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Optical Modeling of Internal and External In-Plane Fabry-Perot
Interferometers for Sensing Polymer Swelling

Régis Guertin®*, Ali Khurshidi’, Marc-Antoine Bianki?, Suhas

Kottigegollahalli-Sreenivas*®, Yves-Alain Peter?
#Polytechnique Montréal, Department of Engineering Physics
bBirla Institute of Technology and Science, Department of Electrical and Electronics Engineering

Abstract. This paper presents an optical model for polymer-functionalized in-plane Fabry-Perot Interferometers
(FPIs), developed to enhance device sensitivity by exploiting polymer swelling as a micro-actuation mechanism for
environmental and gas sensing applications. We investigate both internal and external optical cavity designs and
fabricate external FPIs on silicon with adjustable cavity lengths. In the external configuration, the polymer interaction
length is decoupled from the optical cavity length, allowing polymer swelling to be efficiently transduced into a
change in resonant wavelength. This work is validated by using temperature modulation to induce polymer swelling.
The external configuration enables an increase in sensitivity by a factor of two and the measurement of polymers
opaque to infrared light, broadening material options for future applications.

Keywords: Fabry-Perot, Silicon (110), External Cavity, Polymer Actuator, Micro-mirrors, Anisotropic Etching.

*Régis Guertin, regis.guertin@etud.polymtl.ca

1 Introduction

Polymer swelling is widely used to measure environmental parameters such as temperature, gas
concentration, and humidity.'® Temperature-induced swelling originates from thermal expansion
governed by the linear coefficient of thermal expansion (CTE), while gas and humidity induce
swelling through absorption and chemical interactions with the polymer.” In all cases, polymer
swelling can be interpreted as a micro-actuation mechanism capable of producing controlled me-
chanical deformations, which can be efficiently transduced using optical resonators. This principle
has been integrated into a variety of photonic platforms, such as optical fibers,>'° microdisks,*?
and in-plane FPIs.'! 12

Microdisk resonators provide higher optical quality factors (Q-factors) than FPIs and non-

resonant interferometers, making them particularly well suited for achieving low limits of detection
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(LOD).!* However, their operation often relies on suspended geometries,*> complicating large-

scale integration and multiplexed sensing with wide variety of polymers. In contrast, in-plane
FPIs fabricated through silicon micromachining present a robust and scalable alternative.'>!% 1
These devices can be encapsulated, arranged in sensor arrays, and individually functionalized with
various polymers during a final fabrication step. The functionalisation is versatile as any liquid-
state polymer can be deposited directly into the cavity, including melts, solutions, and in-situ
polymerization. The sensing mechanism relies on shifts in the resonance wavelength, which arises
from polymer swelling in the presence of external stimuli. The stimuli changes both the polymer’s
refractive index and polymer’s microchannel length by mirror deformation, modulating the optical
response.

To improve the performance of in-plane FPIs, previous studies have pursued two main ap-
proaches. One involves increasing the Q-factor by fabricating curved mirrors using deep reactive
ion etching,'® while others employ anisotropic etching to define planar mirrors with reduced sur-
face roughness.!” Although these techniques enhance the Q-factor and generally lower the limit of
detection,'? they do not affect the device’s intrinsic sensitivity. Sensitivity therefore remains a key
limitation and must be addressed through the combined engineering of both the polymer actuator
and the optical cavity configuration.

External optical cavity architectures have been proposed as a means to enhance sensitivity
by modifying the relationship between mechanical deformation and optical response.'®* However,
such concepts have not yet been implemented in an on-chip, in-plane configuration compatible
with silicon micromachining.

In this work, we develop an optical model for polymer-functionalized in-plane FPIs that ex-

ploits polymer swelling as a micro-actuation mechanism. Both internal and external cavity con-

2
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Fig 1 Swelling model of a polymer in a microchannel channel. The dotted line represents the cavity at rest and the
dashed line is the swelling without constrains. A) Rigid and B) Flexible mirrors

figurations are investigated, and external FPIs with adjustable optical cavity lengths are fabricated
on silicon. By decoupling the polymer interaction length from the optical cavity length, polymer
swelling is efficiently transduced into a change in cavity size. Experimental validation is performed
by inducing polymer swelling through temperature modulation, which serves as a controlled stim-

ulus to emulate swelling responses expected from various external perturbations.

