| '.) | 4750  Vol. 56, No. 16 / June 1 2017 / Applied Optics

Check for
updates

Research Article

applied optics

Evanescent coupling between refillable ring
resonators and laser-inscribed optical waveguides

Heneky CHANDRAHALIM,"? STEPHEN C. RAND,? AND XupoNG Fan?*

"Department of Biomedical Engineering, University of Michigan, Ann Arbor, Michigan 48109, USA
2Department of Electrical Engineering and Computer Science, University of Michigan, Ann Arbor, Michigan 48109, USA

*Corresponding author: xsfan@umich.edu

Received 22 March 2017; revised 10 May 2017; accepted 12 May 2017; posted 12 May 2017 (Doc. ID 290947); published 30 May 2017

We investigated theoretically and experimentally the evanescent coupling between photonic waveguides of ar-
bitrary shapes and refillable optical ring resonators on the same chip. The resonator hosts were designed to facili-
tate whispering gallery modes and etched by using a single-mask standard lithography process, whereas the
waveguides were imprinted in the proximity of the ring resonator by using 3D ultrafast laser-writing technology.
Finite element analysis in conjunction with coupled-mode theory revealed a coupling Q-factor (Q() of approx-
imately 10°. The polymer core ring resonator exhibited a loaded Q-factor (Q7) as high as 5.4 x 10% and a free
spectral range (FSR) of 406 pm at a center wavelength of 775 nm. Long-term stability of the ring resonator was
repeatedly tested by examining the spectral location of optical resonances and the constancy of Q-factors and FSRs
under ambient laboratory conditions for 1 month. We recorded consistent Q-factors and repeatable FSRs for all
measurements. Renewability of the polymer core was demonstrated by removing and redepositing the polymer in
the cavity, followed by measurements of Q-factors and FSRs. This work promises to enable reconfigurable and
renewable photonic devices for on-chip lasers, 3D integrated optical signal processing, chip-scale molecular

sensing, and the investigation of new optical phenomena.
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1. INTRODUCTION

Transparent dielectric cavities that support whispering gallery
modes (WGMs) are attractive because of their capability to trap
streams of photons in small optical mode volumes for a long
time. This enhances the circulating intensity of light and gen-
erates a wide range of applications, such as biosensing [1,2],
nanoparticle sizing [3], single molecule detection [4], optical
signal processing [5,6], and on-chip microlasers [7-9]. In
addition, the high-quality factors (Q-factors) of WGM micro-
cavities can result in optical intensities high enough to excite
various kinds of nonlinear phenomena [10,11]. Although
off-chip WGM microresonators with Q-factors ~10'° have
been previously demonstrated [12], many practical applications
demand chip-scale sustainable microresonators that have inte-
grated optical waveguides to reliably couple light into and out
of the cavity.

Microring and microdisk WGM optical cavities still retain
their respectable Q-factors even when they are fabricated on a
chip [13-16]. They have a simple form factor, small size, and
the ability to support a broad range of wavelengths. High Q-
factor polymer ring resonators with integrated waveguides have
been fabricated on robust substrates with lithographic nanoim-
printing [17]. However, the fabrication of such resonators
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requires expensive electron-beam (e-beam) lithography to pat-
tern the mold and additional treatments to smoothen it.
Moreover, the exposed gaps between the waveguides and ring
structures are prone to contamination, and the entire nanoim-
printing process must be repeated once the device fails.
Recently, we developed highly versatile microring resonators
with straightforward, rapid, and economical fabrication proc-
esses to provide optical feedback in microlaser systems [7-9].
Furthermore, our successful attempt in employing ultrafast la-
ser pulses to inscribe optical waveguides on the same die [9]
suggests that it is practical to use the same hybrid fabrication
method passive microring resonators and
waveguides on a single fused-silica chip.

