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Abstract

Dynamic-mode cantilever sensors are based on the principle of a one-side clamped beam being
excited to oscillate at or close to its resonance frequency. An external interaction on the
cantilever alters its oscillatory state, and this change can be detected and used for quantification
of the external influence (e.g. a force or mass load). A very promising approach to significantly
improve sensitivity without modifying the established laser-based oscillation transduction is the
co-resonant coupling of a micro- and a nanocantilever. Thereby, each resonator is optimized for
a specific purpose, i.e. the microcantilever for reliable oscillation detection and the
nanocantilever for highest sensitivity through low rigidity and mass. To achieve the co-resonant
state, the eigenfrequencies of micro- and nanocantilever need to be adjusted so that they differ
by less than approximately 20%. This can either be realized by mass deposition or trimming of
the nanocantilever, or by choice of dimensions. While the former is a manual and error-prone
process, the latter would enable reproducible batch fabrication of coupled systems with
predefined eigenfrequency matching states and therefore sensor properties. However, the
approach is very challenging as it requires a precisely controlled fabrication process. Here, for
the first time, such a process for batch fabrication of inherently geometrically eigenfrequency
matched co-resonant cantilever structures is presented and characterized. It is based on
conventional microfabrication techniques and the structures are made from 1 pm thick
low-stress silicon nitride. They comprise the microcantilever and high aspect ratio
nanocantilever (width 2 pym, thickness about 100 nm, lengths up to 80 pm) which are
successfully realized with only minimal bending. An average yield of >80% of intact complete
sensor structures per wafer is achieved. Desired geometric dimensions can be realized within
41% variation for length and width of the microcantilever and nanocantilever length, £10%
and £20% for the nanocantilever width and thickness, respectively, resulting in an average
variation of its eigenfrequency by 11%. Furthermore, the dynamic oscillation properties are
verified by vibration experiments in a scanning electron microscope. The developed process
allows for the first time the batch fabrication of co-resonantly coupled systems with predefined
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properties and controlled matching states. This is an important step and crucial foundation for a
broader applicability of the co-resonant approach for sensitivity enhancement of dynamic-mode

cantilever sensors.

Supplementary material for this article is available online

Keywords: cantilever sensors, batch-fabrication, microfabrication,
co-resonant sensitivity enhancement, geometric eigenfrequency matching,
microcantilever and high aspect ratio nanocantilever, silicon nitride MEMS

1. Introduction

Cantilever-based sensors are widely used for analysis and
characterization purposes covering many scientific areas from
materials research to biology and gas sensing [1-6]. Thereby,
either the changes of the cantilever’s static bending or its
dynamic oscillation behavior is harnessed to gather insights
into samples or systems under investigation. In case of the
dynamic mode, the cantilever is driven to oscillate at or close to
its resonance frequency and changes of its amplitude, phase or
frequency due to an external interaction are tracked. Through
calibration, sometimes in conjunction with analytical models,
the changes of oscillation properties can be used to quantify
the external interaction, which typically is a force, force gradi-
ent or mass change [7, 8].

The sensitivity of such dynamic-mode cantilever sensors
can be described by the obtainable frequency shift Aw in
response to an interaction (additional mass Am or force/force
gradient represented as a change of stiffness Ak):

k+ Ak \/ k
Aw= | EE2K 1
“ \/meff +Am Megt )

and is dependent on the cantilever’s properties stiffness k and
effective mass mes. As equation (1) illustrates, detection of
very small interactions requires a soft and lightweight canti-
lever. This is usually achieved by employing either very thin
beams (thickness less than 1 um) or reduced overall dimen-
sions, i.e. nanocantilevers [9].

Oscillation detection is commonly based on laser optical
methods such as deflectometry or interferometry, where a laser
spot is focused at the free end of the cantilever to track its
movement [10]. Very precise detection of the oscillatory state
has furthermore been achieved by laser-Doppler vibrometry
[11-13]. However, these detection concepts are space con-
suming due to the necessary equipment and require cantilever
dimensions in the micrometer range (at least for the free end)
to precisely focus the laser spot and gather a robust reflection
signal. For smaller cantilevers, this becomes increasingly diffi-
cult and different means such as paddle structures or reflective
coatings have been explored and used [10, 14, 15].

Other methods of oscillation detection include piezoelec-
tric materials which allow self-sensing/self-actuating struc-
tures without optical components. However, they come at the
cost of increased fabrication complexity, reduced signal-to-
noise ratio and the necessary additional layers can increase the

stiffness of the cantilever and therefore lower the achievable
sensitivity [16-20].

Consequently, the aims of high sensitivity and reliable
oscillation detection are contrary in their requirements for an
optimal sensor, demanding a nanoscale cantilever on the one
hand and a microscale cantilever on the other hand. Hence, a
persisting challenge for sensor design arises as many applic-
ations, for example in scanning probe methods for material
characterization, call for strongly increased sensitivity.

Several concepts have been developed to address this issue,
including use of higher order bending modes or specifically
tailored geometries [21-23]. Another approach is provided by
a co-resonant concept, which makes use of coupling and eigen-
frequency matching of a micro- and a nanocantilever [8]. Its
immense potential has been demonstrated in various proof-
of-principle investigations in magnetic force microscopy and
cantilever magnetometry, e.g. for studying real-time magnet-
ization reversal of individual Heusler nanoparticles [9, 24].

The main advantage of this concept is that the oscillation
detection is realized on the microcantilever with established
methods, hence the sensors can be used in any basic scan-
ning force microscope. It does not require advanced oscilla-
tion transduction techniques such as interferometry. On the
other hand, the sensitivity of the co-resonant cantilever sensor
is mainly determined by the properties of the nanocanti-
lever, i.e. its effective mass and stiffness. It can easily be
made very small and soft in order to be susceptible to smal-
lest external interactions (mass load, force or force gradi-
ent). Hence, the concept allows the combination of very
high sensitivity with reliable and robust detectivity. A prin-
ciple sketch of a co-resonant sensor structure is depicted in
figure 1.

