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Summary

The purpose of this thesis is to investigate the realization of microbridge res-
onators with embedded nanochannels used as mass sensors with attogram resolution
in liquid. The attogram resolution in liquid has been taken as target because the
aim of this work is to fabricate a sensor able to perform real-time detection of
buoyant nanoparticles (NPs).

Natural or engineered nanoparticles, with diameters below 100 nm and so with mass
of the order of some femtogram (1fg = 1 x 1071 g), are extremely used in many
fields, such as medicine [1], energy [2], environment [3], cosmetics [4] and food [5]. A
tool for real-time and accurate identification of cell-secreted nano-vesicles (such as
exosomes) in liquid media would for sure open new perspectives in comprehension
and treatments of cancer and neurodegenerative diseases. Similarly, an instrument
able to routinely identify and quantify the number and particle size distribution
of objects in the 1 nm—100nm range would be essential to accurately monitor the
degradation and fate of nanoparticles after their use, a topic that every day is grow-
ing in interest, since evidence of toxicology of many nano-objects ("nanotoxicology")
[6].

Determination of nanoparticles in liquid is, in fact, a major challenge for the sci-
entific community, because it presents extremely serious analytical difficulties for
definition of identity (whether a certain substance is in the sample, i.e. size and
chemical composition), as well as quantification (how much of the substance is in
the sample, i.e. mass). Currently used techniques such as Transmission Electron
Microscope (TEM) [7], Dynamic Light Scattering (DLS) [8] and Inductively Cou-
pled Plasma Mass Spectroscopy (ICP-MS) [9] pose severe limitations in sample
preparation, cost and data interpretation.

The here proposed sensing platform is based on a resonating microbeam on
which a nanochannel is integrated, such kind of sensor is called suspended nanochan-
nel resonator (SNR) [10]. When a NP is passing through the vibrating nanochannel
it will produce a variation of the effective mass of the device, changing its res-
onating frequency [11]. Thanks to this approach (proposed in [12] for suspended
microchannel resonator - SMR), it is possible to circumvent the main drawback of
cantilever-based mass sensors that consists of the complexity to operate directly
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in liquid phase, where the viscous friction decreases the frequency and the quality
factor, making the sensor unstable and poorly sensitive.

Chapter number one reports the state of the art of SMR/SNR devices, chap-
ter number two explains the working principles and the theory of the mechanical
resonators as mass sensors and the third one deals with the design of the devices
in order to reach the target sensitivity. In this thesis three different devices are
presented: nanoslit, in which the only nanometric dimension is the height of the
hollow channel; nanochannel, in which both height and width are at the nanoscale;
and the so called "two-step" nanoslit in which the height of the hollow channel is
not constant along the extension of the device. The fabrication, done in the Centre
of Micro and Nanotechnologies at the Ecole polytechnique fédérale de Lausanne
(CMIiQEPFL), is deeply described in the fourth chapter. The process flow was
based on a sacrificial layer approach that allows to easily tailor the dimensions of
the channel by changing the thickness of the sacrificial layer or its patterning dur-
ing the lithographic step. Then the fabrication process was applicable to the three
types of devices designed only carrying punctual modification at some step. With
this approach, devices with channel dimension of 50 nm was successfully fabricated.
In the fifth chapter it is illustrated the experimental setup used to get the result
analyzed in the sixth chapter. The characterization activity has been focused on
the nanoslit devices with the mass sensitivity of the resonators assessed to be up
to 256.4ag/Hz. Finally, in the seventh chapter a resume of the work is disclosed as
conclusion of the thesis. To the best of our knowledge, the devices presented here
are the first SNR reported with a channel height as low as 50 nm that are fabricated
with a top-down approach.
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Chapter 1

Introduction

1.1 Suspended Micro- and Nanochannel resonators
for bio-sensing

In the last decades micro- and nano-mechanical resonators, such as cantilevers
or clamped-clamped beams, have been adopted as mass sensors in many fields [13]
like life-science, biotechnology, chemistry, biology [14], drug discovery [15], food
engineering [16], and so on. The reasons of this spreading are their intrinsic sensing
capability of very small masses and the affordable costs in terms of fabrication.
These peculiarities fit very well with the requirements needed for the biomedical
analysis and biochemical detection [17-19]. In fact, thanks to their high sensi-
tivity micro and nano sized resonators have been used to detect, for example,
viruses [20], individual cells [21], proteins [22], DNA [23] and single molecules [24].
Some research groups pushed the mass resolution limit even lower and succeeded
in detecting nanoparticles [25] or in reaching the yoctogram resolution [26] (1yg =
1 x 1072*g), which corresponds to the mass of one proton.

It has to be noticed that in each case reported above, the detection has been done
in a vacuum chamber, while most of the biological and biochemical essays have to
be performed directly in a liquid solution. This because surrounding fluid has a
huge detrimental effect on the performance of classical mechanical resonator and so
usually a pumping system is activated during the characterization to overcome to
this drawback. Furthermore, real time measurement on the kinetic of biological or
chemical reactions, usually occurring liquid solutions, cannot be executed imposing
a further limitation in the usage of mechanical resonator as mass sensor.
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Moving tube portion

Figure 1.1: (a) Sketch of the working principle of a mechanical resonator used as
mass sensor, the theory will be explained later in chapter 2. [27] (b) Scanning
electron microscopy picture showing a cantilever beam with a single vaccinia virus
particle. Work by Gupta et al. [18]. (c¢) Schematic and Scanning electron micro-
scope image of a suspended carbon nanotube resonator. This device reached the
yoctogram resolution. Work by Chaste et al. [26].

To bypass these problems the Manalis’ research group had the idea to embedded
a fluidic microchannel in a cantilever [12] and to operate it in vacuum, thus con-
straining the liquid inside the device and being able to flux it. They demonstrated
that the quality factor of the resonator, and thus the maximum mass sensitivity
achievable by the sensor, was not affected by the presence of the liquid inside the
channel because the viscous damping was almost suppressed [28]. In this work,
published by Burg et al. in 2003, the target probe was a biomolecule and the de-
vice consisted of a cantilever beam 300 pm long with an embedded microchannel
of height 1.2pum. First, they checked the mass resolution of the sensor flowing
different fluids and evaluating the frequency shift due to the different densities ob-
taining a result of 9 pg/Hz. Then the inner channel was functionalized with avidin
protein to obtain binding with biotinylated bovine serum albumin bBSA, the real-
time measurement confirmed the ability of this sensor to weight biomolecules. The
fabrication of these suspended microchannel resonator (SMR) was performed with
a process flow based on sacrificial layer approach: the channel is modeled using a

W | s T

(a) (b) ()

Figure 1.2: (a)-(c) Sketch of the working principle of the suspended microchannel
resonator developed by Burg et al. in 2007 [29].
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Figure 1.3: (a)-(b) Sketch of fabrication process proposed by the Burg et al. in
2006 for SMR devices based on sacrificial layer approach [30].

polysilicon layer encapsulated between two layers of Silicon Nitride, then the sacri-
ficial layer is removed proceeding with a wet etching based on potassium hydroxide,
e.i. Fig. 1.3. In 2007 Burg et al. [29] showed nanoparticles characterization using
a SMR based on a cantilever 200 pm x 33 pm x 7pum (length x width x thickness)
containing a 3pm x 8pm (height x width) channel, sketched in Figure 1.2. The
fabrication process is innovative compared to the previous publications [12, 30] and
is based on the creation of buried channels in silicon-on-insulator (SOI) wafers,
followed by wafer thinning, dry etching and bonding to form suspended microchan-
nels. Basically, the “silicon direct-bonded wafer technology” process works by first
etching into an SOI wafer, without reaching the buried oxide. Then buried cavities
are created exploiting silicon direct bonding. The bonded top wafer is later thinned
down (or etched back) to make the channel lid. For very thin resonators, the top
wafer is also an SOI to get the thickness control. After making the buried cavities,
the resonator is etched out from top and bottom and packaged [31]. This process
draws inspiration from the works published by Corman et al. [32, 33], reported in
figure 1.4. Gold nanoparticles (100nm), with a mean weight of 10fg, produced a
frequency shift of 36 mHz, so a mass sensitivity of 280fg/Hz could be computed
for that device. This step was relevant because the determination of nanoparti-
cles (NPs) in liquid is a major challenge for the scientific community, because it
presents extremely serious analytical difficulties for definition of identity (whether
a certain substance is in the sample, i.e. size and chemical composition), as well
as quantification (how much of the substance is in the sample, i.e. mass). The
usual performed techniques such as Transmission Electron Microscope (TEM) [7],
Dynamic Light Scattering (DLS) [8] and Inductively Coupled Plasma Mass Spec-
troscopy (ICP-MS) pose severe limitations in sample preparation, cost and data
interpretation, so being able to detect them in liquid in real-time opened a new
way for the characterization. The challenge thus became to have a sensitivity high
enough to sense also smaller nanoparticles, one by one.

