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Abstract—Silicon photonics has been studied in various areas by
providing small-footprint, high-performance, and mass-producible
optoelectronic components integrated on a chip. For the photonic
packaging, ultraviolet (UV) curing techniques have been widely
utilized. Meanwhile, silica cladding absorption to UV light could
alter its refractive index (RI), affecting the optical testing of sil-
icon devices during or after the device packaging. Therefore, it
is significant to characterize the dynamics of RI changes induced
by UV-light irradiation. However, the in-situ characterization of
such devices is seldom explored. Here, we studied the influence
of UV-light irradiation on silicon photonic devices by probing
resonant wavelength shifts of a racetrack microring resonator.
Specifically, we studied the temporary variation of the resonant
wavelength and its recovery time under different UV-light exposure
durations. Experimental results show that with a UV energy of
21 J/cm2, the resonator had a maximum resonant wavelength shift
of 0.31 nm, corresponding to an effective RI change of 0.0009
and recovering time of 95 minutes. Based on the experimental
results, we compressively analyzed and compared RI changes in-
duced by plasmon dispersion effect, thermal optical effect and
photon-induced silica densification effect. Our study is expected
to provide useful guidelines for in-situ silicon photonic testing and
packaging.

Index Terms—Silicon photonics, photonic packing, microring
resonator, integrated optics, waveguide, grating coupler.
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I. INTRODUCTION

S ILICON photonic integrated circuits (PICs) are considered
as a promising platform for optical communications, inter-

connects, and ranging [1], [2] with the high-density integration
of a variety of optoelectronic components on a chip, namely,
power splitters [3], [4], arrayed waveguide gratings [5], [6],
Mach-Zehnder interferometers [7], [8], microring resonators
(MRRs) [9], [10], electro-optical modulators [11], [12] and
photodetectors [13]. In the development of the fiber-to-chip
packaging process, laser welding with metals [14], soldering
with metals/inorganic materials [15], and bonding with ultravi-
olet (UV) cured or thermally cured epoxies have been widely
used [16]. Among the above techniques, the bonding with UV
curable epoxies has the advantages of room-temperature oper-
ation, low cost, and high flexibility of fiber-to-chip alignment.
To date, the fiber-to-chip interfaces includes in-plane couplers
(e.g., inverted tapers [17], [18]) and out-of-plane couplers (e.g.,
diffractive gratings [19], [20]).After aligning optical fibers and
silicon waveguides, UV curable epoxies are utilized to adhere
the optical fibers to the optical components [21].

On the other hand, silica cladding absorption to UV light
could alter its refractive index (RI), affecting the optical testing
of silicon devices during or after the fiber-to-chip packaging
process. According to a previous study, the RI variation could
be in the range from 10−5 to the order of 10−3 depending on the
UV light energy as well as exposure time [22]. Moreover, the RI
change could be a reversible process and the recovery conditions,
such as the heating temperature and duration, vary with the
constituents of the silica film [22]. The RI variation inevitably
influences the characterization of other photonic devices on the
same chip, namely, resonators with high-quality factors. There-
fore, it is significant to study the dynamics of RI changes induced
by UV-light irradiation. However, the in-situ characterization of
the UV-light-irradiation-induced RI variation in silicon devices
is seldom explored, to the best of our knowledge.

Herein, we experimentally studied the effect of UV-light
irradiation on the RI change of the silicon devices with silica
cladding by probing resonant wavelength shifts of a racetrack
MRR. We studied the variation of the resonant wavelength and
its recovery time (defined as the time it takes for the resonant
wavelength to go back to the initial measurement under room
temperature without UV light irradiation) under different UV
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Fig. 1. Schematic of the designed racetrack MRR. (a) Three-dimensional view
of the racetrack MRR coupled by using the focusing grating couplers. (b) Cross-
section view of the racetrack MRR. (c) Top view of the racetrack MRR.

light exposure durations. Experimental results show that with
a UV energy of 21 J/cm2, the MRR had a maximum resonant
wavelength shift of 0.31 nm, corresponding to an effective RI
change of 0.0009 and recovering time of 95 minutes. Our study
can provide useful guidelines for the research and development
of silicon PICs.

