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ABSTRACT

This paper presents the development of a miniature photonic integrated pressure sensor based on a suspended waveguide
Bragg grating. The sensor leverages microfabrication techniques to create an ultra-compact sensor die, that interfaces
seamlessly with a single optical fiber. The design features a silicon waveguide Bragg grating integrated onto a circular
membrane, which is pressure-sensitive. The photonic circuit involving the Bragg grating sensor, interconnecting silicon
waveguide and grating coupler was fabricated using the ISIPP50G technology and underwent post-processing to create
the suspended Bragg grating sensors. The post-processing involved bonding the photonic integrated circuit (PIC) to a
fused silica lid with cylindrical cavities, followed by the removal of the silicon substrate to form an approximately 10 um
thick oxide membrane. The cylindrical cavities were created using femtosecond laser-induced chemical etching, and the
PIC was bonded to the fused silica carrier using an adhesive layer. The sensor's performance was characterized using a
custom-designed clamping setup, demonstrating a clear shift in the reflection spectrum of the Bragg grating as a function
of applied pressure making it a promising candidate for applications in environments where traditional electrical sensors
are unsuitable.
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1. INTRODUCTION

Monitoring and optimizing production processes have become increasingly critical to reduce energy consumption,
minimize raw material usage, and improve product quality. In composite part manufacturing, for example, monitoring
parameters such as temperature, pressure, and refractive index—indicative of the degree of curing—is essential. Chip
based photonic sensors are particularly well-suited for these measurements due to their high precision, immunity to
electromagnetic interference, and compatibility with compact system designs. While on-chip photonic sensors for
temperature [1-6] and refractive index [7-9] have seen significant advancements, the development of pressure sensors
remains a challenge. This difficulty arises from the need for deformable elements, which are not inherently compatible
with standard photonic integrated circuit (PIC) technologies.

Recent progress in micro- and nanoscale pressure sensors has led to substantial improvements in performance and
miniaturization. These devices, built using micro/nanofabrication and micro/nanoelectromechanical system (M/NEMS)
technologies, have demonstrated remarkable potential due to their compact size and exceptional sensitivity [10]. Various
transduction mechanisms, including piezoresistive, capacitive [11], piezoelectric, and resonant approaches, have enabled
the creation of high-performance, low-cost, and small-form-factor pressure sensors.

Electrical and optical pressure sensors each come with distinct benefits and limitations. Electrical sensors, such as
piezoresistive and capacitive types, are widely adopted due to their high sensitivity, robustness, ease of integration with
electronic systems, and scalability through MEMS-based mass production. However, these sensors require electrical
currents to operate, are prone to electromagnetic interference and face challenges in achieving extreme miniaturization or
integration as multisensors for simultaneous measurement of additional parameters like temperature and refractive index.

Optical pressure sensors, on the other hand, leverage light to detect pressure variations and are valued for their immunity
to electromagnetic interference, along with their potential for superior sensitivity and accuracy. These sensors commonly
use optical fibers [12-14] or other optical components to measure pressure-induced changes via shifts in wavelength or



light intensity. They excel in environments unsuitable for electrical sensors due to interference or harsh conditions.
Nevertheless, traditional optical sensors are often more complex to fabricate and integrate into existing systems
compared to their electrical counterparts.

To overcome these challenges, we present a MOEMS-based photonic pressure sensor that combines the advantages of
both approaches. Using microfabrication techniques, we have developed an ultra-compact sensor die, that interfaces
seamlessly with a single optical fiber. This fully passive sensor is immune to electromagnetic interference and features a
silicon waveguide Bragg grating (WBG) integrated onto a circular membrane, which is pressure-sensitive. Additionally,
a second WBG located adjacent to the membrane may serve as a reference temperature sensor, enabling multiplexing
within the same optical waveguide and fiber interface. This approach allows interfacing the sensors using standard fiber
Bragg grating interrogators, commonly used in industry.