3
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Figure 1.4: (a)-(b) Sketch of fabrication process proposed by the Corman et al. in
2000 based on Silicon direct bonding [32].

The same group in 2010 [10] was able to improve their performance in terms of
sensitivity exploiting the same idea of the previous publications but scaling down
the dimensions of the device. In fact, the cantilever was of the following dimen-
sions 50 pm X 10 pm x 1.3um (length x width x thickness) with a channel at the
nanometric scale (height 700nm and 2pm). With this first implementation of
a Suspended nanochannel resonator (SNR) a mass sensitivity of 1.12fg/Hz was
reached.

On the same year another research group headed by Craighead reached the same

goal of fabricating a SNR. [34] with a channel of the height of only 70 nm, reported
in Fig. 1.5. They were able to determine a mass sensitivity of 9.71 ag/Hz.
To fabricate their devices this group still used a process flow based on sacrificial
layer approach, although they changed the reagent for the releasing of the silicon:
from a wet etching with KOH to gas etchant, the XeF,. The wet etching, in fact, is
no more suitable when the dimensions reach the nanometric scale because stiction
can arise and the time necessary for the etching process considerably increase.

o Unfilled
3
[— - 3.4
- - s
% 3k Ethanol
3 D,0 H,0 Solution
Xy
£
< 1r
10 pm ==
I 24.2 24.4 24.6 24.8 25.0
Frequency (MHz)
(a) (b)

Figure 1.5: (a) Scanning electon microscope image of the SNR by [34]. (b) Reso-
nance frequency of the device, filled by liquids with different density



1.1 — Suspended Micro- and Nanochannel resonators for bio-sensing

20048 *, i.f.','.'.-‘... s

-400 oL
.

7600,..15. LY t

—800

Frequency (mHz)

-1000

0 5 10 15 20 25 30 35 40 45 50 55 60

Time () 0 5 10 15 20 25 30

Estimated gold nanoparticle diameter (nm)
(a) (b)

Figure 1.6: (a) Frequency shift produced by a mixture of nanoparticles with size
of 10,15 and 20nm. (b) Estimated diameter histogram (calculated under the as-
sumption that particles were perfect spheres of density 19.3 g/cm?. Particle peaks
are the ones reported in (a). [35]

In 2014 the Manalis’ research group improved another time the results regarding
the sensing of nanoparticles with a SNR [35]. In this work they were able to reach a
resolution of 62.5 ag/Hz using a cantilever 22.5 pm x 7.5 pm x 1 um (length x width
x height) with a channel 400 nm x 1pm (height x width). Gold nanoparticles of
different size (10,15 and 20 nm) were suspended in ultrapure deionized water and
flown in the fluidic system. Measuring in real time the resonance frequency of
the resonator was possible to see a decreasing peak each time that one (or more)
nanoparticle was passing through the channel, see Fig. 1.6a. In this way, starting
from the mass measurement, they were able to extrapolate a distribution of the
estimated diameter of the gold nanoparticles, reported in Fig. 1.6b.

The sacrificial layer approach [12, 30, 34, 36-39] and the “silicon direct-bonded
wafer technology” [10, 29, 31, 35, 40] are the most used techniques by the scien-
tific community to fabricate SMR and SNR, but they are not the only ones that
have been proposed: in 2016 a suggestive self-assembly process has been developed
[41]. The process, reported in figure 1.7a, is based on the silicon-on-nothing (SON)
technique [42] and consist mainly in three steps: self-assembled cavity formation
(Deep Reactive lon etching of pores followed by a Surface mitigation), cavity in-
ternal oxidation, and device release via surface micromachining; in this way they
achieved to fabricate channel thick 120 nm. The best performance obtained in this
work correspond to a sensitivity of 48.92 ag/Hz get by a cantilever device of dimen-
sions 18 pm x 16.5um x 2pum having a resonance frequency of 5.7876 MHz and a
quality factor of 6960. Starting from the Allan deviation, it has been calculated a
theoretical resolution of 0.19 ag, reaching the sub-attogram scale.

Another fabrication process, for this family of devices, has been proposed in 2019
[43] and consists in an etching of monolithic glass using a femtosecond laser micro-
machining technique [44]. In this work a theoretical mass sensitivity of 11.67 pg/Hz
has been achieved with a clamped-clamped beam of dimensions 500 pm x 75 pm x
30um (length x width x height). There are some limitations for the minimum
achievable dimensions of the channels (and so of the devices) and so it has been
used only for the fabrication of suspended microchannel resonators.

5
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Before oxidation After oxidation

Particle

Figure 1.7: (a) Key fabrication steps and application concept for SNR fabricated
with self-assembly approach. (b) Scanning electron microscopy pictures around a
port before and after the thermal oxidation (top), before and after a focused ion
beam milling of a cantilever device (middle) and of a clamped-clamped beam device
(bottom). [41]. All scale bars are 5pm.

A sketch of the fabrication process and pictures of fabricated devices are reported
in Fig. 1.8.

Femtesecond
laser

Suspended
Modified microchannel

PR [N

e

Channel pattern KOH
direct writing etching

(a)

Figure 1.8: (a) Sketch of fabrication process based on femtosecond laser milling
for SMR. (b) SEM picture details of the released SMR c¢) and of the embedded
microchannel d) [43]

The work presented in this thesis follows the path traced to reach the attogram
(or lower) resolution in liquid, the limit to detect a single nanoparticle: scale down
the dimensions of the channel to the nanometric scale using a process based on the
sacrificial layer approach.
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In Table 1.1 are reported some examples of SMR/SNR devices present in liter-
ature with the dimensions of the devices, the channel smallest dimension and the

respective sensitivities.

Reference Dimensions (I x w x t) pm | Channel c.d. | Mass sensitivity
Burg2003 [12] 300 x 100 x 3 1.2 pm 9pg/Hz
Burg2007 [29] 200 x 33 x 7 3 pm 280 fg/Hz

Lee2010 [10] 50 x 10 x 1.3 700 nm 1.12 fg /Hz
Barton2010 [34] 20 x 2.5 x 0.700 70 nm 62.5ag/Hz

Lee2011 [40] 210 x 28.5 x 12 8 pm 184.5fg/Hz
Khan2011 [36] 200 x 5 x 5 41m 441.3fg/Hz
Olcum2013 [35] 225 x 75 x1 400 nm 62.5ag/Hz

Vidal-Alvarez2016 [37] 15 x 1.47 x 2.145 470 nm 25 ag /Hz
Thundat2016 [41] 18 x 16.5 x 2 120 nm 48.92 ag /Hz
Marquez2017 [38] 1300 x 20 x 6 1pm 135.5fg/Hz
DePastina2018 [39] 250 x 30 x 8 5 pm 890 fg/Hz

Calmo2019 [43] 500 x 75 x 30 10 um 11.67 pg/Hz

Table 1.1: Literature examples (ordered by year) of SMR/SNR and associated mass
sensing capabilities. “Channel c.d.” stays for the critical (minimum) dimension of

the channel.







Chapter 2

Theory and working principles

2.1 Euler-Bernoulli Beam Theory

The model that describes the motion of a bending beam is called “Euler-
Bernoulli beam theory”, from the names of the two mathematicians that finalized
it in the the eighteenth century. The eigenmode problem described in this model
is one of the prominent cases that can be solved exactly, under some assumptions.
First, the beam has to be slender (L/h > 10) (see Fig 2.1 then the rotational inertia
and the shear deformation must be negligible. Assuming a linear elastic material
and small deflections u(x,t), the equation of motion of a thin beam described by
the model is [11, 45]:

OPu(z,t) Bl du(z,t)
ot? Yo Ot
where p is the mass density, A the cross-sectional area, F is the Young’s modulus
and I, is the geometric moment of inertia. To solve this differential equation a
superposition of normal modes can be introduced, one position dependent and one

time-dependent, thus exploiting the separation of variables:

pA =0, (2.1)

u(z,t) = i Un(x)cos(wt), (2.2)

where w is the angular frequency of motion and n indicates the modal number.
The angular frequency has unit of measurement radians per second, in this thesis
the frequency will be normally reported as ordinary frequency, measured in Hertz.
The relation between the two is the following:

w=2mf. (2.3)
The displacement function of the beam U, (x) can be formulated as:
Un(x) = aycosfpx + bysinfpx + cpcoshfByx + dysinhB,x (2.4)
9
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in which 3, is the wavenumber. The function can be divided in two parts: the
first two terms describing the standing wave in the beam center, while the last two
(the hyperbolic ones) representing the influence of the clamping. Looking at the
equation 2.4 is easy to understand that the beam will vibrate only in certain vibra-
tional modes, each with a distinct spatial shape, identified with the correspondent
wavenumber [3,.

e

e —
Figure 2.1: Schematic drawing of a single-clamped beam with quotes

Inserting the superposition of normal modes used to describe U(z,t) (Eq. 2.2)
into the Euler-Bernoulli model (Eq. 2.1), we can write the last equation as:

— pAwu(x,t) + EL,Bru(x,t) = 0. (2.5)

The above equation 2.5 represent the dispersion relationship and so the eigenfre-
quency €2 can be obtained as function of the wavenumber [,,:

Q:w:ﬁi,/i{l‘”. (2.6)

Now, to fully describe the motion of a vibrating beam, the wavenumber specific
of each eigenmode has to be found. This is done deriving the unknown coefficients
G, b, Cp, dp, in the Eq. 2.4 via the specific boundary conditions of the beam.

