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Abstract

The resonant structures used as sensors for investigating specific dark and opaque substances may pose difficulties due to
their potential aggressiveness towards photonic chips and the risk of destruction upon contact. To avoid it, this study presents a
detailed description of a novel symmetrical waveguide structure with UV210 enclosed between Si/SiO; bi-layers implemented for
integrated photonics. The fabrication process is thoroughly explained, accompanied by various analyses conducted for
characterizations purposes. The structure is composed of an organic UV210 material developed using deep UV lithography at 248
nm and fabricated onto an oxidized silicon layer, resulting in a Si/SiO> bi-layer configuration. This process enables the fabrication
of um-scale access waveguides and racetrack Micro-Resonators (MRs) with a 400-nanometers gap. Several multilayer families
have been produced using various low-temperature PECVD processes to obtain symmetrical Si/Si0,/UV210/Si/SiO, structures and
then properly characterized using non-destructive analyses and imaging techniques. The advantage of structural symmetry is
primarily related to the electromagnetism and guidance equations, which eliminate the requirement for a cut-off thickness (or
frequency), enabling significant miniaturization. Additionally, the upper cladding composed of a Si/SiO bi-layer offers protection
against potentially aggressive substances directly in contact with the organic waveguide core and MRs. Different bi-layer upper
cladding families, produced under various PECVD conditions, were characterized using XPS to understand the bonding mechanism
between the silicon and UV210 organic. In addition, ellipsometric analyses were conducted to determine the real and imaginary
components of the refractive index of the global structure and the upper cladding bi-layer. Structure imaging were obtained by
Raman analyses and optical statistical measurements were conducted on four different types of heterostructures, with silica
temperatures ranging from 120°C to 150°C during the second PECVD process. The resonance analysis, performed through Free
Spectral Range (FSR) measurements, allowed us to draw conclusions regarding the stability and reproducibility of the fabrication
process, as well as the impact of PECVD processes conditions on the optical measurements. Such optoelectronic resonant

elements and hybrid heterostructures enable the investigation of aggressive substances in direct contact.
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1. Introduction

In the past few decades, integrated photonic and resonators have received considerable attention as a means to develop
optical circuits for engineering [1], telecommunication [2-5] and sensing application [6,7]. Within optical cavities, a portion of the
light, known as the evanescent field, extends beyond the core of the structure, enabling interactions with the surrounding
environment [8,9]. This property has been used for various purposes, including label-free detection [10-13] and the investigation
of soft matter behaviors directly in contact with the resonators [14,15]. Among the various materials explored for these
applications, polymer waveguides fabricated using optical lithography have emerged as a central point of research [16]. This
significance is attributed to their potential for integration onto microchips, biocompatibility [17], cost-effective production, and
straightforward manipulation and relatively simple fabrication processes [18-22]. Recently, polymer micro resonators (MRs)
manufactured through deep-UV lithography (DUV) technology allowing the development of sub-wavelength patterns have been
used for the study of nano-particles (NPs) sedimentation in both water [23] and water-glycerol mixtures [24]. These resonant
devices enable real-time analysis of colloidal systems in diverse solutions, including dark or opaque substances, with applications
in energy, biology, and agriculture fields. Their studies provide insights into the dynamics of acid stratification in lead-acid batteries
[25] and the performance of emerging colloidal electrolyte-based energy storage [26]. Within the petroleum industry, the
investigation of colloidal stability during thermal reactions prevents the formation of obstructive coke [27]. Resonant structures
applied to the dairy product industry can also be used to the detection of milk adulterants [28] and the study of dairy powder
behavior during drying and evaporation [29]. However, a notable challenge associated with employing these resonant structures
for sensing applications may be the potential damage when exposed to specific aggressive substances. The direct contact with
such elements can compromise the overall integrity of the resonant elements, thereby limiting their durability and long-term
functionality. To resolve this issue, the current paper presents a comprehensive approach to the development of a protective bi-
layer Si/SiO, upper cladding located above the organic resonant element by associating Plasma Enhanced Chemical Vapor
Deposition (PECVD) processes with DUV lithography processes. The complete fabrication processes and characterizations of an
integrated photonic device are detailed by combining DUV lithography onto UV210 polymer associated with specific and adequate
PECVD deposition processes at low temperatures. To obtain these hybrid heterostructures of organic UV210 sandwiched between
thin layers of silicon and silicon oxides SiOy, a low-temperature PECVD process was developed without oxygen gas at the initial
growth stages and introduced later in a controlled manner. This strategy ensured the proper growth of protective SOI
(Semiconductor-On-Insulator) layers over the organic guides and resonators, thereby preventing damage to the organic core from
the highly reactive oxygen during PECVD. Consequently, these Si/SiO,/UV210/Si/SiO, heterostructures exhibit a symmetrical

material composition, featuring an oxidized Si wafer and a protective top layer of Si with growing silicon oxides.