*Jeroen.missinne@ugent.be; www.cmst.be

2. SENSOR CONCEPT AND DESIGN

As illustrated in Figure 1, the sensor utilizes a silicon photonic integrated circuit (PIC) featuring a Bragg grating
embedded in a silicon waveguide. This waveguide is suspended on a pressure-sensitive membrane composed of oxide
layers. When external pressure is applied to the membrane, it deforms, inducing strain along the waveguide. This strain
causes a shift in the reflection spectrum of the Bragg grating which can be tracked with a commercial interrogator. A
grating coupler is employed to excite the Bragg grating and facilitate readout in reflection, using a single interfacing
fiber for both functions. The PIC is specifically designed for transverse electric (TE) mode operation in the C-band, with
an operating wavelength centered around 1550 nm.
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Figure 1. Schematic illustrating the concept of the sensor which relies on a Si waveguide with Bragg grating suspended on a
pressure-sensitive membrane.

The sensor design is divided into two main aspects: the mechanical design of the membrane and the photonic design. The
mechanical design focuses on optimizing the membrane properties to enhance the conversion of pressure into strain. On
the other hand, the photonic design aims to optimize the Bragg grating to produce well-defined peaks or dips in the
reflection spectrum, thereby maximizing the accuracy of strain measurements. Additionally, the photonic design
encompasses the layout of the waveguide, the sensor structure, and the interfacing grating coupler.

Since the functional photonic layers are fabricated in the imec Passives+ technology (ISIPP50G, crystalline silicon on
insulator starting thickness 220 nm [15]) using the Europractice multi-project wafer (MPW) service, the mechanical
design is constrained by the materials and thicknesses of the layers used in this technology. Consequently, the membrane
thickness was selected to match the total oxide thickness available on the substrate in this technology. The oxide layers
include the 2 um-thick buried oxide (BOX) layer, onto which the silicon waveguide is positioned, and approximately 7-
8 um of deposited oxide layers on top. As a result, the primary parameters for optimization are the membrane diameter
and the positioning of the sensor relative to the membrane. A circular membrane was selected for this design, modeled
with axial symmetry which allows analysis either analytically or through numerical simulation software similarly to
related work we have reported [16]. Assuming uniform pressure is applied to the membrane, the radial and tangential
strain (cylindrical coordinates) can be determined as function of the lateral position on the membrane and across its
thickness based on a previously established simulation model [16] in which the dimensions of the membrane were



adapted to this application, i.e. the thickness of the membrane was set to 10 pum, and the radius to 50-150 um. The
material was kept as fused silica, since the membrane mostly consists of oxide (ignoring any tiling on other layers). The
simulation results depicted in Figure 2 show the relative strain distributions for a certain applied pressure. When
investigating the strain across the thickness of the membrane, there is no difference found between the radial and
tangential strain. As expected from a mechanical point of view, the strain is zero in the middle of the membrane (neutral
axis) and linearly increases in absolute value when moving towards the bottom and top surface and as a result the strain
is the highest close to the top or bottom surface of the membrane. As such, it is of interest to position the Bragg grating
as close to the surface as possible to achieve most optimal pressure to strain conversion. Here, the Bragg grating is
positioned 2 um from the surface as dictated by the BOX thickness and therefore the induced strain will be
approximately 50 % lower compared to the optimal position.

The radial strain varies rapidly across the membrane's radius, making it less ideal for positioning a Bragg grating due to
the spectrum degradation that will follow from the non-uniform strain distribution across its length. At the outer edge of
the membrane, near the clamping position, an abrupt decrease of the strain in observed. This is likely a consequence of
the stringent boundary conditions related to the clamping. The tangential strain increases as the distance from the center
decreases. Additionally, the tangential strain remains constant at a fixed distance from the center. This is exploited by
positioning the Bragg grating sensor along a circular path with a radius r (smaller than the membrane radius R). This
configuration ensures that pressure induces a uniform strain along the length of the Bragg grating, minimizing spectral
deformation caused by non-uniform strain distribution along the grating. The distance of the Bragg grating sensor from
the center of the membrane will determine how efficient the conversion from pressure to strain will be, as is the case for
the depth within the membrane. In this case, however, a trade-off has to be made between a more efficient conversion
(closer to the center) and the bend radius of the waveguide (see below), r, with its associated losses. The radius R of the
membrane will determine the sensitivity to pressure but also the maximum pressure that can be applied. For the initial
experimental design, we selected membrane diameters ranging from 120 to 300 pum.
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Figure 2. Simulation results of radial and tangential strain (a) across the thickness and (b) along the radius of the membrane.