In my thesis I will discuss about the clamped-clamped beam, or bridge, that is
a beam with both ends fixed. The boundary conditions are hence described by:

0 0

— =_—U,(L)=0. (2.7)
Writing down the Eq. 2.4 for each of these four boundary conditions, a system of
fourth order is built that can be written as:

1 0 1 0 a 0
0 1 0 1 bl )0 (2.8)
sin(B,L) —cos(B,L) sinh(B,L) cosh(B,L)| Jcf 10 '
cos(BnL) +sin(fnLl) cosh(B,L) sinh(B,L)| \d 0
Posing the determinant zero, we get the frequency equation:
cos(B,L)cosh(B,L) —1 = 0. (2.9)

10
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Figure 2.2: Plot of the solutions of the frequency equation (2.9) for a bridge, cour-
tesy of [11]

The solutions for n = 1,2,3,n > 3 are A\, = [5,L = 4.7300,7.8532,10.9956, (2n +
1) /2, respectively. In Fig 2.2 is plotted the frequency equations (Eq. 2.9) for a
bridge.

The unknown coefficients of the function describing the mode shape for a bridge
(2.4) can be obtained using the boundary conditions (2.7). In fact, from the bound-
ary conditions we get:

Uy0)=0:a+c=0—a=—c (2.10)
W) pbd=0—b=—d (2.11)
Ox
and so 2.4 becomes:
Un(x) = ay(cosBx — coshB,z) + b(sinf,x — sinhf,x). (2.12)

Then, from the other ones we can obtain the ratio between the coefficient a,, and
by,

a—zUn(L) _0. by _ _c?anL — cgshﬁnL.

Ox? an, sinf, L — sinhf3, L

Finally Eq. 2.4 can be write as:

(2.13)

cosf, L — coshf3,
sinf,L — sinhf,L

Un(x) = ay, |cosB,x — coshfpz — (sinfByx — sinhB,x)| .

(2.14)
The first four mode shapes of a cantilever are shown in Fig. 2.3.

11
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Figure 2.3: Schematics of the first four bending modes of a clamped-clamped beam
seen from the side. The amplitude is in units of a, and the position is in units of
the length L, where 0 indicates one of the clamping of the beam. Courtesy of [11],

from [46].
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2.1.1 Effect of residual stress on frequency

Some residual stress is often present in the thin films typically used to fabricate
the microresonator and its practical effect is to affect the resonance frequency.
There are two types of stress: compressive or tensile, the first tends to decrease the
resonance frequency while the tensile the opposite. Here we will consider the case
of a tensile stress. Thus, to take it into account we have to add a term representing
the tensile force N = 0 A in the Euler-Bernoulli model reported above 2.1, applying
the Newton’s third law we have:
0?u(z,t) N E[y84u(x,t) B N82u(x,t) o (2.15)

ot? Ox4 0x?
We can solve this equation using the same method used above 2.2 for the unstressed
model [11] and using a sinusoidal mode shape with wavenumber [3,:

pA

Un(z) = Ug psin(frx). (2.16)

As boundary conditions, for a simply supported doubly clamped beam, we can
assume: e 52

ox? 0x?
Substituting 2.16 in the superposition of modes previously used 2.2, the equation of
motion (2.15) bring to a dispersion relation in which we can write the eigenfrequency
Q,, as function of the wavenumber [,:

o ElI EI cgA
Ocwe . %521 Elygy_ g [Ely || , 2.1

The last equation 2.17 clearly shows that the eigenfrequency of a stressed beam is
basically the unstressed one multiplied by a term which increases with stress.

U, (0) = Uy(L) Un(L) = 0. (2.17)

2.2 Lumped-Element Model Resonator

The analytical model is very powerful, but very often the “Lumped-Element
Model Resonator” is preferred due to its simplicity. This model simplifies the
dynamics of an individual resonance mode to a linear harmonic oscillator. It can
be considered valid as long as the resonator is driven in the linear regime, which
is usually the case for appropriately small vibrational amplitudes. The system can
hence be modeled with a one-dimensional resonator oscillator based on a linear zero
mass spring, a linear damping element, and a mass, as reported in figure 2.4.

If we consider a periodic driving force F'(t) = Fycos(wt), the model is described
by the following second order differential equation:

mz+cz + kz = F(t), (2.19)
13
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¢ F(t)

m

Figure 2.4: Damped one-dimensional oscillator with one degree of freedom. Cour-
tesy of [11].

where m is the mass, k is the spring constant, and ¢ is the damping coefficient.

As first case we can consider a non-driven lumped-element resonator with zero
damping c. In this specific case the total energy of the system remains constant
and the resonator turns into an harmonic oscillator with the oscillation motion
described by z(t) = zocos(wt). Considering the fact that, during the motion, the
total energy is fully transferred between kinetic and potential energy at the zero
crossing and back at the reversal point. We can say, because there is no energy loss
or creation in the system, that the two energies have to be equal

1 1
3ME = Ekzz. (2.20)
From this equation (2.20) we can find the eigenfrequency 2 of the undamped free

mechanical system, also called an “oscillator”
Q=w=1/—. 2.21
v m (2:21)

It is commonly used to adopt this approach of “harmonic punctual oscillator” also
with continuous structures.
In this case the above equation 2.21 is rewrite as:

ke n
Q, = | i (2.22)
Meffn

where ks, and mcys,, denote effective spring constant and effective mass of the
particular normal mode. These effective parameters are specific for each mode and

14
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shape of the resonator can be normally found in tables where the shape of the
resonator is reported, the position of the clamping, the interested mode and so on.
e.g. for the fundamental-mode of a simple clamped-clamped beam, the effective
mass and the effective spring constant, to be used in Eq. 2.22, are given as [28]:

Mefr = O.735pLhw, (2.23)
ER?
ko = 32 ng. (2.24)

Here L, h,w are the dimensions of the beam, E is Young’s modulus, and p is the
mass density of the beam.

2.2.1 Damped vibration with lumped-element model

In the previous chapter for the calculation of the eigenfrequency the dissipative
forces were neglected, thus assuming the total energy as a constant at any time. In
a real vibrational system energy is always dissipated by viscous damping, acoustic
transmission, surface losses, internal dissipation, etc. Dissipative forces are approx-
imately proportional to the velocity of the vibrational movement [11] and are often
modeled as a dashpot, as shown in Fig. 2.4.

Considering an undriven system, the equation of motion 2.19 reduces to the
homogeneous differential equation:

Z4+2n.2+Q2=0 (2.25)
with the damping coefficient
c
= 2.26
ne =g (2.26)

Introducing as trial solution z = zye?* and inserting it in 2.25, we obtain solu-

tions that satisfy
Y2 = —Ne £ /02 — Q2. (2.27)

The ratio between n. and € is defined as the “damping ratio”, a parameter that
gives information about the system performance:

e

(=4 (2.28)

In fact, if ( > 1, v is real and the solution of 2.25 is an exponential decay. In
this situation the system is defined as heavily damped (over-damped case). For a
slightly damped system (under-damped case) ¢ < 1, 2.27 becomes imaginary:

T2 = —ne E£iy/n2 — Q% (2.29)

15
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For a linear homogeneous ordinary differential equation the linear sum of linearly
independent solutions (real and imaginary) are valid solutions, thus we can rewrite
the trial solution proposed for 2.25 applying the Euler’s formula:

2(t) = zpe % cos <Q\/ 1-— Czt) . (2.30)

The above equation 2.30 indicates that the system has an exponentially decaying
oscillation with a, so-called, “natural frequency” wpq = Q1 — (% = /Q2 — n2.
The solution 2.30 is plotted in Fig. 2.5.
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Figure 2.5: Plot of 2.30 for zy = 1, @ = 1, and ¢ = 0.03. Courtesy of [11].
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2.2.2 Driven and damped vibration with lumped-element
model

Considering also an external driving force (a schematic drawing of the system

is reported in 2.6), the solution of the equation of motion 2.19 is the sum of the

transient solution of the homogeneous differential equation of the damped case 2.30
and a specific steady solution that is described by:

2(t) = zpe™! (2.31)

where zj is the amplitude of the resulting vibration.

K |:j C
S

Figure 2.6: Schematic drawings of a driven damped vibration of a lumped system.
Courtesy of [11].