The distinction between a sensing (nanocantilever) and
detection (microcantilever) part enables the integration
of advanced functionality, such as self-sensing and self-
actuation, into the microcantilever without a negative impact
on the sensitivity of the sensor as this is mainly dependent
on the nanocantilever properties. The co-resonant concept
can therefore be an important contribution in extending
the application range of dynamic-mode cantilever sensors
towards use cases which demand high sensitivity but pre-
vent optical oscillation detection, e.g. in opaque or liquid
media.

The challenge of the concept lies in the complex inter-
play between sensor properties which is introduced by the
co-resonance. In a single cantilever sensor, sensitivity, lin-
earity and stability are mainly determined by the geometry,
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Figure 1. Principle sketch of a co-resonant sensor structure
comprising the micro- and nanocantilever for oscillation detection
and sensing, respectively, and a carrier chip for sensor mounting in a
measurement head. The indicated materials are examples and refer
to the ones used for the specific process development outlined in
following section. Please note that the drawing is not to scale with
regard to proportions for the sake of visibility. The carrier chip
would normally be much larger than the cantilevers.

material, oscillation amplitude and the surrounding conditions
(e.g. temperature, parasitic vibrations). In the co-resonant
state, a multitude of effects, such as an amplitude amplification
between micro- and nanocantilever, come into play besides
the desired sensitivity increase. They can have a detrimental
effect on the achievable sensor stability, resolution and lin-
ear range and therefore need to be carefully considered in the
sensor design for a specific use case [9].

The only prerequisite for harnessing the co-resonant effect
is the eigenfrequency matching between the micro- and the
nanocantilever to the desired degree. This can either be
achieved by mass deposition or trimming, or by specific
adjustment of the cantilever dimensions. The former approach
has been employed in all experiments to date, where indi-
vidual sensors have been fabricated manually. However, the
realization of predefined sensor properties by inherent geo-
metric eigenfrequency matching holds great potential for
application-specific design and batch fabrication capabilities.
It also presents a significant challenge by requiring a highly
precise fabrication process that overcomes several challenges
associated with the co-resonance. In the following, the devel-
opment and characterization of a suitable process and the
successful batch-fabrication of co-resonantly coupled sensor
structures with geometric frequency matching and predefined
properties is described for the first time.

1.1. Basics of the co-resonant concept

The basis of the co-resonant principle is the eigenfre-
quency matching between a mechanically coupled micro-
and nanocantilever. This approach leads to a system where
an external influence at the highly sensitive nanocantilever

affects the overall oscillation of the coupled system, which
can be tracked at the microcantilever with established meth-
ods. Hence, the above mentioned contrary requirements are
combined into a new sensor concept [7-9, 25].

To benefit from the co-resonance, it is necessary to adjust
the eigenfrequencies to deviations of approximately less than
20% [9]. In this state, the sensor properties of the coupled sys-
tem become a mix of the parameters of each individual canti-
lever with increasing dominance of the nanocantilever’s prop-
erties for decreasing eigenfrequency deviation. Furthermore,
for the coupled system, four relevant frequencies need to be
distinguished: the individual eigenfrequencies of micro- and
nanocantilever (f;, and f,, respectively) and the two resonance
frequencies of the coupled system (denoted as f, and f}, for left
and right resonance peak, respectively) [9]. The latter signific-
antly differ from the individual beams’ eigenfrequencies for
close frequency matching.

The relevant eigenfrequency deviation Af which needs to
be adjusted to achieve co-resonance is defined as:

A _ _ fn *f m
= fo —fin = Afrer == - 100% 2)
S
in absolute and relative terms.

To realize a desired sensor performance with regard to
sensitivity and detectivity the material and geometries of the
coupled system need to be chosen and designed appropri-
ately. In general, there are two approaches for eigenfrequency
matching of micro- and nanocantilever to achieve the co-
resonant state: either by adjusting the nanocantilever’s effect-
ive mass (material deposition or trimming) or by geometric
design of both cantilevers.

The latter is based on the following consideration: The
eigenfrequency fy of a one-side clamped beam is given by
[26]:

1 k
=y 3)

Meff

Jo

where k and m.g denote dynamic spring constant and effective
mass, respectively. These in turn can be expressed in terms
of the geometrical and material properties of the cantilever,
i.e. length /, width w, thickness ¢, second moment of area /,
volume V, density p and Young’s modulus E:

3EI
ke )
1
Megt = ZPV- (5)

Hence, the eigenfrequency becomes:

T ©6)

As indicated by equation (6), volume, cross sectional area
and length determine the eigenfrequency. Consequently, if the
material properties of micro- and nanocantilever are set to be
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the same, different combinations of dimensions can lead to the
same eigenfrequencies of both beams. It is therefore possible
to achieve a co-resonant state even if the nanocantilever for
example has a very small thickness, which lends itself to high
sensitivity.

So far, only the mass deposition and trimming approach has
been used in co-resonantly coupled systems for experimental
studies as the geometric eigenfrequency matching requires a
very controlled fabrication of the cantilever dimensions.

