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 a b s t r a c t

Integrated photonic ultrasound transducers (IPUTs) are compact, high-sensitivity devices that 
combine mechanical sensing with optical readout using integrated photonics. IPUTs typically 
consist of optical waveguides integrated on a thin mechanical plate that serves as the acoustic 
sensing element. In many realizations, this plate is formed from thermally oxidized silicon dioxide 
layers commonly used in photonic fabrication processes. The oxidation process introduces signifi-
cant residual compressive stress–typically between 200MPa and 400MPa–as the structure cools to 
room temperature. Such stresses can strongly influence the dynamic response of the plate through 
their contribution to the geometric stiffness of the structure. In this work, the influence of internal 
stress on the resonance frequency and receive transfer function (RTF) of IPUTs is investigated. 
Finite element models incorporating residual stress and geometric nonlinearity are developed and 
validated against experimental measurements and results reported in the literature. Parametric 
analysis shows that increasing compressive stress progressively reduces the resonance frequency 
while enhancing the RTF as the structure approaches the critical buckling condition. Beyond this 
point, changes in the prestressed equilibrium configuration lead to transitions in the dominant 
vibration mode, producing abrupt variations in the resonance frequency and RTF. These results 
highlight the importance of accounting for residual stress in the design and analysis of IPUTs 
and similar plate-based acoustic sensors to ensure reliable dynamic performance and predictable 
sensitivity.

1.  Introduction

Ultrasound transducers (UTs) are widely used in diverse domains, including nondestructive evaluation [1], medical diagnostics [2], 
flow measurement [3], distance measurement [4], and food processing [5], among others. The global market for UTs is expected to 
reach US$9.3 billion in 2027 [6,7]. Conventional UTs typically exploit the piezoelectric effect [8], where acoustic-to-electrical energy 
conversion depends on the properties of piezoelectric ceramics such as lead zirconate titanate. Although considered hazardous, 
these materials are still dominating the transducer market, as lead-free substances show inferior electromechanical properties [9]. 
Alternative technologies such as microelectromechanical systems (MEMS)-based piezoelectric micromachined ultrasound transducers 
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(pMUTs) [10] and capacitive micromachined ultrasound transducers (cMUTs) [11] have been introduced to address size, integration, 
and cost constraints, particularly in high-volume applications. pMUTs use thin-film piezoelectric layers to deform the membrane/plate 
and to convert the deformation to electric signals, while cMUTs rely on electrostatic forces for actuating/sensing.

Integrated photonic ultrasound transducers (IPUTs) are an emerging class of devices that combine acoustic sensing with optical 
interrogation systems, thus separating the sensing and read-out portions [12]. IPUTs are optomechanical devices where the vibration 
of a mechanical resonator (due to the incoming acoustic pulse) modulates the properties of the optical circuit. IPUTs, pMUTs, and 
cMUTs are generally fabricated via microfabrication technology (semiconductor manufacturing, e,g, complementary metal-oxide 
semiconductor (CMOS)) where oxide/nitride layers are used as insulators [13]. The resonator portions of IPUTs are composed solely 
of insulator layers [14]. These insulator layers are generally formed (grown or deposited) by thermal oxidation, chemical vapor 
deposition, physical vapor deposition, or epitaxy [13]. Among these, thermal oxidation is commonly adopted because of the high 
surface finish, geometric accuracy, and optical quality [15].

The oxidation process occurs at elevated temperatures (900◦C to 1200◦C) [16]; thus, the oxide layers experience substantial internal 
compressive stresses (residual stress) when cooled to room temperature for operation. These stress levels can range from 200MPa to 
400MPa on average [17] and go up to 1GPa [18]. In cMUTs and pMUTs, other adjacent stress-free layers (applied after fabrication) 
induce a resulting tensile or compressive stress [19]. In contrast, in IPUTs, the membranes/plates are not in contact with additional 
structures other than optical waveguides, which are generally insignificant in size compared to the membrane, and hence the internal 
stress is always compressive, unless additional tensile layers are applied, and can influence the IPUT’s dynamic response greatly.

The internal stress influences the strength and stability of the MEMS device and can cause fracture, delamination, and microstruc-
tural changes in the material [20]. Furthermore, in cMUTs the internal stress modifies the stiffness, collapse voltage, resonance 
frequency, transformer ratio, coupling coefficient, and bandwidth [21,22]. Thus, Xu et al., developed a model based on the finite 
element method (FEM) to study the influence of internal stress on the cMUT’s response. They found that internal tensile stress ben-
efits the collapse voltage, sensitivity, and output pressure, while internal compressive stress improves stiffness, transformer ratio, 
and output voltage [22]. In addition, internal stress also influences the dynamic behavior of the cMUT, as studied by Walter et al., 
where a variation in the resonance frequency is observed due to internal tensile stress [23]. Similarly, in the case of pMUTs, the 
internal stress alters the resonance frequency [24]. Dangi and Pratap proposed a system-level approach for designing a pMUT with 
a multilayer circular plate having residual tensile stress, where the variation in resonant frequency with respect to internal stress is 
determined [25].

The influences of internal stress on the performance of IPUTs have also been extensively investigated [26–31]. Zhang et al. obtained 
a cavity-optomechanical transducer with a high resonance frequency and quality (Q) factor by tuning the stresses in the clamps to be 
three times the residual internal stress [29]. Rochus et al. proposed an analytical model to study a Mach-Zehnder interferometer (MZI)-
based micro-optomechanical pressure sensor having internal stress and found a close match with experiments [26,28]. Westerveld 
et al., numerically modeled the behavior of optomechanical ultrasound sensors using FEM and photonic circuit equations in which 
internal stresses were included [27]. They found that the resonance frequency of the device is highly affected by internal stress. 
However, to the best of our knowledge, no studies investigate the influence of variations of internal stress in the dynamic response 
of IPUTs, including the effects of higher vibrational modes due to the plate’s post-buckling behavior.

In this work, we develop a numerical model based on FEM to study the influences of internal stress on IPUTs’ dynamic response. 
We validate the model by comparing it to the results from the literature and our experiments. We further use the model to perform 
parametric studies to determine IPUTs’ behavior for a wide range of internal stress values. This allows us to utilize internal stress as 
a design variable to optimize the IPUT’s performance.

