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High-performance, low-cost on-chip Fabry-Perot
interferometer with microfluidic channel using

single anisotropic wet etching

Régis Guertin, Thomas Lacasse, Cédric Lemieux-Leduc, Marc-Antoine Bianki, Yves-Alain Peter

Abstract—In this paper, we present a design for improving the
fabrication process of an in-plane Fabry-Perot interferometer
(FPI). The fabrication process involves a single anisotropic
etching step in silicon (110) to form a resonator featuring a
microfluidic channel and perpendicular structures for fiber
alignment. The process etches along the crystalline planes,
resulting in an almost perfectly parallel resonant cavity and
reducing roughness of optical components. The FPI mirrors
consist of two (111) planes coated with a thin film of evaporated
gold, enhancing reflectivity. The advantage of this process is that
it enables low-cost and commercial fabrication while
maintaining high performance. Resonances with Q factor
exceeding 2x10° are reported.

Index Terms—Fabry-Perot, Silicon (110), Micromirrors,
Anisotropic Etching, Vertical etching, Microfluidics.

|. INTRODUCTION

Extensive research has been conducted on studying the
parameters of the fabrication process to enhance the performance
of on-chip Fabry-Perot Interferometers (FPIs). The reflectivity,
parallelism, and surface roughness of the mirrors are factors that
determine the FPI's finesse and Q factor, both of which rely
therefore on the fabrication quality [1]. A larger finesse leads to
improved accuracy in measuring wavelength resonances within the
which the
displacement sensors. On-chip FPIs find use in various applications

cavity, enhances performance of wavelength
such as gas sensing [2], [3], tunable optical filters [4], [5], refractive
index measurements [6], [7], and refractive index cytometry [8],
[9]. Micromachining techniques have allowed the fabrication of
precise and reliable micrometer-sized in-plane resonators. In-plane
orientation is preferred for FPIs, as it facilitates encapsulation with
optical fibers. To fabricate such resonators, deep reactive ion
etching (DRIE) is widely employed [6], [10]. However, this
technique has issues with verticality deviation and scalloping,
which affects optical performances. The former leads to a +0.5°
deviation in parallelism and is a major issue [1]. The latter causes
surface roughness on mirrors ranging from 30nm to 200nm based
on etching parameters. To overcome the roughness caused by
scalloping, some groups used DRIE etching, followed by
anisotropic wet smoothing [4], [11], [12] or cryogenic process [13].
Although roughness is reduced, these techniques require additional

steps to align the device along the <112> crystalline direction or

specialized equipment. Other techniques, such as sidewall
smoothing with focused ion beam, were studied but are not realistic
for large-scale production [14].

In this paper, we propose a simple and cost-effective fabrication
method and design to optimize the parallelism of the mirrors while
reducing roughness, as compared to DRIE etching methods. The
design also includes a microfluidic channel for measuring the
refractive index or swelling of different liquids and polymers, along
with optical fiber grooves for packaging purposes. By using liquid
anisotropic TMAH etching and a silicon (110) substrate, we
demonstrate that it is possible to manufacture the various structures

in a single etching step.

Il. FABRICATION

A. Design on Silicon (110)

Figure 1 depicts a complete device composed of a vertically
etched FPI, which achieves a high degree of parallelism by
utilizing the crystalline properties and orientation of silicon (110).
The (110) planes are etched to reveal the vertical (111)

Optical
Fibers
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Medium light

b) \AU Si ,

Fig. 1. a) FPI with microfluidic channel, fiber grooves and reservoirs for liquid.
b) Side view of the FPI. Silicon is shown in gray, gold in yellow and medium
under test in green.

planes, whose etching rate is orders of magnitude lower than that of

both the (100) and (110) planes. As a result, intriguing
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shapes can be etched. For instance, when etching a circular pattern,
a hexagonal shape with two slanted walls and two pairs of vertical
walls are revealed. For this method, we are only interested in the
pair of (111) planes along the <112> direction, which enables easy
fabrication of in-plane FPI. However, the downside of this method
is the under-etching of convex corners causing all convex structures
to be etched in unintended but predictable directions, thus limiting
the design of complex structures. Compensation structures in the
shape of rectangular beams can be used to overcome this issue [15].
The mask pattern design proposed in Fig. 2 can accommodate
compensation structures of different lengths seamlessly. The
patterns are oriented along either the <110> or <112> direction
families. The length of the beams is determined by the etch depth
and the etchant used. By using this design, all compensation
structures can be oriented in the same direction, which simplifies
the determination of their geometry. However, the corresponding
length needs to be measured experimentally from test structures
prior to designing the device, as etch rates vary depending on the
temperature, solution, and orientation of the sample in the solution.
For the presented design, the beam length and width were
established to be
perpendicular structures cannot be etched in (110) silicon, it is