The requirements of co-resonant coupling (i.e. very precise
frequency matching to a desired degree and high sensitivity of
the resulting sensor) pose several challenges for the fabrication
process:

e High sensitivity requires a low-stiffness, hence very thin,
nanocantilever while the microcantilever needs to be thicker
and wider to ensure reliable oscillation detection. A sharp
change of thickness (and geometric properties in general)
at the transition point between both cantilevers is crucial to
enable the co-resonance and a gradual or incremental change
is not sufficient.

e Inherent geometric eigenfrequency matching in combina-
tion with high sensitivity (i.e. low spring constant) requires
rather large aspect ratios of the nanocantilever due to its
small thickness.

e To achieve specific sensor properties, a very controlled pro-
cess is essential to realize well-controlled dimensions for
a desired matching state. This is specifically relevant for
the nanocantilever as even small alterations in thickness
and/or length will have a significant influence on stiffness
and frequency matching, respectively. Furthermore, the pro-
cess needs to be stable and precise enough to enable batch
fabrication of many sensors with consistent properties and
low variance on one wafer as well as between individual
wafers to ensure reproducibility.

e The desired thickness of the nanocantilever (in the order of
few ten nanometers) makes it very fragile. Therefore, wet
chemical processes should be avoided and replaced with dry
processes where possible, e.g. for resist removal, and wafers
handled very carefully throughout the fabrication.

Such a fabrication process would not only enable coupled
systems with precisely matched eigenfrequencies but also
provide the potential for batch fabrication of similar sensors—
something that has not been possible so far.

1.2. State-of-the art of co-resonant sensor fabrication

So far, all reported experimental studies of the co-resonant
approach have been conducted with individually built sensors
consisting of commercially available silicon microcantilevers
and multi-walled carbon nanotubes (MWCNTS) as nanocanti-
levers. Sensor fabrication was carried out manually in a dual
scanning electron (SEM)/focused ion beam (FIB) system
by transferring an MWCNT to the end of the microcanti-
lever by means of a micromanipulator. After positioning the
MWCNT in a way that its long axis was aligned with that
of the microcantilever, the contact point between both was

fixed by electron beam induced deposition of amorphous car-
bon through the gas injection system (GIS). This resulted in
a mechanically coupled system but the eigenfrequencies of
micro- and nanocantilever did not coincide due to their very
different material and geometric properties.

To achieve eigenfrequency matching, a point mass was
deposited at the free end of the nanocantilever by electron
beam induced deposition of amorphous material (mainly plat-
inum and carbon) with in-situ observation of the resonance
frequencies [25]. Figure 2 depicts an exemplary coupled sys-
tem in the as-fabricated and frequency matched state.

While this fabrication process allows precise matching of
the eigenfrequencies through in-situ oscillation observation, it
also has some major drawbacks:

o Influence of mass deposition on the nanocantilever’s oscil-
lation properties: While figure 2(c) depicts a rather extreme
case for illustration purposes, usually a substantial amount
of material has to be deposited at the nanocantilever’s
free end to lower its eigenfrequency towards that of the
microcantilever. The additional mass needs to be distributed
equally around the nanotube to avoid substantial distortion
of the oscillation direction and mode shape.

e Mass deposition due to scanning with electron beam: Each
time an image is taken, the electron beam scans over the
sensor and deposits additional amorphous material from
the gas residue and environmental contaminants left in
the SEM chamber from GIS use. While not relevant for
the microcantilever, it can notably influence the nanocanti-
lever’s eigenfrequency. Hence, every time the oscillation of
the system is determined, it is slightly altered as well.

o Stability of the frequency matching state: While an adjus-
ted eigenfrequency matching state is preserved inside the
SEM chamber, it can change drastically when the sensor is
removed from the vacuum and transferred to other equip-
ment, e.g. an atomic force microscope, for actual sensor
usage. The deposited material can contain open chemical
bonds which can react with the environmental gases and
therefore, the matching state is not stable and drifts over pro-
longed amounts of time. This results in unpredictable sensor
properties undesired for sensor applications.

e Unpredictability of sensors properties: Due to the error
proneness of the fabrication process, the aforementioned
instability of the frequency matching state and the time-
consuming manual assembly and adjustment, it is not pos-
sible to mass fabricate sensors with predefined properties,
i.e. certain effective spring constant and hence, sensitivity.

These shortcomings of the current fabrication method consti-
tute a major obstacle for wide-spread use of the co-resonant
concept and consequently need to be resolved. The described
process relies on eigenfrequency matching after mechanical
coupling of the separately fabricated beams. However, based
on the theoretical considerations outlined above it is possible
to define coupled geometries with inherent eigenfrequency
matching by choice of appropriate dimensions. Hence, neither
manual coupling nor substantial additional mass deposition
are required.
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Figure 2. Scanning electron microscope image of an exemplary co-resonantly coupled system fabricated by manually combining a
commercial silicon microcantilever and multi-walled carbon nanotube as nanocantilever. (a) Overview, (b) magnification of the
nanocantilever at the free end of the microcantilever in the unmatched state, (c) eigenfrequency matching achieved by mass deposition at the

free end of the nanocantilever.

1.3. Fabrication approaches for micro- and nanocantilevers

The focus of the work presented in the following is on the
development of a batch process for reproducible fabrication of
co-resonantly coupled cantilever sensors with predefined fre-
quency matching by microstructuring techniques. While there
are no reported processes that would address the specific chal-
lenges associated with the co-resonant concept, a lot of public-
ations discuss techniques for fabrication of individual micro-
and nanocantilevers and some also for coupled cantilevers.
Since the developed process is based on this large fund of
knowledge, a brief account of relevant ideas is given here.

Fabrication of single microcantilevers with thickness ran-
ging from several ym down to the order of few ten nanomet-
ers can be found in many publications, e.g. [3, 27, 28], and
is an established process for commercially available sensors.
Usually a top-down approach is employed and cantilevers are
either made from silicon (by use of silicon on insulator (SOI)
wafers) or silicon nitride [29-31].

The fabrication of high-aspect ratio nanocantilevers, espe-
cially with precisely controlled dimensions, is much more
challenging as these can become very fragile and tend to easily
bend and stick to surfaces. Additionally, they are prone to be
affected by even slight variations of process parameters [32,
33]. Therefore, one has to carefully adjust the order of process
steps and choose appropriate techniques to avoid breakage,
bending or complete loss of the structure due to, for example
overetching or undercuts [34].