2.  Problem description

2.1.  Internal stress development in a silicon oxide layer

A film of SiO2 is grown on the silicon substrate by oxidation either with dry oxygen or water (See Fig. 1). Although dry oxygen 
results in a denser interface with better interface properties, the oxidation rate is higher with water and water-based oxidation is 
therefore used for films thicker than 0.2 µm [32]. As mentioned in the introduction, the oxidation process is generally performed in a 
furnace with temperatures ranging from 900◦C to 1200◦C. Cooling down from this high temperature to room temperature leads to the 
generation of thermal stresses along the interface of the substrate (Si) and the oxide, which is dependent on the thermal expansion 
coefficients of both materials. Thermal stress (𝜎𝑡) can be calculated via the following expression [33]:

𝜎𝑡 =
𝐸𝑓

(

𝛼𝑠 − 𝛼𝑓
)

Δ𝑇
(1 − 𝜈𝑓 )

, (1)

where 𝐸𝑓 , 𝜈𝑓 , and 𝛼𝑓  are, respectively, the elastic modulus, the Poisson’s ratio, and the thermal expansion coefficient of the film 
material, which is SiO2. 𝛼𝑠 is the thermal expansion coefficient of the substrate (Si) while Δ𝑇 = 𝑇room − 𝑇process is the temperature 
difference between operation (room temperature) and fabrication (process temperature), which is negative, hence the thermal stress 
𝜎𝑡 is compressive. 𝛼𝑠 has been determined for a wide temperature range in the literature, which at room temperature is about 
2.6 × 10−6 K−1, at 1162.5K (890◦C) about 4.27 × 10−6 K−1 and at 1513.2K (1240◦C) around 4.76 × 10−6 K−1 [34]. The coefficient of 
thermal expansion for SiO2 is temperature-independent and approximately equals to 0.56 × 10−6 K−1 [35]. Using these coefficients, 
elastic moduli, and temperature range, the thermal stress can be determined, which is found in the literature to be in the range of 
200MPa to 400MPa [36]. Since Si wafers are generally circular in nature, it is more convenient to study the stresses developed in 
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Fig. 1. Schematic representation of the (a) Si substrate where (b) SiO2 is grown by thermal oxidation, and (c) SiO2 layer having uniform internal 
stress with a small strip showing a free body diagram with components of the stress tensor in polar coordinates.

Fig. 2. Fabricated IPUT device. (a) Optical microscope image of RR-based IPUT based on SOI-on Si platform, (b) white-light interferometry showing 
buckling of the SiO2 plate [27].

the deposited oxide layer in polar coordinates, as shown in Fig. 1(c). The compressive stress operating on the oxide layer can be 
represented as a stress tensor with 𝜎𝑟 (radial component) and 𝜎𝜃 (angular component). 𝜏𝑟𝜃 is the shear stress developed in the layer. 
As the oxide layers are thin (up to a few µm compared to the substrate with thickness of several hundreds of µm), the influence of 
stress in the axial direction 𝜎𝑧 (perpendicular to the 𝑟 − 𝜃 plane) will be negligible and can be ignored. Induced internal stresses may 
adversely affect the SiO2 layer and can cause several failure phenomena such as plastic deformation, delamination, and buckling [36].

2.2.  Buckling in IPUTs due to internal stress

The high residual stress developed due to the thermal oxidation process can lead to buckling of the SiO2 plate in IPUT devices, as 
shown in Fig. 2(b) from [27]. The device used here is an IPUT based on a SOI wafer and a ring resonator (RR) read-out, where the 
plate has a diameter 120 µm and thickness 2.5 µm (see Fig. 2(a)). The buckled plate exhibits a buckling mode similar to the schematic 
from Fig. 3(b). Now, we investigate in detail the buckling of plate-like structures.

2.3.  Plate buckling and critical loads

Buckling is the sudden change in the geometry of the structure (for example, a bar or plate) under a compressive load. In the case 
of a thin plate, the buckling occurs when the compressive load exceeds the critical load, whose magnitude can be much lower than 
the failure load. Unlike in the case of columns, where the buckled members are non-functional, a buckled plate is still stable and can 
operate nominally [37].

Fig. 3(a) shows the fundamental buckling mode of a clamped circular plate. The critical buckling load (𝜎𝑐) can be calculated using 
the following expression [38]:

𝜎𝑐 =
𝑘𝐸

( 2𝑡𝑝
𝐷

)

2

(

1 − 𝜈2
) , (2)
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Fig. 3. Schematic representation of the (a) first and (b) second buckling modes of a clamped circular plate. The solid black ellipses show the 
undeformed (initial) shape, while the brown curves in both figures capture the edges of the buckled plate. The node in the second mode is marked 
using red crosses in (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Conceptual representation of frequency2 vs load for perfect (solid) and imperfect (dashed) plates. At the critical buckling load the perfect 
plate loses stability and the resonance frequency reaches zero, while due to imperfections, the resonance frequency follows a post-buckling path 
(without reaching zero) in the case of an imperfect plate.

where 𝑘 is the buckling coefficient, which is a non-dimensional parameter depending on the aspect ratio and the boundary conditions, 
𝐸 is the elastic modulus, 𝐷 is the diameter, 𝑡𝑝 is the thickness of the plate, and 𝜈 is Poisson’s ratio. Noteworthy, the above Eq. (2) only 
holds for the fundamental buckled condition, although the plate possesses multiple buckling modes. Fig. 3(b) shows the secondary 
buckling mode, which has a node (marked with red crosses). The presence of the node flips the sign of displacement across it and 
can lead to more complicated dynamics, as will be discussed later.

2.3.1.  Buckling bifurcation and imperfection sensitivity
When a plate is subjected to in-plane compressive stress, the effective bending stiffness governing its transverse vibration de-

creases due to the geometric stiffness associated with the prestress field. As a result, the natural frequencies of the structure reduce 
progressively as the compressive load increases [38]. For a perfectly flat plate, classical stability theory predicts that the square of 
the natural frequency decreases approximately linearly with increasing compressive load and approaches zero at the critical buckling 
load, where a bifurcation occurs as shown using a solid line in Fig. 4. In practical structures, however, small geometric imperfections 
or residual stresses smooth out this bifurcation, resulting in a continuous nonlinear variation of the vibration frequency with load (see 
the dashed curve in the same figure). This framework provides a qualitative reference for interpreting the stress-dependent frequency 
behavior.