2 Optical Model

The device consists of a polymer confined within a microchannel etched in silicon and formed with
flexible and rigid walls as illustrated in Fig 1. Upon external stimuli, the polymer swells and exerts
pressure on the flexible wall causing a deformation, thus increasing the length of the microchannel
by Az. To model this deformation, the normalized swelling of the polymer under stimuli in a

polymer cavity of length L is expressed as follows:
A
TZ — RaAT, (1)

where « is the CTE and AT the change in temperature. The mechanical factor R accounts for

mirror stiffness and confinement between rigid plates.'”
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To measure this displacement, a FPI is used. Its wavelength peaks correspond to the resonance
condition which is function of the optical cavity length (d) and the refractive index (n) and is

expressed as

m\ = 2nd, 2)

where m is the resonance order and A the wavelength. From this resonance condition, the resulting

normalized wavelength shift (A)) can be determined with:

A)\_Ad+An+AnAd 3)
A d n nd

In this study, the variation of the refractive index of the polymer is considered small compared to
mechanical swelling based on previous results.'* In particular, St-Gelais et al. reported that the
contribution from mechanical expansion is at least one order of magnitude larger than that from
refractive index changes, justifying to neglect the refractive index variations and associated higher-
order terms. Considering the mechanical displacement, two distinct configurations can be studied
depending on the position of the optical cavity and the polymer’s microchannel, as illustrated in
Fig 2. In Fig 2a, the internal configuration, the optical cavity is located in between two gold coated
silicon mirrors and within the polymer microchannel. In Fig 2b, the external configuration, the
optical cavity is located in between a reflective gold coated optical fiber tip and a gold coated
silicon mirror.

In the internal configuration, the polymer is located within the optical cavity, making the optical

cavity and the polymer microchannel coupled together and equal in length (d = L). Thus, the
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Fig 2 Optical device schematics and location of resonances in red. a) Internal configuration where the optical cavity
is located in the polymer’s microchannel. b) External configuration where the optical cavity is located outside the
polymer’s microchannel.

microchannel’s change in length is directly equal to the cavity’s mirror displacement (Az=Ad)

and the wavelength shift is expressed as
A
== = RaAT. 4)

The sensitivity (5) of the device is defined as the ratio of the wavelength shift to the magnitude of

the stimuli and is expressed as

>

This configuration’s sensitivity doesn’t depend on the optical cavity’s characteristics but only on
the polymer’s swelling characteristics and the mechanical factor.
In the external configuration, the optical cavity length is decoupled from the polymer’s length.

In this case, the change in the cavity length is still equal to the change of the microchannel’s length
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Fig 3 1)-4)Fabrication Process. 5) Evaporation setup with evaporation angle /3 and target metal to evaporate at the

source.

but in the opposite direction (Ad = —Az). Thus, the sensitivity of the device is expressed as:
S L
— = —Ra-—. 6
3 a (6)

In the external configuration, the optical factor % modulates the sensitivity by decoupling the poly-
mer channel’s length from the optical cavity length. Reducing the FPI’s optical length (d) increases
the wavelength shift for an equivalent mirror displacement, and thus the sensitivity. From an opti-
cal perspective, a shorter cavity also increases the free spectral range (FSR), often yielding fewer
resonance peak within the scanning range while having no effect on the dynamic range. Addition-
ally, according to Eq. (6), a longer polymer microchannel should produce greater swelling along
the optical axis, enhancing response compared with the internal design. However, the effect of
the mechanical factor and cavity length RL remains unclear, and increasing L does not guarantee

higher sensitivity as it is influenced by the geometry and mechanical properties.'”

