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Abstract

Final capping insulation layer is a critical step in the microfabrication process that determines
the lifetime of analytical microsensors in real fluids. Actual processes encounter considerable
limitations as (i) organic passivation layers do not provide a satisfying long-term protection
against liquids and (ii) inorganic passivation processes (dielectric materials deposition and
patterning) are very aggressive for the underlying layers, imposing severe constraints on the
integration of sensitive materials. We present here a low temperature deposition process of high
quality silicon nitride SisN4 using ICP-CVD technique combined with a lift-off based process to
pattern conformal deposition, in order to avoid harsh treatments such as wet or dry etching.
High-density SiNx films with low H content (5 x 10%° at/cm3) were synthesized at 100°C with
controlled uniformity (5%), refractive index (2.025 at 830 nm), etch rate in buffered
hydrofluoric acid (8 nm/min), residual stress (-500 MPa), breakdown field (3.9 MV/cm) and
dielectric constant (6.0). In order to validate the compatibility of this passivation process with
long-term fluids analysis, microelectrodes were fabricated and their lifetime in natural seawater
was evaluated. Their active surfaces were defined by patterning the insulation layer. Special care
was given to their accurate estimation through the modelling of chronoamperometric curves.
Reproducible and stable electrochemical response was obtained for months (> 50 days),

demonstrating a considerably extended lifetime in harsh liquid media.
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1. Introduction

Due to their increasing success, electrochemical microsensors are expanding upon new
disciplines such as environment and biology. Embracing a very large scope of applications, they
are now confronting the analysis of increasingly complex and harsh real fluids. Moreover,
expected lifetime for in situ applications is constantly extended and can now reach a duration of
several months. Sensors microfabrication is due to allow the integration of more and more
advanced materials and complete analysis microsystems have to be produced at smaller scales.
The important breakthroughs brought about by microtechnologies in terms of integration,
accuracy and robustness yet enabled the exploration of new time and space scales, thus
extending every day the boundaries of liquid phase analysis. A challenging issue however lays in
the development of final capping passivation layers that protect the microsensors and define
their active areas. Indeed, this microfabrication process key step has to meet high expectations:
(i) electrical insulation, (ii) corrosion resistance and extended lifetime in liquid media, (iii)
deposition and patterning processes compatible with fragile materials, (iv) precise
definition of patterns and (v) chemical and biological inertness. Current passivation
processes unfortunately encounter important limitations. On the one hand, patterning of
inorganic dielectric layers calls for harsh etching procedures, limiting the range of materials that
can be integrated. On the other hand, polymer layers cannot undergo long-term immersions in
liquid. To overcome these difficulties, we propose here to combine favourable aspects of both
technologies by developing (i) a low temperature deposition process of high quality silicon
nitride using inductively-coupled plasma chemical vapour deposition (ICP-CVD) and (ii) a non-
aggressive lift-off-based process to pattern the so-deposited conformal films. For long-term

analysis in corrosive liquids, the advantages of this passivation process become much more



evident through the fabrication of electrochemical microsensors for in situ marine environment

monitoring and the evaluation of their lifetime in natural seawater.

2. Passivation layers study

There are nowadays two main types of materials and corresponding processes for the

development of passivation layers: (i) polymers and (ii) inorganic dielectric materials.

2.1 Polymers

The polymers most commonly used as insulating coatings are epoxy resists (e.g. SU8),
silicones (e.g. PDMS), poly-imides (PI), poly(p-xylene)s (e.g. parylene) and benzocyclobutenes
(BCB) [1]. A wide variety of polymers is commercially available and most of them can be
deposited and patterned using microlithography techniques (soft lithography, photolithography
and direct contact printing) without requiring a harsh etching process (wet etching, reactive ion
etching) with the noteworthy exception of poly(p-xylene) deposited by physical vapour
deposition. They thus enable the integration of fragile materials that could in any other case be
irreversibly damaged by aggressive treatments, high temperatures or harsh chemical attacks.