2.4.  Linear buckling analysis (eigenvalue formulation)

To assess the instability of the plate and obtain higher buckling modes, a linear buckling analysis is performed numerically [39]. 
This analysis provides the critical stress levels and associated mode shapes where the undeformed plate loses stability. Within the 
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Fig. 5. Schematic representation of the dynamic finite element model of an IPUT with internal stresses applied to the plate portion. The IPUT 
is assumed to be axisymmetric, while a perfectly matched layer and acoustic radiation boundary condition (BC) ensure a reflection-free analysis. 
Although the waveguide shown here is a single ring, it can have multiple loops in the case of an MZI (see Section 3.2 for details). A frequency-
dependent prescribed boundary load is applied on the top surface of the IPUT. The table shows the tensor representation of the compressive internal 
stress.

finite element framework, the discretized equilibrium of the plate (or any structure) in the presence of an in-plane stress field can be 
expressed as

(

𝐊 + 𝛼𝑐𝑟𝐊𝜎
)

𝜙 = 0, (3)

where 𝐊 is the linear stiffness matrix, 𝐊𝜎 is the geometric stiffness associated with the in-plane stress state, 𝛼𝑐𝑟 is the load factor 
(eigenvalue), and 𝜙 is the buckling mode shape (eigenvector). 𝐊𝜎 represents the contribution of plate stresses to the structural 
stiffness of the plate and depends on the prescribed in-plane stress distribution. Its explicit formulation, consistent with the nonlinear 
kinematics adopted in this work, is introduced in Section 2.5.2.

The eigenvalue problem yields a set of critical load factors 𝛼𝑐𝑟,𝑖, from which the critical stresses 𝜎𝑐𝑟,𝑖 are obtained. The lowest 
eigenvalue defines the first bifurcation point, at which the fundamental stiffness of the structure vanishes and the flat equilibrium 
configuration becomes unstable. Similarly, higher eigenvalues correspond to higher-order bifurcation modes. As compressive stress 
increases, the effective stiffness decreases, causing the fundamental natural frequency to approach zero at the critical condition. 
Noteworthy, this analysis is performed about the undeformed configuration and therefore only identifies bifurcation loads and mode 
shapes. The post-buckling behavior is not captured and is instead addressed through the geometrically nonlinear formulation intro-
duced in the following section.

The computed critical loads are used as reference points to interpret the prestress-dependent dynamic response later in the results 
section, particularly the changes in the natural frequency and mode shapes across stability regions.

2.5.  Analysis of internal stress in IPUTs using FEM

2.5.1.  Wave propagation through IPUTs
Since our IPUT is designed to operate in a fluid medium (e.g., water), the interaction of waves in both solid and fluid media is 

present. Fig. 5 shows the schematic of the axisymmetric model of an IPUT operating in water. The wave propagation in the solid 
domain is governed by the elastic wave equation, in the absence of losses, and an external source term, which takes the form [40],

𝜌𝑠𝐮̈ = ∇ ⋅ 𝛔, (4)
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where 𝐮̈ is the particle acceleration, while 𝜌𝑠 represents the density of the solid. 𝛔 is the Cauchy stress tensor in the solid material, 
whereas ∇⋅ is the vector divergence operator. For small perturbations (linear behavior), the stresses and strains within the solid 
domains are related by the following constitutive equation,

𝛔 = 𝐂 ∶ 𝛄, (5)

where 𝛄 is the strain tensor (both 𝛔 and 𝛄 are rank 2), while 𝐂 is the rank 4 elasticity tensor.
The wave propagation through the fluid medium can be represented by the acoustic wave equation that takes the form [41] 

∇2𝑝 = 𝜌𝑓𝜅𝑝̈, ∇2𝐯 = 𝜌𝑓𝜅𝐯̈, (6)

where 𝑝(𝐫, 𝑡) and 𝐯(𝐫, 𝑡), respectively, represent the acoustic pressure and velocity fields at the spatial coordinate 𝐫 and time 𝑡. 𝜅 is the 
compressibility of the fluid, 𝜌𝑓  is its mass density, and ∇2 is the Laplacian. Since field variables are different in fluid and solid (IPUT) 
domains, we couple them using a kinematic interface condition, which ensures the continuity of normal velocity across the interface 
as follows,

𝐧 ⋅ ∇𝑝 = −𝜌𝑓𝐧 ⋅ 𝐮̈, (7)

where ∇ is the gradient operator and 𝐧 is the unit outward normal vector along the interface. Additionally, we need a dynamic 
interface condition to ensure the continuity of traction,

−𝑝𝐧 = 𝜇𝑠
𝜕𝐮
𝜕𝐧

+ (𝜆𝑠 + 𝜇𝑠)(∇ ⋅ 𝐮)𝐧, (8)

where 𝜆𝑠 and 𝜇𝑠 are the Lamé coefficients and 𝐮 is the particle displacement in the solid domain. The details of these interface 
conditions can be found in [42]. To solve this boundary value problem (BVP), it still needs the necessary boundary conditions (BCs). 
We provide a Dirichlet BC (zero displacement) along the outer edge of the plate since it is clamped and a Neumann BC (prescribed 
force) along the top boundary of the IPUT as marked using a red dashed line in Fig. 5, which takes the following form:

𝐹 (𝐥, 𝜔) = 𝐹𝑒i𝜔𝑡, applied at 𝑟 = 𝑙, (9)

where 𝐹  is the constant force amplitude applied along the location 𝐥 and 𝜔 = 2𝜋𝑓 is the angular frequency in rad/s. We use Comsol to 
solve this dynamic problem via FEM. We employ the solid mechanics interface for the IPUT domain while using the pressure acoustic 
frequency domain interface for the fluid portion. The solid-fluid interface is modeled via fluid-structure interactions. In practice, the 
water domain is substantially larger than the IPUT. To mimic this effect, we provide a perfectly matching layer and a plane wave 
radiation BC on the outer fluid boundary, as shown in the same figure.

2.5.2.  Introduction of internal stress into the plate
The internal stress acts as a body force deforming the IPUT in a static setting. Since the aforementioned frequency-domain dynamic 

analysis operates on the new deformed geometry, the nonlinear influences cannot be ignored. These can be captured by enabling 
the geometric-nonlinearity option in the Comsol solver settings. This has several consequences for the analysis. Firstly, instead of the 
engineering strain (𝛄), Green-Lagrange strain (GLS – 𝛜) is used [43]. This adds higher-order terms to the strain tensor. The normal 
strain component in the radial direction can be written as follows:

𝜖𝑟 =
𝜕𝑢
𝜕𝑟

+ 1
2

[( 𝜕𝑢
𝜕𝑟

)

2 +
( 𝜕𝑣
𝜕𝑟

)

2 +
( 𝜕𝑤
𝜕𝑟

)

2
]

, (10)

Similarly, the shear strain in the 𝑟 − 𝜃 plane can be written as:

𝜖𝑟,𝜃 = 1
2

[ 1
𝑟
𝜕𝑢
𝜕𝜃

+ 𝜕𝑣
𝜕𝑟

− 𝑢
𝑟
+ 1

𝑟
𝜕𝑢
𝜕𝑟

𝜕𝑢
𝜕𝜃

+ 1
𝑟
𝜕𝑣
𝜕𝑟

𝜕𝑣
𝜕𝜃

+ 1
𝑟
𝜕𝑤
𝜕𝑟

𝜕𝑤
𝜕𝜃

+ 𝑤
𝑟
𝜕𝑣
𝜕𝑟

− 𝑣
𝑟
𝜕𝑢
𝜕𝑟

]

. (11)

GLS can handle finite rotations, i.e., by using GLS, we can avoid stress artifacts that arise from using engineering strain for large 
rotation systems. Additionally, the cross-terms present in the strain components allow for coupling between the in-plane and transverse 
loading (such as in the present case). This has serious implications since the addition of compressive in-plane load modifies the effective 
stiffness (tangent stiffness) and thereby the dynamic response of the IPUT. Secondly, instead of Cauchy’s stress tensor (𝛔), the second 
Piola-Kirchhoff stress tensor (𝐒) is used, which can handle finite deformations [44]. It can be expressed as:

𝐒 = 𝐽𝐅−1 ⋅ 𝛔 ⋅ 𝐅−⊺, (12)

where 𝐽 is the Jacobian determinant and 𝐅 is the deformation gradient. The internal stress on the SiO2 layer is applied as shown in 
the table of Fig. 5. Here, we assume that the loading is uniform and the value of the internal stress 𝜎𝑟 = 𝜎𝜃 = 𝜎0 (constant), while also 
assuming 𝜎𝑧 = 𝜏𝑟𝜃 = 𝜏𝑟𝑧 = 𝜏𝑧𝜃 = 0. Using Eqs. (6) to (9) (wave equations, interface, and boundary conditions), we perform a frequency 
domain analysis of the IPUT. Additionally, by modifying the strain and stress tensors using Eqs. (10)–(12), we perform the IPUT’s 
dynamic analysis with the influence of internal stress. To that end, the geometric nonlinearity in the solver setting is enabled. The 
nonlinear equilibrium configuration associated with the prescribed internal stress is first computed using a stationary study, after 
which the dynamic response is obtained through the linearized frequency-domain analysis about this prestressed state. To ensure 
numerical accuracy, the nonlinear solver is operated with a relative tolerance of 10−6, and mesh refinement studies were conducted 
to verify convergence of the resonance frequencies.

The numerical analysis provides us with instantaneous values for the pressure, velocity, and displacement. These acoustic and/or 
elastic parameters are related to the optical domain via the optical length of the waveguide, which is the product of the waveguide 
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Fig. 6. (a) Schematic representation of the MZI-based IPUT where membrane (blue) and spiral (green) diameters, 𝐷𝑚 = 120𝜇m and 𝐷WG1 = 60𝜇m, 
respectively, are marked. (b) Photograph of our MZI-based IPUT used in this study. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

physical length and its effective index. The former is directly affected by the plate vibration, while the latter connects the stress 
induced in the waveguide to the refractive index of the material via the photoelastic tensor. Both influences can be combined in the 
RTF of a ring resonator based IPUT as described in Equation (18) from our previous article [45], as follows:

(

d𝜆
d𝑃

)

= 𝜆
𝑛𝑔𝐿

(

𝑛eff
d𝐿
d𝑃

+ 𝐿
d𝑛eff
d𝑃

)

, (13)

where, 𝜆 and d𝜆 are, respectively, the optical wavelength of constant round-trip phase and its variation, d𝑃  is the variation in the 
input pressure, 𝑛eff and d𝑛eff are the effective index and its variation, respectively, while 𝑛𝑔 is the group index. 𝐿 is the total length 
of the waveguide, and d𝐿 is its change due to the incoming pressure. We apply the IPUT model with internal stress to two different 
types of IPUTs. In both cases, the response of the IPUTs is dominated by the mechanical resonant mode, and therefore, the waveguide 
elongation is the predominant mechanism.

3.  Results

To apply the aforementioned IPUT model, we first need to determine the approximate range of internal stress values for the plate. 
To that end, we extract the internal stress from the fabrication process.

3.1.  Internal stress calculation from the thermal oxidation process

We calculate the thermal stress developed in the SiO2 layer by using Eq. (1) where 𝐸𝑓 = 70GPa and 𝜈𝑓 = 0.17. 𝛼𝑓  and 𝛼𝑠 were 
already defined in Section 2.1 (at 900◦C, 𝛼𝑠 = 4.27 × 10−6 K−1 and at 1200◦C, 𝛼𝑠 = 4.76 × 10−6 K−1, and 𝛼𝑓 = 0.56 × 10−6 K−1). Since 
the process temperature is from 900◦C to 1200◦C, we calculate 𝜎𝑡 for both temperature values. At 900◦C, 𝜎𝑡 = 282MPa and at 1200◦C, 
𝜎𝑡 = 416MPa, which agrees with the range from the literature (200MPa to 400MPa). As mentioned previously, since these internal 
stresses are compressive (owing to the negative temperature gradient, i.e., the final value (operating temperature) is lower than the 
initial value (process temperature)), by sign convention, they are treated as negative values during the analysis stage. We consider 
two IPUT devices manufactured by different suppliers, both of which use SiO2 plates as the resonator. The optical circuit of the first 
device is MZI, whereas for the second one, it is RR.

3.2.  Case – 1: Effects of internal stress on a MZI-based IPUT

3.2.1.  Geometry and parameters
We use the geometric parameters from Fig. 6 to construct the IPUT model where 𝐷𝑚 = 120𝜇m and 𝐷WG1 = 60𝜇m. In addition, the 

thickness of the plate 𝑡𝑚 = 2.42𝜇m, the width of the waveguide 𝑤WG = 2𝜇m, and the thickness 𝑡WG = 3𝜇m. Here, the MZI has four 
loops. From our experiments (published in a previous article [46]), we know that this device has a resonance frequency 𝑓𝑐 = 0.6MHz. 
We select an internal stress of 𝜎𝑡 = −250MPa (within the range of internal stress values calculated previously, also provided in [46]) 
to evaluate the dynamic response of the IPUT.
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Fig. 7. Comparison of the MZI-based IPUT with and without internal stress (−250MPa): (a) axial displacement extracted at the center of the plate 
as a function of frequency where the resonance frequencies 𝑓𝑐1 = 1.03MHz (without internal stress) and 𝑓𝑐2 = 0.62MHz (with −250MPa internal 
stress), are marked. (b) total radial displacement of all four loops of the MZI as a function of the applied frequency, showing an enhanced radial 
displacement of the waveguide for −250MPa internal stress.