Previously reported fabrication approaches include thin-
ning of the device layer of SOI wafers or silicon nitride
membranes on silicon by reactive ion etching and sub-
sequent release by oxygen plasma or hydrogen fluoride vapor.
Thereby, cantilevers with thickness of (60-70) nm, widths of
(1-10) nm and lengths of (5-120) um have been fabricated
[31].

Very precise control over dimensions has been achieved by
masks created with ion implantation through FIB, resulting
in silicon cantilevers with widths down to 25 nm, thicknesses
below 100 nm and lengths of less than 10 um [35, 36].

Much fewer publications describe the fabrication of
coupled systems and in most cases, both cantilevers have sim-
ilar dimensions [37-39]. Vidal-Alvarez et al reported the fab-
rication of a coupled system consisting of a silicon microcanti-
lever and a silicon nanowire. In that case, the microcanti-
lever was fabricated by a standard top—down approach while
the nanowire was created afterwards from a gold catalyst
particle by epitaxial growth [40]. While this fabrication pro-
cess enables very good control of the nanowire’s properties, it
is not suitable for mass fabrication due to the requirement of
positioning the catalyst particles at the end of the microcanti-
lever (in [40] particles were distributed randomly).

In summary, batch fabrication processes for both, micro-
and nanocantilevers have been reported, including means to
precisely control dimensions, but to date no process is avail-
able to fabricate a combination of micro- and nanocanti-
lever with the additional challenge of low variance to achieve
optimal eigenfrequency matching of the two subsystems.

In the following, a process is outlined, which addresses the
above described challenges and allows batch fabricating co-
resonantly coupled systems on wafer-level with a predefined
eigenfrequency matching state by choice of the dimensions.
First, the target design is described, followed by a detailed
account of the developed process. The work is concluded by
an analysis of relevant parameters to evaluate the feasibility of
the process for achieving the desired sensor properties.

2. Materials and methods for sensor fabrication
and characterization

2.1. Choice of base material

As reported in many studies, silicon nitride is a well-suited
material for thin cantilever and membrane fabrication due to
its convincing mechanical, chemical and thermal stability [41,
42]. Silicon nitride thin films with a thickness in the range of
(10-100) nm maintain their material properties, exhibit high
flexibility and can be bent without breaking. Furthermore, the
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material can be tailored with respect to its internal stress which
enables highest quality factors (>10°) for few ten nanometer
thick resonators [43-45]. Low stress (i.e. residual stress com-
pensated) silicon nitride is also beneficial for prevention of
bending deformation in thin film cantilevers upon release from
carrier structures [46, 47].

The material can be deposited on the surface of a sil-
icon wafer and processed with conventional lithography and
microfabrication methods such as wet chemical or reactive
ion etching [48-50]. Furthermore, due to its resistance to
potassium hydroxide (KOH), silicon nitride can be used as an
etch stop layer [51].

For the presented sensor fabrication, low stress silicon
nitride is chosen as base material for the coupled system due
to these favorable properties, specifically the material stabil-
ity after thin film release. Therefore, 4 inch single crystal-
line (100) p-type silicon wafers (thickness 380 £ 15 pm,
TTV <10 pm, resistivity (1-10) €2) coated on both sides with
1000 nm of low stress silicon nitride (deposited by low pres-
sure chemical vapor deposition) are used (Microchemicals
GmbH, Germany).

2.2. Sensor dimensions

To achieve geometric eigenfrequency matching, the dimen-
sions of both cantilevers need to be chosen accordingly,
while at the same time satisfying the requirements for high
sensitivity (nanocantilever) and stable oscillation detection
(microcantilever). For the development and characterization
of the fabrication process, we are considering cantilevers with
rectangular cross section, hence V=1[-w-tand I=w- t3/12
[52]. Combining this with equation (6), the cantilever’s eigen-
frequency is expressed by:

1 ¢ E
fozﬂz\/; @

Furthermore, three different target frequency matching
states have been chosen for evaluation of process yield and
accuracy, i.e. Af = [0; —2.3;5]%. Please note that in principle
any matching state can be realized with the described process.

The dimensions for micro- and nanocantilever are based
on commercially available sensors and previous work with
carbon nanotube cantilevers which had diameters of (20—
150) nm. Based on equation (7), the required lengths to reach
the desired frequency matching state have been calculated and
the resulting target dimensions are summarized in table 1.
Thereby, the material properties of low-stress silicon nitride
have been chosen as E = 300 GPa and p = 3.1 g cm™3
[53, 54].

2.3. Fabrication methods

Conventional micro- and nanostructuring methods are
employed for the fabrication. The following techniques and
machines are used for the main process steps:

Table 1. Target dimensions of micro- and nanocantilever with
rectangular cross section for three different eigenfrequency
deviations Af;e (only microcantilever length varied).

Parameter Microcantilever ~ Nanocantilever
Cross section rectangular rectangular
Width w 40 pm 2 pum
Thickness ¢ 1000 nm 100 nm
Length I, Afi = 0% 111 pm 35 pm

Length I, Afig = —2.3% 110 um 35 pm

Length I, Afiel = 5.0% 114 pym 35 um

e UV laser lithography at 375 nm wavelength: Maskless
Aligner MLA150, Heidelberg Instruments Mikrotechnik
GmbH, Germany

e Reactive ion etching (RIE) with tetrafluoromethane (CF,)
and oxygen (O;): Oxford RIE Plasmalab 100, Oxford
Instruments Plasma Technology, UK

e Wet chemical etching of the silicon wafer by KOH

e Oxygen microwave plasma treatment: Tepla 200 Microwave
Oxygen Plasma, PVA TePla AG Germany

All used photoresists (AZ series), developer and remover were
purchased from MicroChemicals GmbH, Germany. Resist and
remover were used as received and developer diluted with DI
water as described below.