Properties of polymer materials are presented in table 1 [2-8]. Polymers properties are
moreover largely affected by their fabrication and preparation conditions and by the resist
chemical formula. The latter, which is often not communicated by the production companies,
can change through different generations of products. As resists are not specifically designed for
chemical analysis, the absence of interfering species has to be verified for each new formula.
Last but not least, in spite of the significant advances attained, most polymers do not provide a
sufficient long-term protection against liquids (i.e. several months), especially when the medium

Is corrosive (e.g. seawater). Thus, we observed that even the most resistant resists that are more



resistant to fluids and chemical attacks (e.g. the SU-8 resist) absorb water, expand and end up
cracking and delaminating from the most stressed areas (device edges). The latter leads to an
irreversible deterioration of devices after only a couple of weeks spent in seawater. This short
lifetime unfortunately appears as inadequate for long-term in-situ measurements such as marine

environment monitoring.

2.2 Inorganic dielectric materials

Inorganic dielectrics present excellent electrical barrier properties and offer a much higher
protection against fluids than polymers. The most frequently used insulating materials are silicon
oxide SiOg, silicon nitride SisN4 and silicon carbide SiC derivatives. More recent materials such
as diamond and diamond-like carbon (DLC) have also attracted wide attention [9]. Two types of
techniques are commonly employed to deposit these films, based either on chemical vapour
deposition (CVD) or on physical vapour deposition (PVD). The majority of these processes
takes place at high temperatures (> 300°C) whereas just a few enable the deposition of insulating
film at low temperature (< 100°C) such as high-density plasma (HDP) and sputtering. Material
properties of widely used inorganic insulating materials are displayed in table 2 [9-49]. These
properties are strongly affected by the methods, the system design and the specific recipes used
to produce the films. Post-annealing can be performed to modify stress properties and chemical
bonding of the deposited layers. The deposition of multi-layers was another alternative for the
reduction of film stress and the enhancement of film resistance. The aforementioned processes
unfortunately require a subsequent step of wet or dry etching to form patterns from blanked-
deposited layers. The latter, combined with the need of high deposition temperature, is
considerably limiting the range of materials that could be integrated.

Among inorganic materials, silicon nitride SisN4 is a particularly attractive option for final

capping passivation layers due to its high barrier properties, hydrophobicity, low porosity and



high chemical resistance. These films can be obtained using various deposition techniques
depending on process temperature. Typical CVD techniques require high deposition temperature
(> 700°C) [9,11,16-23]. By conventional plasma-enhanced chemical vapour deposition
(PECVD) [9,10,14,24-33], this temperature could be decrease down to 250-400°C but not below
200°C without important impact on film quality. Pulsed laser deposition [50] and catalytic CVD
[51-52] are low temperature alternative processes (150°C). Recently, major interest has been
placed on the development of novel PECVD techniques for the deposition of high-density SiNx
films at low temperature with reduced surface damages and controlled residual stress. As a
result, the most effective methods to produce high-quality dielectric films at low temperatures (<
100°C) are the high-density plasma techniques such as electron cyclotron resonance plasma
(ECR-CVD) [53-56] and inductively coupled plasma CVD (ICP-CVD) [57-62].

In this paper, we therefore study a low temperature ICP-CVD deposition process and a
non-aggressive lift-off based patterning process to develop high quality silicon nitride SisNa
films. For the validation of the so-obtained passivation process, the lifetime of electrochemical

devices was evaluated in natural seawater.

3. Experimental

3.1 ICP-CVD deposition and characterization of SiNx films

The ICP-CVD deposition system is a Plasmalab System ICP180 from Oxford Instruments
Plasma Technology. The high-density plasma source of this system comprised of an inductively
coupled coil connected to a 13.56MHz, 3kW RF generator. In the reaction chamber, the plasma
generation zone is separated from the deposition zone in order to reduce damage by direct ion-
surface interaction. During the deposition, the sample was clamped on the substrate electrode

and an helium pressure was applied on the backside of the wafer to provide a proper thermal



contact with the chuck. Feeding gases were silane SiH4 and nitrogen N2 (purity: 99.999%).
Silane was chosen upon others less dangerous precursors (such as dichlorosilane SiH2Cl2 or
trichlorosilane SiHCIs) since it leads to higher deposition rates and chloride-free ambient.
Nitrogen was preferred to ammonia NHs because it leads to films with lower hydrogen content.
Silane was introduced in the deposition chamber through a gas distribution ring while nitrogen
was introduced in the ICP source chamber. The ICP reactor is regularly cleaned using CF4/O2
plasma to remove any trace of contaminants and ensure process repeatability.