Inserting the described solution 2.31 in the equation of motion 2.19 returns:
Fy/m
(02 — w?) 4+ 2iCQw
This complex amplitude can be converted to the polar form, with the norm:
Fy/m

20 —

(2.32)

20] = (2.33)
\/(Qz — w2)? + 420202
and the phase:
2¢Qw
arg(zo) = p = arctcmm. (2.34)
Thus, the real specific solution described above 2.31 then becomes:
F
2(t) = o/ cos(wt + ). (2.35)

\/(QQ — w2)? + 4(2Q%w?
17
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Both the amplitude 2.33 and phase response 2.34 can be rewritten as a function
of the relative frequency w/€Q:

|20 = F“/f (2.36)
- @) e )

arg(zo) = ¢ = arctcmngQ) (2.37)
(5) -1

The numerator of the amplitude 2.36 represents the static deflection. Hence, the
relative amplitude response (also called “dynamic amplification” or “gain”) is then
obtained insulating the rest of the amplitude equation:

J(1- ) e (3)

Both amplitude and phase response of a linear resonator are plotted respectively
in 2.7a an 2.7b.

(2.38)

520 =

100 —— R 1 SE—

6zp(w)

10

Figure 2.7: (a) Amplitude (2.38) and (b) phase (2.37) responses for a damped
resonator driven by a force. Courtesy of [11].

Considering a slightly damped system ({ < 1), it can be seen from 2.38 that
the amplitude has a maximum near the eigenfrequency 2, the so-called resonance
peak. The frequency of the highest amplitude is called “resonance frequency” w,

given by:
w, = /1 —2¢2 (2.39)

For slight damping, the resonance frequency is very close to the eigenfrequency of
the system w, ~ ().

18
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2.3 Mass Responsivity

One of the most widespread applications of the micro- and nanomechanical
resonator is the detection of small masses, also topic of my thesis.
From equation 2.22 it is clear that the resonant frequency depends on the vibrating
mass. One of the most important indicators of whatever mass sensor is the mass
responsivity (R,,). The responsivity is defined as the slope of the sensor output
as a function of the input parameter to be measured. The responsivity is constant
over the linear range of the sensor. So, for a resonant mass sensor, the responsivity
is defined by the variation of resonance frequency due to a change in mass.
In a first approximation, we can assume the resonator as slightly damped and so
consider it as a linear lumped-element oscillator, thus its mass responsivity is given
by:

g, = O%meps) _ 1Qmeyy) (2.40)
8me ff 2 2me ff

It is easy to understand that to have a high responsivity the resonator should have
a little mass and a high resonance frequency. The responsivity is usually expressed
in Hz/g or in some of their multiples, in this thesis will be reported in mHz/ag
(and positive).

2.4 Quality Factor

The Quality factor (usually indicates as Q-factor) is a quantity that plays a
key role for understanding the behavior of a mechanical resonator. It is defined as
the ratio of stored energy versus lost energy during one circle of vibration. A high
quality factor is typical of a resonance peak with an enhanced vibrational amplitude
and a reduced peak width. The total quality factor of a resonator is the sum of
different dissipation mechanisms[11]

LN NS SR S
Q Qmedium champing Qintrinsic Qother ‘

Qmediwm Sums up all the losses due to the interaction of the mechanical structure
with a fluidic medium, Qcgmping are losses from energy radiating into the environ-
ment over the physical clamping sites of the resonator, and Q;nirinsic Summarized
all dissipation mechanisms happening within the resonator. Qe stands for all
loss mechanisms that are not covered by the first three. An example of the effects
of the fluidic medium surrounding the resonators is reported in fig 2.8. Another
way to define the Q-factor is the frequency-to-bandwidth ratio of the resonator [48]:

f’f’
Af

(2.41)

Q= (2.42)
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Figure 2.8: Experimental curves obtained in different conditions, in which the
effects of the environment surrounding the resonators is evident. From [47]

where f,. is the resonant frequency and Af is the resonance width or full width at
half maximum (FWHM), i.e. the bandwidth over which the power of vibration is
greater than half (or equivalently the amplitude at -3dB) the power at the resonant
frequency. There two ways to define the Q-factor are not exactly equivalent, but
they become approximately equivalent as Q becomes larger, meaning the resonator
becomes less damped [48].

As already said, the mass detection is based on the frequency shift measurement and
so it is easy to understand that spectra with narrower and well-determined peaks
(and so with a high Q-Factor) are better for this purpose. In fact, the minimum
detectable mass Am,,;, of a resonance sensor depends on the minimum detectable
frequency shift A f,,;,, that is strictly related with the Q-factor.

There are many noise contributions that may affect the detection, but the most
impacting one is the “thermomechanical fluctuations” one. These fluctuations are
due to the temperature T of the environment in which the resonator works. As a
result, a thermal random motion is induced and the resonance frequency can be
shifted. Thus, we can consider as minimum measurable frequency shift Af,,;, the
one which is equal to the temperature-induced fluctuations. We can formulate is

as [28, 49]
1 | fokgTB
A min — 5 4
f /<22> QWkefo (2 3)

where (2?) is the mean square amplitude of vibration of the resonator, kg is the
Boltzmann constant, 7" is the absolute temperature and B is the bandwidth in
which the measurement is performed. To define the minimum detectable mass it is
standard practice to take the mass related to a frequency shift Af three equal to
three times the noise [50]. Thus substituting Af = 3A f,,;, in the equation of the
mass responsivity 2.40 and using the previous expression for the thermomechanical
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frequency fluctuation 2.43 (neglecting the minus) we have:

2meff 3 fok’BTB

(2.44)

(2.45)

Looking at the last equation it is easy to see that to detect a small mass it is crucial
to have a resonator of reduced dimensions (and so with a small effective mass and a
high resonance frequency), but also to have a high quality factor becomes necessary.
Moreover, since the principle of working of a mass sensor, based on mechanical
resonance, relies on a shift of the resonance frequency (and so a difference between
these two values), it is easy to understand that the shift may be more and more

accurate (and small) if the two peaks are very sharp and narrow: thus to have a
high Q-factor.
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Chapter 3

Design

The concept behind the realization of this suspended nanochannel resonators is
to fabricate devices with a sensitivity high enough to be able to detect and char-
acterize nanoparticles. To give an idea of the order of magnitude of mass to be
detected we can consider silver nanoparticles. The silver has a density of 9.320
g/cm3. If we consider the particles as perfect spheres with the diameter going from
20nm to 50 nm we obtain a mass that covers a range from 45ag to 700 ag.

Defined the target mass we can start to think about the dimensions of the sensor.
The theoretical mass responsivity of a mass resonator, as seen in the previous
section (2.3) can be defined as:

T2m T Ame,

R (3.1)

where f, is the resonance frequency and m the mass of the resonator. In order
to maximize the mass responsivity, a beam should thus have both high resonance
frequency and small mass. To find the target responsivity one of the approximations
that can be done is to consider the ratio between the minimum appreciable (by the
characterization tool) shift in frequency resonance and the maximum mass to be
characterized.
_Lf
2m

Ry = (3.2)

The characterization (that will be deeply explained later in sections 5 and 6)
is done with a laser Doppler vibrometer that has a sampling resolution of 5Hz on
a 2 MHz range, with the settings used in this thesis. A periodic chirp is used as
exciting signal for the actuators, with this setting the spectra of the frequency start
always from 0Hz. The tool performs a FFT (fast Fourier transform) to convert
the measured signal from the time domain toward the frequency one. One of
the parameters of the FFT is the “FFT Size” (or “FFT line”) that represents the
number of equally-spaced samples used in the discrete Fourier transform algorithm.
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The selected FF'T size directly affects the resolution of the resulting spectra, in fact
the frequency resolution of each spectral line is equal to the bandwidth of sampling
divided by the FFT size. Larger FFT sizes provide higher spectral resolution but
take longer to compute. In this thesis a range between 102400 and 409600 lines
are used. The frequency resolution of 5 Hz is thus obtained from the ratio between
the 2 MHz bandwidth of characterization and the maximum of lines. The target
resolution, considering the above assumptions, has to be comprised in a range of
110 mHz/ag ~ 7mHz/ag in order to be able to see a shift, for a single nanoparticle,
in the measured signal.

In this work three different kinds of devices have been designed, in order to
fulfill the requirements and, meanwhile, deal with the technological constraints of
the fabrication lab (CMiQEPFL).

The first one is the nanoslit devices, characterized by the channel with only one
nanometric dimension (the thickness) while the other two are at the micrometric
scale, designed mainly to optimize the fabrication process but with a enough good
sensitivity to be used anyway as mass sensor for nanoparticles detection.

Then, I scaled the width of the channel to the nanometric scale, thus designing
the nanochannel devices, to reduce the overall dimension and mass of the resonator,
increasing its mass sensitivity.

