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Pressure sensors based on photonic integrated circuits (PIC) offer the prospect of outstanding
sensitivities, extreme miniaturization and have the potential for highly scalable production using
CMOS compatible processing. PIC-based pressure sensors detect the change in optical properties,

i.e. the intensity or phase of the optical carrier wave inside miniaturized waveguide structures. The
detection of ultrasound is achieved by engineering the waveguide architecture such that a pressure
causes a high change in the effective refractive index of the waveguide. A range of PIC-based pressure
sensors have been reported, but a comparison of the sensitivity of the different approaches is not
straightforward, since different pressure sensitive waveguide architectures as well as photonic layouts
and measurement setups impact the performance. Additionally, the used sensitivity unit is not
uniform throughout the different studies, further complicating a comparison. In this work, a detailed
simulation study is carried out by finite element modeling of different pressure sensitive waveguide
architectures for a consistent comparison. We analyze three different sensor architectures: (A) a free
standing membrane located within a tiny air gap above the waveguide, (B) a waveguide located on top
of a deflectable membrane as well as (C) a waveguide embedded inside a pressure-sensitive polymer
cladding. The mechanical response of the structures and the resulting changes in mode propagation,
i.e. the change of the effective refractive index, are analyzed. The waveguide sensitivities in RIU/MPa
for different waveguide types (strip, slot) and polarization states (TE, TM) are compared. The results
reveal inherent limitations of the different waveguide designs and create a basis for the selection of
suitable designs for further ultrasound sensor development. Possibilities for enhancing waveguide
sensitivity are identified and discussed. Additionally, we have shown that the studied approaches are
extensible to SiN waveguides.

Ultrasound imaging is an established technique in biomedical diagnostics. Traditional sonography is carried out
using piezoelectric transducers. The small bandwidth of the reflected ultrasound pulse is efficiently detected as
the signal is produced and detected with the same device. Conversely, emerging technologies come along with
different requirements regarding the ultrasound sensor specifications. A well known example is photoacoustic
imaging. This biomedical imaging method relies on the photoelastic effect. Laser pulses are directed into
biological tissue, where a fraction of the energy is absorbed and converted into heat. This phenomenon triggers
a momentary thermoelastic expansion, leading to the release of broad-spectrum (i.e., MHz) ultrasonic waves.
Subsequently, the ultrasound sensor captures and detects these generated ultrasonic waves. The drawbacks of
piezoelectric sensors, i.e. their loss of sensitivity with reduced sensor size and limited bandwidth, are hindering
such emerging technologies.

Optical sensors show a great potential in overcoming the current limitations of piezoelectric sensors by
higher signal-to-noise ratio per unit area and wider detection bandwidths.! Different optical ultrasound sensors
are researched including free-space optics>™, fiber based sensing™®, and photonic integrated circuits (PICs).
The latter was primarily shown for polymer waveguides’~'" but recently also demonstrated in silicon-based
waveguides. PICs have great advantages over free-space optics because they can be produced with scalable
manufacturing processes and offer the possibility of extreme miniaturization.

The first ultrasound sensor based on the SOI platform was shown by Rosenthal et al.'' in 2014. A silicon
waveguide architecture embedded into a SiO2 cladding interrogated as a w-phase-shifted Bragg-grating is used
for sensing. The sensor shows a response dominated by the formation of surface acoustic waves (SAW). Since
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then, different approaches were proposed and experimentally demonstrated to avoid signal distortion by SAW
and enhance sensitivity. A resonant SiO2 membrane with a silicon waveguide on top of the membrane was
shown by Leinders et al.!> The deformation of the membrane and waveguide lead to a stress-induced refractive
index change in the materials. A footprint of 124 pm, a sensitivity of 2.1 mV/Pa and a NEP of 0.4 Pa were
demonstrated for an acoustic resonance frequency of 0.76 MHz. A sensor array with a full BEOL was proven
feasible for this approach by Zarkos et al.'* In the study of Westerveld et al.!'* a resonant membrane is placed
with a tiny gap above a waveguide, while the waveguide is fixed onto a substrate. As the electric field intensity
of the waveguide mode is high inside this gap, a slight, ultrasound-induced change in the gap height results in a
large change in the effective refractive index of the waveguide. A NEP below 1.3 mPaHz'/? was demonstrated
for a bandwidth of 3-30 MHz and a wavelength shift of 35 fmPa™" at an ultrasound frequency of 26 MHz
for a MRR with a 5.5pum radius and a membrane diameter of 20 pum. A different approach is the use
of a polymer cladding applied on top of the waveguide. Polymers with a strong photoelastic response allow
evanescent field sensing. This was shown for example by Ding et al.'® using a silicon waveguide with a SU-8
photoresist cladding. For a 10 um MRR radius a NEP of 14.5 mPaHz'/? and a 6 dB bandwidth of 165 MHz was
reported. Nagli et al.'® used polydimethylsiloxane (PDMS) as a cladding material and demonstrated a NEP of 7
mPaHz'/2 and a bandwidth of 120 MHz for a silicon nitride MRR with a diameter of 30 um. A wavelength shift
of 0.9 pmkPa ™" was measured in the optical C-band.