In terms of electromagnetism, the calculation of propagation equations modes can be mathematically written as an eigenvalue
and eigenvector problem [30,31]. Within integrated photonics using broadband light source, the eigenvalue of the complete
optical structure results then in the effective group index, denoted as nfff, which is intricately tied to the effective propagation
constant § = kg nfff, where k, represents the wavenumber in the vacuum. These eigenvalues are solutions to opto-geometric
equations called eigenvalue equations. For asymmetrical waveguides, solving these eigenvalue equations yields a critical value
known as the cut-off thickness (or cut-off frequency), imposing a minimum thickness required for the propagation of a guided
mode. The distinct feature of a symmetric waveguide is the absence of the cut-off thickness that characterizes asymmetrical
waveguides [32]. Consequently, there are no longer physical limitations on the propagation of modes within the waveguide,

regardless of its thickness, making way to a strong possible miniaturization of the structure. An example of symmetrical waveguide



exists in the form of Silicon-On-Insulator (SOI) which have been studied and successfully developed recently [33—35]. This
technology presents a strong light confinement due to the large refractive index difference between silica and silicon and a
possible miniaturization due to the symmetrization of the structure rendering it advantageous for optoelectronic circuit. SOI
structures have been investigated for optoelectronic devices in the field of telecommunication [36—39] and hold promise for
sensing applications [40—42]. In such applications, the sensing structure placed between oxide silicon layers can be protected from

potentially corrosive agents.

In this way, this paper aims to realize various families of hybrid, symmetrical, single mode structures based on Semiconductor-
On-Insulator technology incorporating organic UV210 components enclosed between Si/SiO; bi-layers (referred to SOI on Org.).
MRs are made from the organic polymer UV210 [43] and obtained by DUV lithography on an oxidized silicon substrate, enhancing
resolution capabilities [44]. For the upper cladding bi-layer, two consecutives depositions are made by PECVD at low temperature
with different parameters [45]. To protect the organic material from the etching effects of highly reactive oxygen, silicon
deposition is initially carried out in the absence of oxygen. Oxygen is subsequently introduced into the process in a controlled
manner to ensure the growth of silicon oxides (similar to silica) above the organic material with good mechanical strength. Results
are various symmetrical hybrid structures made of Si/SiO2/UV210/Sipecvn/SiO2, pecvo layers. Section 2 provides a proper description
of the overall fabrication processes employed for different photonic structures families. This includes a meticulous depiction of
the resonant element’s geometry plus a selection of its dimensional parameters. Processes associated to various hybrid families
defined by their PECVD deposition parameters are also exposed in this section. Subsequently, Section 3 shows a thorough devices
characterizations through series of non-destructive analyses. The chemical signature of the deposited element and developed
heterostructures imaging are obtained by Raman analyses in section 3.1. Following this, section 3.2 describes the interaction
between silicon and organic resin UV210 after the first PECVD process via X-ray Photoelectron Spectroscopy. Section 3.3
undertakes a structure layer assessment at various fabrication stages. This evaluation is performed through ellipsometric
spectroscopy, allowing the determination of opto-geometric parameters including layer thickness, refractive index, and
absorption coefficient. Finally, all the various resonant structures are integrated into an experimental test platform in order to
measure optical resonances upon excitation by a broadband source centered at a 795 nm wavelength. Different heterostructures
resulting from distinct PECVD deposition conditions are studied in section IV and statistical measurements on Free Spectral Range
(FSR) are discussed by indirectly providing information on composition by means of a pseudo-period measurement of the resonant
signal and the corresponding effective group index. These heterostructures can subsequently be integrated into PECVD reactors
to control material growth. Furthermore, a precise control over the stoichiometric composition of the upper cladding SiOy, along

with the bilayer thickness, allows for accurate adjustment of a precise FSR value for specific sensing applications.

2. Materials and processes for fabricating resonant symmetrical Organic/Semiconductor structures

2.1. UV210 organic resonant structure geometry, global circuit

Microstructures of resonant elements were fabricated through thin film deposition and photolithographic processes. The
geometry and dimensions were meticulously determined using a software to design a quartz/chromium mask for
photolithography. Fig. 1 illustrates the geometric element of the desired micro-resonators (MRs) coupled to the access waveguide.
Multiple MRs enhances measurement precision by increasing resonant peak visibility and enables averaging, particularly beneficial
for sensing applications. Furthermore, the shape of the designed racetrack increase the interaction with the access waveguide

(increased L¢) to maximize coupling. The parameters of R, L. and w are set at 5 um for the radius of the MR, 5 um for the coupling



length and 3 um for the width of both the MR and the access waveguide. The gap is fixed at 400 nm for both physical and technical

considerations. Furthermore, the tapered input of the access waveguide facilitated the injection during experimental tests.
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Fig. 1. Schematic representation of the architecture of the resonant circuits used as sensors. A racetrack-shaped micro-resonator is coupled to an
access waveguide with an all-pass configuration. A taper structure is incorporated at the beginning of the latter to facilitate optical injection. The
geometric parameters Winput, Woutput, gap, Le, Wmr, R and P represent the width of the waveguide at the input, the width of the waveguide at the
output, the gap between the access waveguide and MRs, the interaction length coupling, the width of the MRs, the radius of the MRs and the
perimeters of MRs, respectively. The three images made by optical microscope and scanning electron microscope (SEM) outline the three elements
described in the circuit