Thin SiNx films (100-250 nm) were deposited on RCA-cleaned, highly doped, 4-inch
silicon substrates. Deposition temperature and ICP power were fixed at 100°C and 500 W
respectively while total pressure and gas flows (silane SiH4 and nitrogen N2) ranged from 8 to 12
mTorr and from 10 to 25 sccm respectively. Film thickness and refractive index were measured
by ellipsometry (Uvisel Horiba Jobin Yvon) operating at a 830 nm wavelength, and were
additionally verified by profilometry (KLA Tencor P16+). Etch rate was determined by wet
etching at 20°C in a buffered mixture of hydrofluoric acid (HF — 49%) and ammonium fluoride
(NH4F — 40%) with a 1:10 volume ratio. Film stress was determined by profilometry
measurements of the curvature change that results from film deposition using Stoney’s equation
(measurement accuracy: 5%) [18]. Finally, electrical properties were characterized by current-
voltage (I-V) and capacitance-voltage (C-V) experiments using a mercury probe. Thus, the
breakdown voltage was measured by applying a ramped voltage across the dielectric film, and

C-V measurements were performed at 1 KHz to determine the dielectric constant.

3.2 Microfabrication of electrochemical devices

The microfabrication process is based on the lift-off technique (use of a photoresist as a

sacrificial pencil layer to pattern the blanket deposited films). Thermally oxidized (SiO2

thickness: 600 nm) low-doped silicon substrates were used to fabricate the electrochemical



microdevices. Titanium/platinum/gold layers (thickness: 12/120/120 nm) were then deposited by
vacuum evaporation to form contact pads, conduction trails and working electrodes. Titanium is
known to be a good adhesion promoter for metal deposition on silicon oxide, platinum is used
here as a diffusion barrier and gold is the desired electroactive material. Microdevices were then
passivated by depositing the SiNx film on the whole wafer except for the electrochemical active
areas (radius: 10 and 20 pum). This last patterning was performed using the lift-off technique.
LOR 3A lift-off resist (Microchem) and AZ ECI 3012 photoresist (AZ Electronic Materials)
were employed to form the resist pencil layers. Patterns were cleaned using Microposit MF CD-
26 (Shipley) and AZ (AZ Electronic Materials) developers. Resist stripping was performed in
acetone and 1:1 AZ 400K (AZ Electronic Materials)/deionised water solutions. Resist profiles,
film deposits and fabricated microstructures were characterized by SEM imaging (MEB Hitachi
S4800) and profilometry (see above) measurements. Finally, wafers were diced into single chips
using a diamond saw. Chips were then mounted and glued on printed circuits boards. Following
wire bonding, encapsulation was performed in order to conduct electrochemical measurements

in liquid phase.

3.3 Electrochemical properties study

Electrochemical experiments were carried out at room temperature using a computer
driven low-current potentiostat (VMP3, BioLogic) and utilizing a classical three-electrodes
system. A large area of platinum-mesh, the studied microelectrode and an Ag/AgCl electrode
(3M) were used as counter, working and reference electrodes, respectively. Studies were
performed in the lab while using already filtered, natural seawater. From the beginning and
between each electrochemical evaluation, microdevices were immerged in a seawater-filled
beaker and maintained in darkness at ambient temperature. With such procedure, no biofouling

process occurs, allowing the examination of only corrosion phenomena. Prior to each set of



experiments, microelectrodes were rinsed with ultrapure water and dried with pure argon gas. A
typical set of measurement consisted in an electrochemical pre-treatment applied to ensure an
improved repeatability by surface cleaning followed by a potential window evaluation and a
chronoamperometry experiment. Electrochemical tests were repeated twice a week during more
than two months (64 days). Electrochemical pre-treatments (10 scans performed between -0.4 V
and 1 V) and potential window evaluations (3 scans performed between -0.4 and 1.5 V) were
conducted in diluted (0.5 M) solutions of sulphuric acid (96%) at scan rates of 100 mV/s and 50
mV/s respectively. Chronoamperometric measurements were carried out at 0.6 V in 5mM
solutions of potassium hexacyanoferrate (11) trihydrate (Sigma-Aldrich) that were daily prepared
using a 0.5 M phosphate buffer (pH 7) as supporting electrolyte. All chemicals were of at least

reagent grade quality and used without additional purification.

4. Results and discussion

4.1 Deposition of ICP-CVD low temperature SiNx films

This work is focused on the development of robust final capping passivation layers. Based
on bibliographic survey, the "high-quality SisN4" process provided by the Oxford Instruments
Plasma Technology company and our own expertise in chemical vapour deposition, the ICP-
CVD deposition parameters were examined in order to obtain a passivation layer resistant to
long-term immersions into corrosive media and minimize the process-induced damages on the
underlying layers.