In the last design, I fabricate a channel with a height enlargement in the middle
of the channel to exploit a localized change in the electrostatic charge to immobilize
the nanoparticles flowing through it.

The height of the channel has been designed considering mainly the nanochannel
design. The idea was to build a channel of the same order of magnitude with respect
to the nanoparticles to analyze. In this way is possible to have a diffusion of particles
in a narrow channel where mutual passage is forbidden, this situation is typical of
diffusion in unidimensional channel structures and it is known as single-file diffusion
(SFD) [51]. The target nanoparticles have a diameter range of 20 nm to 50 nm, thus
also the channel should have a comparable size. 30 nm would be too challenging
as first attempt with a top-down approach with the available technologies in the
CMi@QEPFL, so the final choice was use in the design a 50 nm dimension.

The three families of devices have similar dimensions to have comparable results
in resonance frequency and to use the same fabrication process, with only some
variations where needed. An overview on the resonators dimension is reported on
figure 3.1.
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NN

) Nanoslit device ) Nanochannel device 2 step channel device
Helght 450 nm Helght 450 nm Helght 450 nm
Width: 6-9 nm Width: 6-5 pm Width: 6-9 pm
Length: 50 pm Length: 20-40 pm Length: 50 pm

Figure 3.1: The sketches of the three different devices are here reported, with the
quotes for the bridge. The blue part is representing the channel (not in scale)

L = Length y
W = Width / 1
Wch = Channel Width

H = Height y

Hch = Channel Height

Figure 3.2: Sketch of the symbols used to name the quotes

3.1 Nanoslit devices

The nanoslit device has been designed with a double purpose: to optimize the
process and to have a mass sensitivity good enough to reach the attogram scale.
Furthermore, I had to deal with the technological constraints of the fabrication and
characterization tools available.

In the end, the best compromise I found was to use the following dimensions:

 length of the bridge: 50 pm;
o width of the bridge: 6-9 pm;
 height of the bridge: 450 nm;

o length of the channel: 80 pm;
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o width of the channel: 2-5 pm;
o height of the channel: 50 nm;

All the in-plane sizes are at the micrometer scale to allow the use of the optical
microscope for the inspection during the fabrication process. Scaling down the sizes
would have required the use of the scanning electron microscope, with a consequent
increasing of times and costs.

The channel is 30 pm longer compared to the bridge to allow the connection with
the external microfluidic and the insulation of the vibrational cavity.

The channels are 2 pm narrower with respect to its relative bridge, to have space
for the alignment tolerance between the different photolithographic masks. Fur-
thermore, different widths of the channel have been tested to find the optimal one
considering both the fabrication process and the characterization. So, two different
generations of chips have been produced: a first one with a series bridges with
channels of increasing width and a second one with only one bridge. The idea
behind the solution with only one suspended bridge is to be sure, when injecting
nanoparticles, where to perform the measurement.

Array of nanoslits ~— Singlenanoslit

Increasing with
channel width

@

Microfluidics connections

(a) 15¢ generation of chip (b) 27 generation of chip

Figure 3.3: The sketches of the two generations of chips. The blue part represents
the microfluidic connection between the inlets/outlets and the channels. The cyan
lines represent the suspended bridges. Not in scale
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The expected resonance frequency for this kind of devices is, in a first analysis,
calculated using the following equation [11]:

12 [EI,
=50\ oA (3.3)

where L,, represent the modal coefficient, L is the length of the resonator, F, I,
A, p are respectively the Young’s modulus, the geometric moment of inertia, the
cross-section area and the density. Since the geometric moment of inertia for a
clamped-clamped resonator is I, = (A * h?)/12, where A is the cross area and h
the height of the resonator, can be easily seen that (theoretically) the resonance
frequency is depending only on length and thickness of the resonator, not on the
width. This mean that in the chips of the 15 generation the theoretical resonance
frequency will be the same for each bridge. The same does not occurs when we
will consider the experimental measurements. To calculate the resonance frequency
we can proceed substituting the parameters of the equation 3.3 with their actual
value. For density and Young’s modulus have been used the values for the chosen
material in the devices: Silicon Oxide (the motivations behind this choice will be
explained later in this thesis, in section 4).

e L,=4.7300: the modal coefficient for the first resonance mode[11];
o L =50 pm;

e A=wxh: h =450nm and w = 6-9 pm

.« E =56 GPa [52];

o p = 2180 kg/m? [52];

The estimated resonance frequencies and the relative mass responsivities are
reported in Table 3.1. As said above, the length and the thickness are in common
among all the devices, here is reported only the width.

Width | Channel Width | Resonance Frequency | Mass Sensitivity

2 pm 6 pm 937.76 kHz 141.7 pg | 3.309 mHz/ag
3 um 7 pm 937.76 kHz 163.5 pg | 2.867 mHz/ag
4 pm 8 pm 937.76 kHz 185.3 pg | 2.530 mHz/ag
5 um 9 pm 037.76 kiz 207.1 pg | 2.264 mliz/ag

Table 3.1: Estimated resonance frequencies and sensitivities for nanochannel de-
vices with analytical equation
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3.1.1 Finite Element Method (FEM) Simulation

To have a further confirmation (and a better approximation) of the expected
resonance frequencies of the devices, a finite element method (FEM) simulation
has been done in support of the analytical analyses. The idea behind the FEM is
to subdivide the object under analysis into smaller, simpler parts that are called
finite elements. Then solve the physical equations describing the behaviors under
study with numerical methods in a system that takes in account every single finite
elements. The advantage of this kind of simulation is that gives a result closer to
the real case with respect to the analytical equations, since the equations are not
approximated.

The program I used to accomplish this kind of calculation is Comsol Multiphysics®,
it includes a cross-platform for finite element analysis, a solver for the equations
and a multiphysics simulation software. It allows to analyze conventional physics-
based user interfaces and coupled systems of partial differential equations (PDEs).

The model has been set up exploiting the Structural Mechanics Module, with
a study looking for the eigenfrequencies of the solid as result. The 3D solid model,
a simplified structure representing the beam can be seen in figure 3.4, it has been
built directly with the Comsol CAD.

x10% m

z

y\L-"

Figure 3.4: 3D solid model of the simplified structure representing the beam used
for the FEM simulation.

A physics-controlled mesh has been used. This kind of mesh is built to be denser
(and so with smaller elements) on the crucial points of the structural model, as the
boundaries of the channel in my device.

The mesh has been built with tetrahedral elements, with the following definitions:

o Maximum element size: 1.75 pm;
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e Minimum element size: 75 nm;

e Maximum element growth rate: 135;

e Curvature factor: 0.3;

» Resolution of narrow region: 0.85;

Y\L_}{

0 x107m

Figure 3.5: 3D model reporting the extrafine mesh used for the FEM simulation

The physical proprieties used for the material are the same specified and used
above for the analytical analyses. To mimic the clamping of the edges of the beam
a fixed constraint to the two extremities has been added. The fixed constraint is
nothing but a boundary condition that imposes a null displacement on that face.

The resonance frequencies are thus calculated and the obtained results, for the
first mode, are reported in the Table 3.2. A picture representing the first modal
eigenmode for the model under analyses is below reported 3.6.

Width | Channel Width | Resonance Frequency | Mass Sensitivity

2 pm 6 pm 1.0647 MHz 141.7 pg | 3.757 mHz/ag
3 um 7 pm 1.0668 MHz 163.5 pg | 3.262 mHz/ag
4 pm 8 pm 1.0654 MHz 185.3 pg | 2.875 mHz/ag
5 pm 9 pm 1.0609 MHz 207.1 pg | 2.561 mHz/ag

Table 3.2: Estimated resonance frequencies and sensitivities for nanoslit devices
with FEM calculation
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Eigenfrequency=1,0609E6 Hz Surface: Total displacement (m)
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Figure 3.6: First modal eigenmode for a clamped-clamped beam (width = 5 jm)
simulated with Comsol.

Comparing the results obtained from the FEM calculation and from the ana-
lytical equation can be noticed that:

« the resonance frequencies are now varying with the width;
o there is an increasing of the values of the resonance frequencies of about 13%.

The both differences with respect to the analytical case can be explained by the
fact that, with the FEM simulation, the inner channel is now taken in account in
the elastic proprieties of the material and in the geometry of the device. The mass
of the device is lower and the fact that there is a hollow channel inside the beam
affects the way which it can sustain and respond to the stress and the strain.

The obtained results from both the analyses confirm the goodness of the proposed
design because the estimated sensitivities reach the sufficient range to detect a group
of nanoparticles flowing in the bidimensional channel, although the main purpose
of this devices is to do a proof of concept for the fabrication process towards the
nanochannel devices.

