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Abstract:

Suspended nanochannel resonators (SNRs) are promising devices able to characterize mass down
to the attogram scale, thus being able to detect nanoparticles or biomolecules. In this paper, we
present a flexible fabrication process for SNRs based on a sacrificial layer approach that allows to
easily tailor the dimensions of the nanochannel by changing the thickness of the sacrificial layer or
its patterning during the lithographic step. The resonance properties of the fabricated SNR are
investigated in terms of resonance frequency and frequency stability (Allan deviation). Liquids of
different densities are injected in the device and, from the shift of the resonance peaks, the mass
responsivity of the resonators is assessed to be up to 3.90 mHz/ag. To the best of our knowledge,
the devices here presented are the first example of suspended nanochannel resonators with a
channel height as low as 50 nm fabricated with a top-down approach.
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1. Introduction

In the last decades, micro- and nano-mechanical resonators, such as cantilevers or clamped-
clamped beams, have been exploited as mass sensors in many fields [1]. In particular, a growing
attention has been given to life science applications like biomedical analysis and biochemical
detection [2-5]. Resonator fabrication processes usually require the same techniques of standard
semiconductor technology that allow mass production and CMOS integration, and recently even
3D printing techniques started to be used [6-9]. In this way the functionalization used in biological
essays is directly encapsulated in the polymer used as structural material, thus making faster and
easier their usage [6]. The main limitation to the use of nanomechanical resonators for biological
or biochemical assays is the loss of sensitivity due to viscous damping when vibrating in the liquid
solutions, the natural environment of biological analytes. Burg et al. in 2007 bypassed the problem
embedding a microfluidic channel in a cantilever operating in vacuum, thus constraining the liquid
inside the device and almost suppressing the viscous damping [10]. They demonstrated that the
quality factor of the resonator, and thus the minimum mass sensitivity achievable by the sensor,
was not affected by the presence of the liquid inside the channel [11]. This finding opened the way
to a new family of devices named suspended microchannel resonator (SMR) [12]. The real-time
measurement in liquid environment with high mass responsivity promoted their application as
chemical and biological detectors for bacteria, cells populations, and other micron-sized analytes
[10, 13-15]. Suspended nanochannel resonators (SNR) with reduced mass and dimensions
compared to SMR were then introduced to further improve resolution and increase device
sensitivity. The miniaturization process allowed to characterize nanoparticles, where few
successful attempts demonstrated that the mass sensitivity has been increased up to the attogram
scale [16, 17].



The challenging fabrication remains the main bottleneck of both SMR and SNR devices. Previously
reported fabrication processes are based on the sacrificial layer approach [10, 18, 19], silicon self-
assembling [20] or laser etching of monolithic glass [21]. Scaling the sacrificial layer approach,
based on wet etching, to the nanoscale is hard to implement, since it would take several hours to
empty the channel. On the other hand, the geometry of the nanometric features of the device is
hard to be fine controlled with the other two techniques.

In this paper, we present a wafer-scale fabrication process based on sacrificial layer approach with
releasing of the channel done with a xenon difluoride (XeF;) based dry etching. The dry etching
approach allows a fast removal of the dummy material with respect to the previously described
wet etching approach. The vertical dimension (height) of the channel is defined by the thickness of
the sacrificial layer, while the horizontal dimensions (length and width) are patterned through
photo-lithographic steps, so that all the dimensions can be easily adjusted to the application needs
and precisely tuned. A process yield around 50% was achieved for microbeams that are 50 um
long, 7um width and 450 nm thick, with embedded nano-channels that are 50 nm high and 3 um
width. The mechanical response of the devices is accurately characterized and their use as
density/mass sensor is proven thanks to a mass responsivity up to 3.90 + 0.72 mHz/ag and an
estimated minimum detectable mass up to 595 ag. The fabricated devices represent the first
examples of suspended nanochannel resonators with thickness of the embedded nanochannel
below one hundred nanometers, paving the way to single nanoparticle detection in liquid.