Chemical composition (Si/N ratio and H-content) and density are the physicochemical
properties that most affect the barrier properties of the SiNx films and their resistance to
corrosion [57-63]. A Si/N ratio close to 0.75 (stoichiometric silicon nitride SisN4) and a high

density thus favour strong resistance to chemical attack (high bond strength, minimization of the



dandling bonds). On the contrary, high hydrogen content, high pinhole defect density and/or
high porosity strongly degrade the film chemical and electrical properties and can engender a
poor long-term stability due to hydrogen atoms out-diffusion. Concentrations of active species
(active nitrogen and SiHx precursors) at the sample surface are the key process factors that
determine the film composition and structure. These two factors can be controlled by adjusting
the ICP power, the total pressure and the SiH4/N2 gas flow ratio.

Since the ICP source can easily dissociate the reactant gases, effect of substrate
temperature is lower than effects of ICP power, chamber pressure and gas flows [62]. Reducing
deposition temperature brings about much more versatility in the microfabrication processes and
ensures technological compatibility with photoresist layers used to pattern the deposited SiNx
films. Nevertheless, the lower this temperature, the more difficult it is to obtain high quality
films [60,62]. Indeed, substrate temperature, by favouring hydrogen release from the surface, has
an impact on film properties, i.e. film density, hydrogen content and amorphous silicon
incorporation. A deposition temperature of 100°C was therefore chosen in order to avoid the
deterioration of underlying layers while not degrading the quality of the film.

The ICP power affects the dissociation rate of feeding gases and, consequently, the
concentration of active species and the deposition rate [57,58,61]. As nitrogen N2 dissociation
requires more energy than silane SiHs dissociation, it also impacts the active species gaseous
ratio [57,63]. An increase in ICP power thus results in a higher deposition rate and an increase in
the film N/Si ratio. According to Xu [59], such an increase is also encouraging the formation of
stable Si-N bonds and higher quality films as it reduces the film hydrogen content. Increasing
ICP power may also generate a higher surface sputtering [59], even if the ICP-CVD technique
drastically reduces the surface damage induced by ion bombardment [62].

An increase in total pressure brings about an increase in the concentration of active species
and therefore in the deposition rate [57,61]. It also leads to a higher N/Si ratio [57,62,63].

Reducing the deposition rate tends to improve film quality [57], probably by providing sufficient



time for hydrogen to outgas from the growing film [61] or atoms to reach the lowest energy state
[57]. The growth of dense films is moreover slower compared to the growth of porous ones. An
alternative to increase deposition rate while maintaining high film quality could be to increase
ICP power and gas flow mixture, as suggested by Owain [61].

ICP power, total pressure and SiHa ratio were thus adjusted to control the ratio of Si/N
around 0.75 and decrease the hydrogen content and defect density while obtaining a slow but
reasonable deposition rate. Finally, the film thickness, and consequently the deposition time,
were chosen to provide excellent electrical insulation and chemical resistance in liquid media
while limiting any negative effect related to the film residual stress. Indeed, the ICP-CVD
deposition of stoichiometric silicon nitride SisNa4 leads to a highly compressive stress [57].
Although high stress has no direct impact on the electrochemical performances, it can strongly
hamper the microfabrication processes and be responsible for a more rapid corrosion if
microcracks are formed at the microdevice edges. Owing to the excellent barrier properties of
ICP-CVD SiNx films, it is possible to lower the film thickness to 100 nanometers. It moreover
allows to decrease the microelectrode recess. Optimized ICP-CVD deposition parameters for the

deposition of silicon nitride as passivation layer are summarized in table 3.

4.2 Characterization of ICP-CVD SiNx films deposited at low temperature

The characteristics of the optimized ICP-CVD SiNx films are presented in table 4 and
discussed in the following paragraphs. Film thickness was determined by ellipsometry and
verified by profilometry. Deposition rate, estimated at 7 nm/min, was reproducible. This rate,
slightly lower than typical results obtained for ICP-CVD (> 8 nm/min) [61], leads to high-
quality SiNx films (see above). Thickness uniformity across 4-inch wafers was estimated at 5%,
close to 3% reported by Owain [61], and indicates a uniform deposition.