Here we report the theoretical analysis and successful exper-
imental demonstration of evanescent light coupling between
optical waveguides inscribed by a femtosecond laser and photo-
lithographically fabricated refillable microring resonators. The
ring resonator is an exposed trench that can accept any solid or
liquid transparent dielectric materials whose refractive indices
are higher than that of fused-silica. The embedded waveguide is
used to couple the coherent light into and out of the ring cavity.
The laser-writing process exploits a nonlinear light-matter
interaction that locally induces a refractive index increase
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(core-cladding index difference of ~5.25 x 107) [18] and is
capable of creating arbitrary 3D geometries to guide light into
the optical resonator and transport the output light from the
resonators to any direction within the fused-silica substrate.
Unlike previously demonstrated integrated ring resonator-
waveguide systems [19-21], the photonic waveguides
presented here are simple, low-cost, and can be rapidly and ac-
curately patterned with a single-step maskless ultrafast laser-
writing process at room temperature and standard atmospheric
pressure. They are well protected within the surrounding fused-
silica, yet physically connected to the high-index material
deposited in the ring cavity host through the solid low-index
fused-silica gap. This integrated structure enables a passive
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refillable resonator system with excellent robustness, durability,
broad chemical compatibility, and good thermal stability. Finite
element analysis (FEA) in conjunction with the coupled-mode
theory was employed to analyze the coupling efficiency be-
tween microring cavity and waveguide and revealed a coupling
Q-factor (Q) of approximately 10°. The polymer core ring
resonator was characterized and exhibited a loaded Q-factor
(Q7) as high as 5.4 x 10% and free spectral range (FSR) of
406 pm at a center wavelength of 775 nm. Long-term stability
of the ring resonator was tested by monitoring the optical res-
onances and FSRs under standard laboratory conditions for
over 1 month. We recorded reproducible Q-factors and
FSRs in all measurements. Renewability of the polymer core
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(a) FEA of the fundamental optical mode in the polymer ring resonator, where color represents the electric field of the optical mode (top

figure) and normalized field distribution along the thickness of the ring resonator at y = 0 (bottom figure); (b) FEA of the fundamental optical mode
in the refractive index modified optical waveguide, where color represents the electric field of the optical mode (top figure) and normalized field
distribution along the width of the waveguide at y = 0 (bottom figure); (c) overlap of evanescent fields in the ring resonator and waveguide for an
800 nm coupling gap; (d) plot of coupling coefficient (k) between the ring resonator and optical waveguide as a function of the coupling gap.
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was demonstrated by depositing, removing, and redepositing
SU-8 polymer on the ring cavity host, followed by measure-
ments of Q-factors and FSRs.

2. THEORETICAL MODELING

We started the integrated photonic system design by theoreti-
cally estimating the coupling efficiency between the ring reso-
nator and waveguide using FEA followed by coupled-mode
theory [22,23]. The finite element mode analysis was per-
formed on a cross section in the xy plane of the ring resonator
and waveguide. The wave propagates in the z direction and has
the form of E(x, y, 2, 1) = E(x, y)é P9, where w, ¢, and
are the angular frequency, time, and propagation constant,
respectively. The fundamental optical mode distribution in
the xy plane of the ring resonator and optical waveguide are
presented in Figs. 1(a) and 1(b) (top figures). We then com-
puted the evanescent fields in the ring resonator and waveguide
at y = 0. The results are plotted in Figs. 1(a) and 1(b) (bottom
figures). We estimated the coupling efficiency of our waveguide
to the polymer ring resonator according to the formula [23]
2 4
, {MR(;(‘M)} k

=1 Dabc (3G = s) (MRw — 7iks)

X / E\WGERRdx/ E\)(/GeRRdX. (1)
WG RR

The subscripts RR, WG, and ES refer to the ring resonator,
waveguide, and the fused-silica substrate, respectively. The
evanescent electric field distributions in the waveguide and ring
resonator are described by ey and egg, respectively, and both
fields are normalized to their respective total intensity in the xy
plane. All parameters that we used to estimate the coupling ef-
ficiency between the waveguide and the ring resonator are tabu-
lated in Table 1. The overlap of evanescent fields in the ring
resonator and waveguide for an 800 nm coupling gap is shown
in Fig. 1(c). We computed their overlap integral for different
coupling gaps and estimated the coupling coefficient (k). The
values of k as a function of various coupling gaps are plotted in
Fig. 1(d). The coupling coefficient, k of our current device was

Table 1. Parameters Used to Analyze the Coupling
Efficiency between the Optical Waveguide and Polymer
Ring Resonator

Parameter Definition Value Unit
A Wavelength of operation 780 nm
R Ring radius 150 pm
L Length of the cavity 27R pm
V4 Decay constant of RR 5.658 pm!
Prr Propagation constant of the RR 11.9 pm™!
Pwe Propagation constant of the WG 11.76 pm™!
Ap Prr - Pwa 0.14 pm!
k 2z /A 8.06 pm!
7IRR Refractive index of RR 1.62 -
e Refractive index of WG 1.465 -
Es Refractive index of FS 1.460 -
€RR Guided mode decay in RR - -
ewe Guided mode decay in WG - -
K Coupling coefficient Plotted in Fig. 1(d) -
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approximately 0.11, which corresponds to a Q- of ~10° when
use is made of the relation Q. = kngp L/K>.