The impact of waveguide curvature on the resonance wavelength of the Bragg grating can be systematically evaluated by
assessing its effect on the effective refractive index of the propagating mode. This analysis was conducted using finite-
difference eigenmode (FDE) simulations implemented in Lumerical. In these simulations, key geometrical parameters,
including the bend radius and bend angle, were explicitly defined and incorporated into the computational model to
capture the influence of curvature on modal propagation. The effective refractive indices for both the etched and
unetched regions of the Bragg grating were calculated and compared to those of a straight waveguide under TE
polarization. The results revealed that for bend radii greater than 50 pum, the difference in effective refractive index
values between the straight and bent configurations was negligible and also bend losses are low.

In detail, the Bragg gratings implemented are surface-relief structures, with varying width along the propagation
direction, fabricated on a 220 nm Silicon-on-Insulator platform. This periodicity causes a lobe in the reflection spectrum,
shifting with the change in pressure, which can be tracked. Their design is conducted in two steps, with the first



concerning the calculation of all guided modes, along with their associated effective index nes. The grating pitch (A)
required, to achieve a Bragg resonance (4 z) at 1550 nm, can be calculated through the expression:

.13 = 2.71?” {J],

The “starting” waveguide width is 450 nm, with the aim to achieve single mode operation, with minimum losses at
1550 nm. Both TE and TM gratings were simulated, exhibiting different intensity profiles for the electrical field, as
shown in Figure 3 (b) and (c) accordingly, with the TE structures achieving higher field confinement. Figure 3 (a)
presents the refractive index of the cross-section for the integrated sensor.
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Figure 3 (a) Refractive index profile of the sensor's cross-section. Electric field intensity profile for (b) TE and (c) TM
polarization configuration.

The second step consists of calculating and tailoring the grating’s spectral response, for the rest of the variables, namely
corrugation width and total number of periods. The objective of this step is to maximize the peak reflectivity of this
reflection lobe and minimize the bandwidth, as achieving the most accurate tracking of the center of the lobe is critical.
For this, commercial simulation packages based on the EigenMode Expansion algorithm are utilized, as frequency
domain algorithms are advantageous in terms of the computational complexity. Figure 4 displays the spectrum of the
reflection lobe, for a Bragg structure with 10 nm, 20 nm, 30 nm corrugation width, and 100, 200, and 300 periods
accordingly. It can be noted that the maximum reflectivity of the gratings increases with an increase in the corrugation
width, as well as by increasing the total nhumber of periods. Furthermore, a larger corrugation width yields a larger
bandwidth. Since the bandwidth is rather high, also for the smallest corrugation width shown, we have also implemented
phase shifted Bragg grating designs, which exhibit a narrow dip in the reflection peak, as detailed in previous work [1,
2].
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Figure 4 The reflection spectrum of a Si Bragg grating for varying corrugation width (a) and total number of periods (b).



3. FABRICATION PROCESS

Once the photonic circuits were fabricated using the ISIPP50G technology (according to the design described above),
and the diced passive silicon-on-insulator (SOI) PICs (5 mm x 5 mm) were received through the MPW service, they
underwent post-processing to create the suspended Bragg grating sensors, as shown in Figure 5. The post-processing
involved bonding the PIC to a 500 um thick fused silica lid with cylindrical cavities, the diameter of which defines the
membrane size. The Si substrate was then removed to form an approximately 10 um thick oxide membrane.
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Figure 5. Process flow for realizing the suspended-membrane pressure sensor starting from a small PIC.

Cylindrical cavities with diameters ranging from 120 to 300 pm were created using the femtosecond laser-induced
chemical etching (FLICE) technique. In this process, the contours of the 3D structure were first irradiated with tightly
focused femtosecond laser pulses, followed by etching with KOH [17, 18] as we have described in previous work [2, 19,
20]. In the same step, alignment crosses were also inscribed in the fused silica substrate. Next, a thin adhesive layer
(approximately 1 um) of Dupont Cyclotene 3022-35 was spin-coated onto the PIC, which was then aligned and bonded
to the pre-made fused silica carrier using a Finetech Lambda bonder. After fully curing the adhesive, the bonded
assembly was mounted onto a temporary carrier with wax, and the Si substrate was nearly completely removed by
grinding. The remaining Si was then entirely removed using KOH etching, leaving only the oxide layers. This two-step
substrate removal process was employed because KOH etching is aggressive, and fully removing the substrate with
KOH alone would be challenging, as it would also attack the adhesive.