In the majority of studies the sensitivity of the final ultrasound sensor is reported, which depends on the
waveguide sensitivity, the photonic layout as well as the measurement set-up. Comparing the waveguide
sensitivity of the different approaches is not straightforward. However, to select a suitable approach for the
design of a photonic ultrasound sensor, approximate values of waveguide sensitivity are required together with
other limiting factors like the waveguide losses, the critical bend radii and the integration complexity. This
work focuses on optimizing waveguide sensitivities of the main pressure sensitive waveguide approaches and
comparing their values in RIU/MPa. Moreover, sensitivity values for MRR configurations that allow for a device
footprint of 20 pm will be discussed.

The approaches under consideration are shown in Fig. 1. The first approach (A) consists of a flexible silicon
dioxide membrane with a thin amorphous silicon layer on its lower side, placed above the waveguide structure.
This approach was demonstrated by Westerveld et al.'* by waferbonding of the membrane onto the photonic
structure using oxide spacers. The membrane consisted of a 2 um thick low-stress SiO2 mechanical layer and a
60 nm thick amorphous silicon optical layer.

In the second approach (B), a waveguide is placed on top of a silicon dioxide (BOX - buried oxide) membrane,
as first shown by Leinders et al.'2, who used deep reactive ion etching for substrate opening on chip level. The
BOX layer forms in this case a membrane, which can deform a photonic micro-ring resonator sensor.

Finally, the third approach (C) facilitates a polymer cladding on top of the waveguide, as demonstrated by
Nagli et al.'® using PDMS as the cladding material. PDMS is chosen, due to its high photoacoustic interaction,
high transparency'” and its high stability and easy bonding with silicon.

While past work has focused mainly on the strip waveguide geometry with quasi-TE polarized light, this
study takes into account the quasi-TE as well as the quasi-TM mode (further named TE and TM mode) for all
three approaches. For approach B and C the geometries of a strip and a slot waveguide are also investigated.

SOI is often used for the design of photonic ultrasound sensors, due to its advantage of strong field
confinement allowing extreme miniaturization. In the field of photonic sensing, silicon nitride based systems
are also an emerging technology, where the silicon waveguide core is exchanged by silicon nitride. Silicon nitride
based ultrasound sensors were for example shown in the study of Nagli et al.!® For a comparison of both material
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Fig. 1. Schematic illustration (not to scale) of the three design approaches considered within this study. A
waveguide positioned on a Silicon-on-Insulator platform on top of the buried oxide layer (BOX) below a
deflectable membrane (A) leads to a geometrical change once a pressure is applied. A waveguide on top of
a deflectable membrane (B) leads to the photoelastic effect inside of silicon as well as silicon dioxide. Both
mechanisms change the effective refractive index of the waveguide structure. A silicon waveguide with a
polymer cladding (C) leads to a refractive index change mainly inside the polymer cladding due to a strong
photoelastic interaction.
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systems for each waveguide approach, the study (based on SOI devices) is repeated with silicon nitride. Detailed
results for silicon nitride based approaches can be found in the appendix (Figures S1-S6).

Theory
The origin of the effective refractive index change due to external pressure is briefly summarized for the three
different approaches.

Approach (A) employs a free-standing membrane above the waveguide. In this case, the effective index
change On./OP is achieved by a slight variation in gap height g once the pressure P above the membrane
changes:

One One 0Og

9P ~ 99 0P

(1)

The change in gap height with the applied pressure 9g/9P depends on the membrane design (i.e. membrane
material, thickness and diameter) and the radial displacement of the waveguide below the membrane. The
membrane deflection for an exemplary membrane design is calculated and used throughout the study. The
sensitivity On. /g is dependent on the waveguide geometry as well as the membrane thickness and the initial
gap height g between the waveguide and the membrane.

Unlike (A), the approaches (B) and (C) rely on the photoelastic effect. For a waveguide on a membrane (B)
as well as a waveguide with polymer cladding (C) the effective refractive index change On. /9P is caused by the
stress o

One _ One . da @)
OP 0o OP

Concerning the membrane-based design (B), the introduced stress 9o /0P, is again dependent on the membrane
architecture as well as the radial displacement of the waveguide on top of the membrane surface. In contrast,
the polymer cladding in approach (C) assures a separation between optical and acoustical design. The sensitivity
One /0o depends on the photoelastic properties of the material, which are described below.