3 Fabrication and Optical Characterization

Devices for external configuration were fabricated on silicon (110) wafers using anisotropic etch-

ing with TMAH as shown in Fig 3 using a similar process as presented in previous work.!” A
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250 nm SiO, layer was deposited by PECVD at 300 °C to reduce surface roughness during etch-
ing.”’ The wafer orientation was aligned within 0.05° of the [112] direction with a TMAH first
etch. The device pattern was subsequently etched again to achieve a depth of 100 um. In the
external configuration, a reflective coating consisting of 8 nm of chromium and 22 nm of gold
was evaporated at an angle of 87°, selectively coating only the exterior of one mirror per polymer
channel, as seen in Fig 2b. This contrast with the internal configuration where the coating was
applied in a more symmetrical manner with an evaporation angle of 35°.!!7 The angled deposi-
tion results in a partial coating of about 3 um on top of the second silicon wall, which may cause
unwanted reflections if within the optical path. Thus, alignment must be precise to avoid parasitic
cavities. The etching depth mitigates this effect, as each fiber with a radius of 62.5 um, had its core
positioned below the parasitic reflective area. In the external configuration, the second mirror is
formed by a cleaved optical fiber coated with the same reflective coating. The device functionali-
sation was performed by injecting liquid-phase polymers into the microchannels through capillary
forces. Twelve devices were fabricated, of which half were functionalized with in-situ polymerized
PDMS and the other half with in-situ UV cured SU-8 2000.

For the optical characterization, a tunable laser source (Keysight N7776C) ranging from 1450 nm
to 1650 nm and photodiodes (Keysight N7745C) are used. Light was coupled to the cavities using
cleaved SMF-28 optical fibers. All fibers were positioned at various distances from the reflect-
ing mirrors to adjust the optical cavity length and were fixed using UV curable adhesive. Optical

spectra are shown in Fig 4. The optical cavity length d is calculated from the interference peaks
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Fig 4 Optical spectra in external configuration for different cavity length with an empty polymer channel.
using

1 Ao\

=_— 227 7
2na>\2—)\1 ( )

where \; and )\, are two adjacent resonant peak wavelengths and n, the refractive index of air.
From Fig 4, the Q-factor ranges from 250 to 500, lower than those in prior devices being on the
order of 2 x 103.!7 This reduction is due to the imperfect alignments of the optical fiber, which
lacks the inherent parallelism of etched (111) silicon mirrors , increasing the limit of detection by
a factor 4 to 8'3, In addition, parasitic cavities appear, caused by either reflections from non-coated

silicon walls or higher-order modes induced by fiber misalignment.

4 Results and discussion

The sensitivities to temperature were measured by tracking the resonant peak wavelength of the

devices as the temperature varied. A Thorlabs MTD1020 Peltier controller was used to control



107

108

110

111

112

113

114

115

116

117

118

119

120

121

122

o 5 10 15 20 25
AT(K)

Fig 5 Wavelength shift as a function of temperature change for two PDMS filled cavities. The reference temperature
is 15°C.

the temperature from 15 °C to 35 °C with a maximum deviation of 10 mK. Fabricated samples
had polymer microchannels length of 63 um and optical cavities ranging from 30 um to 255 ym.
Figure 5 shows the response of two of the six PDMS-filled cavities with different optical cavity
length. The six other cavities filled with SU-8 were tested under the same conditions and yielded
similar results. The model in Eq. (4) is fitted and the slope corresponds to the sensitivity. Both
polymers showed a linear response, in contrast with earlier reports of non-linear effects caused by
phase transitions.!! The figure demonstrates that the sensitivity varies with optical cavity length.
According to Eq. (3), a mechanical displacement on the order of 75 nm corresponds to normalized
wavelength shifts of 1 x 1072 for a 75.5 um optical cavity and 2.5 x 1073 for a 30.4 um optical
cavity. Figure 6 shows the measured sensitivity as a function of inverse cavity length. The model
in Eq. (6) is fitted to the experimental results for both polymers. By calculating the slope, the Ra L
coefficients are evaluated to 6.1 x 1072 m K~! for PDMS and 1.5 x 10~® m K~! for SU-8. As both
polymer microchannels are 63 pm in length, the Ro coefficients are evaluated to 0.96 x 1074 K~}
and 2.37 x 1074 K~! respectively. These values contrast with reported CTE of 2.50 x 10~ K~!