The refractive index, estimated around 2.025 at a 830 nm wavelength, is representative of

10



the chemical composition of the SiNx films [57,61,62] but does not allow the determination of
simultaneously the Si/N ratio and hydrogen content. In order to do so, the film refractive index
was measured after a dehydrogenation thermal annealing (600°C — 2h). A value around 2.05 was
obtained and the Si/N ratio was finally calculated to be 0.8 by applying the Bruggeman theory to
the Si/SisN4 heterogeneous medium [64]. Given the Si/N ratio, the hydrogen content was finally
obtained from the as-deposited film refractive index by applying the Bruggeman theory to the
Si/SisN4/H2 heterogeneous medium. Hence, it was estimated at approximately 4 x 10%° at/cm?,
I.e. lower than 1%. This low value is in agreement with the hydrogen content measured by Zhou
et al. (from 1 to 3 % depending on film depth) [62] and is much lower than values obtained by
Da Silva Zambon et al. (~102! at/cm?) [58] and Han et al. (from 3 to 6 x 10%* at/cm?®) [63].

Film quality is also demonstrated after carrying out wet etching procedure [57,61]. The
film resistance to chemical etching depends on both film density and composition. The etching
rate of ICP-CVD SiNx films at room temperature in buffered hydrofluoric acid (BHF, volume
ratio 10:1) was estimated at 8 nm/min. This rate is lower than those measured by Owain (20
nm/min in 10:1 BHF) [61] and Jatta et al. (20 nm/min in 7:1 BHF) [57].

Deposited SiNx films present a highly compressive residual stress (-500 + 25 MPa). Such a
high stress is expected as Jatta et al. demonstrated a correlation between high residual stress, low
etch rate and high density [57]. They attributed such a high compressive stress to low hydrogen
content. Thus, the obtained residual stress is coherent with previous results and is a positive
aspect for its future performances as passivation layer. This was confirmed through electrical
characterization. A breakdown electric field higher than 3.9 MV/cm was evidenced by I-V
measurements. This value is very close to the one reported by Zhou et al. (> 4 MV/cm) [62] and
slightly higher than the one measured by Owain et al. (> 3 MV/cm) [61]. Finally, dielectric
properties of SiNx films were determined by C-V measurements at 1 MHz (capacitor area: 4.18
x 10 cm?). The dielectric constant was estimated at 6.0 + 0.1. Such values are in agreement

with those obtained for SiN dielectrics deposited by PECVD (dielectric constant from 6 to 8
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[10]). They are representative of high-quality ICP-CVD SiNx films and suggest that a further

decrease in thickness (lower than 100 nanometers) is still possible.

4.3 SiNx film micropatterning

After optimizing the parameters for the deposition of high quality, SiNx passivation
layers at low temperature (100°C), the patterning of these layers through lift-off
process has to be studied. The development of a photolithography process to pattern
final capping layers needs to reach two contradictory requirements: (i) a conformal
deposition allowing a perfect step coverage in order to avoid possible leakage currents,
(ii) the necessity to create discontinuities in the SiNx deposited film so that the solvents
can reach and remove the sacrificial photoresist. A bilayer photolithographic process
combining two photoresist layers was thus developed to overcome this difficulty
through the development of T-shaped resist profiles (figure 1a). In order to avoid the
SiNx deposition under the T cap, the ratio "recess depth / T-shape base height" was
optimized by adjusting process parameters (table 5). Figures 1 b) and c¢) present SEM
images of the cross section of T-shaped resist profiles before and after ICP-CVD
process. It can be seen that T-shaped resist patterns were not damaged during
deposition. Conformity of the SiNx deposited film is estimated at approximately 1.
Finally, the effectiveness of the lift-off process was assessed. 92% of the wafer

structures were successfully released, demonstrating the process reliability.

4.4 Electrochemical microsensors fabrication and characterization

The aforementioned deposition and patterning processes were applied to the development

of electrochemical microsensors. Microfabrication process was optimized with the objective to
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extend device lifetime. As previously stated, SiNx film thickness was reduced to ~120 nm in
order to avoid any stress-related defects. The Ti/Pt/Au step height was also lowered as much as
possible (~250 nm since minimum height was required to perform bonding). As the SiNx film
had the tendency to delaminate on gold surfaces, silicon nitride adhesion on the gold upper layer
was improved by performing just before deposition an ammonia/nitrogen plasma treatment to
clean sample surface. This pre-treatment creates an hydrogenated surface that enhances film
adhesion and electrical properties. Cleaning treatment was however found to possibly damage
photoresist profiles. Its duration was therefore minimized to 30 seconds to provide the best
cleaning without damaging the photoresist. The complete microfabrication process was finally
validated and the obtained microelectrode is displayed in figure 2 (microscope and SEM
images).