Such structures have been made by photolithography in clean room environment [46]. Initially, a 1-2 um thermal silica layer
is grown on a silicon substrate by wet oxidation. The wafer undergoes a high-temperature treatment in a quartz oven during 4
hours at 1175°C followed by annealing between 700°C and 800°C to enhance the single crystal structure. The thickness of the
silica layer facilitates mode propagation with minimal radiation loss and this lower cladding layer enhances the waveguide
adhesion on the substrate. Subsequently, the resonant elements have been produced by photolithographic processes. Comprising
a polymer that absorbs deep UV light, these elements enable photolithography at 248 nm, providing heightened precision
compared to traditional photolithography at 365 nm. The UV210 polymer is an amplified chemical photoresist including a photo
acid generator (PAG), enhancing sensitivity to UV energy exposure. This photoresist is spin coated onto the oxidized silicon wafer,
achieving a typical height of 900 nm to ensure a light propagation into the photonic integrated circuits. Deep UV exposure is
carried out using a mercury lamp (HBO 1000W/D, OSRAM) with an adequate filter and the previous quartz/chromium mask from
TOPPAN PHOTOMASKS Inc. After a typical 30-seconds exposure, illuminated portion of the resin are removed to obtain the desired
pattern using the tetramethyl ammonium hydroxide developer (Microposit MF CD-26). The molecular structure of the structure
is stabilized with multiple softbake after all these steps. The use of the UV210 combined with lateral coupling allows the

development of these resonant structures through a single illumination.

2.2. PECVD for various upper SOI bi-layer

The second delicate phase of the procedures is focused on creating the upper cladding bi-layer above the organic material to
protect the resonant circuit and achieve symmetrical heterostructures with the organic layer sandwiched between Si/SiO2 layers.
For this purpose, a two-step PECVD deposition at low temperature has been successfully developed with varying conditions. The
initial PECVD deposition involves silane gas (SiHy4) at a substrate temperature of 120 or 150°C for 1 minute to create an amorphous
silicon layer. This one is crucial to prevent a reaction between the organic material and the highly reactive oxygen present in the
chambers that could damage the organic layer during the subsequent PECVD deposition. To achieve the desired SOl upper
cladding, the second deposition was conducted using silane and a mixture of silane plus nitrous oxide (N,0) as the gas reactor.
Without the preceding silicon deposition, the organic might be susceptible to the etching effect of reactive oxygen. The amorphous
silicon deposition resulting from the first PECVD process is conformal, meaning that silicon is deposited not only on the waveguide
surface but also on its edges to provide protection when the silane is introduced subsequently. The second deposition was carried

out at a substrate temperature ranging from 120 to 150°C with a duration varying from 1 to 6 minutes to obtain different layer



thicknesses which will be thoroughly characterized in the subsequent sections of the article. The overall treatment procedure is

schematically illustrated in Fig. 2.
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Fig. 2. Schematic representation of processes involved in the fabrication of symmetrical Si/Si0./UV210/Si/SiO. heterostructures.

In the following, heterostructures with various deposition conditions will be properly characterized through different analysis.

A summary of the upper cladding deposition conditions, along with the next corresponding analyses, is presented in Tab. 1.

Analyses Upper cladding deposition condition onto previous UV210 organic
Raman Si, 120°C, 1 min

Si0,, 120°C, 1 min

XPS Si, 120°C, 1 min
Si, 120°C, 1 min

SiO2, 135°C, 1 min

Ellipsometry Si, 120°C, 1 min

SiO, 135°C, 3 min
Si, 120°C, 1 min

SiO2, 135°C, 6 min

Tab. 1. Upper cladding deposition conditions by PECVD with the corresponding targeted
analyses.

3. Structural characterizations of hybrid heterostructures

In the upcoming sections, a thorough examination of the heterostructures will be conducted. The initial two analysis,
comprising Raman and XPS, reveal the physical-chemistry characteristics of those structures. Thereafter, the third analysis focuses

on the optical property of the multi-layers through ellipsometric measurements.

3.1 Raman analyses

Raman analysis is a vibrational spectroscopic technique that provides insights into chemical composition. When photons
interact with a sample, a small fraction undergoes a change in energy due to molecular vibrations. The scattered photons, known
as Raman scattered light, carry information about these vibrational modes. Analysing the shifts in energy between the incident
and scattered light reveals vibrational fingerprints, enabling the identification of molecular composition. The analysis, conducted
on SOI/UV210/S0I structures, is performed using the LabRAM HR800 Raman Spectrometer (from Horiba Scientific Company,
Jobin-Yvon). This spectrometer boasts high spectral resolution and is equipped with a confocal microscope, multiple laser sources

(including 633 nm He-Ne, 785 nm Toptica, and 532 nm Coherent lasers), and nano-positioning capabilities. The integration with a



confocal microscope allows to perform two-dimensional imaging with a spatial resolution close to the spot size (0.9 um?) at the
focal plane, and a typical spectral resolution of 1 cm™ per pixel. The laser excitation power used is lower than 0.1 mW to prevent
any adverse heating effects on the photonics chip. Investigations utilized micro-Raman vibrational molecular spectroscopy to
perform non-destructive material analysis. The results were recorded using the LabRAM HR 800 in the visible configuration. This
approach enable to select specific areas within the structure for analysis, covering the entire wafer or specific cut sections, as
depicted in Fig. 3. Micro-Raman spectroscopy was employed, allowing the detection and analysis of distinct signal signatures
associated with various micro-materials, including Si and UV210. This facilitated the comprehensive examination of these specific

components and their intricate signal characteristics.