2.4. Characterization methods

The fabricated structures were characterized with optical and
scanning electron microscopy with respect to their lengths
and widths (optical microscope, Zeiss Primotech, Germany;
FIB Nanoengineering Helios Nanolab 600i, Thermo Fisher
Scientific Inc. USA; FIB Nanoanalytik Auriga 60, Zeiss,
Germany). Profilometry (Tactile profilometer Dektak 150,
Veeco Instruments Inc. USA) wass used to determine the
nanocantilever thickness. The thickness of the initial silicon
nitride was obtained with an ellipsometer (UV-Vis—NIR-
Ellipsometer SenResearch 4.0, Sentech, Germany). Thereby,
measurements were carried out at five spots on the wafer
(middle, north, south, east and west) with an angle of 60° and
70° between source and detector. The corresponding fitting
curve of these 10 data points was calculated based on a model
comprising four layers (from top to bottom): roughness of sil-
icon nitride surface, low stress silicon nitride, native silicon
dioxide and silicon.

3. Fabrication process

The developed fabrication process for co-resonantly coupled
structures from silicon nitride comprises the following main
steps:

(1) Photolithography on wafer front and back side: On the
front, the photomask defines the microcantilever geo-
metry and the area where the silicon nitride will be
thinned to form the nanocantilever and surrounding area.
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Figure 3. Flow chart of the most important process steps for batch fabrication of geometrically eigenfrequency matched co-resonantly
coupled systems. A detailed account of all process steps and parameters is given in the supporting information.

On the back side, the window for release of the coupled
cantilever structure is defined.

(i) Thinning of the front side silicon nitride around the
microcantilever and in the area of the nanocantilever to
the desired target thickness by dry etching.

(iii)) Complete removal of the back side silicon nitride in the
sensor area by dry etching

(iv) Removal of back side silicon to create a suspended and
partially thinned silicon nitride membrane comprising the
coupled structure.

(v) Photolithography (direct laser writing) to define
nanocantilever geometry and subsequent simultaneous
nanocantilever formation and release of complete coupled
structure by dry etching of front side silicon nitride

Figures 3 and 4 depict a flow chart of the main steps
and graphical representations of the intermediate structures.
A detailed account of all fabrication steps and process para-
meters can be found in the supporting information. In the fol-
lowing, the main aspects of the process are discussed.

3.1. Step (i): definition of geometry

First of all, the thickness of the silicon nitride layer on the
wafer is measured by ellipsometry as this will be used to
determine the necessary etching duration for subsequent pro-
cess steps.

After visual inspection with an optical microscope and sub-
sequent drying by air evaporation in a furnace (105 °C for
30 min), hexamethyldisilazane (HMDS) is applied to both
sides of the wafer by a CVD process (at 95 °C) as an adhe-
sion promoter for the photoresist. Positive resist AZ 1518 is
spin-coated on the wafer back side followed by a soft bake
at 100 °C for 30 s in nitrogen atmosphere. The same resist is
then applied to the front side of the wafer using the same spin-
coating protocol, followed by further soft bake of the wafer at
100 °C for 45 s in nitrogen atmosphere.

After 2 min rehydration of the approx. 1.8 pm thick
photoresist in clean room air, the wafer front side is exposed by
direct laser writing lithography to define the microcantilever
outline and nanocantilever area, followed by a partial devel-
opment in AZ developer (1:1 dilution with DI water) for 15 s.
This is stopped by immersion of the wafer in DI water and
serves to make the alignment marks visible for the back side
structuring. Next, the wafer back side is exposed by direct laser
writing lithography to define the complete sensor area. After
that, the resist is fully developed on both sides in AZ developer
(1:1 dilution with DI water) for 35 s.

3.2. Step (ii): nanocantilever area thinning

The nanocantilever as well as the surrounding area on the
wafer front side as defined by the photoresist in step (i) is
thinned to the desired target value by reactive ion etching with
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Figure 4. Fabrication process flow for co-resonantly coupled sensor
in silicon nitride: (a) Initial silicon wafer with both sides coated with
1 pum low-stress silicon nitride. (b) Application of photoresist on
both sides of the wafer and photolithographic definition of
microcantilever outline and nanocantilever area (front side) and
complete sensor area (back side). (c) Thinning of nanocantilever
area to desired thickness (front side) and complete etching of silicon
nitride to expose silicon (back side) with reactive ion etching. (d)
Stripping of photoresist and KOH etching of back side silicon to
suspend the silicon nitride membrane. (e) Front side lithography for
definition nanocantilever length and width. (f) Structuring of
nanocantilever and release of the complete sensor structure by
reactive ion etching and subsequent photoresist removal by oxygen
microwave plasma ashing.

CF,4 (35 sccm) and O; (3 sccm) at 200 W, pressure of 75 mTorr
(10 Pa) and controlled temperature of 20 °C. This is a critical
step with respect to process control because it requires a high
accuracy and constant etching rate. The etching time is adjus-
ted according to the measured initial silicon nitride thickness
(approx. 915 nm) and is 5 min 55 s for the presented geo-
metry with a target 100 nm thickness. The target value must be
reached as precisely as possible to achieve the desired eigen-
frequency matching state.

This step defines the geometry (length, width) of the
microcantilever and the thickness of the nanocantilever. The
accuracy of achieving the target values has been checked
by microscopic analysis and profilometry during process
development.

3.3. Step (iii): back side silicon nitride opening

Reactive ion etching with the same gases and process para-
meters as before is then performed on the wafer back side for

8 min to open the silicon nitride layer and expose the silicon
underneath. Afterwards, the photoresist is removed with AZ
100 remover from both sides and the wafer rinsed with DI
water and spin dried.

Please note that these first three steps of silicon nitride
structuring can also be carried out subsequently on front and
back side. First for front side: application of resist, expos-
ure, development, RIE etching to thin the nanocantilever area
and resist removal. Then for the back side: resist application,
exposure (after aligment to marks on front side), development,
RIE etching to open silicon nitride layer to expose silicon and
resist removal.