Figure 6 illustrates the fabrication process along with several challenges. Figure 6(a) shows the fused silica substrate
after the femtosecond laser inscription of various cylindrical cavities along with four alignment crosses which are faintly
visible. Figure 6(b) illustrates a PIC after bonding with the fused silica substrate (seen through the fused silica) showing
some misalignment and signs of adhesive that penetrated the cavities visible as darker rings around the contours. Figure
6(c) focuses on a successfully bonded sensor with limited adhesive penetration. Finally, Figure 6(d) presents an example
of a sensor after the final KOH etching step (viewed from the PIC side), where small residual traces of Si that have not
been fully etched are still noticeable. With the current fabrication parameters, it was difficult to achieve the smallest
diameter membrane pressure sensors since there was too much adhesive penetrating into the cavities. However, a
sufficient amount of adhesive was necessary to ensure proper bonding. As a result, this manuscript focuses on the 300
pum diameter sensor for subsequent testing.

(©

Figure 6. Photos illustrating the fabrication process and associated challenges.



4. SENSOR RESPONSE TO PRESSURE

The pressure characterization was conducted using a custom-designed clamping setup, as illustrated in Figure 7 and
detailed in [16]. This device securely holds the sensor substrate while applying pressure to the underside of the
membrane through a circular aperture. To prevent damage to the fused silica sensor substrate during tightening, rubber
rings were employed to cushion and distribute the clamping force. Dedicated regulators and electronics allowed precisely
setting the pressure in a range of 0.005 bar - 1 bar.

Figure 7. Test setup consisting of a pressure chamber (a) that was connected to a regulated pressurized air supply from the
bottom. (b) Photo of the pressure chamber with a clamped PIC of which the grating coupler is interfaced from above using a
ball lens interface mounted in a holder positioned at approximately 10° off-normal.

The sensor was clamped into the test device with the fused silica side facing downward, allowing the grating couplers to
be accessed from above. A ball lens interface [2, 3] was used to interface with the grating couplers at the proper coupling
angle, facilitating readout by providing clearance to the PIC and also avoiding direct reflections from a cleaved fiber tip.
It should be noted that the grating couplers were accessed from the back side due to the PIC being flipped during
bonding. However, previous studies demonstrated proper Bragg grating readout is feasible in this configuration when
combined with a ball lens [2, 3]. The Bragg grating sensors were read out in reflection using an SLED with broadband
emission in the C-band, along with a fiber polarization controller, an optical circulator, and an optical spectrum analyzer.

Figure 8 shows the shift in the reflection spectrum of the phase shifted Bragg grating as a function of applied pressure
from 0 to 1 bar while keeping the ambient temperature fixed to 22 °C. To obtain this graph, the (x, y, z) position of the
ball lens interface with respect to the grating coupler was re-optimized for each pressure setting to consistently achieve
maximal coupling efficiency. This adjustment was necessary because the fused silica substrate exhibited slight
movement at different pressures due to the non-ideal rigidity of the setup. Since the temperature was kept constant, the
observed Bragg wavelength shift is clearly a result of the applied pressure which causes strain in the silicon Bragg
grating waveguide. However, more detailed testing is required to fully characterize the sensor and to investigate the
influence of fused silica bending.
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Figure 8. Shift in the reflection spectrum of the phase shifted Bragg grating as a function of applied pressure from 0 to 1 bar.
The ambient temperature was fixed to 22 °C.

5. CONCLUSIONS

In this study, we developed a miniature photonic integrated pressure sensor utilizing a suspended waveguide Bragg
grating and discussed its design, fabrication and initial characterization. The fabrication process, involving
microfabrication techniques, femtosecond laser-induced chemical etching and bonding resulted in an ultra-compact
sensor die that interfaces seamlessly with a single optical fiber. Although further testing is needed, initial experimental
results confirmed Bragg wavelength shifts as pressure changes, making it a promising candidate for various industrial
applications.