The photoelastic effect is described by the strain S; induced change of the impermeability An;:

1
An; = A (ﬁ) = pijS; )

Inserting the strain-optic tensor for a cubic crystal structure (Si, SiO2) leads to:'8

Am pi1 piz2 piz O 0 0 S1
Ang pi2 pir piz O 0 0 So
Ans | _ | pi2 pi2 pu 0 0 0 Ss @)
An4 - 0 0 0 Paa 0 0 54
Ans 0 0 0 0 paa O Ss
Ang 0 0 0 0 0  paa Se
And for an isotropic structure (polymer):
Am P11 P12 P12 0 0 0 S
Ang P12 P11 P12 0 0 0 S
Ans | | P2 pi2 pu 0 0 0 S
Angg | =] 0 0 0 F(pi1—pi2) 0 0 Sy (5)
Ans 0 0 0 0 %(pu — p12) 0 Ss
Ang 0 0 0 0 0 %(pu — Pp12) Se
Considering the change in the refractive index to be small, it can be written:
nd
An; = *%Am- (6)

The shear stress and strain components (g4, 05, 06 and S4, S5, S¢) are assumed to be negligible compared to
the normal stress and strain components (01, 02, 03 and S1, S2, S3). Therefore, the following equations can be
approximated for materials of a cubic crystal structure as well as isotropic materials. Using Hooke’s law, the stress
induced refractive index change for both, the cubic crystal structure and the isotropic material, now becomes:"

ngy & ng — Croy — Ca(oy + 02) (7a)
ny = no — Cioy — C2(05 + 04) (7b)
n: R ng — Cio. — Cz(0x + 0y) (7¢)
with the constants
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C| = %(pn — 2'Up12) (83-)
ng
Cy = ﬁ(—’l)pn + (1 — ’U)plz) (8b)

Here, v describes the Poisson ratio of the material and C'; and C'; are called stress-optic or photoelastic constants.
They translate the strain-optic coupling described by the elements p;; into a stress-optic coupling. It is worth
noting that the spatial distribution of the strain tensor and not one single component is initiating the effective
index change. The photoelastic constants are based on the approximation of an isotropic model of silicon. The
validity of this assumption is verified by comparing the calculated stress components inside a silicon waveguide
using the isotropic and the orthotropic model (Table 2). Values for the mechanical and photoelastic properties
of silicon, silica and PDMS are summarized in Table 1.

Results

For each design approach, a simulation model is set-up considering the mechanical deformation of the
membrane (A, B) and the waveguide and substrate (B, C) as well as the cladding (C). The change in effective
refractive index of the waveguide is then found by carrying out a mode analysis. A SOI substrate with a silicon
thickness of 220 nm and a BOX height of 2um is assumed for all approaches. In the following, the results for
each design approach are analyzed.

Free standing membrane (A)

A 2 pm thick SiO2 membrane with a diameter of 20 um is chosen for this study and simulated using the
solid mechanics module in COMSOL. The simulation is carried out in 2D considering the cross section of
the membrane in the center. The membrane layer is designed 24 pm wide and is mechanically constrained at
each side and partially on the bottom by 2 pm wide support structures, which are placed directly below the
membrane layer as indicated in Fig. 2 (b). This leads to a deflectable diameter of 20 um. The deflection of the
membrane surface for an applied external pressure is shown in Fig. 2 (a). A pressure of 1 Pa is chosen, which is
also the targeted order of magnitude of the sensor’s limit of detection. The deflection maximum at the membrane
center is found to be 0.011 pm/Pa, which is comparable to the simulation results of Westerveld et al.'* who used
an acoustic pressure wave in the simulation instead of the static pressure applied in this study.

The derived relationship between pressure and membrane deflection will be used throughout the simulation
study to calculate values of the sensitivity in RIU/Pa for approach A (Fig. 1). The same membrane geometry
is used in design approach B, in which the membrane deflection directly influences the effective refractive
index through the photoelastic effect. The use of the same membrane geometry allows a direct comparison of
the theoretical sensitivity limitations of the two membrane based approaches. It must be mentioned that the
relationship between pressure and membrane deflection can be applied only for low pressures leading to a linear
behavior of the material. Furthermore, only constant pressures are considered in this study.

A mode analysis for design approach (A) is performed using the wave optics module in COMSOL. The model
includes a silicon strip waveguide placed on top of the BOX and a SiO2 membrane with a thin layer of silicon
facing the waveguide. For the optical simulations, the thickness of the silicon layer (without the thick SiOz layer)
will be referred to as the membrane thickness, since it is a crucial parameter influencing the effective refractive
index. The membrane is placed above the waveguide with a varying gap distance between the waveguide and
the membrane. The gap in between the waveguide and the membrane is filled with air. The model was validated
using the results of Westerveld et al.'* on the effective index change with a variation in gap height.