The stretching mode of phenyl ring (s.m. CC) at 1002 cm' and the bending mode of aromatic olefinic (b.m. CCH) at 850 cm™!
are signature of the organic UV210 (Fig. 3)[47,48]. To isolate the organic UV210 peaks from the overall signal and eliminate any
residual fluorescence background, filtering and decorrelation techniques were applied. Beyond the UV210 waveguide core, the
Raman signal reveals the emergence of the first-order peak associated with crystalline silicon, attributed to the wafer and
occurring at 521 cm™ and the second order peak at 960 cmL. Just prior to this, there is a broader peak specific to the amorphous
silicon, which is known to be deposited via PECVD. It is worth noting that the Raman signal specific to SiO; is exceptionally weak
and remains practically invisible[49-52]. Furthermore, this signal extends toward lower frequencies in contrast to the more
prominent signals of silicon and the organic UV210. By applying filtering techniques to refine the enlarged signature and selectively
choosing the characteristic peaks of the various materials, such as Si and UV210, it becomes possible to perform two-dimensional

imaging of the diverse waveguide/MR structures.

UV210 core
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Fig. 3. Optical imaging of the waveguide cross-section plus Raman analyse of SOI with Org. structures performed on both the selected area
(the UV210 rib waveguide and outside). The signature of the organic element as the deposited element by PECVD have been identified.



3.2 XPS analyses

In the following section, two distinct samples, Si/UV210 and Si/UV210/Sipecvp, are subjected to X-ray Photoelectron
Spectroscopy (XPS). This analysis is performed to compare chemical bonds and track the kinetic growth of the deposited element,
with a focus on the interaction between the Silicon generated during the initial PECVD process and the organic UV210. When the
material is irradiated with high-energy X-rays, XPS triggers the photoelectric effect, resulting in the emission of photoelectrons
that bear distinct binding energies specific to their source atoms. This emission of photoelectrons provides crucial insights into
the atomic composition and chemical environments within the material. Measurements were conducted using a KAlpha
Thermoelectron device, and the photoelectron emission spectra were acquired with Al-Ka radiation (hv = 1486.6 eV). An ion beam
with an elliptical profile measuring 400 um? was directed onto the samples. At each-second intervals, the corresponding binding
energy peak analysis was performed. The binding energy scale was established by referencing the C 1s value of adventitious
carbon (284.8 eV) [53]. The photoelectron peaks were analysed through Gaussian/Lorentzian (G/L=50) peak fitting, while the

background signal was removed using the Shirley method [54].

XPS analyses were conducted on two distinct samples: one composed of organic UV210 and the other featuring an amorphous
Si layer deposited onto the organic material by PECVD at low temperature (120°C). These analyses reveal energy peaks and the
identification of chemical bonds at different phases of the deposition process, allowing for a comparison with a sample lacking a
silica layer. Supplementary tables are available in the supplier information section for further reference. Fig. 4 illustrates the XPS
composition profile obtained from the Sisupstrate/ UV210/Sipecyp analysis, showing the atomic composition as a function of sputtering
time. This figure clearly emphasize the material's growth throughout the processes and reveals three distinct zones: the surface,
the interface, and the organic layers, corresponding to sputtering times of 0 seconds (surface), 170 to 210 seconds (interface
UV210/Sipecvp), and beyond 210 seconds (organic UV210). This temporal analysis provides valuable insights into the deposition
process and material growth dynamics, offering a historical perspective on the changes in atomic composition over time. A
summary of the quantitative atomic composition is provided in Tab. 2. In the following, the notation '1s' and '2p' represent the
orbitals associated with quantum numbers (n=1, 2; =s, p). The numbers '1/2' and '3/2' indicate the spin-orbit splitting, denoting

the intrinsic angular momentum of the electron (spin) and its interaction with its orbital angular momentum (8) by j =€ + %.
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3.21 At the surface of the heterostructure: the amorphous silicon layer

Between 0 and 45 seconds of sputtering time, the surface of the sample is analysed. During this initial phase, a low
concentration of atmospheric contaminants, specifically hydrocarbons, was detected and accounting for less than 2% of the
composition. Additionally, a thin silicon oxide layer, approximately 20 A thick, was observed due to natural oxidation. This oxide
layer gradually decreased and is insignificant (< 4%) after 10 seconds of sputtering, marking the establishment of a new regime.
At this point, the surface revealed the presence of a silicon layer resulting from the PECVD deposition process. At the 45-second
mark, the Si 2p core level spectrum was deconvoluted into three distinct components, as illustrated in Fig. 5 and summarized in
Tab. 3. The weakest Si 2p component, situated at 100.9 eV, is attributed to Si-O bonds, which are indicative of Si-Ox oxides
contamination[55]. The other two components, at 99.0 eV and 99.6 eV, corresponding to Si 2ps/, and Si 2p1,, respectively, are
associated with Si-Sis bonds, indicating pure silicon compounds where each silicon atom is surrounded by four neighbouring silicon

atoms[56-58].

|
102
Binding Energy (eV)

Fig. 5. Si 2pis, 32 spectrum collected for
UV210/Si sample at 45 seconds of
sputtering time.