Fig. 8. (a) Displacement profiles of the MZI-based IPUT for different frequencies and internal stresses: (a) 1Hz and 0 Pa (static deflection) (b) 
1.03MHz and 0 Pa at the first (fundamental) resonant mode, which is similar to the static deflection (with a 𝜋 phase shift due to the resonance), and 
(c) 1Hz and −250MPa: the static case with internal stress that is again similar to the previous two cases.

3.2.2.  Dynamic response of MZI-based IPUT
Fig. 7 compares the dynamic response of the MZI-based IPUT with and without −250MPa internal stress. The waveguide dimensions 

are small relative to the plate and thus its stiffness contribution is negligible in first approximation (a few percentage), and therefore 
the IPUT’s dynamics is dominated by the plate. Fig. 7(a) shows the axial displacement of the plate’s center as a function of applied 
frequency. Fig. 7(b) shows the sum of radial displacements of all four loops of the spiral of Fig. 6 as a function of frequency. In the 
absence of the internal stress, the resonance frequency of the IPUT is 𝑓𝑐1 = 1.03MHz, which is 69% higher than the actual experimental 
value. The model with internal stress predicts the resonance frequency 𝑓𝑐2 = 0.62MHz, which is much lower than without prestress. 
This is because the resonance frequency decreases with an increase in internal stress, due to the compressive nature of the internal 
stress, reducing the effective stiffness. This frequency is very close to the experimental value (less than 2% deviation). In addition, the 
axial response shows that the decrease in frequency due to the internal stress also increases the displacement amplitude. This influence 
is prominent in the IPUT’s RTF, which is directly related to the change in total length of the waveguide via its radial displacement as 
shown in Fig. 7(b). Here, the total radial displacement with the internal stress is 4.8 times higher than the model without the internal 
stress. The RTF calculated using Eq. (13) for the model without internal stress is 0.1 pm/Pa, while the model with −250MPa internal 
stress predicts RTF = 0.495pm∕Pa, which is approximately 5.3% higher than the experimental results (0.47pm∕Pa from our previous 
work [46].) Noteworthy, the RTF of the model without internal stress is four times lower than that of the experiment.

Fig. 8 shows the IPUT’s axisymmetric displacement for different frequencies and internal stress values. Starting with a case close 
to a static response Fig. 8(a) shows the behavior for a harmonic load applied at 1Hz without any internal stress. As expected, the 
displacement profile is similar to the static deflection of a plate. The IPUT’s behavior at its fundamental resonant mode (at 1.03MHz) 
without internal stress also resembles the static deflection case as shown in Fig. 8(b), except for the 𝜋 rad phase difference. The static 
response with the supplied internal stress (−250MPa) is shown in Fig. 8(c), which is also similar to the previous two cases. Since all 
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Table 1 
Comparison of buckling analysis with the dynamic response of the MZI-based IPUT where the first three axisymmetric modes are consid-
ered. For the same critical load, normalized buckling mode and normalized dynamic mode overlap almost exactly. The displacements are 
normalized for visualization purposes as seen in the color bar at the bottom. The surface displacement in the first dynamic mode ranges 
from 0 nm to 0.3 nm, while the second mode from 0 nm to 0.45 nm, and the third mode from 0 nm to 0.022 nm.

deformation profiles resemble the fundamental vibration mode, the equilibrium configuration remains close to the flat state and does 
not exhibit pronounced post-buckling deformation under the applied internal stress.

3.2.3.  Buckling behavior of MZI-based IPUT
To interpret the observed frequency shift within the framework of elastic stability, a linear buckling analysis is first performed on 

the undeformed configuration under in-plane compressive stress. This analysis provides the critical loads and associated bifurcation 
mode shapes, which serve as reference states for the subsequent prestressed vibration analysis.

The lowest eigenvalues that correspond to axisymmetric modes with critical stresses 𝜎1, 𝜎2, and 𝜎3 are shown in Table 1. Asymmet-
ric modes could be present in the 3D analysis, but since the IPUT is axisymmetric, all the analysis are performed with 2D axisymmetric 
BC. This is also to reduce the computational burden for the nonlinear frequency domain analysis with numerous frequency and in-
ternal stress steps. It is noteworthy, the normalized color bar shown here only corresponds to the dynamic modes since the buckling 
analysis is an eigenvalue analysis where the absolute displacements do not hold any physical meanings. The surface displacement 
of the first dynamic mode ranges from 0 nm to 0.3 nm, while the second mode is from 0 nm to 0.45 nm, and finally the third mode 
has the displacement from 0 nm to 0.022 nm. It is emphasized that these critical loads do not imply multiple physical buckling events 
occurring sequentially in the dynamic response. Rather, they identify admissible bifurcation modes of the perfect structure. In the 
presence of geometric nonlinearity and unavoidable imperfections, the structure follows a single post-buckling equilibrium path, and 
the computed resonance frequencies correspond to small-amplitude vibrations about this prestressed configuration. Consequently, 
the changes in frequency and mode shape are interpreted as transitions in the dominant vibration pattern along the post-buckled 
equilibrium branch, rather than successive instabilities.

3.2.4.  Parametric response
To further investigate the influence, we performed a parametric study of the MZI-based IPUT for large range of internal stress 

values (𝜎𝑡 = 0Pa to 𝜎𝑡 = 1GPa), which is still within the limit of thermal stress generated in the oxide layer during fabrication [18]. 
Furthermore, we also increased the frequency range of the harmonic analysis (ranging from 1Hz to 9MHz).