3. DESIGN AND FABRICATION

The ring resonator host structure was designed to have inner
and outer radii and depth of 110, 150, and 12 pm, respectively.
It was fabricated with a wafer-level single-mask bulk microma-
chining process as outlined in Fig. 2(a). A 100 mm diameter
fused-silica wafer was spin-coated with a 16 pm thick negative-
tone photoresist and soft-baked. A contact aligner was used to
expose the wafer to UV light. The wafer was then developed
with a tetramethylammonium hydroxide (TMAH)-based pho-
toresist developer (Step 1). A reactive ion glass etcher was used
to etch the fused-silica wafer. Our fused-silica etching recipe has
been characterized to consistently provide the sidewall rough-
ness of better than 30 nm (Step 2). After the etching process,
the wafer was diced into 1 cm x 1 cm chips with a dicing saw.

The optical waveguide inscription process was performed
with ultrashort laser pulses (wavelength 4 = 800 nm, pulse
width 100 fs, pulse energy 0.3 pJ, and repetition rate
250 kHz) focused with a 50 x objective into the diced
fused-silica chip (Step 3). The laser spot diameter on the sample
was approximately 1 pm. Multiple-pass laser writing in 3D was
executed to form an optical waveguide with cross-sectional di-
mensions of 8 pm x 8 pm. The scanning speed of the substrate
varied from 0.05 to 2 mm/s, depending on the local geometry
of the ring cavities. The femtosecond laser pulse energy and
repetition rate were carefully optimized during the waveguide
inscription to prevent crack formation along the inner wall of
the ring cavity. Our current waveguide writing technology has
allowed for inscriptions of optical waveguides ~800 nm away
from the sidewalls of a patterned bulk-fused silica without caus-
ing any damages to the sidewalls. Detailed waveguide writing
parameters have been previously presented elsewhere [18]. The
loss of such inscribed optical waveguides in fused silica is con-
sistently measured to be less than 0.15 dB/cm at 1550 nm. We
measured the optical powers at the input and output ports of
the waveguide at 780 nm wavelength and recorded a total loss
of lower than 0.4 dB/cm. Once the ring resonator host and
waveguide are integrated, transparent dielectrics can be conven-
iently deposited onto and removed from the fused-silica chip
(Step 4). We spin-coated the polymer using a photoresist spin-
ner and measured its thickness by using a surface profilometer.
We targeted to have a 1 pm thick of polymer layer on the side-
wall of the ring resonator host, with variations of within
+/ - 40 nm. Due to the mechanical and chemical robustness
of the device, the above procedures can be repeated indefinitely.
The scanning electron microscope (SEM) image in Fig. 2(b)
shows that the ring resonator host was crack-free, although
the waveguide was written only 800 nm away from the outer
wall of the ring. Since the photo-induced refractive index
change is less than 1% of the nominal refractive index of fused
silica, the inscribed waveguide is not visible under bright field
microscope imaging. However, it is evident under a differential
interference contrast (DIC) microscope [Fig. 2(c)]. Guidance
and confinement of the microscope illumination light from
the cross-sectional perspective of the waveguide at the edge
of the chip is presented in Fig. 2(d).
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Fig. 2. (a) Fabrication process flow of the ring resonators: 16 pm thick KMPR negative-tone photoresist was spin-coated and patterned on the top
of the fused-silica wafer. Next, the fused-silica wafer was anisotropically etched by using a reactive-ion etcher. The optical waveguide was then
inscribed 800 nm away from the ring resonator by using femtosecond laser pulses. Finally, 1 pm thick layer of high refractive index polymer
was deposited and cured on the surface of the cavity; (b) SEM image of the fabricated ring resonator exhibiting smooth and crack-free inner-wall
of the ring cavity around the vicinity where the optical waveguide was inscribed by femtosecond laser pulses; (c) DIC microscope image of the same
ring resonator revealing the refractive index modified optical waveguide inscribed by a femtosecond laser next to the resonator; (d) cross-sectional

view of the waveguide at the edge of the chip, demonstrating distinct guidance and confinement of the microscope illumination light.

4. EXPERIMENTAL

We characterized the device according to the measurement
setup outlined in Fig. 3. The input light was transmitted to
the optical polarization controller and then butt-coupled into
the on-chip waveguide from a narrow linewidth, continuous-
wave (CW) tunable laser centered at 775 nm via a single-mode
optical fiber, whereas the output light was captured by a muld-
mode fiber and subsequently detected by an optical power
meter. The input fiber tip, device under test (DUT), and col-

lection fiber tip were mounted on threeaxis micropositioning
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Fig. 3. Schematic of the measurement setup.

stages with independent controls (not shown in Fig. 3).
Two cameras were used simultaneously to precisely couple
the input light from the fiber to the on-chip waveguide and
the output light from the on-chip waveguide to the collection
fiber. Optical resonances, observed as dips in transmitted out-
put intensity, were acquired by a computer that concurrently
controlled the CW laser and power meter.