Microelectrode geometry has to reach high requirements: active surfaces have to be
defined with a high accuracy as the measurement is directly proportional to their areas.
Microelectrodes must also have a low recess depth and smoothed edges so that diffusion can
correctly be described by the inlaid microdisk theory. Microelectrode radius standard deviation
was estimated at around 1% from microscope images, which corresponds to measurement
accuracy. Resist pattern recess depth was controlled to obtain smooth electrode recess edges.

Electrochemical performances of obtained microdevices were finally characterized.
Microfabricated devices should exhibit electrochemical behaviour similar to the one of
individually produced microelectrodes. More particularly, "thin film" materials need to present
electrochemical features identical to solid materials and passivation layer should prevent any
leakage current flow or interfering current flow derived from underlying layers. The quality of
electroactive and insulating materials was therefore assessed by cyclic voltammetry in a diluted
solution of sulphuric acid. These tests were systematically repeated on several microelectrodes.
An electrochemical behaviour identical to the one of solid gold was thus demonstrated with low

background currents and no interfering signals (Figure 3).
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A special emphasis was placed on the evaluation of electrochemically active areas as they
have a direct impact on the accuracy of the electrochemical detection. Electrochemically active
area can significantly differ from geometrical area as surface asperities and roughness can lead
to a microscopic area much more extended than the projected area. They can be determined by
chronoamperometry from the steady state current recorded when a potential is applied.
Simulation of the chronoamperometric curves presents two important advantages. Firstly, the
electrochemically active area can be precisely estimated. Secondly, two out of three variables
taking part in the equations can be determined while the third one is a data. These data are the
radius of the electroactive area, the diffusion coefficient and the concentration of the
electroactive species. For this determination, the evolution of diffusion laws, from linear
diffusion at short time scales to hemispherical diffusion at long time scales is taken into account.
Each curve was therefore simulated using models based on the equation developed by Aoki and

Osteryoung for T >1 (equation 1) [65]:

| = 4nFDC®!r(1 + 0.71835t2 + 0.056261%2 - 0.006461°72) (1)
where | is the current intensity, n is the number of electrons involved in the electrochemical
reaction, F is the Faraday constant, D and C*! are the diffusion coefficient and the bulk
concentration of the reduced species respectively, r is the microelectrode radius and t is a

dimensionless variable equal to 4Dt/r?, t being the time.

Only the two first terms of equation 1 were taken into account. It was numerically verified
that the discarded terms represented less than 1/1000 of the current intensity. The simplified
equation written for each data point forms a linear system that was resolved by the method of
least squares. This model was used to monitor the evolution of the microelectrode electroactive
area, the ferrocyanide concentration being experimentally known and the diffusion coefficient

determination being used to check the model likelihood (situation reversed to detection).
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As electrochemical microdevices were designed to perform series of electrochemical
measurements in marine environment over a period of several months, their long-term response
was tested. Twelve microelectrodes (radius: 10 and 20 pum) were immersed in natural seawater
for 64 days. Each microelectrode was characterized twice a week by voltammetry and
chronoamperometry. The evolution through time of microelectrode properties and more
particularly of the electroactive area radius was studied. A lifetime higher than 50 days was
recorded for all monitored microelectrodes (figure 4). Experimental and theoretical curves
perfectly coincide whatever the microelectrode radius (figure 5). Estimated radius values
confirm the area measurements verified by microscope images (figure 6). Hexacyanoferrate ion
Fe(CNe)* diffusion coefficient values resulting from the simulation are consistent with values
reported in literature [66] (figure 6). Electroactive surface areas were reproducible and remain
stable (oradius=1oum = 2.17%, Oradius=20pm = 2.06%) through the device lifetime. These results

validate the reproducibility and the robustness of the microfabricated devices.