2. Materials and methods
2.1 Design of the resonators

The design of a mechanical resonator is realized taking into account the theoretical mass
responsivity of the sensor. It corresponds to the variation of resonance frequency due to a change
in its mass[22]:
d
L=k

am 2m

where fp and m are the SNR resonance frequency and mass, respectively. In order to maximize the
mass responsivity, a beam should thus have both high resonance frequency and small mass. The
clamped-clamped beams presented in this work are 50 um long, 7um width and 450 nm thick. The
embedded nano-channels are 50 nm high and 2 um narrower than the beam width (thus 3 um).
These dimensions have been chosen in the perspective of detecting silver nanoparticles of 30 nm
diameter flowing in the channel, considering a theoretical mass responsivity of R = 3.26 mHz/ag
(considering a slight tensile stress induced by the anodic bonding) [22, 23].

2.2 Materials and Fabrication

The process flow developed in this work, based on the sacrificial layer approach, is sketched in
Figure 1. For the fabrication of the suspended nanochannel resonator, silicon oxide deposited by
low-pressure chemical-vapor-deposition (LPCVD) using TEOS (tetraethyl orthosilicate) as precursor
was used as beam structural layer, while monocrystalline silicon as bulk material and sputtered
polycrystalline silicon as sacrificial layer. Polycrystalline silicon has been chosen to use xenon
difluoride (XeF;) as dry etching agent for the releasing step of the sacrificial layer, since its high
selectivity to SiO; (over 1:1000) [24]. Such high selectivity is necessary since the nanochannel



geometry requires long releasing times of about one hour. A lower etching selectivity would
damage the SiO; structure causing also the removal of bulk silicon. Furthermore, the dry etching
has been preferred to the wet one to avoid stiction during the channel releasing step. TEOS LPCVD
was chosen for the deposition of SiO, over plasma enhanced CVD (PECVD) sputtering and low
thermal oxide (LTO), because it did not show delamination problems as happened with oxides
deposited with the other techniques. Moreover, the high conformality of LPCVD TEOS process fully
covers the sacrificial layer even on the vertical edges, giving a smooth surface needed to
encapsulate the SNR with anodic bonding. Furthermore, the layer is deposited and annealed at
710°C, to obtain a slight residual tensile stress in the film to avoid buckling problem [25].
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Figure 1: SNR fabrication process in cross section. a) 200 nm of TEOS LPCVD SiO, and 50 nm of
polycrystalline Silicon (p-Si) are deposited. b) The p-Si is patterned in lines 3 um wide and 120 um
long to define the nanochannel geometry. ¢) 200 nm of TEOS LPCVD SiO; is deposited to
encapsulate the p-Si sacrificial layer. d) Two openings are etched to allow access to sacrificial layer.
e) Sacrificial layer is etched with XeF,. f) Beams are defined and released with XeF,. g) SEM picture
of a released clamped-clamped beam. h) Cross section obtained with a FIB cut in the middle of a
bridge showing the polycrystalline silicon sacrificial layer surrounded by silicon oxide (darker
layer). j) Image of the chip connector with the description of the different connections. k)
Schematic of the chip connector showing the channels inside the 3D printed connector part.

The fabrication process starts with a deposition of 200 nm thick SiO; layer (LPCVD TEQOS) and 50
nm of sputtered polycrystalline Silicon on a 4-inch silicon wafer (Figure 1a). The patterning of the