Sputtering Components
time (s) Quantities measured Si%s/2) Si%y2) Sil*(1/2,3/2), SiZ*(1/2,3/2),
Si**(1/2,3/2), Si*(1/2,3/2)
Main component positions (eV) 99 99.6 100.9
FWHM (eV) 0.9 0.9 11
Percentage of each chemical bonds in the 64.8 32.4 2.8
45 photoelectron peaks (%)
Percentage of the chemical bonds related to the 62.4 31.2 2.7
atomic compositions of each element (%)

Nature of the chemical bonds Si - Si Si - Si SiOx contamination

Tab. 3. Main component positions (£ 0.1 eV), FWHM (% 0.05 eV), percentage of each chemical bonds in the
photoelectron peaks (Si 2p1/2,3/2), and percentage of the chemical bonds related to the atomic compositions of each
element (O, Si) for the UV210/Si sample at 45 seconds of sputtering time.

3.2.2 At the interface of the heterostructure: upper layer UV210/Si

The interface analysis takes place between 170 and 210 seconds of sputtering time, corresponding to the initial phase of the
deposition process. Notably, there is a relatively high oxygen content (around 20%) at this interface due to residual oxygen present
in the pump and chamber. The Si 2p core level spectrum is deconvoluted into six distinct components, as depicted in Fig. 6.a and
summarized in Tab. 4. The two components associated with Si-Si bonds, located at 99.0 and 99.6 eV, remain present. In contrast,
the silicon oxide peaks are deconvoluted into four components positioned at 100.0, 101.1, 102.1, and 103.0 eV, indicative of Si-O

bonds. This outcome reflects a mixture of "sub-oxides," denoted as Si,Ox (Si-Si,Ox with x + y = 4, comprising Si-Si30, Si-Si»0,, Si-



Si0s, Si-04), with their relative proportions dependent on the concentrations of Si and O [55,59-65]. At 170 seconds of sputtering
time, in close proximity to the Si layer, the main components are the Si 2p1/; and Si 2ps3/, peaks (Fig. 6.a) whereas at 210 seconds
of sputtering time, closer to the polymer, the Si 2p peaks are predominantly composed of "sub-oxides" (Fig. 6.b). This dynamic

evolution over time highlights the varying composition of sub-oxides at the interface which is more significant at the beginning of

the PECVD deposition.
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Fig. 6.a. Si 2p1/2, 372 spectrum collected for UV210/Si sample at

170 seconds of sputtering time.

102
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Fig. 6.b. Si 2p1/, 372 spectrum collected for UV210/Si sample at

210 seconds of sputtering time.

Sputtering Quantities measured Components
time (s) Si%;2) Si%y2) | SiMasz32) | Sz | SPanan) Si**1/2,3/2)
Main component positions (eV) 99.0 99.6 100.2 101.1 102.1 103.0
FWHM (eV) 0.9 0.9 1.0 11 1.2 13
Percentage of each chemical bonds in the 50 25.0 10.2 7.6 5.6 1.6
170s photoelectron peaks (%)
Percentage of the chemical bonds related to 35.6 17.8 7.25 5.4 4.0 1.1
the atomic compositions of each element (%)
Nature of the chemical bonds Si—Si Si —Si Si—Si30 Si — Si>0> Si — SiO3 Si— 04
Main component positions (eV) 99.0 99.6 100.2 101.1 102.1 103.0
FWHM (eV) 1.0 1.0 1.1 1.2 1.25 13
Percentage of each chemical bonds in the 2.2 11 18.7 38.3 32.5 7.2
210s photoelectron peaks (%)
Percentage of the chemical bonds related to 0.35 0.17 3.1 6.3 5.3 1.2
the atomic compositions of each element (%)
Nature of the chemical bonds Si—Si Si—Si Si—Sis0 Si — Si;0> Si— SiO3 Si— 04

Tab. 4. Main component positions (+ 0.1 eV), FWHM (+ 0.05 eV), percentage of each chemical bonds in the photoelectron peaks (Si 2p1/2,3/2),
and percentage of the chemical bonds related to the atomic compositions of each element (O, Si, C) for the UV210/Si sample at 170 and 210

seconds of sputtering time.

The C 1s core level spectrum is deconvoluted into four distinct components located at 282.8, 284.4, 285.8, and 288.8 eV (Fig.
7, Tab. 5). The predominant component is associated with the phenyl group, representing both Csp? and Csp? in C-C bonds, as well

as the -CH3 methyl group, characteristic of the UV210 organic component[56,57,66,67].
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Fig. 7. C 1s spectrum collected for UV210/Si sample at 170
seconds of sputtering time.

Quantities measured Components
Sputtering C1ls
time (s)
Main component positions (eV) 282.8 284.5 285.9 288.8
FWHM (eV) 1.2 1.2 1.4 1.5
170s Percentage of each chemical bonds in the 5.4 82.4 10.1 2.2
photoelectron peaks (%)
Percentage of the chemical bonds related 0.7 9.7 1.2 0.2
to the atomic compositions of each element
(%)

Nature of the chemical bonds C-Si C-CC-H | C-0,C-0H | O=C-0

Tab. 5. Main component positions (+ 0.1 eV), FWHM (+ 0.05 eV), percentage of each chemical bonds in the photoelectron
peaks (C 1s), and percentage of the chemical bonds related to the atomic compositions of each element (O, Si, C) for the
UV210/Si sample at 170 seconds of sputtering time.