Fig. 9 shows the parametric response of the MZI-based IPUT, where Fig. 9(a) represents the resonance frequency (in MHz) as 
a function of the applied internal stress. The experimentally obtained resonance frequency (𝑓𝑐) is also marked in the figure. As 
mentioned previously, the resonance frequency decreases with an increase in the internal stress. This trend continues until the 
internal stress reaches the lowest critical buckling load (𝜎1), beyond which the flat configuration loses stability and the IPUT vibrates 
about a post-buckled equilibrium configuration, resulting in sudden changes in the dynamic response. Specifically, as the internal 
stress increases beyond 𝜎1, the equilibrium configuration changes from the flat state to a post-buckled configuration, accompanied 
by a sharp change in the resonance frequency from 0.185MHz to 2.165MHz (11.7 times increase). Owing to the stable post-buckling 
equilibrium of the plate, the IPUT remains operational, and the trend continues as before (i.e., frequency decreases with the increase in 
the internal stress). To facilitate interpretation, the parametric response is divided into three regimes based on the dominant vibration 
mode about the prestressed equilibrium configuration. In Zone 1, with 𝜎 ranging from 0 Pa to −360MPa and 𝑓 ranging from 1.04MHz
to 0.185MHz, the IPUT vibrates in its fundamental mode, which is shown in Fig. 9(d). In Zone 2, the stress ranges from 𝜎1 = −370MPa
to 𝜎2 = −600MPa while the frequency ranges from 2.165MHz to 0.185MHz, and the vibration response is dominated by a higher-order 
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Fig. 9. Parametric response of the MZI-based IPUT: (a) Resonance frequency variation with internal stress from 0 to−1GPa where the first two 
buckling loads 𝜎1 = −360MPa and 𝜎2 = −600MPa are marked. The plot is separated into three zones based on the mode shapes of the IPUT. There 
are sharp discontinuities between each zone, evidence of a mode change. The internal stress experienced by the IPUT (𝜎𝑡 = −250MPa) and the 
corresponding resonance frequency (𝑓𝑐 = 0.61MHz) obtained experimentally are also marked here. (b) The variation of RTF with the internal stress, 
where sudden increases in RTF values close to critical loads are visible. The internal stress 𝛔𝑡 and corresponding RTF (RTF𝑐 = 0.47pm∕Pa) also 
attained experimentally are marked in the plot. (c) The variation of the product of RTF with the frequency ratio (𝐹𝑠) is plotted for the same range 
of internal stress. (d), (e) and (f), respectively are displacement profiles of the MZI-based IPUT for different frequencies and internal stresses: (d) 
0.62MHz and −250MPa, i.e., the actual operating condition of the IPUT, which is similar to the resonant mode without internal stress (in Zone 1). 
(e) 1.93MHz and −400MPa, which is the IPUT’s behavior after crossing the first critical load (in Zone 2), where its deformation pattern is similar to 
a second vibration mode with the presence of a node (red cross). (f) 6.86MHz and −800MPa operating in Zone 3 after crossing the second critical 
load, where the IPUT’s displacement profile is equivalent to the third vibration mode with two nodes. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)

mode shape with a single nodal line as shown in Fig. 9(e) where the location of the node is marked using a red cross, characteristic 
of vibration about the post-buckled equilibrium configuration. Similarly, in Zone 3 (stresses from 600MPa to 1GPa and frequency 
from 8MHz to 5MHz) the vibration response is dominated by a higher-order mode with two nodal lines. Higher vibrational modes, 
in addition to increasing the resonance frequency, also modify the RTF as shown in Fig. 9(b). Here, the RTF in pm/Pa is represented 
as a function of the internal stress, where the experimental value (RTF𝑐) is marked. The RTF increases with an increase in internal 
stress until the vicinity of the lowest critical buckling load, where the transition to a post-buckled equilibrium configuration leads to a 
sudden change in RTF (18 pm/Pa to 24 fm/Pa, almost three orders of magnitude.) This is much higher than the shift in the resonance 
frequency (11.7 times) because of the influence of the mode shape in the radial displacements of the waveguides. Beyond the onset 
of post-buckling, the RTF again follows similar trend with increasing internal stress. It should be emphasized that only the lowest 
critical buckling load corresponds to a physical loss of stability of the flat configuration; the higher critical stresses indicated in the 
figure arise from buckling eigenvalue analysis and serve as reference points for interpreting changes in the vibration response, rather 
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Fig. 10. (a) Schematic representation of the RR-based IPUT where plate and ring diameters are marked. (b) Photograph of an RR-based IPUT 
from [47].

than representing additional buckling events. The three orders of difference between the RTF values for the same geometry include 
the influence of frequency, i.e., it takes more energy to drive a system oscillating at a higher frequency than a lower frequency, a 
decrease or increase in the frequency would directly influence the displacement and thereby the RTF. Therefore, to represent the RTF 
more realistically, we scale the RTF with a frequency scaling factor fs defined as:

𝐹𝑠 = 𝑓 ′∕𝑓0, (14)

where 𝑓0 is the resonance frequency in the absence of internal stress and 𝑓 ′ is the frequency of interest. The result is shown in 
Fig. 9(c), where although the trend looks similar to 9(b), the largest variation is 64 times, which is much smaller than 1200 from the 
RTF plot. Now we proceed to explore the influence of internal stress in an RR-based IPUT.

3.3.  Case – 2: Effects of internal stress on an RR-based IPUT

3.3.1.  Geometry and parameters
Similarly to the previous case, we construct the RR-based IPUT model with and without internal stress.
The schematic is shown in Fig. 10(a) while a microscopic image is provided in Fig. 10(b). The device is the same as in Fig. 2, 

for which post-buckling deformation of the plate was reported under residual compressive stress [47]. The geometric parameters 
are shown in the same figure: 𝐷𝑚 = 124𝜇m and 𝐷WG = 36𝜇m. In addition, the thickness of the plate 𝑡𝑚 = 2.5𝜇m, the width of 
the waveguide 𝑤WG = 0.44𝜇m, and the thickness 𝑡WG = 0.22𝜇m. Noteworthy, since the model is axisymmetric, the racetrack RR is 
assumed to be a circular ring that will influence the IPUT’s response, which will be discussed later. From the literature, we know that 
the resonance frequency of this device is 0.77MHz [47]. We choose the internal stress to be −425MPa, which is close to the calculated 
stress due to thermal oxidation (−416MPa) in Section 3.1 and perform the dynamic analysis with and without internal stress.

3.3.2.  Dynamic response of RR-based IPUT
Fig. 11(a) shows the axial displacement of the plate without internal stress (solid curve) and with −425MPa internal stress (dashed 

curve) as a function of the applied frequency, where the resonance frequencies 𝑓c1 = 0.62MHz (without internal stress – 20% lower 
than the experiment) and 𝑓c2 = 0.78MHz (with internal stress – 1.2% higher than the experiment) are marked. Unlike MZI-based 
IPUT, the resonance frequency increases with the internal stress, reflecting vibration about a post-buckled equilibrium configuration 
rather than a simple reduction in effective stiffness. Furthermore, the response with internal stress also experiences a phase change 
𝜋. These effects are also visible in the radial displacement plot shown in Fig. 11(b), where, in addition, the peak displacement 
with the internal stress (2.44 pm) is three times higher than the IPUT without internal stress (0.8 pm). The resulting RTF without 
internal stress is 0.034 pm/Pa, which is approximately half of the actual RTF (from the literature), while the RTF with internal 
stress is 0.106 pm/Pa, which is about 60% higher than the actual value. Note that there is a discrepancy in the ring geometry (race 
track compared to circle) between the actual device and the model, whose influence is explained in our previous article [45]. In 
other words, the circular approximation overestimates the radial displacement and thereby the RTF by 33% compared to the actual 
racetrack geometry. Correcting for this reduces the RTF (of the internal stressed model) to 0.071 pm/Pa, which is only 8% higher 
than the measurement value.