Figure 2 (c)-(f) shows the waveguide sensitivity values | (One/0g) | and | (One/OP) | of the TE and TM mode

for different values of the gap height. Different waveguide widths (Fig. 2 (c)-(d)) and membrane thicknesses
(Fig. 2 (e)-(f)) are considered. The sensitivity of the TM mode is found to reach sensitivity values over four times
higher than the TE mode, but drops more rapidly for an enlargement of the gap height. In both cases smaller
gap heights in between the waveguide and the membrane lead to higher values of the sensitivity. In the range
of the waveguide widths and gap heights considered in the analysis, the TE mode is furthermore found to be
dependent on the waveguide width, while the TM mode is not.

Property Si SiO, | PDMS
Youngs modulus E (GPa) 130 76.7 0.75
Poisson ratio v 0.19 0.17 0.49
Refractive index n 3.4777 | 1.4657 | 1.3960
Photoelastic tensor element p11 -0.101 | 0.16
Photoelastic tensor element p12 0.0094 | 0.27
Photoelastic tensor constant C'; ( TPa™1t) | -17.13 | 1.17
Photoelastic tensor constant Co( TPa~1) | 5.51 3.73

Table 1. Mechanical, optical and photoelastic properties®*?! of $i,2251022* and PDMS*. The refractive index
is given for a wavelength of 1550 nm and the photoelastic properties for a wavelength of 1150 nm as given in
literature.
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Fig. 2. (a) Calculated deflection of a SiO2 membrane of 20 um in diameter and 2 pm in height on top of
silicon support structures. Each support structure has a width of 2 pm. An external pressure of 1 Pa is applied.
(b) Simulation set-up, Von Mises stress and deflection of the membrane introduced by an external pressure
(blue) of 1 Pa from the top surface. The deflection of the membrane is not drawn to scale. Fixed constraints are
indicated in red. (c)-(d) Sensitivity over the gap height for different waveguide widths and (e)-(f) membrane
thickness. The insets show the normalized electric field of the first order TE (¢) and TM mode (d). In (¢)-

(d) the membrane is 60 nm thick and in (e)-(f) the waveguide width is 450 nm. The modes are solved for a
wavelength of 1550 nm.

It is found, that a rise in membrane thickness in general causes higher sensitivities, but the influence
saturates towards higher membrane thicknesses. A break-off point at a gap height around 10 nm for values of
the membrane thickness above 60 nm is visible, where the mode is no longer supported by the structure.

Sensors with a waveguide width of 450 nm and a gap height of 15 nm, in combination with the above-
described membrane geometry and a membrane thickness of 60 nm were already fabricated in proof-of-concept
studies'®. For this geometry, the performed simulations show a sensitivity of 3.52 RIU/um or 0.04 RIU/MPa
for the TE mode and a value of 9.74 RIU/um or 0.11 RIU/MPa for the TM mode. The values given in RIU/
MPa consider a placement of the waveguide in the center of the membrane. For the realization of the photonic
sensor, the waveguide will most likely not be placed below the membrane center. This will reduce the sensitivity
according to Fig. 2 (a).

In order to better understand the much higher sensitivity of the TM mode compared to the TE mode, for
both modes the normalized field confinement factor is evaluated, which is defined as

P2+ P+ P2dzdy
P2+ P2+ P2dxdy

)
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P,, Py and P, denote the electric field power in the x, y and z direction, respectively. The field confinement
is determined inside of four different areas A: the strip waveguide, the membrane, the gap in between the
waveguide and the membrane and a sum of all remaining areas. The field intensities are normalized with respect
to the entire simulation domain.

Figure 3 (a) compares the normalized field confinement factors for a gap height of 15 nm, a waveguide width
of 450 nm and a membrane thickness of 60 nm. For the TE as well as the TM mode, the electric field is mainly
confined inside the waveguide structure. As to be expected, the confinement is stronger for the TE mode. For
the TM mode the normalized field confinement inside the remaining areas is higher. Therefore, higher losses
might be expected when the TM mode is used. However, in contrast to the TE mode, also the confinement inside
the gap is much stronger for the TM mode. The field confinement for both modes is also evaluated over the gap
height (Fig. 3 (b)-(e)). The course of the normalized field confinement factors each differs from the course of the
sensitivity values (Fig. 2 (c)-(f)). Therefore, no direct impact from one component of the field confinement onto
the sensitivity can be identified.

For the TE mode, it is found, that the course of the summed up normalized field confinement, of the
waveguide and the membrane, which equals the course of the intensity in this areas, approximately matches the
course of the sensitivity. The values are plotted in Fig. 3 (f). For the TM mode, the normalized intensity
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Fig. 3. (a) Field confinement factors for a gap height of 15 nm and a membrane thickness of 60 nm. (b)-(e)
Field confinement factors of the TE and TM mode over the gap height. Sensitivity of the waveguide compared
to the normalized intensity inside the silicon components (waveguide and membrane) for the TE mode (f) and
inside the gap for the TM mode (g).
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inside the gap approximately follows the course of the sensitivity curve as shown in Fig. 3 (g). Summarized, this
indicates that the TM mode sensitivity is mainly influenced by the intensity inside the gap, while the TE mode
sensitivity is mainly influenced by the intensity inside the silicon components (waveguide and membrane). The
amount of light guided inside the latter (i.e. the field confinement) is in general much higher. On the other hand,
the intensity inside the gap reaches very high values for the TM mode, as the light is confined inside a very small
area.

