q factor is around 900 for
the device without oxide, and 1100 for the device with oxide on
top. These values seem to be lower than the ones expected for
devices with such large radius and high mode confinement, and
we believe this is due to the presence of a drop port [28]. The
extinction ratio, meanwhile, was approximately 11.5 dB in the
first case (air cladding) and 12.3 dB in the second case (oxide
cladding). There is no noticeable trend in the change in the Q
factor and extinction ratio of the devices after the exposures.

Therefore, we concluded that the propagation loss was not sig-
nificantly affected by the laser trimming procedure. Losses,
however, are higher than in the simulation, and both Q factor
and extinction ratio are lower compared to the simulation. The
measured propagation loss for the silicon nitride waveguides is
around 3 dB/cm with air cladding and 1.5 dB/cm with top
oxide cladding. In general, devices with silicon dioxide cladding
appear to have lower losses and higher Q factor (and extinction
ratio). We believe that the surface roughness of the waveguide
with air cladding represents a significant contribution to the
measured loss [16]. The insertion loss tends to increase approx-
imately 0.07 dB after each exposure for the device with oxide
cladding as observable from Fig. 4(b). This might be due to an
added stress in the silicon dioxide layer. The resonant wave-
length shift, the Q factor, and the extinction ratio are compa-
rable for both chips, with and without cladding. This is due to
the transparency of silicon dioxide at the wavelength of the la-
ser (244 nm).

The mechanisms that lead to the change in the refractive
index are still to be investigated. The fact that we obtained
the same results, in terms of refractive index, for both chips
with and without top oxide cladding, implies that only the sil-
icon nitride is affected by the process. However, the slight in-
crease in optical losses of the chip cladded with oxide could also
suggest the creation of additional strain as a potential factor in

Fig. 5. Dependence of the resonant wavelength shift on the number of lines written across the racetrack. For each line, an arc length of
approximately 14 μm has been exposed. (a) Device without oxide cladding and (b) device with oxide cladding.

Fig. 6. (a) Transmission spectra of the simulated device, compared to the measured spectrum. (b) Transmission spectra obtained by simulation,
before and after changing the refractive index of silicon nitride.
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this process. As the nitrogen-rich films used for the devices
exhibit a negligible concentration of N-N and Si-Si bonds
[15], we believe that the decrease in refractive index is the result
of the UV light having enough energy to break the Si-H and,
more importantly, the N-H bonds within the film. These
bonds have dissociation energies of 3.34 eV and 4.05 eV, re-
spectively [48], which are both lower than the photon energy of
5.08 eV corresponding to a wavelength of 244 nm. The dis-
sociation of these bonds may allow the formation of new Si-
N bonds with a bond energy of 3.45 eV and the release of hy-
drogen [49,50]. This effect has been previously observed when
SiN films are subjected to thermal annealing, and it is often
associated with a slight increase of the bandgap of nitrogen-rich
films mainly due to the structural rearrangement of the bond-
ing configuration of the Si-N bonds, which results in a smaller
refractive index and in the densification of the SiN films [51].

C. Temperature Stability
The resonant wavelength shift of racetrack resonators is often af-
fected by ambient temperature fluctuations. For this reason, the
resonators with and without top oxide cladding have been char-
acterized at different temperatures (in the range of 20–60°C).
Devices without top oxide cladding experienced a resonant wave-
length shift of 22.0 pm/K, while for devices with top oxide clad-
ding a wavelength shift of 23.6 pm/K was measured (see Fig. 7).
These values were measured for an interval of wavelengths around
1955 nm. These shifts are, at least, around 30 times smaller
than the one observed after the laser writing, suggesting that
our results were not strongly affected by the temperature of
the environment.

From the shift of the resonant wavelength with temperature
(dλr∕dT ), the effective thermo-optic coefficient (dneff∕dT )
can be calculated using Eq. (1) [52]:

dλr
dT

� λr
neff

dneff
dT

� λrαsub, (1)

where αsub � 2.6 × 10−6 K−1 is the thermal expansion coeffi-
cient of the silicon substrate and λr is the resonant wavelength.

The confinement factor relates the effective refractive index
with the refractive index of the cladding materials. This rela-
tionship is also approximately valid for the derivatives in tem-
perature of the same parameters (effective thermo-optic

coefficient and thermo-optic coefficient), and it can be used
to calculate the thermo-optic coefficient of silicon nitride as
explained by Raghunathan et al. in Ref. [27]. The thermo-optic
coefficient of silicon dioxide we considered is equal to
1 × 10−5 K−1. The confinement factor has been derived from
simulation of the waveguide, and it is equal to 0.42. The
dependence of the confinement factor on the temperature
has been neglected, and it has been approximated to a constant
value. The resulting thermo-optic coefficient of silicon nitride
is 2.23 × 10−5 K−1.