ACKNOWLEDGEMENTS

This work has received funding from the European Union’s Horizon 2020 innovation programme under grant agreement
no. 871875 (SEER project), and Horizon Europe programme under grant agreement no. 101192721 (PLEIADES
project).

The authors would also like to thank the project partners for the collaboration and useful discussions and the CMST
cleanroom support staff for fabrication support.



REFERENCES

[1] Syriopoulos, G., E. Kyriazi, G. Poulopoulos, T. Prousalidi, A. Poulimenos, M. Szaj, M. Lizaranzu, J.L. NUfiez,
F. Bourcier, S. Maugis, J. Missinne, G.V. Steenberge, C. Zervos, and H. Avramopoulos, "Demonstration of temperature
monitoring of the curing process in resin transfer moulding using integrated phase-shifted Bragg grating sensors"”, Opt.
Continuum, 2024. 3(6): p. 983-994 DOI: 10.1364/OPTCON.522327.

[2] Missinne, J., V. Geudens, S. Van Put, G. Poulopoulos, M. Szaj, C. Zervos, H. Avramopoulos, and G. Van
Steenberge, "Compact packaged silicon photonic Bragg grating sensor based on a ball lens interface”, Optics & Laser
Technology, 2023. 157: p. 108768 DOI: https://doi.org/10.1016/j.optlastec.2022.108768.

[3] Missinne, J., V. Geudens, G. Poulopoulos, M. Szaj, G. Syriopoulos, C. Zervos, E. Kyriazi, H. Avramopoulos,
and G. Van Steenberge, "Silicon photonic temperature sensor: from photonic integrated chip to fully packaged miniature
probe”, Journal of Optical Microsystems, 2023. 4(1): p. 011005

[4] Syriopoulos, G., I. Poulopoulos, C. Zervos, E. Kyriazi, A. Poulimenos, M. Szaj, J. Missinne, G. van Steenberge,
and H. Avramopoulos, "Photonic Integrated Circuit Based Temperature Sensor for Out-of-Autoclave Composite Parts
Production Monitoring", Sensors, 2023. 23(18): p. 7765

[5] Klimov, N.N., S. Mittal, M. Berger, and Z. Ahmed, "On-chip silicon waveguide Bragg grating photonic
temperature sensor"”, Opt. Lett., 2015. 40(17): p. 3934-3936 DOI: 10.1364/0L.40.003934.

[6] Xu, H., M. Hafezi, J. Fan, J.M. Taylor, G.F. Strouse, and Z. Ahmed, "Ultra-sensitive chip-based photonic
temperature sensor using ring resonator structures”, Opt. Express, 2014. 22(3): p. 3098-3104 DOI:
10.1364/0E.22.003098.

[7] Steglich, P., S. Bondarenko, C. Mai, M. Paul, M.G. Weller, and A. Mai, "CMOS-Compatible Silicon Photonic
Sensor for Refractive Index Sensing Using Local Back-Side Release”, IEEE Photonics Technology Letters, 2020.
32(19): p. 1241-1244 DOI: 10.1109/LPT.2020.3019114.

[8] Xu, Y., P. Bai, X. Zhou, Y. Akimov, C.E. Png, L.-K. Ang, W. Knoll, and L. Wu, "Optical Refractive Index
Sensors with Plasmonic and Photonic Structures: Promising and Inconvenient Truth”, Advanced Optical Materials, 2019.
7(9): p. 1801433 DOI: https://doi.org/10.1002/adom.201801433.

[9] Doughan, I., K. Oyemakinwa, O. Ovaskainen, and M. Roussey, "Strip-loaded Mach—Zehnder interferometer for
absolute refractive index sensing", Scientific Reports, 2024. 14(1): p. 3064 DOI: 10.1038/541598-024-53326-3.

[10] Han, X., M. Huang, Z. Wu, Y. Gao, Y. Xia, P. Yang, S. Fan, X. Lu, X. Yang, L. Liang, W. Su, L. Wang, Z.
Cui, Y. Zhao, Z. Li, L. Zhao, and Z. Jiang, "Advances in high-performance MEMS pressure sensors: design, fabrication,
and packaging", Microsystems & Nanoengineering, 2023. 9(1): p. 156 DOI: 10.1038/s41378-023-00620-1.