For completeness, the study is repeated for a slot waveguide geometry. The results show lower sensitivity
values of 0.02 RIU/MPa and 0.11 RIU/MPa for the TE and TM mode, respectively.

Waveguide on top of membrane (B)

For approach B, a COMSOL stress-optical model of a waveguide on top of the membrane is set-up. For the
SiO2 membrane the geometry described for approach A is chosen (Fig. 2 (b)). The solid mechanics module
is used to estimate the deformation of the membrane and the waveguide by an external pressure from the top
and the induced mechanical stress. Linear behavior of the material is assumed. The mechanical properties of
Si are modeled as isotropic instead of orthotropic, as there is a minimal difference in the resulting stress values
(Table 2).

The stress distribution in the waveguide region is shown in Fig. 4 (a-c) for an applied pressure of 1 Pa. The
refractive index changes of the materials are related to the determined material stress by the photoelastic effect,
as explained above (equation 7). In a second simulation step, an electromagnetic mode solver is used to find the
effective refractive index of the waveguide.

The sensitivity over the waveguide width is analyzed for a strip waveguide surrounded by air and a waveguide
with an additional 1.5 um thick SiO2 cladding (Fig. 4 (d)-(e)). The latter might be referred to as a waveguide
embedded into the membrane. In both cases the waveguide is positioned at the center of the membrane surface.
The waveguide surrounded by air shows a higher sensitivity, which is caused by a stronger deflection of the
membrane due to a lower thickness. Furthermore, the waveguide is positioned on the membranes surface, if no
cladding is applied, where the highest stresses are found. For the TE mode an increase in the waveguide width
causes a rise of the sensitivity, while for the TM mode this behavior is not observed. In contrast, the sensitivity
of the TM mode slightly decreases for large waveguide widths.

The same methods are applied for a slot waveguide (Fig. 4 (f)-(g)). In this case, the slot width is changed.
While the TM mode shows comparable sensitivity, the TE mode sensitivity is almost one order of magnitude
lower compared to the strip waveguide geometry. In the strip waveguide, the TE mode is mainly guided inside
of air or the SiO2 cladding with a lower photoelastic coupling than silicon. The TE and TM mode sensitivity
values of the slot waveguide are comparable. This is explained by comparable field confinement factors inside
the membrane (Table 3).

The strip waveguide sensitivity is derived for different radial displacements from the center of the membrane.
The results are plotted in Fig. 4 (h)-(i). Besides the sensitivity of the entire waveguide geometry, also the effective
index change caused by the photoelastic effect inside the silicon waveguide and inside the SiO> membrane are
shown (dashed lines). It is found that the TE mode is mainly influenced by the photoelastic effect inside the
silicon waveguide. This effect is weakened by the SiO2 membrane due to the opposite signs of the photoelastic
constant C1. For the TM mode on the other hand, the effective index change mainly arises from the photoelastic
effect inside the SiO2 membrane. In this polarization direction the photoelastic effects inside of silicon and SiO»
are causing an increase in refractive index due to the addition of both photoelastic constants Cy.

The results also explain the relationship between sensitivity and waveguide width for the TE and TM mode. A
wider waveguide leads to stronger confined TE mode inside the waveguide core, which increases the interaction
between the light and the stress inside the silicon waveguide. The TM mode sensitivity does not show a strong
dependence on the waveguide width, as the mode is mainly guided inside the substrate and cladding.

Thesimulationisrepeated withamechanically constrained substrate to discretize the influence of the membrane
and waveguide deformation. The pressure deforming only the silicon waveguide does lead to effective refractive
index changes of the TE and TM mode of Antg = —3 - 10_6RIU/MPa and Anty = —1 - 10_6RIU/MPa7
respectively. This is one order of magnitude smaller than the derived effective index change with a deflected
membrane. Even though the TE mode refractive index change does mainly depend on the photoelastic effect
inside of the silicon waveguide, the membrane deflection is needed to strongly enhance the stress inside the
waveguide and therewith the photoelastic refractive index change.

