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Micro-ring resonators have been widely utilized in silicon photonics. However they often exhibit a

high sensitivity to ambient temperature fluctuations. In this letter, we have demonstrated a

complementary metal–oxide–semiconductor compatible athermal micro-ring resonator made from

titanium dioxide (TiO2) and silicon nitride (SiNx). We have exploited the negative thermo–optic

coefficient of TiO2 to counterbalance the positive coefficient of SiNx. By a precise control over the

TiO2 layer thickness, an athermal condition remarkably consistent with the simulation can be

achieved. Therefore, a SiNx–TiO2 hybrid micro-ring resonator with a temperature dependent

wavelength shift of 0.073 pm/ �C has been realized. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4790440]

In recent years, silicon photonics has become the most

promising platform within the field of integrated optics. This is

due to the materials combination of low fabrication costs, per-

formance enhancements resulting from electronic–photonic

integration, and compatibility with the world’s most successful

technology for producing electronics, complementary metal–

oxide–semiconductor (CMOS).1 Among many optical wave-

guide structures in silicon photonics, the micro-ring resonator

has the advantages of high device performance, reduced power

consumption, and a small device footprint.2 A broad range of

optical devices, including wavelength filters, wavelength divi-

sion multiplexers/de-multiplexers, lasers, switches, modula-

tors, and polarization rotators, have been realized by using

micro-ring resonators.3

Silicon (Si) and silicon nitride (SiNx) are two of the fun-

damental building blocks of current silicon photonics.4,5 Due

to their high refractive indices, Si and SiNx micro-ring reso-

nators can have a small radius, a low bending loss, and a

high Q-factor. Despite these advantages, Si and SiNx micro-

ring resonators are extremely temperature sensitive because

of their narrow resonant spectral width and the thermal-optic

effect possessed by the materials. Practically, this means that

thermo-electric controllers are required for temperature sta-

bilization, which occupies extra space and consumes more

power. There are some methods to realize athermal devices

by designing specific waveguide structures without the need

for external controllers. Among these methods, the asymmet-

ric Mach–Zehnder interferometer (MZI) waveguide struc-

tures and using a polymer cladding layer with compensated

thermo–optic (TO) coefficient are the simplest and most

easily applicable to devices.6,7

In the first method, a ring resonator is coupled to one arm

of a MZI. The guided mode encounters different effective re-

fractive index changes with temperature in the two arms of the

MZI, induced by different waveguide widths. By choosing the

arm lengths carefully, the temperature sensitivity of one arm

can be set to cancel that of the other, and the temperature de-

pendent wavelength shift (TDWS) can be brought down to zero

in theory.6,8 This method is CMOS compatible, but the MZI

obviously has a larger footprint than that of only a bus-ring res-

onator. This larger footprint will reduce the degree of integra-

tion within silicon photonics. In the second method, a polymer

cladding layer is deposited onto a Si or SiNx core. The polymer

has a negative TO coefficient, and the core a positive. Conse-

quently, a temperature independent condition can be achieved

when the guided light distributes in the core and the cladding

properly.2,7 In the case of a Si core, Si has a refractive index of

�3.5 and a TO coefficient of �1.8� 10�4/ �C, with the poly-

mer layer usually having a refractive index of �1.45–1.6 and a

TO of –(1–3)� 10�4/ �C. This requires almost half of the light

to be guided in the polymer cladding.7 In order to enable more

light into the cladding, the dimension of Si core should be

highly reduced. This highly reduced dimension usually

imposes big challenges for fabrication and results in a large op-

tical loss.9 For the SiNx core case, SiNx has a refractive index

of 1.98 and a TO coefficient of 4� 10�5/ �C. As a result,

the fabricated waveguide must be precise enough, i.e., within a

10–20 nm tolerance for the SiNx core dimension as well as the

polymer cladding thickness.2 This high precision is especially

difficult for the polymer cladding layer, which is deposited via

spin-coating. For silicon photonics, the most serious problem

(for both Si and SiNx) is that polymers are typically not com-

patible with CMOS processes due to poor long-term operating

stability and temperature issues.8

Titanium dioxide (TiO2) is an excellent candidate as an

optical coating material because of numerous desirable proper-

ties, such as high transmission in the visible and near infrared

regions, strong adhesion, high stability against mechanical

abrasion, chemical resistance, and high temperature stability.

SiNx has already been extensively utilized in silicon photonics

and has shown an outstanding performance in second harmonic

generation and as an optical parametric oscillator in ring reso-

nator structures.5,10 Another useful characteristic is its high

transparency over a wide range of wavelengths between the

visible and near infrared. In this letter, the CMOS-compatible
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and industrial radio frequency (RF) sputtering technique has

been applied to deposit a TiO2 layer onto SiNx. We have uti-

lized the negative TO coefficient of TiO2 to counterbalance the

positive one of SiNx to yield CMOS-compatible and small foot-

print athermal SiNx–TiO2 hybrid micro-ring resonators.

The temperature dependence of the resonant wavelength

in a ring resonator can be expressed as follows:

dkm

dT
¼ neff �asubþ

dneff

dT

� �
km

ng
;

where km is the resonant wavelength, neff is the effective refrac-

tive index of the waveguide, asub is the substrate expansion

coefficient, and ng is the group index of the waveguide.2,11 An

athermal condition is achieved when the dkm/dT term is zero.