3.2 Nanochannel devices

The nanochannel devices have been designed to have a higher mass responsivity
with respect to the nanoslit ones. In fact, regarding at the formula 4.3 smaller is the
mass of the resonator, higher is the capability to sense small masses as nanoparticles.
Here, the reduction will occur mainly on the dimensions of the channel, being nano
also in width, and in the length of the resonator. So, from a point of view of
fabrication process, only the step defining the lateral dimension of the channel
will be highly changed passing from a photolithography toward an electron beam
lithography.
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The dimensions designed to these devices are:
o length of the bridge: 20/30/40 pm;

o width of the bridge: 4-6 pm;

 height of the bridge: 450 nm;

o length of the channel: 80 pum;

o width of the channel: 20-100 nm;

o height of the channel: 50 nm;

In these devices a tapering has been added between the inlets and the extremities of
the channel to help the liquid to flow from a microfluidic regime toward a nanofluidic
ones.

Using the above equation 3.3 the resonance frequencies of the different devices
can be estimated, and thus their theoretical mass responsivity. The results, only
for the 100 nm wide channel, are reported in table 3.3; the devices with a narrower
channel will have a higher effective mass but the variation is, in a first approxima-
tion of design, negligible. The material used is the same of the nanoslit devices,
thus also the material proprieties used in the formula 3.3.

Length | Width | Channel Width | Resonance Frequency | Mass Sensitivity

20 pm | 4 pm 100 nm 5.861 MHz 39.1 pg | 74.889 mHz/ag
20 pm | 5 pm 100 nm 5.861 MHz 48.9 pg | 59.878 mHz/ag
20 pm | 6 pm 100 nm 5.861 MHz 58.7 pg | 49.880 mHz/ag
30 pm | 4 pm 100 nm 2.605 MHz 58.6 pg | 22.189 mHz/ag
30 pm | 5 pm 100 nm 2.605 MHz 73.4 pg | 17.742 mHz/ag
30 pm | 6 pm 100 nm 2.605 MHz 88.1 pg | 14.779 mHz/ag
40 pm | 4 pm 100 nm 1.465 MHz 78.2 pg | 9.361 mHz/ag
40 pm | 5 pm 100 nm 1.465 MHz 979 pg | 7.485 mHz/ag
40 pm | 6 pm 100 nm 1.465 MHz 111.8 pg | 6.235 mHz/ag

Table 3.3: Calculated resonance frequencies and sensitivities for nanochannel de-
vices with analytical equation

As can we see in the table 3.3, the estimated sensibility of these devices is slightly
lower than the optimal one calculated for the 20 nm diameter nanoparticles. Any-
way, the obtained results for the 20 pm long devices (/= 60 mHz/ag) are valuable for
single nanoparticles detection considering a little larger diameter, about 25 nm. For
the 30 pm long devices the predicted sensitivity (~ 18 mHz/ag) would be enough to
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detect nanoparticles with diameter starting from 35 nm. The 40 pym have the worst
responsivity, but they can be used as benchmark for the vibrational proprieties of
the resonator: smaller is the devices, harder it is its characterization and, so, for a
first analysis to understand the output of the process can be useful to have a bigger
resonator.

3.3 2-Step Nanoslit devices

The devices described above have the capability to sense the nanoparticles when

these are flowing through the channel but do not offer the possibility to stop them
in a determinate position and let the solution flow on and around them. The
situation just described is the typical one used to study the kinetic of dissolution
of a particle in liquid. Madhavi Krishnan in a work published on Nature in 2010
offer an elegant solution, compatible with ours devices, to overcome this issues:
she exploited a geometry-induced electrostatic trapping to immobilize nanometric
objects in a fluid [53].
To understand the working principle, we have to go back: when a liquid is put in
contact with a solid a charged layer occurs at the surface of both. More specifically,
in the liquid an electrical double layer (EDL) is formed: a first layer consists of ions
adsorbed onto the object due to chemical interactions, while the second one is
composed of ions attracted to the surface charge via the Coulomb force, electrically
screening the first layer. For a better understanding a schematic of the process is
reported in figure 3.7. The characteristic thickness of the EDL is the Debye length
that is normally of the order of some nanometers (with thickness decreasing with
the increasing concentration of the electrolyte of the liquid solution). On macro
and micro scale, the effect of the EDL is negligible, but when dealing with the
nanoscale the thickness of the channel become comparable with the Debye length
and so the EDL can have an influence on the fluidics.
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Figure 3.7: Schematic of an EDL in a liquid at contact with a negatively-charged
solid. Depending on the nature of the solids, there may be another double layer
(not reported on the drawing) inside the solid. [54]

Indeed, changing locally the height of the nanochannel can bring to a different
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profile in the electrostatic of the EDL, thus making an electrostatic trap.
This trap can be exploited to stop nanometric masses, as nanoparticles, also for
several hours with the liquid solution flowing around them [53].
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Figure 3.8: Ilustration of the geometry-induced electrostatic trapping. Pictures
courtesy of [53]. (a) Skecth of the fluidic device with nanostructured slit surfaces.
(b) Two-dimensional electrostatic potential achieved by solving the Pois-
son—Boltzmann equation for a pocket with cylindrical symmetry. The black symbols
overlaid on the calculated potential distribution represent particles confined by the
trap.

2z (nm)

This kind of trapping could be useful to have a further degree of freedom for
the characterizations, knowing the site of immobilization of the nanoparticles. In
the devices, as reported in figure 3.7, the channel have two heights: 50 nm along
the channel and 100 nm right in the middle, making a groove long 10 pm and
50 nm high. As I will explain better in the fabrication section 4.3, making this
additional machining to the devices, it costs only the repetition of some steps,
without upsetting the entire process. This variation has been applied only on
the “nanoslit device” process since the alignment of the subsequent masks is very
challenging. The expected analytical frequencies and mass responsivity are, thus,
the same as the ones reported in the above table 3.1.
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Chapter 4

Fabrication

In this chapter the processes developed and optimized to fabricate the three
different versions of device (Nanoslit, Nanochannel and 2-Step Nanoslit) will be
explained step by step. The aim was to set up a very flexible process in order to
do only punctual modifications to fabricate the different devices.

The chapter is divided in three parts:

o a detailed description of the process flow developed for the Nanoslit devices;

« the modifications needed to fabricate the Nanochannel and the 2-Step Nanoslit
devices;

« the optimization done to get the final process flow, to which the first point
refers.

The fabrication part has been carried out at Centre of Micro and Nanotechnolo-
gies at the Ecole polytechnique fédérale de Lausanne (CMi@QEPFL). The process is
based on a sacrificial layer approach using a 50 nm thick layer of silicon as removal
part, removed subsequently with a dry etching done with XeF,. Using the Xenon
Difluoride as gas etching has many advantage: it allows very long etching thanks
to the very high selectivity with respect to the silicon oxide (almost 1:1000) and,
furthermore, being a dry etching, it avoids issues as stiction and it does not suffer
of slow removal of the byproduct of the etching reaction.

The entire process consists in three lithographic steps (in which one can be done
with electron beam lithography to pattern the nanochannel design) alternated with
deposition and etching steps. Then, the sealing of the chip, with the creation of
the microfluidic interface, is done bonding the device wafer with a patterned glass
one.

The process flow to can be shortly described in this way:

o RCA Clean;
o silicon oxide deposition: TEOS LPCVD;
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« sacrificial layer deposition;

» patterning of the sacrificial layer;

o burying of sacrificial layer: silicon oxide deposition;
» opening of the inlets;

o releasing the channel;

o structuring and releasing the bridge;

Every point of the above list will be deeply detailed in this chapter, starting with the
description of the process flow for the nanoslit devices. Then, since the processes
used for the three different devices are very similar, for the other processes it will
be reported only the steps in which there are the variations at the main process.
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Figure 4.1: Fabrication process in cross section. Yellow = Bulk silicon. Gray =
Si0, deposited layer. Light Green = Si sacrificial layer.

a) 200 nm of TEOS LPCVD SiO, and 50 nm of amorphous silicon are deposited.
b) The Si is patterned in lines 2-5 pm wide and 120 pm long. ¢) 200 nm of TEOS
LPCVD SiO, is deposited to encapsulate the 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.
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4.1 Nanoslit Device

The fabrication process starts with a deposition of 200 nm of SiO, on a pristine

wafer. After several tests, reported later in this thesis, it has been found that the
optimal structural oxide for this device is the one obtained with a Chemical Vapor
Deposition (CVD) using TEOS (Tetraethyl orthosilicate) as precursor of the reac-
tion at high temperature (710 °C).
The pristine wafer, before entering in the furnace, must be well cleaned to improve
the adhesion of the oxide layer, reduce (or nullify) the impurity and avoid contam-
ination to the deposition tools. In order to clean the wafer a RCA cleaning step
has been done.