As we had to be considerate about the number of process
steps, the presented approach with parallel processing of both
sides and partial photoresist development was chosen. The res-
ults described below clearly indicate that this is feasible and
leads to the desired sensor structures.

3.4. Step (iv): back side silicon removal

The back side silicon is removed by a wet chemistry etching
step. Therefore, the wafer is placed in 40% wt. KOH solution
at 80 °C for 8 h and 30 min. In order to avoid mechanical
stress specifically in the thin silicon nitride on the front side,
the wafer is tempered in 60 °C warm DI water for 5 min before
the etching and immersed in initially 70 °C DI water for 30 min
after the process, followed by DI water rinsing and spin drying.

3.5. Step (v): nanocantilever formation and coupled structure
release

In this step, the nanocantilever’s lenght and width are defined
and the complete coupled structure released by through etch-
ing of the suspended silicon nitride membranes at the struc-
ture’s edges.

Therefore, again HMDS is applied to the wafer front side
by a CVD process (at 95 °C) as adhesion promoter for the
photoresist. Next, positive resist AZ 1505 is spin-coated on the
wafer front side, followed by a soft bake for 60 s at 100 °C in
nitrogen atmosphere.

To prevent damage of the fragile silicon nitride membranes
due to the vacuum holder of the lithography instrument, the
wafer is attached to a silicon support wafer by paraffin wax
before exposure. After photoresist exposure, the support wafer
is removed (see details in supporting information) and the res-
ist developed in AZ 351B developer (1:4 dilution with DI
water) for 35 s.

The release of the sensor structure is achieved by react-
ive ion etching for 1 min and 5 s with CF4 (35 sccm) and O,
(3 sccm) at 200 W, pressure of 75 mTorr (10 Pa) and temper-
ature of 20 °C. Please note that the photoresist is stabilizing
the nanocantilever during this step and should therefore not be
too thick to avoid mechanical stress on the nanocantilever.

The last and most critical step is the photoresist removal as
any wet chemistry would very likely damage the nanocanti-
lever. Therefore, oxygen microwave plasma ashing (15 min at
300 W) is used to remove the photoresist.
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Figure 5. Top view of an array of silicon nitride nanocantilevers with varying lengths from 2 ym to 80 um (increment of 2 pm), constant
width of 1 pm and thickness of 100 nm. The image was taken by an optical microscope with 50x magnification.

Table 2. Yield of finalized fabrication process for a total of seven
wafers each containing 63 co-resonant sensors.

Yield Yield
Wafer (Absolute) (Percentage)
Wi 62/63 98.4%
w2 60/63 95.2%
W3 44/63 69.8%
w4 40/63 63.0%
W5 46/63 73.0%
W6 54/63 86.0%
W7 63/63 100.0%
Total 369/441 83.6%

4. Results and discussion

4.1. Stability test for nanocantilever fabrication

Precise adjustment of the nanocantilever length is crucial for
obtaining a desired frequency matching state. Furthermore,
one major challenge of the process is to keep the nanocanti-
lever intact during all steps. In order to study the feasibility
of the proposed fabrication process and determine the poten-
tial stable range of 100 nm thick silicon nitride structures, 63
arrays of nanocantilevers only (without the microcantilever)
were fabricated on one wafer with the above described process.
The nanocantilever width was kept constant at 1 gm while the
length was varied from 2 pm to 80 pm in increments of 2 um
(resulting in 39 cantilevers per array). The fabricated arrays
were visually inspected afterwards for integrity of the canti-
levers. Figure 5 depicts an optical microscope image of one
array.

It is found that 33.3% of the arrays (21 out of 63) are fully
intact, i.e. all nanocantilever lengths could successfully be pre-
served. Furthermore, 61.9% have at least 20 intact nanocanti-
levers (50% yield), including the longest one with 80 pm.

From this experiment it is concluded that the fabrication
process is capable of preserving the structural integrity of high
aspect-ratio nanocantilevers (100 nm thickness, 2 um width)
of lengths up to 80 um.

4.2. Complete system fabrication

4.2.1. Yield of intact sensors.  In order to evaluate the pro-
cess yield with respect to integrity of the complete canti-
lever system, seven wafers each containing 63 co-resonantly
coupled structures of identical target dimensions for 0%
eigenfrequency deviation were fully processed and optically

Microcantilever Nanocantilever

Microcantilever Nanocantilever

Figure 6. Scanning electron microscope image of (a) top and (b)
side view of an exemplary co-resonantly coupled system made from
silicon nitride and based on the dimensions listed in table 1. Please
note that in (b) only the free end of the microcantilever is visible.

inspected afterwards. From 441 fabricated systems, 369 were
fully intact, i.e. both cantilevers successfully fabricated and
preserved, which is an overall yield of 83.6%. The details for
each wafer are listed in table 2.

Figure 6 depicts a SEM image of an exemplary fabricated
co-resonantly coupled system with the target dimensions for
0% eigenfrequency deviation listed in table 1. It is clearly vis-
ible that the nanocantilever’s stability is maintained through-
out the process and only very slight bending is visible, des-
pite an aspect ratio of 324 (length 35 pm, thickness 108 nm).
All intact sensors looked similar and no severe bending of the
nanocantilever was observed.

4.2.2. Oscillation properties of fabricated sensor.  To verify
that the fabricated sensors exhibit the desired oscillation
behavior which is characterized by two resonance peaks as
described in the introduction, they have been placed on a
home-built vibration stage and studied in a SEM. Thereby,
the sensor is excited by a shear piezo actuator driven with an
external sinusoidal voltage with fixed amplitude and varying
frequency. For each frequency, an SEM image is captured and
the amplitudes of the cantilevers measured afterwards. Details
of the vibration stage and the procedure can be found in the
supporting information and in [25].
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Table 3. Properties of the exemplary sensor depicted in figure 7.
The dimensions have been obtained as described above, the
eigenfrequencies calculated with equation (7) and the coupled
resonance frequencies f; and f, determined based on [9].