110um and 10um respectively. Since
challenging to design fiber grooves that are perpendicular to the
resonator. In Fig. 2c, a design is shown that allows for a vertical
groove in the <1171> direction that is perpendicular to the
resonator. This design consist of an array of intertwined blended
parallelograms with compensation beams. The width of the groove
is 250um, and the compensation beams have a length of 110um and
are spaced by 80um. Since the sides of the grooves are not in the
<112> or <110> directions, the sidewalls of these grooves will
have high roughness. The tolerance on the roughness and verticality
of the sidewalls is very high since they are not optical components.
However, the optical quality of the (111) etched stop plane in the
<112> direction remains high.

B. Process flow

The fabrication process begins with a p-doped (10Qm) silicon
wafer with a (110) crystaline orientation. The wafer is thermally
oxidized at 950°C to produce an oxide layer with a thickness of
300nm. To reveal the crystal planes, an alignment fork pattern [16]
is etched in the oxide layer using buffered hydrofluoric acid solution
(BHF) and dipped in TMAH 25% for 10min. The fork pattern
enables a 0.05° alignment precision with the <112> directions. The
device pattern is then transferred to the oxide using BHF and
subsequently etched into silicon using TMAH 25% for 75min to
achieve a depth of 90um, which enables the positioning of the
optical fiber at the bottom of the grooves. Finally, 60nm of gold is
evaporated at a 35° angle to increase the reflectivity while coating
the
Non-conformal deposition prevents the formation of undesired

only one side of each mirror of resonator.

parasitic cavities. A micrograph of the fabricated device is
shown in Fig. 3. The perpendicular structure is well defined

with two thin silicon mirrors and with two long

B

b) c)

Fig. 2. a) Mask design of the devices. b) Interface of the reservoirs and the micro
fluidic channel c) Fiber grooves with compensation structures. 1- Liquid
reservoirs. 2- Microfluidic channel. 3- Vertical mirrors. 4- Fiber grooves.

2 v‘\

Fig. 3. SEM images of the fabricated device. a) Overview of the whole device.
b) Close up view on the resonator.

straight grooves. The microfluidic channel is connected to both
reservoirs. Using white light interferometry, the surface roughness
on the (111) vertical plane was measured to be as low as 40nm,
which is notably less than what is obtained with DRIE techniques
alone. In order to measure the roughness, a sample was cleaved in
a direction parallel to that of the mirrors and rotated to expose the

(111) plane. Using white light interferometry (Fogale
Photomap 3D Optical Profiler), the surface roughness
was measured to be as low as 40nm, which is

notably less than what is obtained with DRIE techniques.

© 2023 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE/ASME Journal of Microelectromechanical Systems. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JMEMS.2023.3278451

JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. XX, NO. YY, MARCH 2023 3

The side walls of the fiber grooves exhibit low-frequency
roughness, as anticipated, with a frequency comparable to that of
the
compensation patterns in the reservoirs were designed to be longer

compensation pattern removed during etching. The

than necessary and, consequently, are not entirely etched

away. In order to measure the parallelism of the mirrors,

Fig. 4. Assembled device. Blue section (F) is a shadow caused by the mirrors.
A and B- Input and output fiber. C- Optical glue to bond fibers to the sensor. D-
Reservoirs. E- Microfluidic channel and Fabry-Perot interferometer.

the sample was cut perpendicularly to the microfluidic channel
using a dicing saw. SEM was used to determine an angle of 0.03°
between the mirrors, as illustrated in Fig. 5.