4.1.1 RCA Clean

The RCA cleaning is a standard protocol in the semiconductor manufacturing
before high-temperature processing steps. It consists in four steps:

o First step (Standard Clean 1 - SC1): Organic and particle clean. The wafers
are dipped in a solution containing 5 parts of deionized water, 1 part of
ammonia water (29% by weight of NH3) and 1 part of hydrogen peroxide
(Hy0,) at 75-80 °C for 10 minutes;

» Second step (optional): Oxide strip. silicon natively get oxidized when ex-
posed to air, furthermore, the first step causes the growth of some nanometers
of oxide that contain also ionic contaminants. To remove the oxide (and the
contaminants) a short immersion in a 1:100 solution of aqueous hydrofluo-
ridric acid (HF) at 25 °C is done to the wafers.

o Third step (SC2): Ionic clean. In this step the remaining contaminants
(mainly metallic ions) are removed, the process is performed with a solu-
tion of 1 part of hydrochloric acid (HCI, 37% by weight), 1 part of hydrogen
peroxide (HyO4, 30% by weight) and 6 parts of deionized water at 75-80 °C
for 10 minutes. This step leaves a thin passivizing layer on silicon surface
that prevents from subsequent contamination.

« Fourth step: SRD (Spin Rinsing and Drying). The wafers are then rinsed
and dried to remove all the traces of the used chemicals.

4.1.2 Silicon Oxide Deposition: TEOS LPCVD

The cleaned wafer is now ready for the deposition. The choice of using the
LPCVD TEOS to depositing silicon oxide has come after several trial (reported in
the Optimization chapter 4.5.1) on the other available methods in the CMiQ@QEPFL
cleanroom showing that this was the best one for this process. The structural
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layer of the device is deposited in two different steps, to allow the deposition of an
interstitial sacrificial layer. In the optimized process the silicon oxide is deposited
in the same way in both the steps to avoid as much as possible mismatching in
the residual stress induced by the stacking of the different layers. For the second
deposition a very conformal process was necessary (to completely bury the sacrificial
layer) and so the TEOS silicon oxide LPCVD is indicated, thanks to its excellent
proprieties of conformal coverage [55]. Furthermore the deposited layers are dense
and pure (if deposited at high temperature - around 700 °C) and presents a smooth
surface. The drawbacks to pay are a low deposition rate (5.5nm/min at 710°C)
and a long purge sequences during the process. The deposition in my process was
of 200 nm and lasts about 5 hours in total with a subsequent annealing at the same
temperature.

The reaction occurring during the deposition (valid only for temperature higher
than 600°C) can be schematized as following 4.1:

Figure 4.2: Skeletal formula of tetraethyl orthosilicate.

The optimization steps done for this part of the process are reported later in
this thesis, in chapter 4.5.1.

4.1.3 Sacrificial layer deposition

The sacrificial layer is deposited by Sputtering, specifically it has been deposited
with a Pfeiffer SPIDER 600 with a DC Maris signal generator. The recipe used
for this deposition can be seen in the table 4.1. The deposition time used in my
process was 27s. This tool, unfortunately, does not have a shutter to inhibit the
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deposition during the powering up of the plasma (the 20s of ramp time in the recipe)
and so a source of uncertainty on the real height of the sacrificial layer is present.
Characterizations with Bruker Dektak XT (surface profiler) and a FilMetrics F20-
UV (spectroscopic reflectometer and transmissometer) have returned results in a
range between 40 - 50 nm of thickness for the layers deposited with this deposition
time.

An example of these characterizations is below reported in Figure 4.3 showing a step
of 51.709 nm between the silicon oxide surface and the patterned silicon sacrificial
layer. Furthermore, also a characterization of the deposited layers has been done
by a cross section image, obtained by SEM inspection after a Focused Ion Beam
(FIB) milling, that show a 50 nm thick sacrificial layer, as can be seen in figure 4.4.

Power | Voltage Ar Deposition Rate | Ramp | Deposition time
800 W | 460 V | 29 sccm | 105 nm/min 20 s 27 s

Table 4.1: Parameters of Si Sputtering deposition

Plot Legend Cursor Status:

Figure 4.3: Characterization done with Bruker Dektak XT (surface profiler) on the
thickness of the silicon sacrificial layer. The red box highlights the sacrificial layer,
while the green one is on the silicon oxide. The result is given from the difference
between the mean height of these two regions. The spikes on the edges are due to
the movement of the tool tip.

We are now at the end of the first step of the process flow, as reported in Figure
4.1.
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Thickness beam = 450 nm

|
Thickness channel = 50 nm

’—Mm
EPFL - CMI

Figure 4.4: Cross section obtained with a FIB cut in the middle of an unreleased
bridge: the darker layer is the silicon sacrificial layer surrounded by silicon oxide

Figure 4.5: 15 step: 200 nm of TEOS LPCVD SiO, and 50 nm of amorphous silicon
are deposited.
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4.1.4 Patterning of the sacrificial layer

In this step the shape of the channel is developed through the lithographic step:
it is one of the steps that vary according to the device-types under fabrication. In
the case under explanation (the nanoslit) the critical dimension of the lithographic
process is of the order of the micrometers and so an optical-based tools can be used.
The nanochannel device case and the 2-step nanoslit will be explained better later
in this thesis, respectively in section 4.2 and 4.3.

The lithographic step begins with the spinning of the photoresist on the wafer

in the ACS200-GEN3 coater and developer tool, an automated machine that do all
the steps necessary: from the spinning until the bake of the resist.
The chosen photoresist is the MicroChemicals AZ 1512 HS, a positive resist indi-
cated for surface protection during the etching and with a lateral resolution that
could go down to 1 pm depending on the resist film thickness. Thus, to minimize
the critical patternable feature, the minimum (reproducible) thickness available
between the collection of available recipes has been used: 1.1pm. To improve the
adhesion of the polymer to the wafer, first, a surface preparation with vapor of
HMDS is done. The spincoating, to obtain the target thickness, is then performed
at 6000 rpm with a subsequent softbake at 112 °C for 90 s.

The exposure is executed with the Heidelberg MLA150, a direct laser writer
with a system of maskless alignment. This system allows users to quickly print a
design, without the need to order or produce a mask, by exposing the photoresist
with a UV laser (375 or 405 nm) focused and scanned over the wafer.

The features that has to be transferred on the sacrificial layer are, practically, a
series of rods with the dimensions showed in the table 4.2 and squares to indicate
the inlet. An example of these features, taken from the mask used, can be seen in
the Figure 4.6.

Figure 4.6: Part of the first lithographic mask

Length Width Thickness
82 pm | 2 pm to 5 pm 50 nm

Table 4.2: Dimensions of channel features
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The parameters used for the exposure, obtained after a “dose test exposure”,
are:

o Laser wavelength: 405 nm
 Dose: 40 mJ/cm?
o Defoc: -2

After that, the wafer should return to the ACS200 to develop the resist. The
recommended developer for AZ 1512 HS is MFCD26, an organic solution based
upon TMAH. For a thickness of 1.1pm the ideal process time is 30 s, with a subse-
quent hardbake at 112°C for 2 min.

After development, a spin-rinse-dryer (SRD) step with DI-water is highly recom-
mended to avoid cross contamination and damage on instruments (chuck in etcher)
in further processing steps.

To transfer the pattern from the resist to the sacrificial layer an etching step is

required, to do that the Alcatel AMS 200 SE tool has been used. This etcher is
an optimized Deep Reactive lon Etching (DRIE) system for silicon (Si) and Silicon
On Insulator (SOI) wafers with fluorine chemistry process. Its process chamber
is equipped with a ICP (Inductive Coupled Plasma) source, a fine temperature
controller and two possible wafer voltage biasing: RF (13.56 MHz) and pulsed Low
Frequency (LF).
In my case, I needed a recipe with a very slow etching rate since I had to remove
50 nm of silicon without damaging the underlying oxide layer, the best one was the
one called “Si Opto HR” (with RF biasing), whose parameters could be seen in the
table 4.3; the etching rate was very difficult to be estimated since the small amount
of mass removed.

Power coil SFg C4Fy Power plate
1500 W | 26 sccm | 55 scem 15 W
Chamber pressure Time | Temperature

30 mbar 228 20°C

Table 4.3: Parameters of “Si Opto HR” recipe

The resist is then removed with a plasma oxygen. We are now at the end of the
second step of the process flow, as reported in Figure 4.1. An optical picture of the
obtained result after this step is reported in figure 4.8. The shape of the inlets has
been changed during the optimization of the process from rounded to squared to
make easier the alignment.
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Figure 4.7: 2" step: the Si is patterned in lines 2-5 pm wide and 120 pm long.

Figure 4.8: Optical image of the patterned sacrificial layer
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4.1.5 Burying of sacrificial layer: silicon oxide deposition

The preparation of the wafer for the deposition is the same as described above in
the “RCA clean” paragraph 4.1.1, except for the oxide strip step that now is avoided.
Thereafter, another 200 nm layer of SiO, is deposited using the same process as
the first step, in order to limit as much as possible, the internal stress that could
buckle the clamped-clamped beam after the release step. In this deposition the
conformality of the TEOS-based deposition is very useful to fully cover the rods
made by during the patterning of the sacrificial layer. We are now at the end of
the third step of the process flow, as reported in Figure 4.1.