II. DESIGN AND FABRICATION OF THE SILICON DEVICES

The silicon devices were designed based on a silicon-on-
insulator wafer with a 220-nm thick silicon layer and 3-µm thick
buried oxide (BOX) substrate. Focusing grating couplers with a
period of 600 nm and filling factor of 0.5 were designed to couple
TE-mode light between optical fibers and silicon waveguide de-
vices, as shown in Fig. 1(a). There is 1-µm thick silica fabricated
by using plasma-enhanced chemical vapor deposition as a top
cladding layer (H1), as shown in Fig. 1(b). The top view of the
device is shown in Fig. 1(c). The width of the waveguide is 450
nm for the single-mode operation. The radius (R) of the racetrack
MRR is 10 µm. The gap (g) between the microring and bus
waveguide is 250 nm. We simulated the cross-coupling power
ratio of the racetrack MRR with varying the directional coupler
length (L) by using a BeamPRO simulator. The cross-coupling
power ratio increases from 0 to 25% with the length of the
directional coupler (in the range from 0 to 20 µm). The strip
waveguide propagation loss is 2 dB/cm, according to the process
standard of the multi-project wafer (MPW) foundry. Therefore,
to meet the critical coupling condition, we chose L as 2.5 µm to
reach the cross-coupling power of 3%.

Fig. 2. SEM images of the fabricated devices. (a) The racetrack MRR coupled
by using a pair of the focusing grating couplers. (b) Directional coupler of the
racetrack MRR. (c) Zoom-in image of the focusing grating coupler.

Based on the designs, we fabricated the silicon devices by
using a standard multi-project wafer service. The scanning
electron microscope (SEM) image of the fabricated racetrack
MRR is shown in Fig. 2(a), which is coupled by using a pair
of the focusing grating couplers. The zoom-in images of the
gap between the bus waveguide and racetrack MRR, as well
as the focusing grating coupler, are shown in Fig. 2(b) and (c),
respectively. According to the SEM image, the gap and coupling
length agree well with our design.

III. DEVICE MEASUREMENT AND RESULT DISCUSSION

First, we measured the transmission spectrum of the racetrack
MRR by using a tunable laser (HP 8168) and optical power
meter (HP 81531A). The input optical power was set as -10
dBm to avoid possible nonlinear absorption losses. The coupling
efficiency of the focusing grating coupler was measured from the
same design but connected by a single-mode waveguide with a
short length of 150 µm. As shown in Fig. 3(a), the focusing
grating coupler has a peak coupling efficiency of -5.14 dB and
1-dB bandwidth of 26 nm at the center wavelength of 1557.24
nm. The coupling profile was used to normalize the transmission
spectrum of the racetrack MRR for different UV-light irradiation
and temperature conditions in the experiment. As shown in
Fig. 3(b), the free spectral range (FSR) of the racetrack MRR is
8.23 nm which agrees well with our design. Moreover, according
to the Lorentz fitting of the transmission spectrum around the
wavelength of 1555.75 nm, the racetrack MRR has a Q factor
of 28000 with an extinction ratio of 19.8 dB.

Second, we studied the UV-light-irradiation-induced RI
change in the silica-cladding silicon device. A 365-nm-
wavelength UV light source with a power density of 5 mW/cm2,
which was characterized by using an intensity meter (OAI
308), was used in the experiment. The 365-nm-wavelength
light sources are commonly used in epoxy curing. The device
was placed on a thermal electric cooler (TEC) controlled by
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Fig. 3. Measurement results of the fabricated devices. (a) Coupling profile
of the focusing grating coupler. (b) Transmission spectrum of the racetrack
MRR. The inset is the zoom-in image of the transmission measurement at the
wavelength of around 1555.75 nm, indicating the Q factor of ∼28000.

a semiconductor laser diode driver to tune the temperature.
Meanwhile, the chip temperature was monitored by using a
thermistor. The TEC was used to keep the temperature con-
stant during the UV-light-irradiation experiment. We measured
the transmission spectra of the racetrack MRR under different
irradiation durations from 2 minutes to 70 minutes, as shown
in Fig. 4(a). With the UV-light irradiation, the resonance at the
wavelength of 1555.75 nm had a redshift, indicating that the
effective RI of the waveguide mode increased. With increasing
the duration of the UV-light irradiation, the shift of resonance
firstly grew fast and then slower, as shown in Fig. 4(b). With the
maximum irradiation duration of 70 minutes, which corresponds
to the UV-light energy used in the fiber-to-chip bonding process
[21] (calculated in the range from 10 J/cm2 to 600 J/cm2), the
resonance shift can be as large as 0.31 nm. It is worthwhile
to note that the full-width half maximum of the resonant curve
kept almost consistent during the UV-light irradiation, indicating
that neglectable free carriers were generated during the UV-light
irradiation experiment.