Polymer cladding (C)

A stress-optical model is set up, which includes a mechanically constrained SiO2 substrate (BOX), a silicon
waveguide and a polymer cladding covering the waveguide. A static pressure is evenly applied from above
the polymer cladding, which mechanically deforms the polymer cladding and the waveguide. The thickness
of the polymer cladding is chosen high enough to expand all the way to the end of the domain, in which the

oxdA[N]
modelling approach jWG f wa 7Y el B f wa 7= eI
isotropic -6.20e-13 -9.90e-14 -1.37e-13
orthotropic -6.71e-13 -9.90e-14 -1.52e-13

Table 2. Comparison of resulting stress inside a silicon waveguide for isotropic and orthotropic silicon
modelling. Each stress component is integrated over the area A of the waveguide (WG) cross section.
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Fig. 4. (a)-(c) Stress components inside waveguide and surrounding. (d)-(g) Sensitivity over waveguide width
for a waveguide surrounded by air and a waveguide embedded into an additional SiO2 cladding. The values are
shown for a strip (d)-(e) and a slot waveguide (f)-(g). The width of the two silicon parts of the slot waveguide

is 180 nm. The insets show the normalized electric field inside the waveguide, respectively. (h)-(i) Sensitivity
over waveguide displacement on the membrane surface for TE (h) and TM (i) mode. Dashed lines are showing
the results for solving the equations of the photoelastic effect only inside the silicon waveguide (orange) or only
inside the SiO2 membrane (green).

Waveguide Mode rmembra.ne rSi
TE 0.12 0.79
Strip
™ 0.58 0.31
TE 0.81 0.03
Slot
™ 0.84 0.06

Table 3. Field confinement factors inside the membrane and the waveguide for a waveguide width of 450
nm for the strip waveguide and a slot width of 150 nm for the slot waveguide. For both waveguides an air
surrounding is considered.

electromagnetic modes are solved. The stress distribution in the waveguide region is shown in Fig. 5 (a)-(c) for
an applied pressure of 1 Pa. The calculated stress values are again coupled to the refractive indices of the silicon
waveguide and the polymer cladding by Eq. 7.

PDMS is chosen as an example polymer, because it is known to exhibit a large photoelastic response and
overall compatibility with silicon based materials. Furthermore, a photonic ultrasound sensor based on a PDMS
cladding has already been experimentally demonstrated.'® The photoelastic constants are given as a difference
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()

Cy1 — Co > 10°TPa™! in literature.!” Therefore, two different combinations are chosen for the simulation.
Both combinations lead to the conservative assumption of C; — Co = 10*TPa™".

Figure 5 shows the effective refractive index change, induced by an applied pressure, for a strip (d)-(e) and a
slot waveguide (e)-(f). The sensitivity in this approach (C) is one order of magnitude higher than the sensitivity
of the previously described approach (B). This is due to the strong photoelastic response of the cladding.

It is observed that the sensitivity of the TM mode is about twice as high as the sensitivity of the TE mode. This
is expected due to the stronger confinement of the TE mode inside the silicon waveguide, reducing interaction
with the surrounding. For a slot waveguide on the other hand, also the TE mode shows comparable sensitivity
values (Fig. 5 (e)), as the light is guided inside the polymer filled slot leading to a strong interaction with the
cladding. This relationship is already known from different SOI based sensors, e.g. biosensors.?> Also in this
approach the field confinement inside the cladding and hence the waveguide sensitivity are comparable for the
TE and TM mode inside the slot waveguide (Table 4).
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Fig. 5. (a)-(c) Stress components inside waveguide surrounding. (d)-(g) Sensitivity over waveguide width and
slot width for a silicon waveguide covered by a PDMS cladding. Two different combinations of the photoelastic
constants C; and Cg are considered. The values are shown for a strip (d)-(e) and a slot waveguide (f)-(g). The
insets show the normalized electric field inside the waveguide, respectively.
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Waveguide | Mode | I'ciadding | T's;
TE 0.15 0.75
Strip
™ 0.43 0.42
TE 0.54 0.11
Slot
™ 0.42 0.15

Table 4. Field confinement factors inside the cladding and the waveguide for a waveguide width of 450 nm for
the strip waveguide and a slot width of 150 nm for the slot waveguide.

Material | A(nm) | hwe(nm) | wwe(nm) | (A) membrane height (nm)

Si 1550 220 450 60
1550 300 1500 100
SizNy
850 300 450 100

Table 5. Selected waveguide geometries for the comparison of the three different approaches. For approach
(B) the air surrounding of the waveguide is selected.

Discussion

Three different two-dimensional SOI-based waveguide design approaches (see Fig. 1) are analyzed within this
simulation study. A FEM simulation for each design is set-up and the effective refractive index change due
to a constant applied pressure is carried out for the TE and TM mode inside a strip and a slot waveguide,
respectively. The study is also conducted for silicon nitride strip waveguides (see Appendix, Figures S1-S6). For
both materials a waveguide geometry for the comparison of all approaches is chosen as summarized in Table 5.
Besides the waveguide sensitivity also a sensitivity value of an example geometry for a micro-ring resonator
(MRR) is calculated.