323 At the core level: the UV210 organic

After 210 seconds of sputtering time, the study evaluates the composition of the UV210 organic. lon sputtering affects the
polymer by graphitizing the surface, promoting atomic recombination and the formation of new bonds. The analysis of the
UV210/Si sample is compared to another sample composed of UV210 without any Si deposition (Fig. 8, 9, Tab. 6). The absence of
C-Si bonds is noteworthy (% Si < 0.1), and the component at 284.5 eV, associated with carbon in the phenyl group, remains intact.
The key distinction between the two samples lies in the reduced levels (for the UV210/Si sample) of C-O and C=0 bonds due to
bond breakage during treatment, along with the effects of ion sputtering. Additionally, the absence of the shake-up peak (it ->m*
transitions) observed at 291.2 eV in the UV210/Si sample can be mainly attributed to the significant effect of the ionic sputtering
process leading to the disruption of ri-type bonds within the benzene rings of the UV210 polymer (graphitization and/or presence
of induced carbon chemical environment [67,68]). The missing component in the UV210/Si sample at 287.1 eV and corresponding
to O-C-0 bonds may be due to the formation of new C-O type bonds as a result of polymerized chain reactions, the influence of

the ion sputtering, and the recombination of C-O bonds leading to an increased O=C-O bonds[67,69-71].
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Fig. 9.a. O 1s spectrum collected for UV210/Si sample at Fig. 9.b. O 1s spectrum collected for UV210 sample.
310 seconds of sputtering time.
Sample Quantities measured Components
O1s C1ls
Main component positions (eV) 531.7 | 532.9 | 284.4 | 285.8 288.5 291.4
FWHM (eV) 1.7 1.8 1.2 1.4 1.5 1.7
uv210 Percentage of each chemical bonds | 14.2 85.8 80.7 13.9 2.6 2.8
in the photoelectron peaks (%)
Percentage of the chemical bonds 1.8 10.8 70.5 12.15 2.3 2.45
related to the atomic compositions
of each element (%)
Nature of the chemical bonds 0o=C | 0-¢C | C-C c-0, =C-0 n>n*s.u
O-H | C-H | C-0H
Main component positions (eV) 531.5 | 532.8 | 284.5 285.8 287.1 288.5
FWHM (eV) 1.8 1.9 1.2 1.4 1.4 1.5
UV210/Si | Percentage of each chemical bonds | 10.3 89.7 96.2 3.0 0.6 0.2
in the photoelectron peaks (%)
Percentage of the chemical bonds 0.3 2.8 93.2 0.9 0.6 0.2
related to the atomic compositions
of each element (%)
Nature of the chemical bonds 0o=C | O0-C | C-C CcC-0, 0o-C-0 =C-0
C-H | C-0OH

Tab. 6. Main component positions (+ 0.1 eV), FWHM (£ 0.05 eV), percentage of each chemical bonds in the photoelectron peaks (O
1s, C 1s), and percentage of the chemical bonds related to the atomic compositions of each element (O, C) for the UV210/Si sample
at 310 seconds of sputtering time and for the UV210 sample.



The XPS analysis provides valuable insights into the compositional changes and surface characteristics of the UV210/Sipecyp
system at different stages of sputtering time. The observed variations in chemical bonds and the presence of a mixture of “sub-
oxides” at the interface provides information on the deposition conditions and demonstrate the non-destruction of the organic
material by the initial PECVD deposition. It has shown the possibility to protect the organic and the MRs by an upper SOI bi-layer

and to create symmetrical heterostructures Si/SiO,/UV210/Sipecyn/SiO2 pecv-

3.3 Ellipsometric analyses

The upper SOI bi-layer will be used as an upper cladding in integrated photonic so it is necessary to exanimate optical
properties as the refractive index and absorption coefficient by ellipsometric measurement. It is a non-destructive surface
measurement technique that enables access to the optical and physical properties of materials by analysing the polarization
change of light following its reflection from a surface. This analysis yields the ellipsometric parameters, A and {, derived from the

reflection coefficients, which are determined using the following relationships: tan(¥) = % and 4 = §, — &5, where ry and rs
S

represent the polarizations parallel and perpendicular to the incidence plane, respectively. These reflection coefficients are
expressed as 1y, = |1;,|exp(j&,) and 1 = |1s|exp(jds). By plotting I = sin(21)) sin(A) and I, = sin(21)) cos(A) as a function of
wavelength (or photon energy), one can fit the data using a model with parameters[72,73]. The real (n) and imaginary (k) parts of
the refractive index (k being linked to the absorption coefficient) can be deduced. Film thicknesses (d) can be also extracted from
the fitting operation. Ellipsometric measurements were carried out on various heterostructures, as detailed in Tab. 7, to examine
their intrinsic properties. These measurements are performed on both the upper cladding bi-layer and on the complete structure,
enlighten on the thickness of the upper cladding resulting from PECVD processes at low temperatures. A Horiba Uvisel 2
ellipsometer (Fig. 10) was employed for these analyses, and the study spanned different stages of the symmetrical structure's
fabrication process. The first analysis was conducted on a structure lacking the upper cladding, comprised of a Si/SiO,/UV210 layer
(Heterostructure type I). In the visible range (400 — 800 nm) where thermal SiO2 refractive indices are well known and k=0 can be
assumed for the UV210 layer, a straightforward Cauchy model is completely suitable to deduce the real refractive index of the
polymer layer (see Fig. 11). From this first fit a silica thickness of 1572 nm and a polymer thickness of 907 nm are deduced,
consistent with previous studies. For the absorbent region (200 — 400 nm) where k#0, a more advanced Tauc-Lorentz model
usually used for amorphous material [74] was employed to fit the data. This model successfully captured the absorption peak at

280 nanometers, as depicted in Fig. 12, aligning with the data provided by the material supplier.