To ascertain the optical properties of TiO2, we have fabricated

and tested TiO2 ring resonator waveguides. The refractive

index of TiO2 is known to be 2.2 at 1600 nm according to

Ref. 12, which was also confirmed by our measurements. The

measured TO coefficient of TiO2 is �1� 10�4/ �C from room

temperature to 60 �C. The choice of the working wavelength is

determined by considering the emission peak of the CMOS-

compatible lasers.13

Fig. 1(a) shows the calculated TDWS versus the TiO2

layer thickness d according to the equation and mode calcu-

lations using Rsoft.14 The inset illustrates the designed

SiNx–TiO2 hybrid waveguide cross-section. From Fig. 1(a),

it can be observed that the ring resonator achieves an athe-

rmal condition when the TiO2 thickness d is 142 nm. Our

simulations also demonstrate that an error of 10 nm in d can

cause a TDWS of 2.0 pm/ �C. A fine control over the TiO2

thickness is achieved through RF sputtering technique.

The ring resonator was fabricated using electron beam

lithography and reactive ion etching on a SiNx/SiO2 (3 lm)/

Si wafer. The radius of the fabricated ring was measured as

100 lm with a bus-ring gap of 0.4 lm. Subsequently, TiO2

layers with different thicknesses (from 138 to 153 nm) were

deposited onto the etched samples by RF sputtering a TiO2

target with Ar gas at a speed of 3 nm/min. During the sputter-

ing process, the substrates were maintained at room tempera-

ture. Figs. 1(b) and 1(c) show the top view and cross-section

of the ring taken by SEM, respectively. The transmission

spectra of the resonators were measured using an end-fire

coupling system. Light from a tunable laser source (TLS-

510, Santec) was coupled into the waveguide in TE mode

through a polarization-maintaining lensed fiber and scanned

with 20 pm resolution. The sample was placed on a heater in

order to manipulate the temperature between 28 and 60 �C.

Finally the output light from the waveguide was collected

using another lensed fiber and detected by a photo-detector

to obtain the transmission spectra.

For comparison, we also fabricated a SiNx ring resonator

without a TiO2 layer (in this case, the bus-ring gap was

0.2 lm). As shown in Fig. 2(a), the resonance peaks of that

ring resonator were measured at 1596.57 nm and 1596.98 nm

at 28 and 60 �C, respectively. Thus, the TDWS of the SiNx

ring resonator is 12.8 pm/ �C. An optimal athermal condition

was achieved in a ring resonator with a 147 nm thick TiO2

FIG. 1. (a) Calculated TDWS vs TiO2 layer thickness (inset is the designed

waveguide structure). (b) Top view and (c) cross sectional image of the

fabricated ring resonator taken by SEM.

FIG. 2. (a) Transmission spectra of the

resonators with d¼ 0 nm and (b) with

d¼ 147 nm; (c) the linear fit of TDWS

for the ring resonator with d¼ 147 nm.
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layer. Figure 2(b) shows the measured transmission spectra

of the SiNx–TiO2 hybrid ring resonator at temperatures of

28 and 60 �C. In these spectra, the Lorentz-fitted curves coin-

cide with the measured points. Between these two tempera-

tures, the resonance peak has a 2.4 pm shift and a change of

Q value of 350. By the linear fitting of resonance wave-

lengths at different temperatures in Fig. 2(c), the TDWS of

the resonator with d¼ 147 nm is extracted as 0.073 pm/ �C.

In this study, the values of the TDWSs were obtained from

the linear fitting of the data, involving scanning laser resolu-

tion, the measured temperature range, and the data points

taken into account for linear fitting. These outer factors may

have some influence on the value of the TDWS.

For our hybrid resonators, the accuracy of the thickness of

the TiO2 layer can be manipulated to within several nanometers

through RF sputtering. This is much more precisely controlla-

ble than that achieved by polymer spin-coating and the fabri-

cated dimensions of an asymmetric MZI waveguide.6,7 As a

result, our demonstrated TDWS of 0.073 pm/ �C in this work is

enhanced compared to that of the silicon core/polymer cladding

ring resonators (0.5 pm/ �C and 5 pm/ �C),7,15 the asymmetric

MZI slot SiNx waveguides (5 pm/ �C),16 and the asymmetric

MZI Si waveguides (5 pm/ �C).17 This 0.073 pm/ �C TDWS is

comparable to our previous work on SiNx ring resonators with

a TDWS of 0.018 pm/ �C which was realized by the post-

fabrication trimming of the chromophore containing polymer

cladding layer.2 Additionally, the high chemical and mechani-

cal stability of the TiO2 layer enables our hybrid resonator to be

organic solvent tolerant and high temperature and pressure re-

sistant, compared with much more sensitive polymer claddings.

This enables our athermal hybrid resonator to be an excellent

candidate for lab-free sensors. The high transparency of TiO2

and SiNx over a wide range of wavelengths also makes the res-

onators very useful in telecommunications technologies, whose

window may be extended in future.

In summary, CMOS-compatible hybrid SiNx–TiO2

micro-ring resonators have been experimentally demonstrated

in this letter. By a fine control over the TiO2 layer thickness,

we have been able to fabricate a hybrid resonator exhibiting a

TDWS of 0.073 pm/ �C which is almost two orders of magni-

tude lower than that of the resonator fabricated from only

SiNx. Furthermore the RF sputtering method used here for

TiO2 deposition may also be applicable to a large range of

other commonly used materials, such as silicon, lithium nio-

bate, gallium nitride, and even optical glass. Other tempera-

ture sensitive waveguide structures, such as MZI and arrayed

waveguide gratings, may be readily fabricated by utilizing this

approach.
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