/\res Ares aneff
s = Gy =2
MRR ng G ng 9P (11)

Ares and ng are the resonant and the group index of the waveguide, respectively. The MRR geometry is chosen
such that the device footprint does not exceed a size of 20 um. For approach (A) a membrane radius of 10 pm is
chosen and a MRR radius of 5 pm. While smaller radii increase the sensitivity, this choice ensures no significant
bending losses for silicon waveguides. For approach (B) a radius of 10 um is chosen, because high sensitivity
values are reached at the membrane center as well as the membrane boundary. The sensitivity of approach (C) is
independent of the MRR radius. Table 6 gives an overview of the waveguide sensitivities and MRR sensitivities.

Design approach (A), relying on a geometrical change of the waveguide structure, incorporates a free
standing membrane above the waveguide with a minimal gap in between the two components. While this design
approach is most challenging in fabrication, outstanding sensitivity values are observed. So far, this waveguide
design was only reported for the use of the TE mode. This simulation study indicates that the TM mode shows a
sensitivity almost three times higher, due to a strong enhancement of the field confinement inside the gap. Also
the field confinement inside the remaining (not light guiding) structures is enhanced, which will lead to higher
losses of the TM mode. It should be investigated to what extent the losses reduce the sensor performance. So
far, a successful fabrication of this design approach was demonstrated by wafer-to-wafer bonding of a SOI wafer
with waveguide and spacer structures towards another wafer, which is afterwards thinned down to obtain the
membrane. This approach is not compatible with the incorporation of a back end of line (BEOL) yet.

Design approach (B) uses the BOX as a membrane with a silicon waveguide on top. Such a structure can
be fabricated by local backside etching of the silicon substrate. An integration of a BEOL, as demonstrated by
Zarkos,!? leads to a lowering of the sensitivity due to the change in membrane properties. This approach shows
the lowest sensitivity, caused by weak elasto-optic response of the used materials. However, the processing of
these sensors is comparable simple, since local backside etching is a well-known process in photonic integrated
circuit technologies.?%?”

Design approach (C) uses a polymer cladding of a material of high photoelastic response (here PDMS) on
top of the waveguide. Since this approach is not relying on an acoustical membrane, the acoustic and optic
response of the sensor are not coupled to the membrane geometry. A high bandwidth of the sensor is expected.
The values listed in table 6 consider the choice of C; and C2 of 0 and 10°TPa . The photoelastic constants of
the simulated PDMS cladding were chosen conservatively, as only a minimum value for the difference C; — C»
is given in literature. The resulting sensitivity values of the structure are already higher than in approach B. By
using a slot waveguide, the TE mode sensitivity is enhanced by almost one order of magnitude. Moreover, this
approach offers the possibility of full EPIC integration with a BEOL. This might be achieved by etching a window
from the top or local backside etching of the substrate and a removal of the BOX. The etched window could
subsequently be filled with the polymer.

The simulations were performed under the following assumptions: the set membrane geometry (approach
A, B), a linear mechanical behavior of the materials (approach A, B, C), the choice of PDMS as a cladding
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Approach | Material | A(nm) | Mode | nog | Dg Swa (RIU/MPa) | Sprr (nm/MPa)
TE | 2.5246 | 4.0359 | 2.46 x 10~ 2 9.45
Si 1550
T™ | 1.9218 | 3.8206 | 6.82 x 10~ 2 2.77 x 10t
TE 1.8255 | 22140 | 6.32 x 10~3 442
(A) 1550
TM | 1.6560 |2.0900 | 1.89 x 10~2 1.40 x 10*
SizNy
TE 1.8490 |3.3208 | 9.43 x 10~ 2 3.45
850
T™M | 1.7910 | 2.2925 | 1.73 x 10~2 6.41
TE 22999 | 4.4079 | 8.48 x 10~ ° 2.98 x 10~2
Si 1550
TM | 15724 |3.2697 | 9.65 x 10~5 4.57 x 1072
TE 1.7071 | 22186 | 2.80 x 10~ 1.96 x 1073
(B) 1550
™ |- - - -
SigNy -
TE 1.7706 |2.4294 | 7.50 x 10~° 2.62 x 1073
850
T™ | 1.7099 | 2.4324 | 3.28 x 10~° 1.15 x 10~2
TE 24253 [ 4.0528 | 3.88 x 10~4 1.48 x 1071
Si 1550
TM | 1.8901 |3.5021 | 1.05 x 10~3 4.65 x 1071
TE 1.6586 |2.0229 | 3.72 x 10~ 4 2.85 x 107+
(©) 1550
TM | 1.5387 | 1.8410 | .27 x 10~ 4 5.28 x 10~1
Si3N4
TE 17129 | 2.1762 | 3.98 x 10~ 4 1.55 x 1071
850
TM | 1.6718 | 2.1606 | 4.46 x 10—4 1.75 x 101

