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A simple method to fabricate vertically coupled micro-ring resonators in amorphous silicon-on-insulator is
created by a three-step lithography process. First, the linear loss at 1.55 μm of the a-Si:H film is calculated
to be 0.2� 0.05 dB∕cm. Then, the bottom line waveguide of Su-8 with a flat top surface of 300 nm is created
by etching. The thickness of Su-8 can easily be controlled by the etching time. Finally, by opening the window
pattern and etching several layers, the first layer marks made by electron beam lithography are found with a
50 nm resolution, and the high quality of the micro-ring resonator is demonstrated.
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Micro-ring resonators are a rapidly developing area of
research in photonic devices with a wide range of applica-
tions, including signal-processing filters, sensors, lasers,
modulators, switches, memory, and slow-light elements.
Generally speaking, micro-ring resonators represent
frequency-selective elements that can perform a variety
of functions, such as add/drop filtering, switching,
and modulating in wavelength division multiplexing sys-
tems[1]. The basic structure of micro-ring resonators con-
sists of a ring-shaped waveguide coupled to either one or
two straight optical waveguides. The ring and the bus
waveguide may be positioned in the same horizontal plane
(lateral coupling), or the ring can be located above the bus
waveguide (vertical coupling). Vertical coupling to the
resonator offers several advantages over lateral coupling:
1) First and foremost among these is that the ring/bus in-
teraction can be controlled to a fine degree, as the vertical
separation is obtained by a well-controlled deposition,
rather than by etching fine gaps[2]; 2) buried waveguides
suffer less from scattering loss and offer better input/
output coupling; 3) finally, if the waveguides are posi-
tioned directly below the ring, the interaction strength
becomes insensitive to small alignment deviations[3,4]. This
last fact is beneficial, as the optimum performance is
achieved when the degree of coupling of both of the bus
waveguides to the ring are identical. There are two kinds
of vertical coupling micro-ring resonators. In Fig. 1(a), the
add/drop bus is above the input/throughput bus and
the ring, which are on the same plane. The add/drop
bus transforms the micro-resonator into a wavelength-
selective filter that allows signals of certain wavelengths
to be transferred from one waveguide port (input) to an-
other (drop). In Fig. 1(b), the ring is above the input/
throughput bus, and is coupled to a single waveguide
(input/throughput).

People often use silica, silica-on-silicon, silicon, silicon-
on-insulator (SOI), silicon nitride, and oxynitride, poly-
mers, semiconductors, and crystalline materials such as
lithium niobate and calcium fluoride as materials to
fabricate micro-resonators[5]. In particular SOI substrates
are now widely used for making highly efficient photonic
integrated circuits[6–9]. However, to be complementary
metal oxide semiconductor back-end compatible, the
maximum temperature of the deposition process should
be restricted to 400°C. Among the three kinds of silicon
(amorphous, polycrystalline, or crystalline), only amor-
phous silicon of high quality, low loss, low temperature
(100°C–400°C), and that allows flexible multilayer stack-
ing by plasma-enhanced chemical vapor deposition
(PECVD) can be deposited[10–12]. It indicates that the
propagation loss of hydrogenated amorphous silicon
(a-Si:H) waveguides have approached that of their crystal-
line Si counterparts. In this Letter, we concentrate on the
fabrication of vertically coupled micro-ring resonators
in amorphous SOI materials, as depicted in Fig. 1(b).
An important feature of this structure is the higher
refractive index (n) contrast of the different materials with
respect to SOI technology: a-Si:H (na-Si ¼ 3.6), silicon
(nSi ¼ 3.476), silica (nSiO2

¼ 1.444), and air (nair ¼ 1).
This high index contrast allows for the design of small,
wavelength-scale nano-photonic structures.

Fig. 1. Vertically coupled micro-ring resonators. (a) Four-port
and (b) two-port configurations.
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Although these devices were first proposed in 1969[13],
only recent technological advances have allowed for the
fabrication of micrometer-sized structures with suffi-
ciently high quality[1]. In 2009, Pafchek showed that the
quasi-transverse magnetic-mode propagation loss of
1.83 dB/cm at 1565 nm was achieved in horizontal Si
(amorphous)–SiO–Si(crystalline) slot waveguides with
8.3 nm slots fabricated on SOI[14]. In 2013, Lipka[15] fabri-
cated and optically characterized horizontally coupled
hydrogenated amorphous silicon photonic resonators for
label-free lab-on-chip biosensors. The photonic microdisk
and ring resonators were patterned with electron beam
lithography (EBL) and structured with inductively
coupled plasma (ICP) etching, resulting in 480 nm ×
200 nm photonic wire waveguides and disk and ring
resonators with a 10 and 20 μm radius, respectively.
The a-Si:H resonators exhibit loaded Q-factors of ∼104
for both resonator types and both polarizations. Although
some publications mention vertically coupled micro-ring
resonators[2,16–26], almost all of them were fabricated using
the optical lithography process and can be achieved by us-
ing other materials instead of a-Si:H. Furthermore, the
process was very hard to process and control. Using
EBL can guarantee a much higher resolution in the posi-
tioning of the top devices with respect to the bottom ones.
In this Letter, we present a rather simple method with
three lithography steps that all use EBL and conventional
reactive-ion etching to achieve vertically coupled micro-
ring resonators in amorphous SOI materials that yield
high resolution, accurate dimensional control, an
extremely narrow ring-to-waveguide gap of 50 nm, and
smooth sidewalls of the fabricated devices.
We aim to deposit 200 nm of a-Si:H onto a wafer that