5. Conclusion

High quality SiN1.2sHoo1 thin films (thickness : ~120 nm, refractive index at a 830 nm
wavelength: 2.025, uniformity 5%) were deposited by ICP-CVD at low temperature (100°C).
The obtained layers present very good insulating properties (breakdown voltage: > 3.9 MV/cm?,
dielectric constant: 6.0 = 0.1), excellent moisture and diffusion barrier properties,
hydrophobicity and high resistance to chemical attack (etch rate: 8 nm/min in a 10:1 BHF
solution). ICP-CVD SiNx films can therefore be considered as a final capping insulating layer for
electrochemical microsensors and more widely MEMS applications.

The low deposition temperature not only allows the integration of temperature—sensitive
materials but also makes the deposition process compatible with photoresists commonly used in

microtechnologies. Thus, a patterning process which was non-aggressive for the underlying
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layers was developed. Due to this process, based on the development of T-shaped photoresist
profiles, lift-off technique can be performed, in spite of the perfectly conformal deposition.
Therefore, an enlargement of the range of materials that can be included in MEMS microdevices
and a higher versatility of microfabrication processes are attained.

To validate their advantages for microsensors protection in liquid and corrosive media, the
deposition and patterning processes were then applied for the development of electrochemical
microsensors. As the degradation of the passivating layer would lead to an increase in the
electrode active area and the emergence of interfering electrochemical signals, emphasis was
placed on the accurate evaluation of the electroactive area as a function of the immersion
duration in corrosive media. A model based on the Aoki and Osteryoung equation was therefore
developed to analyze the obtained amperometric curves and give way to high precision
estimation of the active area. Microelectrodes lifetime in natural seawater was finally assessed
on a representative number of microelectrodes through periodic electrochemical measurements
(cyclic voltammetry and chronoamperometry). Electrochemical areas were found to be stable
and reproducible (Gr=1opm = 2.17%, or—20um = 2.06%) through the device lifetime (> 50 days).
Owing to these very good results, ICP-CVVD SiNx was found to be an excellent candidate for
MEMS passivation and protection especially for applications including long-term measurements

in corrosive liquid media.
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Tables and figures caption

Table 1: Chemical, mechanical and electrical properties of a selection of widely used polymers

Table 2: Chemical, mechanical and electrical properties

of a selection of widely used inorganic materials

Table 3: Deposition conditions for low temperature ICP-CVD SiNx films

Table 4: Characteristics of the optimized ICP-CVD SiNx films

Table 5: Bilayer photolithography process parameters

Figure 1: Silicon nitride deposition on T-shaped bilayer resist (a), SEM images of the T-shaped

bilayer resist profile (b) before and (c) after the SiNx film deposition

Figure 2: Microscope image and (insert) SEM image of a typical gold microelectrode

Figure 3: Gold microelectrode (r = 10 um) cyclic voltammogram

in a deaerated 0.5 M H2SO4 solution (potential scan rate: 50 mV/s)

Figure 4: Temporal evolution of chronoamperometric curves

([Fe(CN)s*1=5 mM, E = 0.6 V vs Ag/AgClI) during ageing in natural seawater

Figure 5: Chronoamperometric curves in seawater ([Fe(CN)s*1=5 mM, E = 0.6 V vs Ag/AgCl:

experimental data (+) and simulation (line) - left: r = 20 um, right: r = 10 um
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Figure 6: Temporal evolution of microelectrode electroactive surface radius r and

of Fe(CNe)* diffusion coefficient D test values during ageing in natural seawater
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SU-8 [2-4] PDMS [4-5] PI [6] Parylene [7] BCB [8]
density 1.075-1.153 1.08 - 1.10-1.42 -
tensile strength (MPa) 73 6.2 260 41-76 87
elongation at break (%) 4.8 600 100 120-250 8
Young’s modulus (MPa) 2000 0.1-0.5 2300 2400-2800 2900
residual stress (MPa) 16-19 - 18 - 28
dielectric constant 3.28 @ 1GHz | 2.6-3.8 @ 50Hz 3.3-35 2.7-3.1 @ 1kHz | 2.65 @ 1kHz
bulk resistivity (Q.cm) 7.8 x 104 10%° - 8.8-14 x 10'® 10%
breakdown field (V/cm) >4 x10° 2000 >2x10° 5.5-7 4 x 10* 5.3 x 106
water absorption (%) 0.55 (85 RH) <1 3.1(85RH) | <0.1after24h | 0.14 (84 RH)