Parameter Microcantilever Nanocantilever
Width 39.5 um 2 ym
Length 103.1 pum 34 pum
Thickness 0.9884 um 0.1034 pm
Eigenfrequency 145.58 kHz 139.63 kHz
Calculation
Ja 138.47 kHz
Iv 146.80 kHz
Spacing 8.33 kHz
Measurement
Ja 105.8 kHz
o 114.8 kHz
Spacing 9.00 kHz
11— T T T T T T
Nanocantilever
L lev jfb - i
c 1.0r ‘ 1
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Figure 7. (a) Amplitude response curve of an exemplary fabricated
co-resonantly coupled system (properties listed in table 3) obtained
by measuring the amplitude of the nanocantilever in individual
scanning electron microscope (SEM) images at different excitation
frequencies (the detailed procedure is outlined in [25]. The two
expected resonance peaks of the coupled system are clearly visible
(fa = 105.8 kHz, f;, =~ 114.8 kHz). (b) SEM image (stage tilted by
10°) of that sensor excited at the second resonance frequency

Sexe = f». Only the free end of the microcantilever is shown and it
exhibits a much smaller amplitude than the nanocantilever due to
the expected amplitude amplification [8]. Please note that the sensor
has been covered with 2 nm of platinum to reduce charging effects
in the SEM.

Figure 7 depicts the amplitude response curve of an
exemplary sensor obtained by measuring the amplitude of
the nanocantilever and a corresponding SEM image for
sensor excitation at the second coupled resonance peak f;.
The complete set of sensor properties comprising geometric

dimensions, calculated and measured resonance frequencies,
is listed in table 3.

Based on the measured sensor dimensions the eigenfre-
quencies of micro- and nanocantilever can be calculated with
equation (7) and the coupled resonance frequencies with the
formulas from [9]. Compared to the theoretical resonance fre-
quencies, the measured ones are notably lower but the spa-
cing between f, and f; is almost the same. The origin of the
reduced frequencies is likely due to process related geomet-
ric deviations which could not be determined from the meas-
urements of the cantilever dimensions, such as flank angle or
underetching. This needs to be studied further and potentially
be integrated into future sensor design considerations.

Overall, the sensor clearly shows the expected behavior
known from previous studies (e.g. [24, 25]) and it can there-
fore be concluded that the fabrication process is feasible for
realizing the desired co-resonant oscillation properties.

4.2.3. Evaluation of process accuracy with respect to
target dimensions.  The eigenfrequency matching state of
the coupled system is crucial for its dynamic oscillation
behavior and consequently sensor properties. Especially the
nanocantilever length and thickness need to be precisely fab-
ricated in order to reach the predefined matching to the
microcantilever’s eigenfrequency. Furthermore, for batch fab-
rication it is important that the variation throughout the wafer
is as low as possible to maximize the output of coupled sys-
tems exhibiting co-resonant behavior.

In order to evaluate the developed process with respect to
precision and variation, a batch of six wafers was processed,
each one containing 63 coupled systems. Thereby, two wafers
each were designed for 0%, —2.3% and 5% eigenfrequency
deviation according to the dimensions listed in table 1. A total
of 376 structures were then measured with respect to their res-
ulting dimensions by optical microscopy (length, width), ellip-
sometry (microcantilever thickness from initial wafer thick-
ness) and profilometry (nanocantilever thickness after thinning
by RIE). Based on these dimensions, the eigenfrequencies of
micro- and nanocantilever were calculated with equation (7)
for E=300 GPaand p=3.1 gcm™3 [53, 54].

The results are summarized as box plots in figure 8. Wafers
represented with the same base color have identical target
dimensions for 0% (grey), —2.3% (orange) and 5% (green)
eigenfrequency deviation and the black horizontal lines indic-
ate the target values. The frequency matching is realized by
adjusting the microcantilever length as visible in figure 8(a).

The microcantilever thickness (figure 8(c)) is not depic-
ted as box plots as it has been obtained from ellipsometry
measurements of the initial wafer’s silicon nitride layer. As
described in section 2.4, this is done by fitting a material model
to the data of 5 measurement spots with 2 angles of incidence
each, hence 10 data points. The output is the depicted fitting
value and corresponding standard error for thickness.

For the microcantilever, the target length and width can
be realized with good accuracy and similar variation among
wafers. However, the thickness was found to be smaller
than the expected 1000 nm of the purchased wafers which



J. Micromech. Microeng. 34 (2024) 015005

| Lampouras et al

Microcantilever

Nanocantilever

15 35.6
114 —+ =
£ 113 €352 i
a3 3 T
£ 112 £ -
< N 348 !
B 111 B E3
g ; T= g .
210 . J344 .
109 =
108 34.0
(a) Target 0 % Target -2.3 % Target 5 %
41.0 29
40.6 o 3 27
E T H £25
2402 * H 3
< - £23 :
ey s
B398 i ! g 21 *
= i 219
39.4 == : L3
1.7 .
39.0 15
(b)
924 0.16
£ 920 g0.14 _
(= =1
£ " £0.12
p 916 2
g [ 8 0.10 |
S $0.08 i
c ey
908 ‘ F 0.06
(C) 904 0.04
122 200
N 120 N 180 =
T i T ‘ =
X 4
c 18 ' 160 ‘ .
(>)~ >
9116 v 9140
3 )
T 114 o120
@ @ \
g 112 5 S 100 5 el
2 o =
i 110 + w 80
10
Target 0 % Target -2.3 % Target 5 % Target 0 % Target -2.3 % Target 5 %
(d) W1(0%) W20 %) W3 (-2.3%) B W4 (-2.3 %) W5 (5 %) W6 (5 %)