consists of two layers: the 500 μm Si-substrate, followed by
a 5 μm silica (SiO2) buffer. The a-Si:H layer was deposited
using a load-locked Plasmalab 100 dual-frequency
PECVD system from Oxford with a maximum electrode
temperature of 700°C. The H-incorporation plays an
important role in passivating the dangling bonds and
resulting in the low loss of the a-Si:H material. The
deposition conditions are shown in Table 1.
The hydrogen concentration was measured by Fourier

transform infrared spectroscopy (FTIR), and the bandgap
energy was determined using a Filmtek 4000 spectroscopic
reflector meter. Under the above deposition condition, the
film contained about 10% hydrogen and had a bandgap of
1.73 eV, which is consistent with the values reported by
Fukutani et al.[27]. According to our FTIR results, which

are shown in Fig. 2(a), the hydrogen in the film was mainly
associated with the Si-H bonds (centered at 2000 cm−1)
rather than the Si-H2 (centered at 2100 cm−1). This sug-
gests that the film was of good quality, since Si-H passi-
vates Si dangling bonds and has the effect of reducing the
defect density, while Si-H2 causes extra scattering losses

[28].
The linear loss at 1.55 μm of the a-Si:H wafer was mea-
sured to be 0.2� 0.05 dB∕cm by prism coupling a 1.55 μm
beam coupled into the 0.2 μm thick film and recording the
intensity decay of the propagating beam as it passed
through the film with an InGaAs camera, as shown in
Figs. 2(b) and 2(c).

Three-step lithography was used to fabricate the
vertically coupled micro-resonator: 1) The first step uses
lithography to define the waveguide and the alignment
marks in the a-Si:H layer; 2) the second step uses lithog-
raphy to coat a thin Su-8-resistant layer with a flat top
surface and to deposit a second layer of a-Si:H. This is fol-
lowed by defining large windows around the alignment
marks of the first layer, followed by etching the top
a-Si:H layer and the thin Su-8-resistant layer to expose
the alignment marks; 3) the final step uses lithography
to define the micro-resonator followed by the dry etching
of the top a-Si:H layer.

All of these steps were accomplished by EBL using a
RAITH 150 system. This system allows for very high-
resolution scanning electron microscope imaging at an
extremely low voltage, typically 1 kV. The dry etching
processes were run using a load-locked ICP-reactive ion
etcher (Oxford Instruments Plasmalab ICP 100). Figure 3
shows the complete process.

We aim to fabricate an 8 mm long straight waveguide
with a set of eight alignment marks surrounding the wave-
guide for the first lithography and etching process. We
used normal writing for the alignment marks (writing field
of 100 μm× 100 μm), whereas we used a fixed-beam
moving stage (FBMS) to define the 8 mm long straight

Table 1. Hydrogenated Amorphous Silicon Deposition
Conditions

T
(°C)

P
(mTorr)

SiH4
(sccm)

He
(sccm)

RF
power
(W)

Deposition
rate

(nm/min)

Refractive
index
n

250 1500 25 475 10 20 3.6

Fig. 2. Characterization of the material properties. (a) The
FTIR spectrum. (b) The IR camera image of loss streak from
a 200 nm a-Si:H wafer. (c) The data extracted from this image
fitted with a linear decay.
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waveguide. Unlike in normal writing, when using FBMS,
the beam remains fixed in position while the stage under-
neath follows arbitrarily shaped paths of the desired pat-
terns. Patterns can be several millimetres to meters long,
while maintaining lateral dimensions below 20 nm up to
micrometers with the lowest line edge roughness. For this
step, the resist we chose is a negative tone resist named
Ma-N 2405. Its advantage is that only the waveguide
and alignment marks need to be exposed to the electron
beam so that after development, only the exposed areas
remain. Ma-N 2405 is available in a variety of viscosities,
and is electron beam and deep ultraviolet-sensitive. It is
quite suitable as an etching mask: it exhibits high dry
and wet etch resistance, good thermal stability of the
resist patterns, high-resolution capability, and aqueous

Fig. 3. Whole lithography processes.
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Fig. 4. Ma-N 2405 dose testing result.

Fig. 5. Optical microscopy picture of the first layer of a two-port
ring resonator.