4. CONCLUSION

For the first time to our knowledge, a rapid trimming technique
for nitrogen-rich silicon nitride racetrack resonators has been
proposed for applications in the mid-IR. From the results ob-
tained, it appears that it is possible to repeatedly trim the op-
erating wavelength of a racetrack resonator by a full FSR and
through a noninvasive method that involves the exposure to a
UV laser beam. Compared to what has been previously pro-
posed, this technique can be performed in a shorter time frame
(a few seconds, compared to many hours) and at room temper-
ature, making it easier to apply in practice and at a lower cost.
No additional fabrication step is required for trimming, and the
procedure does not need to be carried out in a cleanroom. Since
it does not require any additional layers (e.g., a polymer layer),
the devices maintain their CMOS compatibility.

Funding. Engineering and Physical Sciences Research
Council (EP/L00044X/1, EP/L021129/1, EP/M024539/1,
EP/N03247/1, EP/R003076/1); European Commission.

Acknowledgment. The authors acknowledge the finan-
cial support of the Engineering and Physical Sciences Research
Council (EPSRC) with the grants “Electronic-Photonic
Convergence,” “Silicon Photonics for Future Systems,”
“Quantum Integrated Nonlinear Technologies for Enabling
Stable, Scaleable, Engineered Commercial Exploitation
(QuINTESSEnCE),” “CORNERSTONE,” and “Rockley
Photonics and the University of Southampton: A Prosperity
Partnership.” This work was also supported by the Erasmus+

Fig. 7. Measured resonant wavelength shift as a function of change in the ambient temperature. (a) Device without oxide cladding and (b) device
with top oxide cladding.

Research Article Vol. 8, No. 5 / May 2020 / Photonics Research 681



program of the European Union. The dataset for this paper is
available at Ref. [53].

Disclosures. The authors declare that there are no
conflicts of interest related to this paper.

REFERENCES
1. X. Chen, M. M. Milosevic, S. Stankovic, S. Reynolds, T. Dominguez

Bucio, K. Li, D. J. Thomson, F. Y. Gardes, and G. T. Reed, “The emer-
gence of silicon photonics as a flexible technology platform,” Proc.
IEEE 106, 2101–2116 (2018).

2. P. J. Roberts, F. Couny, H. Sabert, B. J. Mangan, D. P. Williams, L.
Farr, M. W. Mason, A. Tomlinson, T. A. Birks, J. C. Knight, and P. St.J.
Russell, “Ultimate low loss of hollow-core photonic crystal fibres,”Opt.
Express 13, 236–244 (2005).

3. Z. Li, A. M. Heidt, J. M. O. Daniel, Y. Jung, S. U. Alam, and D. J.
Richardson, “Thulium-doped fiber amplifier for optical communica-
tions at 2 μm,” Opt. Express 21, 9289–9297 (2013).

4. 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).

5. G. Z. Mashanovich, M. M. Milosevic, 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).

6. M. M. Milosevic, M. Nedeljkovic, T. M. Ben Masaud, E. Jaberansary,
H. M. 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).

7. J. J. Ackert, D. J. Thomson, L. Shen, A. C. Peacock, P. E. Jessop, G.
T. Reed, G. Z. Mashanovich, and A. P. Knights, “High-speed detection
at two micrometres with monolithic silicon photodiodes,” Nat.
Photonics 9, 393–396 (2015).

8. G. T. Reed, G. Z. Mashanovich, F. Y. Gardes, M. Nedeljkovic, Y. Hu,
D. J. Thomson, K. Li, P. R. Wilson, S. W. Chen, and S. S. Hsu, “Recent
breakthroughs in carrier depletion based silicon optical modulators,”
Nanophotonics 3, 229–245 (2014).

9. D. E. Hagan and A. P. Knights, “Mechanisms for optical loss in SOI
waveguides for mid-infrared wavelengths around 2 μm,” J. Opt. 19,
025801 (2017).

10. Z. Liu, Y. Chen, Z. Li, B. Kelly, R. Phelan, J. O’Carroll, T. Bradley, J. P.
Wooler, N. V. Wheeler, A. M. Heidt, T. Richter, C. Schubert, M.
Becker, F. Poletti, M. N. Petrovich, S. Alam, D. J. Richardson, and
R. Slavík, “High-capacity directly modulated optical transmitter for
2 μm spectral region,” J. Lightwave Technol. 33, 1373–1379 (2015).