Besides, we also analyzed the dynamic behavior of the res-
onance shift after the UV-light irradiation, as shown in Fig. 5.
When the UV light source was turned off, the resonance first had
a sharp blue shift in a short time and then gradually decreased
to the initial value. For the case of the 2-minutes UV-light
irradiation, the redshift of resonance is 0.05 nm, as shown in
Figs. 4(a) and 5(a). After the 2-minutes UV-light irradiation, it
took 50 minutes for the resonance to decrease from 1555.81 nm
to 1555.75 nm, as shown in Fig. 5(a). The recovery time is much
longer than that induced by the thermal optical effect which
was measured in the range from 1 to 170 µs [23]. Moreover,

Fig. 4. Influence of the UV-light irradiation on the racetrack MRR. (a) Trans-
mission spectrum of the racetrack MRR as a function of UV-light irradiation
duration. (b) Resonant wavelength shift as a function of the UV-light irradiation
exposure duration.

Fig. 5. Dynamics of the resonant wavelength shift of the racetrack MRR.
(a)-(d) Resonant wavelength monitoring with the UV exposure times of 2, 14,
35, and 70 minutes.

larger UV-light irradiation energy can lead to a longer recovery
time. For the 35 minutes and 70 minutes UV-light irradiations,
which are comparable with the commonly used UV light energy
for the epoxy curing [21], it took 90 minutes and 95 minutes
for the racetrack MRR to shift back to the initial resonant
wavelength. It is worth noting that the UV-light irradiation-
induced RI change could be possibly attributed to the optical
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Fig. 6. Thermal tuning of the resonant wavelength of the racetrack MRR. (a)
Measured transmission spectra of the racetrack MRR under different tempera-
tures. (b) Resonant wavelength shift as a function of temperature.

absorption of silicon waveguide core and cladding materials. The
photoexcited carrier density of silicon could be deduced from
the Drude model and estimated as 8.8× 1012 cm−3[24]. Then the
following expression can be used to estimate the RI change of
silicon [25],

Δn = −[8.8× 10−22 ×Δne + 8.5× 10−18 × (Δnh)
0.8]

(1)
whereΔne andΔnh are the change of free-electron and free-hole
carrier density, respectively. The calculated RI change was 1.41
× 10−7, which could hardly change the resonance of the race-
track MRR. The limited free carrier generation agrees well the
measurement of the unchanged full-wave half maximum of the
resonant curve in Fig. 4(a). Therefore, the resonant wavelength
change could be caused by the RI change of the silica cladding
caused by the photon-induced silica densification effect [26],
[27], which has been demonstrated to be a reversible process.

Finally, we compared the UV-light irradiation-induced reso-
nance shift with that introduced by the thermal-optical effect.
We measured the transmission spectrum of the racetrack MRR
at different temperatures, as shown in Fig. 6(a). The resonance
increases linearly with the chip temperature, due to the positive
thermal-optic coefficients of silicon (1.8 × 10−4/°C) and silicon
oxide (9.6 × 10−6/°C) [28]. From the linear fitting of Fig. 6(b),
the temperature sensitivity of the resonance (St) is 0.0681 nm/°C.
We simulated the effective RI of the waveguide mode as a func-
tion of the temperature. The obtained temperature sensitivity
is 0.0002 ERIU/°C, where ERIU is the effective RI unit. The
effective RI sensitivity of the resonance was calculated as 340.5
nm/ERIU. As shown in Fig. 4(b), when the UV light irradiation

duration was 70 minutes, the redshift of the resonance is 0.31
nm, corresponding to an effective RI change of 9 × 10−4. Then,
we fixed the RI of silicon and changed the RI of silicon oxide
cladding to simulate the effective RI of the waveguide mode.
In the simulation, we increased the RI of the silicon oxide by
0.002868 to reach the same RI change. The shift of the resonance
induced by the 70-minute UV-light irradiation is comparable
with a temperature change of 5 °C but suffering from a much
longer covering time.

IV. CONCLUSION

In summary, we experimentally explored dynamic RI changes
in silicon devices introduced by the UV-light irradiation by
monitoring the resonance shift of the racetrack MRR. Due to
the material densification effect of the silica cladding, the RI
increased, leading to the redshift of the resonance. Then, the
resonance gradually recovered when the UV light was turned
off. The dependence of the recovery time on the UV irradiation
energy was characterized. Our study provides useful instructions
for the PIC package process.
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