Figure 8. Box plots of (a) length, (b) width, (c) thickness and (d) eigenfrequency distribution of micro- and nanocantilever for each wafer.
Wafers with the same base color have identical target dimensions for 0% (grey), —2.3% (orange) and 5% (green) eigenfrequency deviation.
The black horizontal lines in all figures (except for microcantilever in (c) and (d)) indicate the target values as listed in table 1. Please note
that the microcantilever thickness in subfigure (c) is not depicted as box plot but instead as mean value and standard error. This is due to the
measurement of this thickness by ellipsometry which fits the model of the wafer surface stack to 5 measurement spots (see section 2.4).

substantially lowers the resulting eigenfrequencies. The mask
for sensor fabrication was designed for 1000 nm thickness of
the microcantilever which would lead to eigenfrequencies of
(123; 126; 117) kHz for eigenfrequency deviations of (0; —2.3;
5)%. As visible in figure 8(d), the resulting eigenfrequencies
are significantly lower due to this thickness error.

For the nanocantilever, the geometry is the same for all
structures, as the frequency matching is realized through
adjustment of the microcantilever length. The variations on
each wafer and among wafers are similar and the target dimen-
sion can be realized with good accuracy. The thickness vari-
ation has the largest influence on the resulting eigenfrequen-
cies (target value 124 kHz) as also indicated by equation (7).

Based on the calculated eigenfrequencies, the matching
state of each fabricated sensor can be determined as the

eigenfrequency deviation according to equation (2) and the
yield of matching state ranges is summarized in figure 9.
Regardless of the target value, all wafers show a similar dis-
tribution of eigenfrequency deviations. This can be attributed
to the reduced thickness of the microcantilever which adds
a systematic offset and shifts the desired matching states of
(0; —2.3; 5)% to (10; 8; 16)%. Therefore, the matching states
and distributions are very similar for figures 9(a) and (b) but
for 9(c) a clear shift of the distribution to the right, i.e. higher
deviations, is visible. This is due to the real target matching
state being 16%.

From these evaluations it can be concluded that the
approach of geometric eigenfrequency matching can be real-
ized with the developed process and enables the fabrication
of sensors with predefined co-resonant properties. The above
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Figure 9. Number of sensors per wafer with the indicated
eigenfrequency matching ranges for six processed wafers, each
containing 63 structures. The count is based on calculation of the
micro- and nanocantilever eigenfrequencies from their geometric
dimensions and the corresponding eigenfrequency deviations by
equations (7) and (2). At least two-thirds of sensors per wafer fulfill
the criteria for co-resonance, i.e. eigenfrequency deviations between
micro- and nanocantilever of less than 20%.

results furthermore highlight the importance of thorough pre-
characterization of the initial silicon nitride (especially with
regard to thickness) and the consideration in the geometry and
mask design.

5. Conclusion

The fabrication of cantilever sensors exhibiting sensitivity
enhancement through co-resonance requires precise eigenfre-
quency matching of a coupled micro- and a nanocantilever.
The sensitivity of such a sensor is mainly determined by
the nanocantilever’s properties, increasingly so for decreasing
eigenfrequency deviation. The desired eigenfrequency match-
ing can be achieved by two different strategies: (a) mass depos-
ition on or trimming of the nanocantilever, or (b) appropriate
choice of geometric dimensions for both cantilevers to reach
inherent coincidence of the eigenfrequencies. The former is a
manual, time-consuming and error prone process with unpre-
dictable and barely reproducible sensor properties. Despite
these shortcomings, it has been successfully used for all exper-
imental proof-of-principle studies exploring the potential of
the co-resonant concept so far. However, it is not suitable for
batch fabrication and wide-spread sensor use.

The second strategy of geometric design enables very stable
and precise sensor properties but is challenging with respect
to fabrication due to (i) sharp change of dimensions (specific-
ally thickness, but also width) at the transition point between
both cantilevers (a gradual changes would not be sufficient)
and (ii) necessary large aspect ratio of the nanocantilever due
to the requirements of high sensitivity (i.e. thickness of few
ten nm) and matching to the microcantilever’s eigenfrequency
(i.e. lengths of several 10 pm).

In the presented investigation, a batch process for fabrica-
tion of geometrically eigenfrequency matched co-resonantly
coupled systems based on silicon nitride is developed and
characterized. It enables the creation of 100 nm thick and 1 um
wide nanocantilevers with lengths ranging from (2-80) pm,
i.e. aspect ratios between 20-800, with minimal bending along
the length.

The process yield of intact sensor structures amounts to
>80% per wafer. The accuracy in achieving target dimen-
sions is £1% for length and width of the microcantilever and
nanocantilever length, +10% and £20% for the nanocanti-
lever width and thickness, respectively. This leads to a vari-
ation of the nanocantilever’s eigenfrequency by +11%. Based
on a comprehensive analysis of several hundred sensor struc-
tures it is concluded that the developed process is suitable
for batch-fabrication of co-resonantly coupled systems with
desired properties which has furthermore been verified by first
vibration experiments of fabricated sensors.

The presented results clearly indicate the potential for
mass production capabilities of the developed process and
furthermore underline the necessity of thorough wafer pre-
characterization and precise control of fabrication parameters.
By being able to determine the eigenfrequency matching
state through geometry, co-resonantly coupled sensors with
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predefined properties can now be fabricated with good
reproducibility which is an important milestone for future
applications of the co-resonant principle for sensitivity
enhancement.

As a next step, comprehensive analysis of the dynamic
oscillation properties of fabricated sensor structures with dif-
ferent eigenfrequency matching states will be performed to
study the achievable sensor properties and compare them to
calculated and simulated data. One specifically interesting
aspect is the transition between linear and non-linear bending
regimes and the potential consequences for sensor stability and
linearity, which are crucial for applications.
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