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

12. R. Hainberger, P. Muellner, E. Melnik, G. Mutinati, M. Eggeling, A.
Maese-Novo, F. Vogelbacher, J. Kraft, G. Koppitsch, G. Meinhardt,
and F. Schrank, “Silicon nitride waveguide integration platform for
medical diagnostic applications,” in Progress in Electromagnetic
Research Symposium (PIERS) (IEEE, 2016), p. 781.

13. P. T. Lin, V. Singh, L. Kimerling, and A. M. Agarwal, “Planar silicon
nitride mid-infrared devices,” Appl. Phys. Lett. 102, 251121 (2013).

14. A. Rahim, E. Ryckeboer, A. Z. Subramanian, B. Kuyken, A. Dhakal, A.
Raza, A. Hermans, M. Muneeb, Y. Li, U. Dave, P. Bienstman, and
N. L. Thomas, “Expanding the silicon photonics portfolio with silicon
nitride photonic integrated circuits,” J. Lightwave Technol. 35, 639–
649 (2017).

15. T. Dominguez Bucio, A. Z. Khokhar, C. Lacava, S. Stankovic, G. Z.
Mashanovich, P. Petropoulos, and F. Y. Gardes, “Material and optical
properties of low-temperature NH3-free PECVD SiNx layers for pho-
tonic applications,” J. Phys. D 50, 025106 (2017).

16. T. D. Bucio, C. Lacava, M. Clementi, J. Faneca, I. Skandalos, A.
Baldycheva, M. Galli, K. Debnath, P. Petropoulos, and F. Y.
Gardes, “Silicon nitride photonics for the near-infrared,” IEEE J.
Sel. Top. Quantum Electron. 26, 8200613 (2020).

17. J. F. Bauters, M. J. R. Heck, D. D. John, S. Jonathon, C. M. Bruinink,
A. Leinse, R. G. Heideman, J. Daniel, and J. E. Bowers, “Planar

waveguides with less than 0.1 dB/m propagation loss fabricated with
wafer bonding,” Opt. Express 19, A1272–A1278 (2011).

18. Y.-D. Yang, Y. Li, Y.-Z. Huang, and A. W. Poon, “Silicon nitride three-
mode division multiplexing and wavelength-division multiplexing us-
ing asymmetrical directional couplers and microring resonators,”
Opt. Express 22, 22172–22183 (2014).

19. Q. Liu, X. Tu, K. Woo, J. Sheng, Y. Shin, K. Han, Y.-J. Yoon, G.-Q. Lo,
and M. Kyoung, “Chemical highly sensitive Mach-Zehnder interferom-
eter biosensor based on silicon nitride slot waveguide,” Sens.
Actuators B 188, 681–688 (2013).

20. 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).

21. A. R. Johnson, A. S. Mayer, A. Klenner, K. Luke, E. S. Lamb, M. R. E.
Lamont, C. Joshi, Y. Okawachi, F. W. Wise, M. Lipson, U. Keller, and
A. L. Gaeta, “Octave-spanning coherent supercontinuum generation
in a silicon nitride waveguide,” Opt. Lett. 40, 5117–5120 (2015).

22. B. E. Little, S. T. Chu, H. A. Haus, J. Foresi, and J. P. Laine, “Microring
resonator channel dropping filters,” J. Lightwave Technol. 15, 998–
1005 (1997).

23. I. Kiyat, A. Aydinli, and N. Dagli, “Low-power thermooptical tuning of
SOI resonator switch,” IEEE Photon. Technol. Lett. 18, 364–366
(2006).

24. Q. Xu, B. Schmidt, S. Pradhan, and M. Lipson, “Micrometre-scale sil-
icon electro-optic modulator,” Nature 435, 325–327 (2005).

25. Y. Sun and X. Fan, “Optical ring resonators for biochemical and
chemical sensing,” Anal. Bioanal. Chem. 399, 205–211 (2011).

26. A. V. Krishnamoorthy, R. Ho, X. Zheng, H. Schwetman, J. Lexau, P.
Koka, G. Li, I. Shubin, and J. E. Cunningham, “Computer systems
based on silicon photonic interconnects,” Proc. IEEE 97, 1337–
1361 (2009).

27. V. Raghunathan, W. N. Ye, J. Hu, T. Izuhara, J. Michel, and L.
Kimerling, “Athermal operation of silicon waveguides: spectral, sec-
ond order and footprint dependencies,” Opt. Express 18, 17631–
17639 (2010).

28. M. M. Milosevic, X. Chen, W. Cao, A. F. Runge, Y. Franz, C. G.
Littlejohns, S. Mailis, A. C. Peacock, D. J. Thomson, and G. T.
Reed, “Ion implantation in silicon for trimming the operating wave-
length of ring resonators,” IEEE J. Sel. Top. Quantum Electron. 24,
8200107 (2018).