The observed increase in resonance frequency and radial displacement under high compressive stress arises from vibration about 
a post-buckled equilibrium configuration of the plate, as shown in the displacement profiles in Fig. 12.

Here, the displacement profiles of the almost static response Fig. (12(a)—1Hz) and the dynamic response Fig. (12(b)—0.62MHz) 
without internal stress look similar, while the behavior of IPUT with the prescribed internal stress (−425MPa) is similar to the second 
vibration mode with a node (marked with a red cross in Fig. 12(c)). This is due to the change in equilibrium configuration, leading 
to a vibration mode with a nodal line across which the axial displacement changes sign (from positive to negative, as shown in 
Fig. 12(c)). Since the radial displacement is directly related to the slope of the axial deflection, its value will be high due to the sign 
change near the node. Thus, we can observe that the waveguide has experienced a large radial deflection while vibrating at a higher 
frequency, which has led to an increase in both frequency and RTF.
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Fig. 11. Comparison of the RR-based IPUT with and without a internal stress (−425MPa): (a) axial displacement as a function of frequency where 
the resonance frequencies 𝑓𝑐1 = 0.62MHz—without internal stress and 𝑓𝑐2 = 0.78MHz—with −425MPa internal stress are marked. (b) radial dis-
placement of the ring (of RR) as a function of the applied frequency, showing an enhanced radial displacement of the waveguide with the presence 
of −425MPa internal stress. Both axial and radial displacement show that the IPUT with internal stress experiences a 𝜋 phase shift associated with 
vibration about a different equilibrium configuration.

Fig. 12. Displacement profiles of the RR-based IPUT: (a) 1Hz and 0 Pa equivalent to static deflection, (b) 0.62MHz and 0 Pa at the first resonant 
mode, which is similar to the static deflection. (c) 1Hz and −425MPa IPUT’s static behavior at the prescribed internal stress, which is similar to the 
second resonant mode of the plate.

3.3.3.  Buckling behavior of RR-based IPUT
To provide a consistent interpretation of these results, a linear buckling analysis is conducted for the RR-based IPUT using the 

undeformed geometry subjected to uniform in-plane compressive stress. The resulting eigenvalue problem yields the critical stresses 
and corresponding bifurcation modes of the ideal structure. The lowest eigenmodes are found to be axisymmetric, with critical loads 
𝜎1, 𝜎2, and 𝜎3 summarized in Table 2.

These bifurcation loads are introduced here as reference quantities and should not be interpreted as indicating multiple sequential 
buckling events during operation. Instead, the device undergoes a single stability transition, after which it vibrates about a pre-
stressed, geometrically nonlinear equilibrium configuration. The apparent “mode changes” observed in the frequency response and 
displacement fields therefore reflect shifts in the dominant vibration mode along this equilibrium path, consistent with classical plate 
stability theory when imperfections are present.

3.3.4.  Parametric response
We then investigate the parametric response of the RR-based IPUT for a range of internal stress values (from 0 Pa to 1GPa similar 

to the case of MZI-based IPUT discussed in the previous section) and frequencies (1Hz to 8MHz).
The variation in the resonance frequency as a function of the applied internal stress is shown in Fig. 13(a), where the actual 

resonance frequency of the device 𝑓𝑐 = 0.77MHz and the internal stress 𝜎0 = −425MPa are marked. Similar to the case of MZI, 
the parametric response is separated into three zones based on the dominant mode shape of the IPUT. In the first zone spanning 
from 𝜎 = 0Pa to 𝜎 = 130MPa and 𝑓 ranging from 0.615MHz to 0.185MHz, the frequency continuously decreases with increasing 
internal stress and the IPUT vibrates in its fundamental mode as shown in Fig. 13(d). At approximately 140MPa, the flat equilibrium 
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Table 2 
Comparison of buckling analysis with the dynamic response of the RR-based IPUT. Similarly to the MZI case, the buckling and dynamic 
modes are very similar for corresponding critical loads. The displacements are also normalized for better visualization. The surface 
displacement ranges for the first mode from 0 pm to 50 pm, the second mode from 0 pm to 15 pm, and the third mode from 0 pm to 70 pm.

configuration loses stability and the vibration response transitions to oscillation about a post-buckled equilibrium configuration (see 
Fig. 13(e)), accompanied by a sharp increase in resonance frequency (2.85MHz). As the waveguide’s dimensions are much smaller 
than those of the plate, we can assume that the plate’s dynamic behavior is not influenced by the waveguide itself. Hence, the 
analytical expression for the lowest critical buckling load of a clamped circular plate (Eq. (2)) provides a useful reference (141MPa) 
for interpreting the numerical transition point. It is very close to the prediction of the model (140MPa). The post-buckling behavior 
of the RR-based IPUT is similar to the MZI-based IPUT, i.e., frequency decreases with the increase in the internal stress until a higher 
buckling eigenvalue is reached (𝜎2 = 460MPa), where the dominant vibration mode changes again (as shown in Fig. 13(f)), and 
then the trend continues. The maximum difference in the resonance frequencies for the complete internal stress range is 36 times, 
which is higher than the MZI-based IPUT case (11.7 times). The calculated RTF is presented in Fig. 13(b), where the actual RTF 
of the device RTF𝑐 = RTF𝑐 = 0.066pm∕Pa as well as the corresponding internal stress 𝜎𝑡 are marked. Since the internal stress value 
is close to a peak (near the end of the second critical load), the RTF has a high value. The RTF increases with internal stress up 
to the vicinity of the lowest critical buckling load, after which the transition to a post-buckled equilibrium configuration leads to a 
sharp change in RTF; then the same trend continues. The largest variation of the RTF is 7800, which includes the influence of the 
frequency, and thus the RTF is updated by multiplying it by 𝐹𝑠, as shown in Fig. 13(c). Here, the trend stays the same as the RTF plot 
Fig. (13(b)) while the ranges are significantly decreased (from 7800 to 1225). However, there still exists a three orders of difference 
between the highest and lowest RTF values, which is significant for the IPUTs’ performance. As in the MZI-based IPUT, only the 
lowest critical buckling load corresponds to a physical loss of stability of the flat configuration; higher critical stresses identified 
in the analysis represent eigenvalue-based reference points for changes in the vibration response rather than additional buckling
events.