Heterostructures Upper cladding PECVD conditions
type

Type | None

Type Il Si amorphous : 1 min at 120°C
SiO; : 1 min at 135°C

Type lll Siamorphous : 1 min at 120°C
SiO; : 3 min at 135°C

Type IV Siamorphous : 1 min at 120°C
SiO; : 6 min at 135°C

Tab. 7. PECVD conditions for the upper cladding bi-layer for four
types of heterostructures.

Fig. 10. Horiba Uvisel 2 spectrometer used
for the ellipsometric measurements.
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Fig. 11. Plot of n and k as a function of the wavelength for the Fig. 12. Plot of n and k as a function of the wavelength for
transparent region using the Cauchy model for the Si/SiO2/UV210 absorbent region using the double Tauc-Lorentz model for the
structure. Si/Si02/UV210 structure.

The different heterostructures upper cladding are then properly characterized (Heterostructures type Il, lll and V). This bi-
layer, comprising an amorphous silicon layer and a SiO; layer deposited via low-temperature PECVD, was also examined using an
equivalent Tauc-Lorentz model. An excellent agreement between experimental data and fitting results was found. The plots of I
and I as functions of wavelength for three angles used in VASE (Variable Angle Spectroscopic Ellipsometry) mode evidence this
result (Fig. 13). This study enables the plot of the evolution of the refractive index (n) and absorption coefficient (k) as functions
of wavelength for the three heterostructures (Fig. 14). The growth time of SiO, deposition resulted in an increase in the bi-layer's
(amorphous silicon + Si0,) thickness: 24.1 nm for 1 minute, 39.0 nm for 3 minutes, and 117 nm for 6 minutes. At 800 nm, a thicker
bi-layer led to a lower k, indicating decreased absorption. According to the Kramer-Kronig relation, this also corresponded to a
lower real part of the refractive index which is a Hilbert transformation property in mathematics. The observed decrease in
absorption with increased thickness can be attributed to a composition gradient with inherent defects during the deposition
process. As observed in the XPS analysis, the composition of sub-oxide SiOy at the interface may vary with the PECVD deposition
time, consequently influencing the parameters n and k. In other terms, changes in the stoichiometric ratio SiO, result in variations

in the intrinsic refractive index of the bi-layer.
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Fig. 13. The plot of Is and I as a function of the wavelength for various angle using the VASE method shows a good agreement between the

data and the Tauc-Lorentz model for the heterostructure type II.

The last ellipsometric analysis was conducted on the overall symmetrical structure Si/SiO,/UV210/Si/SiO, by combining the
model used for the Si/Si0,/UV210 structure and the one for the upper cladding (with PECVD condition type Il). The results once

again demonstrate a strong agreement between the data and the fitted model (Fig. 15), indicating an amorphous silicon layer



thickness of 18.6 nm and a SiO; thickness of 28.9 nm. In the following section, these variations will be characterized by measuring
the resonant signal (with its associated effective group index) in other heterostructures, differentiated by the temperature

conditions during PECVD deposition.
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Fig. 14. Plot of n and k as a function of the wavelength for
heterostructures types Il (bi-layer thickness = 24.1 nm), lll (bi-layer
thickness = 39.0 nm) and IV (bi-layer thickness = 117 nm). A
composition gradient can be seen as the absorption coefficient
decrease as the SiO; thickness increase.

Fig. 15. The plot of Isand I as a function of the wavelength for various
angle using the VASE method shows a good agreement between the
data and models used for the overall symmetrical structure.

Then, the optical indices of the Siamorphous/SiO2 bi-layer are suitable for serving as the upper cladding in guided optics. This
implies the feasibility of developing a symmetrical heterostructure, SOI/UV210/SOI, by incorporating a UV210 organic layer
sandwiched between two SOI layers.

4. Optical resonant measurements and discussion

4.1. Principle and optical experimental platform

Resonant structures are used for sensing applications, where the transduced resonant signal is measured by tracking the Free
Spectral Range (FSR) evolution. The establishment of stationary waves within Micro-Resonators (MRs) is achieved through

evanescent coupling between the access waveguide and MRs. The spectral difference between two consecutive resonant

2
wavelengths is linked to the effective refractive index of the entire structure by the formula: FSR = %, where Aq is the central
Teff

excitation wavelength and P is the MR perimeter. To perform FSR measurements, the photonic chip is integrated onto an optical
test platform. The incident beam comes from a broadband laser diode source (SUPERLUM, SLD 331 HP3, Ao = 795 nm, and a 40
nm spectrum width) while the output is connected to a CCD camera for micro-injection control. Injection precision is monitored
through nano-piezoelectric actuators (PI-5631.3 E), and the signal is analysed with a spectrometer (HR 4000, Ocean Optics). A
Matlab interface enables the control of the analyser, data collection, and real-time Fast Fourier Transform on the spectrum to
capture the dynamic evolution of the FSR. The schematic representation of all these elements is illustrated in Fig. 16. This

experimental optical test platform ensures a statistical measurement of the FSR across different heterostructures.