29. X. Chen, M. M. Milosevic, D. J. Thomson, A. Z. Khokhar, Y. Franz, A.
F. Runge, S. Mailis, A. C. Peacock, and G. T. Reed, “Post-fabrication
phase trimming of Mach-Zehnder interferometers by laser annealing
of germanium implanted waveguides,” Photon. Res. 5, 578–582
(2017).

30. B. Chen, X. Yu, X. Chen, M. M. Milosevic, D. J. Thomson, A. Z.
Khokhar, S. Saito, O. L. Muskens, and G. T. Reed, “Real-time mon-
itoring and gradient feedback enable accurate trimming of ion-
implanted silicon photonic devices,” Opt. Express 26, 24953–24963
(2018).

31. J. J. Ackert, J. K. Doylend, D. F. Logan, P. E. Jessop, R. Vafaei, and
A. P. Knights, “Defect-mediated resonance shift of silicon-on-insulator
racetrack resonators,” Opt. Express 19, 11969–11976 (2011).

32. T. Fan, Z. Xia, A. Adibi, and A. A. Eftekhar, “Highly-uniform resonator-
based visible spectrometer on a Si3N4 platform with robust and
accurate post-fabrication trimming,” Opt. Lett. 43, 4887–4890
(2018).

33. Y. Shen, I. B. Divliansky, D. N. Basov, and S. Mookherjea, “Perfect
set-and-forget alignment of silicon photonic resonators and interfer-
ometers,” in Optics InfoBase Conference (2011), pp. 1–3.

34. D. H. Geuzebroek, E. J. Klein, H. Kelderman, F. S. Tan, D. J. W.
Klunder, and A. Driessen, “Thermally tuneable, wide FSR switch
based on micro-ring resonators,” in Proceedings Symposium IEEE/
LEOS Benelux Chapter (2002), pp. 155–158.

35. A. Guarino, G. Poberaj, D. Rezzonico, R. Degl’Innocenti, and P.
Günter, “Electro-optically tunable microring resonators in lithium nio-
bate,” Nat. Photonics 1, 407–410 (2007).

36. J. K. Doylend, D. F. Logan, R. Vafaei, A. P. Knights, L. Chrostowski, J.
J. Ackert, and P. E. Jessop, “Defect-mediated resonance shift of
silicon-on-insulator racetrack resonators,” Opt. Express 19, 11969–
11976 (2011).

682 Vol. 8, No. 5 / May 2020 / Photonics Research Research Article

https://doi.org/10.1109/JPROC.2018.2854372
https://doi.org/10.1109/JPROC.2018.2854372
https://doi.org/10.1364/OPEX.13.000236
https://doi.org/10.1364/OPEX.13.000236
https://doi.org/10.1364/OE.21.009289
https://doi.org/10.1364/AO.46.008118
https://doi.org/10.1364/OE.19.007112
https://doi.org/10.1063/1.4753948
https://doi.org/10.1063/1.4753948
https://doi.org/10.1038/nphoton.2015.81
https://doi.org/10.1038/nphoton.2015.81
https://doi.org/10.1515/nanoph-2013-0016
https://doi.org/10.1088/2040-8986/19/2/025801
https://doi.org/10.1088/2040-8986/19/2/025801
https://doi.org/10.1109/JLT.2015.2397700
https://doi.org/10.1038/nphoton.2010.171
https://doi.org/10.1038/nphoton.2010.171
https://doi.org/10.1063/1.4812332
https://doi.org/10.1109/JLT.2016.2617624
https://doi.org/10.1109/JLT.2016.2617624
https://doi.org/10.1088/1361-6463/50/2/025106
https://doi.org/10.1109/JSTQE.2944
https://doi.org/10.1109/JSTQE.2944
https://doi.org/10.1364/OE.19.0A1272
https://doi.org/10.1364/OE.22.022172
https://doi.org/10.1016/j.snb.2013.07.053
https://doi.org/10.1016/j.snb.2013.07.053
https://doi.org/10.1364/OL.36.003398
https://doi.org/10.1364/OL.40.005117
https://doi.org/10.1109/50.588673
https://doi.org/10.1109/50.588673
https://doi.org/10.1109/LPT.2005.861951
https://doi.org/10.1109/LPT.2005.861951
https://doi.org/10.1038/nature03569
https://doi.org/10.1007/s00216-010-4237-z
https://doi.org/10.1109/JPROC.2009.2020712
https://doi.org/10.1109/JPROC.2009.2020712
https://doi.org/10.1364/OE.18.017631
https://doi.org/10.1364/OE.18.017631
https://doi.org/10.1109/JSTQE.2944
https://doi.org/10.1109/JSTQE.2944
https://doi.org/10.1364/PRJ.5.000578
https://doi.org/10.1364/PRJ.5.000578
https://doi.org/10.1364/OE.26.024953
https://doi.org/10.1364/OE.26.024953
https://doi.org/10.1364/OE.19.011969
https://doi.org/10.1364/OL.43.004887
https://doi.org/10.1364/OL.43.004887
https://doi.org/10.1038/nphoton.2007.93
https://doi.org/10.1364/OE.19.011969
https://doi.org/10.1364/OE.19.011969