for PDMS?! and 1.50 x 10~* K~ for SU-8.%> These differences likely reflect mechanical effects

with R # 1. The thickness of the mirror might play a role as the PDMS sensors, which had
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thicker mirrors, showed lower sensitivity. Non-flexible mirrors have previously been found to
reduce polymer swelling sensor sensitivity.'* It is worth noting that, according to Timoshenko

et al., the stiffness of a plate scales with the cube of its thickness,?

which may contribute to
this behavior, although a more detailed analysis would be required to confirm this effect in the
present configuration.”* Moreover, variations in deposition technique cause large differences in
reported CTEs,* moreover contributing to the discrepancy. To further increase the sensitivity, Ro
should nonetheless be increased and more work has to be done to clearly identify the underlying
mechanics. Variation in sensitivity, seen as deviations from the model, may also arise due to
fabrication deviations such as uneven polymer filling, mirror thickness variation, and inconsistent
fiber positioning. Since the mirror is fixed on three sides, the deformation is uneven, making fiber
positioning critical. The current setup may not achieve optimal placement.

The internal cavity model predicts the sensitivity being directly proportional to Ra. For the
PDMS external devices, the maximum sensitivity obtained is 1.93 x 10~ K~!, which is twice

larger than Ro. For the SU-8 external sensors, the maximum sensitivity obtained is 3.89 x 10~4 K1

which is 1.6 times larger than Ra. These results show that decoupling the polymer microchannel

%107
x —PDMS
RS —SU-8
‘M 2] % % Ra=0.96x10"4K"!
NP Ra=2.37x10"4K"!
al %
-5 : : : |
0 1 2 3 4

% (m_l) x10%

Fig 6 Normalized temperature sensitivity of SU-8 and PDMS functionalized sensors as a function of the inverse

optical cavity length, from 30 pm to 255 pm. The mirror thickness of PDMS and SU-8 sensors are 3.7 um and 2.7 um

respectively. The polymer microchannel is 63 pm long for all devices.

10
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to the optical cavity by having external cavities is an avenue to increase the sensitivity. However,
internal cavities remain pertinent when variation in refractive index dominates swelling, which is
unexplored in this work. Even greater sensitivity could be achieved with smaller external optical
cavities. However, positioning the fiber’s mirror parallel to the chip’s mirror remains manually
challenging. This step limits the minimum cavity length to about 30 um, as shorter optical cavities
could not be fabricated due to losses of the resonances. Integrating the mirror directly on the chip
would ease alignment and allow for shorter cavities, but it would require major changes to the
fabrication process. One possible process would fabricate the mirrors, evaporate a metal coating,
and etch the polymer channel afterwards. Other methods reported in the literature may help to
increase alignment tolerances. A microsphere placed inside the cavity was previously reported
raising the Q factor and reducing misalignment sensitivity up to 2° for cavities as short as 4 pm.?¢
Alternatively, etching a concave mirror at the fiber tip using a CO, laser has allowed other groups

2

to fabricate cavities as small as 3 um?’ and 10 um,?® which would yield an order of magnitude

increase in sensitivity compared to the fabricated devices of this work.

5 Conclusion

We developed a probing scheme that efficiently transduces polymer swelling into optical wave-
length shifts using external FPIs cavities. An optical model linking polymer swelling, microchan-
nel length, and optical cavity length was established for both internal and external configurations.
The model predicts higher and tunable sensitivity for external FPIs through decoupling of the poly-
mer interaction length from the optical cavity length. Twelve external FPIs with adjustable cavity
lengths were fabricated and functionalized to validate this approach. Polymer swelling was emu-

lated via temperature modulation, and experimental results confirmed that shorter optical cavities

11
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yield increased sensitivity, achieving up to a twofold improvement over internal FPIs. This con-
figuration enables extraction of the combined parameter R«, while independent determination of
these quantities requires additional methods.

Placing the resonator outside the polymer channel further extends the design’s versatility, as
it allows the measurement of polymers opaque to infrared light. This flexibility opens the door
to broader material choices and new applications, including gas sensing and environmental mon-
itoring. Looking ahead, integrating the external cavity directly on chip with a polymer channel
in silicon (110) would mitigate Q-factor loss from fiber misalignment, simplify alignment, and

improve overall detection performance.
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