sacrificial layer (Figure 1b) is done writing lines 2-5 um wide and 120 um long in the resist via
photolithography and subsequent etching by RIE (reactive ion etching). All the photolithographic
steps of this process have been done impressing the resist AZ1512HS with a h-line laser (405 nm)
of a mask-less aligner (dose between 40 - 60 mJ/cm?). Due to the small thickness of the two layers
involved (50 nm of Si to be removed and 200 nm of SiO, not to be damaged) a low etching rate
recipe has been used: CsFg (55 sccm) - SFe (26sccm) for 22 s (power coil 1500W, power plate 15W,
temperature 20°C, chamber pressure 30 mbar). It is important to note that the nanometric
dimension is determined by the thickness of the sacrificial layer and not by the width of the
nanochannel, thus allowing the definition of the nanochannel through common photolithography
without the need of using a more complex e-beam lithography step. The Silicon sacrificial layer
was then encapsulated with 200 nm of SiO» (Figure 1c) using the same process used for the first
layer to avoid stress mismatching in the structure. Openings at the two extremities of the buried
silicon layer are patterned via photolithography followed by (Figure 1d) RIE etching using CHF;
(175 sccm)/ Ha (30 sccm)/ CaFs (10 sccm) recipe for 60 s (power coil 1200W - power plate 300W -
temperature 10°C). The sacrificial layer is then removed using XeF,. It has been noticed that a
short RIE etching step with SFs, just before the exposition to the XeF;, helps for a faster and
uniform etching in all regions of the wafer, very likely acting on the superficial layer of native oxide
present on silicon. Sacrificial layer etching step required some optimization on the parameters for
the pulsed XeF; etching, i.e. number and duration of the pulses and pressure of the chamber. The
very narrow aperture of the channels, nanometric in height and some micrometers in width,
requires 27-30 pulses lasting 180 s to allow the diffusion of the etchant along the nanochannels
and to the complete removal of the sacrificial layer (Figure 1le). At last, the clamped-clamped
beam geometry is defined through photolithography through the aperture of two openings in the
oxide beside the released channel (visible in Figure 1g) via RIE etching (CHFs 15sccm — 60 s, power
and temperature as above) and released with a SFs (300 sccm — 45 s — power coil 2000W —
Temperature 30°C — Pressure 100 mbar) isotropic etching (Figure 1f), exploiting the lateral
undercut to remove the silicon underneath the beams. The silicon oxide structural layer is barely
affected by the final SFe etching since the selectivity of this process over the silicon is 200:1 [26].
The length of the apertures defines the suspended part of the beam (50 um), while the distance
between them represents the width of the beam, which is 2 um longer than the width of the inner
channel on each side. Example of a complete released structure can be seen in Figure 1g.

2.3 Packaging

The sealing of the chip is performed by anodic bonding of a Schott Borofloat wafer, on which the
microfluidic channels and the vibrational cavities were previously structured via hydrofluoridric
acid (HF) wet etching with a chromium/gold (Cr/Au) hard mask patterned through
photolithography. Powder blasting was used to create the through holes used as fluid inlet/outlet.
The bonding process is carried out at 450°C with a voltage of 800 V. A higher voltage than the
standard recipe was required due to the presence of a layer of silicon oxide on the surface of the
wafer[27]. The microfluidic channels of the chip were connected to the external fluidic circuit
controlled by a pressure controller through a custom 3D printed chip connector. This chip
connector (shown in Figure 1j-k) was composed by two parts: a lower component to host the
piezoelectric disk and the chip fabricated in Poly(methyl methacrylate) (PMMA) by milling



machining, and a top part fabricated by 3-D printing containing 4 channels for the liquid handling
and an additional one for vacuum or gas connection. In terms of device fabrication yield, anodic
bonding represents the limiting step, since a not complete adherence of the two wafers bring to
liquid leakages between the bypass microchannels and the resonance cavity. Bad bonding results
mostly from imperfection in the glass wafer induced by powder blasting which create both
macroscopic and microscopic defects and does not always guarantee a perfectly flat surface. A
final process fabrication yield can be estimated around 50%.

3. Characterization

The mechanical characterization was done using a MSA-500 (Micro system analyzer) from Polytec
GmbH based on a laser-Doppler vibrometer (LDV) that can optically sense the displacement of the
beams and a signal generator connected to a piezoelectric disc for external excitation of the
device. The resonance frequency and the quality factor of the first resonance flexural mode of 15
devices have been extrapolated using a Lorentzian fit on the squared displacement spectrum of
the suspended nanochannel resonator. All the measurements were performed in standard
conditions for temperature and pressure (25°C, 1 atm). The comparison of the experimental
values of the resonance frequency of the devices with the theoretical model of a doubly clamped
beam confirmed the presence of a small tensile stress of about 12 MPa (determined both
analytically and by FEM simulation), which is in line with typical values of stress induced by anodic
bonding [23]. The small value of the stress placed the resonator in between beam and string
regime, since both flexural rigidity and stress have to be taken into account to accurately
determine the theoretical resonator frequency response [22, 28].

In order to evaluate the experimental responsivity, the resonance frequency was first detected in
condition of empty nanochannel (only air), and then the mechanical response was characterized
filling the nanochannel first with ethanol (density 789 kg/m3) and then with water (density 999
kg/m3). A typical example of the normalized resonance peaks for the 3 um wide nanochannel is
shown in Figure 2a (resonance frequency with air 1.559 MHz).
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Figure 2: SNRs Characterizations. a) Resonance curves and fit of the SNR filled with different
fluids: the shift increases with the fluid density (resonance frequency with air 1.559 MHz). b) Plot
of the frequency shifts as a function of the mass (and density) of the liquid inside the channel for
the evaluation of the SNR mass responsivity (slope of the linear fit, black dashed line).