Source Optical resonances Acquisition and spectrum analyze
Laser diode SUPERLUM, Ap=795 nm HR4000 spectromer from Ocean Optics

Injection Detection

Fig. 16. Schematic representation of the optical test platform from the source (broadband laser diode SUPERLUM) to the spectrum analyse (with
the HR4000 spectrometer linked to a computer and piloted through a real-time Matlab interface).

4.2. Effect of the SiO, temperature deposition on the resonances

Measurements were conducted on various symmetrical heterostructures to assess the stability of resonances and understand
the impact of upper cladding deposition conditions on resonant measurements. To this end, statistical Free Spectral Range (FSR)
measurements were performed on four heterostructures with different temperature depositions of the SiO, upper cladding (Tab.
8). Notably, the FSR measurements exhibited stability for any deposition conditions (Fig. 17), indicating a high level of knowledge
and reproducibility in the deposition processes. Furthermore, the observed inverse relationship between the FSR and the
temperature of SiO; deposition during the second PECVD process provides valuable insights into the optical characteristics of the
heterostructures. Higher SiO, deposition temperatures, resulting in smaller FSR values, are indicative of a higher effective

refractive index (negjffe) and an enhanced guiding mode. This is attributed to the heightened reactivity of oxygen at higher

deposition temperature, resulting in an accelerated kinetic deposition and an increased thickness of the deposited element within
a given time frame (1 minute). Considering the insights from the ellipsometric analysis in the previous section, a thicker Si/SiO> bi-
layer decreases its effective index (close to Npiiayer=1.6 at 800 nm, Fig. 14.). As the bi-layer thickness is sub-micronic (< 100 nm)
and its refractive index is higher than that of the air, this bi-layer raises the thickness of the core implying an increase in the
effective refractive index. Indeed, in a four slab-layer structure, there is two distinct families of solutions for guided modes [75].
The first family involves optical mode confined inside the UV210 core and propagating in the cone of light defined by the wave
vector relation ko.Npi.iayer < Ko.Neff < Ko.Ncore, While the second family involves mode propagating in the cone of light defined by ko.nqir
< Ko.Nefr < ko.Ncore. Decreasing FSR measurements (increasing ney) with an increasing silica temperature deposition reveals the
structure support a propagating mode of the type Il family. At the beginning of the material growth, the bi-layer thickness increase
the core thickness guiding layer. If the deposition process allows a thicker bi-layer, only then it role will switch as a superior
cladding. Consequently, the structure will predominantly exhibit type | family modes, wherein the refractive index of the bi-layer
(Nbi-layer) supplants that of the surrounding air (nair). In integrated photonics the dispersion curve depicting the effective refractive
index as a function of the guiding layer height consistently rises with an increase in the guiding layer height. In other words, this
Si/SiO, bi-layer corresponds to a symmetrization of the structure. In this scenario and theory, there is a shift of the dispersion
curve to thinner guided layer thickness, resulting in a decrease in the cut-off thickness. With higher temperature deposition, there
is a thicker bi-layer (thus a thicker guided layer), leading to an increase in the effective refractive index of the structure, measurable
by a decrease in the FSR. Notably, a linear increase in the temperature deposition of the SiO; results in a non-linear increase in
the bi-layer thickness, inducing a non-linear increase in the effective refractive index or a non-linear decrease in the measured
FSR (Tab. 9 and Fig. 17). The ability to provide continuous feedback on the dynamic change of the material by tracking the FSR
evolution enables the incorporation of these chips for real-time monitoring of thickness evolution during material growth. It is

noteworthy that such resonant structures arranged in PECVD reactors would serve as excellent probes for real-time



measurements of layer deposition parameters. Furthermore, a judicious adjustment of the bilayer and composition thickness

enable a precise control of the FSR value which may be necessary for certain sensing applications.

SiO; upper cladding
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Fig. 17. Statistical measurements of the FSR for four types of
Tab. 9. Average FSR and the associated Tlf}’; for the three heterostructures with various upper SiO; layer temperature
heterostructures with three various SiO, temperature deposition.
deposition.

5. Conclusion

The comprehensive investigation of the fabrication, characterization, and optical evaluation of symmetrical heterostructures
Si/Si02/UV210/Si/Si02 has provided valuable insights into their physical, chemical, and optical characteristics. The successful
implementation of the photolithographic process onto the organic UV210, followed by low-temperature PECVD processes, enable
the realization of symmetrical SOI with Org. Processes have successfully achieved the objective of protecting the organic UV210
layer from potential aggressive agents during sensing applications through the implementation of the Si/SiO, upper cladding.
Meticulous characterizations on various heterostructures involving Raman spectroscopy, X-ray Photoelectron Spectroscopy (XPS),
and ellipsometry have offered a comprehensive understanding of the composition of the deposited upper cladding above the
organic layer. Optical measurements on different heterostructure, particularly the study of the Free Spectral Range (FSR), have
highlighted the sensitivity of resonant structures to deposition conditions, providing nuanced control over their optical properties.
A higher SiO; temperature deposition result in an increased guided layer thickness that contributes to the increase of the effective
refractive index measured by the FSR tracking evolution. This underscores the potential for controlling material growth through
the measurement of optical resonances plus a precise selection of the FSR value by adjusting the upper cladding properties.
Furthermore, the incorporation of nano-particles within the organic UV210 layer encapsulated between two Si/SiO; bi-layer leads

the way for generating light and frequency comb in nonlinear optics applications.
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