After initial alignment, we performed a series of experiments
under standard laboratory conditions for the entire period of 1
month to examine the long-term stability of our integrated
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Fig. 4. Series of measurements to verify the long-term stability of the ring resonator: measurement taken (a) immediately, (b) 2 weeks, and (c) 4

weeks after the deposition of high refractive index polymer on the ring resonator (top graphs: coarse scan measurements and bottom graphs: fine scan

measurements).

ring-waveguide system. The DC motor in the tunable laser
source was first controlled to sweep a wide range of wavelength
(over 4 x theoretical FSR). When the wavelength matched the
resonant condition of the WGM in the ring resonator, the out-
put power dropped, allowing the WGM spectral locations to be
identified as shown in the top graphs of Fig. 4. We recorded
relatively consistent FSR values of 406—412 pm during all these
experiments. These experimentally measured FSR values are
only about 0.7-1.5% higher than the theoretically calculated
FSR of 403 pm, obtained from the relation FSR = A2/
(27RnpR), where 2 =780 nm, R =150 pm, and npp =
1.62. In addition to the WGM resonances, we also observed
distinct oscillations in the background of all wide-scan mea-
surements with periods of oscillations fluctuating between
150 and 700 pm. Similar FSR analyses were done, and we con-
cluded that these background oscillations resulted from Fabry—
Perot cavity effects that were formed between the input and
output fibers and the corresponding edges of the fused-silica
chip. Refractive index-matching materials can be used to solve
this issue in future experiments. In order to characterize loaded
Q-factors of the device, we conducted fine wavelength sweeps
over 60 pm. The loaded Q-factors, Q, varied from 35,000 to
55,000 for optical resonances with center wavelengths of
775.364 nm [Fig. 4(a) (bottom)], 775.358 nm [Fig. 4(b)
(bottom)], and 775.387 nm [Fig. 4(c) (bottom)] over a period
of 1 month.

The coupling efficiency between the ring resonator and
optical waveguide is characterized by the fractional depth X,
which describes the fraction of energy extracted into the ring
resonator from the waveguide [22,23]. K is related to k through
K =4Q:Q0/(Qc + Qp)?, where Q, is the intrinsic Q-factor

of the ring resonator and Q. = knggL/k*. The coupling
condition is known as under-coupled if Q) < Q (K < 1),
critically coupled if Qy = Q¢(K = 1), or overcoupled if
Qo > Qc(K > 1). The Q¢ of our device was estimated by
FEA in conjunction with coupled-mode theory to be ~10°.
Considering our measured data in Fig. 4(c), we achieved a
Q7 of 44,300. Subsequently, we deduced a value of Q) =
46,503 through the relation 1/Q7 =1/Qc+1/Qy. K
can then be computed from the known values of Q. and
Qq as 0.181. This value matches the measured K value of
0.186 closely, as indicated in Fig. 4(c).

One of the major advantages of our ring resonator platform
over other existing on-chip resonator technologies is that its
core material can be renewed or reconfigured, which is easily
accomplished by removing and redepositing different types and
phases of transparent dielectric materials in the cavity host. For
example, it was simple to remove the old polymer from the chip
using Remover PG solution and subsequently deposit a new
polymer. In order to justify the renewability of our ring reso-
nator, we removed the old polymer from the chip, redeposited a
new polymer, and performed the customary characterization
steps and obtained the results presented in Fig. 5. The center
wavelength of the newly deposited polymer ring resonator was
observed to be 775.259 nm. We also achieved FSR and
Q-factor similar to our previous experiments.

5. CONCLUSION

In conclusion, we have demonstrated theoretically and
experimentally the evanescent coupling between a refillable,
open-channel, microring resonator with highly flexible ultrafast
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Fig. 5. Consistent resonances were recorded from the same ring resonator host after removal and re-depositions of high refractive index polymer

(a) coarse measurement and (b) fine measurement.

laser-imprinted photonic waveguides on the same chip. The
uniquely integrated optical resonator system presented here of-
fers competitive benefits compared to other chip-scale optical
resonators. It has a wide range of operational wavelengths and
incorporates embedded waveguides that offer great degrees of
freedom. Additionally, the system is inexpensive and easy to
assemble, which allows for rapid prototyping. It has inherent
mechanical robustness and durability for repeated use. The
transparent dielectric materials that confine WGM in the cavity
host can be extended to fluidic phase materials, thereby extend-
ing the applicability of these structures to the flourishing field
of optofluidics. The order of the ring-resonator can be scaled up
to realize coupled-resonator systems in 3D to facilitate ultra-
high density on-chip photonic signal processors. Hybrid inte-
gration technology of this caliber will enable the investigation
of novel nonlinear phenomena at low input power levels, such
as parity-time (PT) symmetry and nonreciprocity in nonlinear
optics [24,25], as well as molecular magnetoelectric effects on

photonic chips [26-28].
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