Table 6. Comparison of the resulting sensitivity values for strip waveguides with a silicon and silicon nitride
core. The sensitivity values are given for MRR diameters of 5 um (A) and 10 um (B). The waveguide as well as
MRR sensitivity is independent of the MRR diameter for approach (C).

material (approach C) and the values of the elasto-optic coefficients of PDMS (approach C). Therefore, the
calculated values should be handled accordingly. The calculated trend in device sensitivity matches the literature
values!>!*1¢listed in the introduction. For approach A and C, the wavelength shift of the resonance curve (in this
study SMrR ) for comparable device designs is also found in literature. In both cases, the measured sensitivities of
35nmMPa™" and 0.9 nmMPa ™" are higher than the calculated values of 9.45 nmMPa ™" and 0.29 nmMPa ™"
for approach A and C, respectively. For the latter, this difference could be explained by the conservative choice
of C'1 and C% in this study. The assumption of a linear mechanical behavior of the materials is appropriate
considering the typically applied pressures of a few kilopascals in photoacoustic imaging applications.?®

The results give a good comparison of the different approaches, which until now were not considered
in experimental studies in literature, because the final device sensitivity depends on different aspects of the
device layout and measurement set-up. Even with a standardized device approach and set-up it will still be
challenging to obtain comparable results for different approaches, since the interactions with the mechanical
element (membrane or cladding) might differ, e.g. a change in bending losses or coupling efficiency. Therefore,
the simulation-based approach is an important step towards the selection of a suitable waveguide geometry for
future developments of photonic integrated ultrasound sensors.

The sensitivity of the example MRR configuration is calculated under the assumption of dispersive coupling.
The considered approaches could also introduce dissipative coupling by a change in coupling conditions at the
MRR coupler region. For the studied designs (Approaches A, B and C) and analyzed parameters (waveguide and
MRR sensitivity for an example MRR geometry), the SOI platform proofs a suitable design foundation for highly
miniaturized ultrasound sensors. Silicon nitride waveguides lead to a slight decrease in sensitivity for approach
A and B and a slight increase in sensitivity for approach C. Considering the enlarged bending losses for SiN
waveguides, the increase in sensitivity comes along with a decrease in quality factor for small footprint MRR.

Summary

In this work a systematic simulation study is carried out using FEM of different pressure sensitive SOI-based
waveguide architectures: (A) A flexibel silicon membrane above a silicon waveguide, (B) a silicon waveguide on
top of a SiO2 membrane (BOX) and (C) a silicon waveguide covered by a PDMS cladding with high photoelastic
coeflicients. All waveguide approaches can be incorporated into an ultrasound detecting structure e.g. for the
use as a detector in photoacoustic imaging applications. Approach A relies mainly on the geometrical change
of the waveguide structure with an applied pressure. The latter two approaches detect pressure through the
photoelastic effect, which describes the refractive index change due to stress introduced into the material.

For all approaches a simulation is set-up taking into account the mechanical deformation of the structure
as well as the change in effective refractive index of the waveguide by performing a two-dimensional mode
analysis. A strip as well as a slot waveguide are systematically analyzed for the first-order TE and TM mode,
respectively. It is observed, that design approach (A) offers the highest sensitivity limit with a value of 0.04 RIU/
MPa and 0.11 RIU/MPa for the TE and TM mode for the considered membrane deflection at the membrane
center. The high sensitivity of the TM mode is found to be caused by a high field confinement of the mode
inside of the gap in between the waveguide and the membrane. The usage of the TM mode in combination with
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a free-movable membrane above a silicon strip waveguide has not been reported so far. It will be necessary to
measure the waveguide losses experimentally, to find out, if the the higher waveguide sensitivity can account
for the additional losses caused by the overall less confined field of the TM mode. Design approach (B) on the
other hand shows the lowest sensitivity with values of 7.18 - 1075 RIU/MPa and 8.59 - 10~° RIU/MPa for
the TE and TM mode inside a strip waveguide at the membrane center. For design approach (C), sensitivity
values of 3.88 - 10~® RIU/MPa and 1.05 - 10~2 RIU/MPa are approximated for a strip waveguide. Our study
suggests that the sensitivity can be enhanced by almost one order of magnitude, using the TM mode inside a
strip waveguide or the TE mode inside a slot waveguide. The simulation study is repeated for silicon nitride
waveguides. For approach (A) and (B) the sensitivity is slightly lowered and for approach (C) the sensitivity is
slightly increased by using silicon nitride instead of silicon waveguides.

By systematically evaluating and comparing the key cross-sectional designs, this work provides an essential
foundation for the development of miniaturized ultrasound photonic sensors with enhanced sensitivity. The
underlying design insights will guide future endeavors to push the limits of sensitivity, bandwidth, and array
integration, thereby expanding the capabilities of photonic pressure sensors in biomedical imaging and other
ultrasound sensing applications.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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