[11] Song, P., Z. Ma, J. Ma, L. Yang, J. Wei, Y. Zhao, M. Zhang, F. Yang, and X. Wang, "Recent Progress of
Miniature MEMS Pressure Sensors", Micromachines (Basel), 2020. 11(1) DOI: 10.3390/mi11010056.

[12] Leal-Junior, A.G. and C. Marques, "Diaphragm-Embedded Optical Fiber Sensors: A Review and Tutorial”,
IEEE Sensors Journal, 2021. 21(11): p. 12719-12733 DOI: 10.1109/JSEN.2020.3040987.

[13] Elsherif, M., A.E. Salih, M.G. Mufioz, F. Alam, B. AlQattan, D.S. Antonysamy, M.F. Zaki, A.K. Yetisen, S.
Park, T.D. Wilkinson, and H. Butt, "Optical Fiber Sensors: Working Principle, Applications, and Limitations",
Advanced Photonics Research, 2022. 3(11): p. 2100371 DOI: https://doi.org/10.1002/adpr.202100371.

[14] Vorathin, E., Z.M. Hafizi, N. Ismail, and M. Loman, "Review of high sensitivity fibre-optic pressure sensors for
low  pressure  sensing”,  Optics &  Laser  Technology,  2020. 121: p. 105841  DOIl:
https://doi.org/10.1016/j.optlastec.2019.105841.

[15] Ferraro, F.J., P.D. Heyn, M. Kim, N. Rajasekaran, M. Berciano, G. Muliuk, D. Bode, G. Lepage, S. Janssen, R.
Magdziak, J.D. Coster, H. Kobbi, S. Lardenois, N. Golshani, L. Shiramin, C. Marchese, S. Rajmohan, S. Nadarajan, N.
Singh, S. Radhakrishnan, A. Tsiara, P. Xu, A. Karagoz, D. Yudistira, M. Martire, A. Shahar, M. Chakrabarti, D. Velenis,
W. Guo, A. Miller, C. Kristof, S. Balakrishnan, P. Verheyen, Y. Ban, J.V. Campenhout, and P.P. Absil, "Imec silicon
photonics platforms: performance overview and roadmap”, Proc.SPIE, 2023.DOI: 10.1117/12.2650579.

[16] Geudens, V., G.V. Steenberge, and J. Missinne, "Temperature Compensated Differential Pressure Sensor Based
on a Glass Membrane With Femtosecond Laser Written Bragg Gratings", IEEE Sensors Journal, 2024. 24(15): p. 23773-
23780 DOI: 10.1109/JSEN.2024.3411096.



https://doi.org/10.1016/j.optlastec.2022.108768
https://doi.org/10.1002/adom.201801433
https://doi.org/10.1002/adpr.202100371
https://doi.org/10.1016/j.optlastec.2019.105841

[17] Osellame, R., H.JW.M. Hoekstra, G. Cerullo, and M. Pollnau, "Femtosecond laser microstructuring: an
enabling tool for optofluidic lab-on-chips”, Laser & Photonics Reviews, 2011. 5(3): p. 442-463 DOI:
https://doi.org/10.1002/lpor.201000031.

[18] Marcinkevicius, A., S. Juodkazis, M. Watanabe, M. Miwa, S. Matsuo, H. Misawa, and J. Nishii, "Femtosecond
laser-assisted three-dimensional microfabrication in silica”, Opt. Lett., 2001. 26(5): p. 277-279 DOI:
10.1364/0L.26.000277.

[19] Geudens, V., S. Nategh, G. Van Steenberge, J. Belis, and J. Missinne, "Laser micromachined 3D glass
photonics platform demonstrated by temperature compensated strain sensor”, Optics & Laser Technology, 2024. 169: p.
109970 DOI: https://doi.org/10.1016/j.optlastec.2023.109970.

[20] Desmet, A., A. Radosavljevi¢, J. Missinne, D.V. Thourhout, and G.V. Steenberge, "Laser Written Glass
Interposer for Fiber Coupling to Silicon Photonic Integrated Circuits”, IEEE Photonics Journal, 2021. 13(1): p. 1-12
DOI: 10.1109/JPHOT.2020.3039900.



https://doi.org/10.1002/lpor.201000031
https://doi.org/10.1016/j.optlastec.2023.109970