4.  Discussions

From the parametric study of plate-based IPUTs with different geometries, we can state that the internal stress plays a crucial role 
in the dynamic behavior of the IPUT. For the same IPUT device, within the possible internal stress limits, the resonance frequency 
and RTF can experience drastic changes. The resonance frequency may vary by more than one order of magnitude as the equilibrium 
configuration and dominant vibration mode change with internal stress. This can drastically alter the performance of the device from 
its intended purpose if internal stress is not considered during the design stage. In general, the bow experienced by the wafer (after 
the oxidation process) is used to estimate the internal stress. The internal stress may therefore be considered a design parameter that 
must be accounted for during fabrication and layout, rather than an actively tunable quantity. While in electrostatically actuated 
devices such as cMUTs and pMUTs the effective prestress can be modified via bias voltage, in IPUTs the stress state is primarily 
set during fabrication and must therefore be accommodated through design. Noteworthy, the position of the optical waveguide on 
the plate should be accurately determined based on the internal stress and displacement profile of the IPUT so that the waveguide’s 
radial deflection is maximum. Otherwise, the RTF will be much lower than the designed value. For instance, if the waveguide 
location is designed by assuming the fundamental vibration mode for the IPUT, while it operates in the second mode due to internal 
stress, the waveguide might end up in a low radial displacement position (on the plate), limiting the IPUT’s performance. From 
the comparison between MZI and RR based IPUTs, it is evident that the location of the waveguide, distance from the neutral plane 
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Fig. 13. Parametric response of the RR-based IPUT: (a) Resonance frequency variation with internal stress from 0 to1GPa where the lowest critical 
buckling load 𝜎1 = −140MPa and a higher buckling eigenvalue 𝜎2 = −460MPa are marked. The plot is separated into three zones based on changes 
in the dominant vibration mode of the prestressed equilibrium configuration. There are sharp discontinuities between each zone, indicating the 
transition in the dominant vibration mode. The internal stress experienced by the IPUT (𝜎𝑡 = −425MPa) and the corresponding resonance frequency 
(𝑓𝑐 = 0.77MHz) obtained from the literature are also marked here. (b) The variation of RTF with the internal stress, where sudden increases in RTF 
values close to critical loads are visible. The internal stress 𝜎𝑡 and corresponding RTF (RTF𝑐 = 0.066pm∕Pa also from the literature) are marked in the 
plot. (c) The variation of the product of RTF with the frequency ratio (𝐹𝑠) is plotted for the same range of internal stress. (d), (e) and (f), respectively, 
are displacement profiles of the RR-based IPUT for different frequencies and internal stresses: (d) 0.445MHz and −70MPa IPUT’s behavior in Zone 
1 vibrating in its fundamental mode. (e) 0.78MHz and −425MPa IPUT’s behavior in the actual condition, which is in Zone 2, where its deformation 
pattern is similar to a second vibration mode with the presence of a node (red cross). (f) 3.5MHz and −800MPa operating in Zone 3 after crossing 
the second critical load, where the IPUT’s displacement profile is equivalent to the third vibration mode with two nodes. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

and most importantly, the dominating vibration mode plays crucial roles in the resulting sensitivity and operating frequency. In the 
case of MZI, the waveguides were located at the optimum position of the plate (correspond to region of large radial displacement 
of the plate) and away from the neutral plane, the variation in the sensitivity due to the internal stress was not as severe as in the 
case of the RR where both parameters were not at optimum. Additionally, regions near the sharp transitions (refer to Figs. 9 and 
13) should be avoided in practice, as small variations in fabrication-induced stress can lead to disproportionately large changes in 
resonance frequency and RTF. as they are unstable regions due to the fabrication margins. In other words, close to these peaks, small 
variations in the fabrication process can lead to substantial changes in the performance parameters. For instance, an increase in the 
plate thickness by 5% could increase the resonance frequency by the same amount (assuming fundamental mode behavior with the 
same internal stress), which can be close to the peaks leading to completely different dynamic response. Overall, the results highlight 
that the observed discontinuities in frequency and RTF arise from changes in the equilibrium configuration and dominant vibration 
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mode, rather than from repeated physical buckling events, reinforcing the importance of interpreting prestressed plate dynamics 
within a nonlinear vibration framework.

5.  Summary and conclusions

In this work, we numerically investigated the influence of fabrication-induced internal stress on the dynamic behavior of inte-
grated photonic ultrasound transducers (IPUTs). Finite element models were developed in which the residual stress in the oxide layer 
was incorporated through a geometrically nonlinear formulation. The numerical model was validated by comparison with experi-
mental measurements from our previous work and with results reported in the literature. Incorporating realistic internal stress values 
significantly improved the agreement between the simulated and measured resonance frequencies and receive transfer functions 
(RTFs).

A systematic parametric study was then conducted by varying the internal stress over a wide compressive range. The results show 
that increasing compressive stress reduces the effective structural stiffness of the plate, leading to a decrease in the fundamental 
resonance frequency. As the compressive stress approaches the critical level associated with elastic instability, the frequency reaches 
a minimum and the vibration characteristics change due to a modification of the equilibrium configuration and mode shapes. In 
practical devices, fabrication imperfections smooth the bifurcation behavior, resulting in a finite minimum frequency rather than a 
vanishing value predicted for an ideal structure.

The analysis reveals that internal stress not only shifts the resonance frequency but can also significantly alter the spatial defor-
mation patterns of the vibrating plate, which in turn affects the optical sensitivity of the device. These stress-induced modifications 
lead to distinct operational regimes in the frequency-stress response and corresponding variations in the receive transfer function.

Based on the numerical and experimental observations, the following conclusions can be drawn:

• The internal stress developed in thin-film structures, such as oxide or nitride, plays a dominant role in determining the dynamic 
response of IPUTs and must be incorporated in the design and simulation stages for accurate prediction of device performance.

• The proposed modeling framework can be extended to other membrane/plate-based acoustic sensors where residual stress signif-
icantly influences the vibration characteristics.

• Internal stress can be used as a design parameter to tailor the resonance frequency and sensitivity of the transducer by modifying 
the effective stiffness and vibration mode shapes of the plate.

• Care must be taken to avoid operating conditions near the critical instability regime, since fabrication tolerances may introduce 
small variations in residual stress that can significantly alter the resonance frequency and receive transfer function.

Overall, the present study highlights the critical role of residual stress in determining the vibration behavior of thin plates in photonic 
ultrasound transducers. By tuning the process parameters (e.g., furnace temperature during thermal oxidation), the internal stress 
may be controlled. Additionally, the resulting stress can be measured by using the wafer bow (as mentioned in the discussions), so 
that it can be used for improving the designs.
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