Fig. 6. Scanning electron microscope pictures of straight wave-
guide, mark, and first layer of four-port racetrack resonator after
etching.
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alkaline development[29–31]. In this work, we used Ma-N
2405: thinner(1∶1) dilution, and it was spin-coated on
a-Si:H at 3000 r/min for 30 s and pre-baked at 200°C
for 30 min, and then baked at 90°C for 1 min to form a
0.2 μm film. The lithography parameters were tuned before
the right dose (568 μC∕cm2) was determined to get the
500 nm wide waveguide shown in Fig. 4. As can be seen
in Fig. 5, we used a dose of 800 μC∕cm2 and got a result
of a 504.7 nm width, which is within the accepted range.
We also investigated the etching parameters of a-Si:H, such
as the chamber pressure, RF power (DC bias), ICP power,
the ratio of flow rate of CHF3, and etching time to obtain a
smooth and vertical waveguide, as shown in Fig. 6.
For the vertical coupling, we need a polymer that can

protect the first layer configuration and that is transpar-
ent. At the same time, the polymer should endure the dep-
osition temperature of the second a-Si:H layer at 250°C.
We found Su-8 to be the most appropriate polymer for this
application. One of its numerous advantages is that it has
very high transmission for the wavelength range above
400 nm[32]. It also exhibits relatively good chemical and
thermal stability with a degradation temperature of
Td ≈ 380°C[33]. The Su-8 layer should be able to planarize
the etched waveguides to allow a smooth surface for the
second EBL step. This was only possible when a 4 μm
or above thick layer Su-8 was spun on the waveguide to
ensure that the waveguide was properly planarized. Sub-
sequently, the Su-8 layer was etched back until just
500 nm were left. Under the optimized etching conditions
shown in Table 2, a smooth and planar surface of Su-8 was
obtained.
Afterwards, we deposited another 200 nm thick layer of

a-Si:H. The sample was then ready for the second round of
lithography. Here, we wanted to open some window
roughly situated above the alignment marks defined in
the first EBL step (the resolution of this is very tolerant,
around several micrometers). We used a positive resist,
ZEP520A, which can be used a few times until the window
is above the bottom marks. We chose the ZEP520A resist
due to its high resolution, high sensitivity, and high
resistance to dry etching[34]. Figure 7 shows the optical
microscopy photograph after development. Subsequently,
the top a-Si:H layer is dry etched (200 nm), as is the
300 nm Su-8 resist, using the same etching parameters
described above. Finally, we used O2 plasma to remove
the residual ZEP520A resist.

The third step of lithography again makes use of the
Ma-N resist, and the micro-ring location is defined using
the alignment marks defined in the first EBL step. We
used the four bigger marks (50 μm× 50 μm) to manually
define a local coordinates system that is used to find the
four smaller marks (10 μm× 10 μm) automatically and to
determine the location of the micro-resonator. Finally, we
used the same etching process as in the first step to
smoothly etch the resonator.

The loss of the bottom a-Si:H straight waveguide was
determined by the cut-back method, as shown in Fig. 8.
The values for the TM and TE modes were measured
to be 2.6 and 3.2 dB/cm, respectively, with the higher
losses for the TE mode originating from its greater

Table 2. Su-8 Coating and Etching Conditions

Su-8
Coating

Spinning rate
(r/min)

Spinning
t(min)

Bake
T(°C)

Bake
t(min)

UV light
t(min)

Bake
T(°C)

Bake
t(min)

Thick
(nm)

2000 0.5 90 1 0.1 90 1 4600

Su-8
Etching

Pressure
(mTorr)

O2
(sccm)

Ar
(sccm)

CHF3
(sccm)

RF
power (W)

T(°C) Deposited rate
(nm/min)

15 30 2 3 10 10 336

Fig. 7. Optical microscopy photograph of windows pattern on
bottom marks after development.

Fig. 8. Micro-ring resonator testing result.
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sensitivity to the roughness of the etched side walls. A
lensed fiber with a mode-field area of ∼5 μm2 was used
to couple light into and out of the nanowire, and this re-
sulted in a total coupling loss of −7.5 dB per facet, due
mostly to the large mismatch with the fundamental mode
of the waveguide, whose area was ∼0.27 μm2. In addition,
Fig. 8 shows an example of a vertically coupled micro-
ring resonator that is resonated at 1551.2 nm with
w ¼ 500 nm, L ¼ 8000 μm, and g ¼ 300 nm.
In conclusion, we describe a method to fabricate verti-

cally coupled micro-ring or racetrack resonators in amor-
phous SOI using EBL. This includes the demonstration of
0.2� 0.05 dB∕cm low linear loss at 1.55 μm of the a-Si:H
film. We show a successful planarization process using an
Su-8 resist and demonstrate the fabrication of a vertically
coupled micro-resonator and waveguides with a 50 nm lat-
eral placement accuracy of the relative potion between the
above ring and the bottom waveguide. Moreover, we can
easily control the gap between the bottom waveguide and
the above micro-ring by changing the etched thickness of
Su-8.
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