The shifts of the resonance frequency calculated with respect to the empty case are expected to
be dependent of the added mass according to equation (1). Since the geometry of the
nanochannel is fixed, the mass variation of the resonator is directly related to the different fluid
density. These shifts are plotted as function of the mass in Figure 2b, where errors bars come from
multiple measurements made on the same devices by filling and then removing the liquid from
the nanochannels. Dashed line in Figure 2b represents the fit of the experimental data according
to eq (1). From the slope, it is possible to extrapolate the mass responsivity of the resonator as
3.85 + 0.05 mHz/ag for the bridge under analysis. Results from other devices with same nominal
dimensions span between 1.25 mHz/ag and 3.90 mHz/ag, which is in line with the theoretical
value of 3.26 mHz/ag. The quality factor of the first flexural resonance peak was found to be
mainly related to the viscous damping of air, with an average value of Q = 100 + 10 (calculated
among different devices), exhibiting no correlation with the fluid present in the channel.
Variations of mass responsivity and Q factor among similar devices are ascribable to
manufacturing tolerances and to a possible not complete removal of sacrificial layer, which could
locally reduce nanochannel cross-section.
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Figure 3: SNRs frequency stability. Frequency noise of the SNR, quantified as the Allan deviation
normalized by the mean frequency, plotted as a function of the averaging time. The plot can be
divided in a descending and an ascending part, that exhibit exponential behaviors of power % 0.5.
The dashed lines represent the fit of those two parts, with -0.509 and +0.489 as fitted exponents,
giving an idea of the accuracy of the characterization.

The frequency fluctuations of the resonator has been evaluated by means of the Allan deviation
measured with a lock-in amplifier (UHFLI, Zurich instruments)[29, 30]. Allan deviation was



evaluated in an open-loop configuration by measuring the response of the resonator actuated at a
fixed driving frequency (the resonance frequency). The phase of the measured signal was
monitored and then transformed into frequency fluctuations using the phase response of the
resonator, which is linear close to the resonance frequency. The obtained results are reported in
Figure 3. For low integration time (t), a decreasing of the frequency fluctuations with a trend
proportional to % is observed as the noise contribution is mainly related to thermomechanical
noise (white noise). For high integration time, the noise is increasing as 1°°> because of the
predominant contribution of the thermal drift. Between these two regions, the lowest frequency
fluctuation corresponding to 0.911 ppm is observed for integration time of 543.66 ms. Since this
value represents the lower appreciable frequency shift induced by resonator mass variation,
according to equation [30, 31]:

d af
szzzzzo—aaamZZO‘a*m (2)

a minimum detectable mass of 595 ag can be estimated (o, represents the Allan deviation).

4. Conclusions

In this paper, a flexible and versatile process for the wafer-scale fabrication of Suspended
Nanochannel Resonators (SNRs) with a yield around 50% is presented. The process is based on a
sacrificial layer approach with releasing of the channel done with a xenon difluoride (XeF;) based
dry etching. The dry etching approach allows a fast removal of the dummy material with respect to
the commonly used wet etching approaches. The vertical dimension (height) of the channel is
defined by the thickness of the sacrificial layer, while the horizontal dimensions (length and width)
are patterned through photo-lithographic steps, so that all the dimensions can be easily adjusted
to the application needs and precisely tuned. For the first time in a top-down fabrication
approach, the critical dimension of the channel in a SNR was reduced up to 50 nm. Fabricated
devices are composed by microbeams that are 50 um long, 7um width and 450 nm thick, with
embedded nano-channels that are 50 nm high and 3 um width. They show a mass responsivity up
to 3.90 + 0.72 mHz/ag, estimated analyzing the shift in resonance frequency due to filling the
channels with liquids of different density. The minimum detectable mass was found up to 595 ag,
estimated from Allan deviation analysis. Such a fabrication process can be used as a starting point
for a further scaling down of the devices embedding channels with both height and width at the
nanoscale, i.e. using electron beam lithography instead of photolithography in the sacrificial layer
patterning, and so pushing the mass responsivity down to the single nanoparticle or molecule
resolution.
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