Table 1: Chemical, mechanical and electrical properties of a selection of widely used polymers
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SiO, SiN SiC Diamond
LPCVD | PECVD SD L[ZC]XD [PgEl%\ﬁ‘ LPCVD P[%CZ\;D SD uCD UNCD, NCD
[9] [9-14] [9,15] 16.23] 24-33] [9,34-36] 37.40] [41-43] | [44-46] [46-49]
deposition 425to 700 to
temperature (°C) 700 60-400 75-285 700-900 50-400 1280 25-400 <170 | 450-850 300-800
density 3-3.1 2.0-3.1 3.15-3.55
expansion coefficient
o 2-3 15 4.6
(ppm/°C)
Young modulus 710 to
(GPa) 53 186-412 50-242 246-530 21-180 260 1015 700-1050
. -100 to -500 to -90 to -200 to -200 to -3000 -1400 to
residual stress (MPa) 200 25 300 1300 -1200 to 900 1200 t0 200 300 -600 to 1400
tensile strength (GPa) 5.5-6.4 3.2-234 0.7 0.8-5
fracture stress (GPa) 7.1-11.7 1.52-3.27 0.9-5
residual strain (x10%) -6.4 10 -0.38 1-2
hardness (GPa) 4-8 11.2-27 8.8 10-18 30-110 55-105
fracture toughness
(MPa\m) 1.8-14 0.2-8 2.9-3
Poisson ratio 0.25 0.21 0.07 0.07
o e 10%-10%° 0.001 to P 0.0001
resistivity (Q cm) 10 @2 MV/cm 1000 1-2.10 550 t0 10%
breakdown field
(MV/cm) 1-10 1-9 25
Not 10-40 at %
hydrogen content 3-5% detected to 1925 1022' ? 5 <1t0 10 %
21 oyys | L4-2-107em
7.10%cm
. 150-300 in .
etch rate in HF o 0.017 in
(nm/min) 30-540 1 49% er @ 0% HF
23°C
etch rate in BHF
(nm/min) 130-750 5-150
etch rate in KOH 355 | oooz2 | Q2%058In 0.022-
(nm/min) @40wt% | @ pH 11 @90°C 78
refractive index 2.0-3.5 1.7-2.7 2.5-3.3

Table 2: Chemical, mechanical and electrical properties

of a selection of widely used inorganic materials
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deposition total silane nitrogen ICP deposition | deposition
temperature | pressure | SiHsflow | N2 flow power time rate
100°C 12 mTorr | 14.5sccm | 12 sccm 500 W 18 min 7 nm/min

Table 3: Deposition conditions for low temperature ICP-CVD SiNx films
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stoichiometry | thickness refractive BHF residual breakdown | dielectric
index (830nm) | etch rate stress field constant
SiN12sHoo1 | 125+ 6 nm 2.025 8 nm/min | -500 + 25 MPa | >3.9 MV/cm | 6.0£0.1

Table 4: Characteristics of the optimized ICP-CVD SiNx films
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layer #1 #2
photoresist LOR 3A AZ ECI 3012
thickness 0.25 um 1.2 um
softbake 170°C, 120 s 90°C, 60 s

UV exposure

H line, 100 mJ/cm?

post exposure bake

110°C, 60 s

developer MCD26, 10 s AZ developer 1:1, 30 s
bake 105°C, 60 s

developer MCD26, 75 s

stripping acetone, 5 minutes AZ 400K, 5 minutes

with ultrasounds

with ultrasounds

Table 5: Bilayer photolithography process parameters
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Figure 1: Silicon nitride deposition on T-shaped bilayer resist (a), SEM images of the T-shaped

bilayer resist profile (b) before and (c) after the SiNx film deposition
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Figure 2: Microscope image and (insert) SEM image of a typical gold microelectrode
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Figure 3: Gold microelectrode (r = 10 um) cyclic voltammogram

in a deaerated 0.5 M H2SOa4 solution (potential scan rate: 50 mV/s)
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Figure 4: Temporal evolution of chronoamperometric curves

([Fe(CN)s*1=5 mM, E = 0.6 V vs Ag/AgCI) during ageing in natural seawater (r = 20 um)
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Figure 5: Chronoamperometric curves in seawater ([Fe(CN)s*]=5 mM, E = 0.6 V vs Ag/AqCl:

experimental data (+) and simulation (line) - left: r = 20 um, right: r = 10 um
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Figure 6: Temporal evolution of microelectrode electroactive surface radius r and

of Fe(CNe)* diffusion coefficient D test values during ageing in natural seawater
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