37. L. Zhou, K. Okamoto, and S. J. B. Yoo, “Athermalizing and trimming
of slotted silicon microring resonators with UV-sensitive PMMA
upper-cladding,” IEEE Photon. Technol. Lett. 21, 1175–1177
(2009).

38. D. K. Sparacin, C.-Y. Hong, L. C. Kimerling, J. Michel, J. P. Lock, and
K. K. Gleason, “Trimming of microring resonators by photo-oxidation
of a plasma-polymerized organosilane cladding material,” Opt. Lett.
30, 2251–2253 (2005).

39. D. K. Sparacin, J. P. Lock, C.-Y. Hong, K. K. Gleason, L. C. Kimerling,
and J. Michel, “Trimming of silicon nitride microring resonators with a
polysilane top cladding,” in IEEE International Conference on Group IV
Photonics (2005), pp. 117–119.

40. A. Canciamilla, F. Morichetti, S. Grillanda, P. Velha, M. Sorel, V.
Singh, A. Agarwal, L. C. Kimerling, and A. Melloni, “Photo-induced
trimming of chalcogenide-assisted silicon waveguides,” Opt.
Express 20, 15807–15817 (2012).

41. J. Schrauwen, D. V. Thourhout, and R. Baets, “Trimming of silicon ring
resonator by electron beam induced compaction and strain,” Opt.
Express 16, 3738–3743 (2008).

42. S. Ueno, T. Naganawa, and Y. Kokubun, “High UV sensitivity of
SiON film and its application to center wavelength trimming of micro-
ring resonator filter,” IEICE Trans. Electron. E88-C, 998–1004
(2005).

43. H. Haeiwa, T. Naganawa, and Y. Kokubun, “Wide range center wave-
length trimming of vertically coupled microring resonator filter by direct
UV irradiation to SiN ring core,” IEEE Photon. Technol. Lett. 16, 135–
137 (2004).

44. G. Piccoli, M. Bernard, and M. Ghulinyan, “Permanent mitigation of
loss in ultrathin silicon-on-insulator high-Q resonators using ultraviolet
light,” Optica 5, 1271–1278 (2018).

45. S. L. Scholl, A. Jantzen, R. H. S. Bannerman, P. C. Gow, D. H. Smith,
J. C. Gates, L. J. Boyd, P. G. R. Smith, and C. Holmes, “Thermal
approach to classifying sequentially written fiber Bragg gratings,”
Opt. Lett. 44, 703–706 (2019).

46. C. Holmes, P. A. Cooper, H. N. J. Fernando, A. Stroll, J. C. Gates, C.
Krishnan, R. Haynes, P. L. Mennea, L. G. Carpenter, C. B. E. Gawith,
M. M. Roth, M. D. Charlton, and P. G. R. Smith, “Direct UV written
planar Bragg gratings that feature zero fluence induced birefrin-
gence,” Meas. Sci. Technol. 26, 125006 (2015).

47. C. Holmes, J. C. Gates, L. G. Carpenter, H. L. Rogers, R. M. Parker, P.
A. Cooper, S. Chaotan, F. R. M. Adikan, C. B. E. Gawith, and P. G. R.
Smith, “Direct UV-written planar Bragg grating sensors,” Meas. Sci.
Technol. 26, 112001 (2015).

48. Z. Yin and F. W. Smith, “Free-energy model for bonding in amorphous
covalent alloys,” Phys. Rev. B 43, 4507–4510 (1991).

49. J. J. Mei, H. Chen, W. Z. Shen, and H. F. Dekkers, “Optical properties
and local bonding configurations of hydrogenated amorphous silicon
nitride thin films,” J. Appl. Phys. 100, 073516 (2006).

50. I. Parkhomenko, L. Vlasukova, F. Komarov, O. Milchanin, M.
Makhavikou, A. Mudryi, V. Zhivulko, J. Żuk, P. Kopyciński, and D.
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