Fig. 5. Cross-section of the microfluidic channel showing the verticality of the
structure. Angle A was measured at 89.92° and B at 90.11°

I1l. OPTICAL CHARACTERISATION OF THE ASSEMBLED DEVICE

Figure 4 shows the assembled device. A tunable laser (Keysight-
N7776C) synchronized with photodiodes (Keysight-N7745C) was
used to measure the transmission spectrum of the device, as
depicted in Fig. 6. Light coupling was achieved by placing two
SMF-28 optical fibers at a distance of approximately Sum to 20um
from the outwardside of both mirrors. The measured Q factor,
finesseand full width at half-maximim (FWHM) are respectively

Normalized T (dB)
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Fig. 6. Experimental (blue) and calculated (red) transmission spectrum from
FPI. a) Empty cavity with width of silicon, gold and microfluidic channel being
respectively 2.59um, 60nm and 68.9um b) Cavity filled with PDMS with width
of silicon, gold and microfluidic channel being respectively 2.56pm, 60nm and
68.0pm

1.3 x 10%, 13.5 and 1.10nm for the first cavity (Fig. 6a) and 2.2 x
10% 17.1 and 0.66nm for the second (Fig. 6b). The transfer matrix
method was used to calculate the FPIs transmissions [1], and the
results are illustrated in Fig. 6. The FPIs transmissions were
calculated using the transfer matrix method presented by St-Gelais
[1], with the results being illustrated in Fig. 6. The method involves
utilizing the transfer matrix of each interfaces, while accounting for
the divergence of the Gaussian beam and roughness. In this case,
the measured roughness of 40nm was incorporated in the
simulation. The experimental responses shows a good agreement
with the simulated spectra in terms of peak positions and
amplitudes. According to FPI theory, the simulated spectra are
expected to have constant peak powers, but the simulation model
includes a dual Fabry-Perot cavity, consisting of one formed by the
two highly reflective gold layers, and the other formed by a gold

layer and the silicon layer with the air interface,
which creates a parasitic cavity. The parasitic cavity is formed
by a FPI with a different FSR than the main cavity
and is dependent on the resonance order in
the silicon structure determined through Equation 1,
_mA
T on. )

Here, m represents the resonance order, 4 =1550nm is the central
wavelength, and the refractive index of silicon is nsi= 3.48. The
effect of this parasitic cavity is observed when the peaks broaden,
as can be seen experimentally in Fig. 6a from 1540nm to
1580nm 6b 1540nm to 1560nm,
depending fabrication variations optical
path length. Simulations of this effect for different values

and in Fig. from

on and

of silicon widths, represented by the parameter m, are shown
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in Fig. 7. m takes integer values in Fig. 7a and " + 3in Fig. 7b.
For integer and small values of m, the parasitic cavity in the central
wavelength generates no attenuation. However, for " +3 ,
attenuation is present in the central wavelength causing low
amplitude and broadened peaks. This parasitic cavity causes
destructive interference and reduces the overall finesse of the cavity.
The cavities fabricated for this experiment have a resonance order
of approximately m = 11.5 at a central wavelength of 1550nm, thus
exhibiting destructive interference in the silicon layer. However, the
interference is constructive for wavelength of 1500nm, hence
higher finesse in this region. Ideally, the silicon structure would
have a width of 223nm for a resonance of i = 1, but this is difficult
to achieve without proper lithography tooling. Surface roughness
and non-parallelism of the mirrors are factors that decreases the
finesse as well. Improvements to the wet etching method
could increase performance by reducing roughness and increasing
the parallelism. shows that the

Figure 6a parasitic

m
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Fig. 7. Simulated transmission spectrum in arbitrary units as a function of the
order of resonance and the size of the silicon mirror width. a) Resonance order
takes the value of an integer, denoted as m b) Resonance order takes values of m
+1/2, where m is an integer.

cavity lowers the finesse of the device, resulting in low peak

amplitude from 1540nm to 1580nm. To reduce the
resonance order, the thickness of the silicon wall
must not exceed 223nm. This is determined using Equation 1,
_mA
T on 2)

where m = 1 represents the resonance order, 4 =1550nm is the
central wavelength, and the refractive index of silicon is

nsi = 3.48. Using the Fresnel equation (Equation 3),

the parasitic reflectivity is estimated to be around 30%,
with 74i-= 1.

2
Ngi — Nair
ng; + N air

=

3)
Design-wise, it is possible to reduce the impact of the parasitic
cavity on the transmission spectrum by changing the process flow
to have the gold layers facing each other, but this would increase the
fabrication complexity. Alternatively, thinned silicon structures can
achieve similar results while maintaining the presented design.

IV. CONCLUSION

In this study, we developed a low-cost fabrication method for an
in-plane FPI that includes fiber grooves, a microfluidic channel, and
reservoirs. Our technique used TMAH etching and compensation
structures to achieve perpendicular features with silicon (110). The
technique is easy to implement and requires less expensive tooling
for higher performances. We measured the device’s quality factor
to be 2.2 x 103, indicating high performance. In the future, we plan
to explore the potential of these FPIs for gas detection applications.
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