Figure 4.9: 3™ step: 200 nm of TEOS LPCVD SiO, is deposited to encapsulate
the Si sacrificial layer.

4.1.6 Opening of the inlets

The wafer now undergoes to another lithographic step in which are patterned
the openings for the sacrificial layer. The process for this step is analogous as
the previous lithographic one: ACS200 coating with 1.1 ym AZ 1512 HS resist,
exposure with MLA150 and then developing again in ACS200. In this case, the
mask is no more “inverted” by the tool since there is only few polymer to remove.
The aim, here, is to protect all the wafer except where I want the opening. The
exposure dose is higher than before: 55 mJ/cm?. Here is reported a part of the
mask used in this lithographic step 4.10:

e

Figure 4.10: Part of the second lithographic mask.
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To etch the silicon dioxide the SPTS Advanced Plasma System (APS) has been
used. This instrument is similar to the AMS200 previously used, but it is devoted
to the etching of insulators (SiO,, SizN, and SiC), metals (Al Alloys, Pt, Ti) and
some polymers. The characteristics are mainly the same: ICP plasma source and
fine temperature control while the gas chemistry here is different. Here I need
to etch the top layer of 200 nm of silicon oxide without overetch the underlying
oxide structural layer to prevent overetching problems during the subsequent XeF,
releasing step. In fact, if the bottom oxide layer is damaged, also the bulk silicon
could be removed by the xenon difluoride etching step. The chosen recipe, “SiO4
PR 5:17, has a slow etching rate to better control the depth of the etching and a
good selectivity upon the silicon and the photoresist; the main parameters could
be seen in the table 4.4.

Power coil Power plate | Substrate temperature
1200 W 300 W 10 °C
CHF, H, C,Fg
175 scem 30 scem 10 scem
Si0, Etching rate | Si Etching rate Time
260 nm/m 30 nm/m 60 s

Table 4.4: Parameters of “SiO, PR 5:1” recipe

To control the deep of etching is critical, otherwise it is very easy to damage the
underlying layer of oxide, as in the example reported in Figure 4.11.

Figure 4.11: Optical image of a patterned oxide layer damaged over the border of
the etch.

We are now at the end of the fourth step of the process flow, as reported in
Figure 4.1.
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Figure 4.12: 4*" step: Two openings are etched to allow access to sacrificial layer.

4.1.7 Releasing the channel

At this step, the opening of the nanochannel is available and the sacrificial
layer can be released. Before proceed with the xenon difluoride etching step, a
short etching with SFg is performed because it has been noticed that helps to have
a faster and uniform etching in all regions of the wafers, very likely acting on the
superficial layer of native oxide presents on the silicon. An example could be seen in
picture 4.13 showing two devices of the same length undergone at the same etching
in XeF, of 5 pulses of 30 s: can be clearly seen that for the same process the device
treated with the fluorine etching before experiences an etching more than twice
faster.

5 pulses 30”
No pre-etching con SF6

5 pulses 30"
Pre-etching con SF6

50um

Figure 4.13: Difference in etching rate depending the SFg treatment.
Purple: etched Si - Pink: remaining Si

The tool used is the AMS200 with the recipe “Si Release”, whose parameters
can be seen in table 4.5. In this step the photoresist is still present on the wafer
to preserve the oxide, anyway thanks to the high selectivity of SFg gas and the
short duration of this step, the etching of the exposed oxide (the inlets region) is
negligible.

The xenon difluoride (XeFs) is a white crystalline solid with a vapor pressure at
room temperature of about ~4.5 Torr, which means that, under vacuum conditions,
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Power coil Power plate Substrate temperature
2000 W 0w 30 °C
SF¢ C,Fg Pressure
300 sccm 0 sccm 100 mbar
Si Etching rate | SiOy Selectivity Time
4 pm 200:1 45 s

Table 4.5: Parameters of “Si Release” recipe

it sublimates [56]. When the gas meets the surface of silicon it is first absorbed and
then dissociates to xenon (Xe) and fluorine (F); the last one represents the main
etchant agent in the process. The reaction happening is the following 4.2:

2 XeF, + Si — 2Xe + SiF, (4.2)

The etching happens without needing ion bombardment or external energy sources
with a quite high etching rate and a very good selectivity with respect to silicon
oxide [57]. The main limiting agent of the etching rate is the contact area between
the etchant and the silicon, since all the other sub-reactions are spontaneous at
room temperature [58].

To release the nanochannels/nanoslits this kind of procedure has been adopted
because:

« The selectivity to the silicon oxide (structural layer) is over 1000:1 [59]. This is
critical since the process takes very long time, especially to allow the molecules
of gaseous XeF, reaching the silicon through the nano-opening.

o The silicon etching rate is high, making the diffusion of the gas the limiting
step.

o The problems caused by wet etching, like the channel collapse due to the final
drying or channel clogging because of by the byproduct of the etchant, are
not present.

The tool is composed by a series of valves and pipes that link three chambers:
an etching chamber, a pulsing chamber and a XeF, chamber. In addition is present
a pump to remove the gases and a line of nitrogen gas. The etching process is
composed by three steps:

1. An initial purging: a series of pulses of Ny (normally 50) is first injected in
the etching chamber and then pumped out. This is needed to remove all the
humidity from the reactor; the presence of H,O can bring to formation of HF
vapor: hazardous for the users and unwanted because etchant of the oxide.
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2. The pulsed injection of sublimated XeF,. Here the user can play on three
parameters: number of pulses, pressure of the chamber and duration of the
pulses.

3. To finish the process another purging is done to completely remove all the
XeF, and its byproducts that are hazardous for the users.

Unfortunately, the etching rate of this process is deeply variable and also in
literature it is not present an established etching rate for the silicon. Furthermore,
in my case, the limiting step was the diffusion of the gas reaching the silicon and
so find the right recipe took to me some supplementary time. The parameters used
can be seen in the table below 4.6.

Number of Pulses | Pressure | Duration
27 2700 mtorr 180 s

Table 4.6: Recipe for XeF, etching

To allow the exposed area to enter in contact with the XeF,, the duration of
the pulses has been elongated of six times compared to the standard one in CMi
Lab (about 30 s). The inspection, to understand if the etching has worked (or
not), with the nanoslit devices is easily done with an optical microscope looking
for differences in color (and refractive index) along the channel as can be seen in
figure 4.15. The scanning electron microscope has a too much low contrast between
the etched and unetched parts to be used as check, as can be seen in figure 4.16.
The case of nanochannel is more complex, because the features are too small to be
inspected by optical microscope, so some expedients have been used that will be
explained later in section 4.2.2.

When the channel releasing is complete, the photoresist is removed with a
plasma oxygen treatment. We are now at the end of the fifth step of the pro-
cess flow, as reported in Figure 4.1.

Figure 4.14: 5" step: Sacrificial layer is etched with XeF,.
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The optimization steps done for this part of the process are reported later in
this thesis, in chapter 4.5.2.

Figure 4.15: Optical inspection for the releasing of the channel: the top one has
still 32 ym to be released, while the other is fully released.

Ll
c M I EPFL Center of

MicroNanoTechnology

20 prn EHT = 3.00 kv StageatT= 00° Signal A = InLens
|Probe = 50 pa WO = 4.2 mm Date :17 Feb 2017
ESEGrid= 0% Mag = BA4D X File Narme = B0545_30p_04 tif

Figure 4.16: SEM picture of an unreleased channel of 4 pm width.
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4.1.8 Structuring and releasing the bridge

To structure the bridge is necessary to open two lateral openings in the oxide and
then remove the underlying bulk silicon to suspend the beam. A photolithography
is done, with the standard steps: coating (ACS200 - AZ 1512 HS 1.1 pm), exposure
(MLA150 - Dose 55 mJ/cm?) and developing (ACS200). Part of the mask used is
reported in figure 4.17.

) s ) w2 21] 16 s [ i6 % 32 o @ %
.................................................................................................................

Figure 4.17: Part of the third lithographic mask.

The openings in the structural layer are done with the SPTS Advanced Plasma
System (APS). The etch has to fully remove the 400 nm of silicon oxide. In this
case, differently to the previous etchings, we are not worried in possible damages
the underlying silicon because it will be anyway removed in the subsequent step.
Thus, a non-selective recipe has been used: “SiO, PR 1:17. Parameters in table
4.7.

Power coil Power plate | Substrate temperature
1200 W 300 W 10 °C
CHF, H, C,Fg
15 scem 0 sccm 0 sccm
Si0, Etching rate | Si Etching rate Time
200 nm/m 95 nm/m 150 s

Table 4.7: Parameters of “SiO, PR 1:1” recipe

The distance between the apertures and their lengths define the dimensions
of the single bridge, while the height is defined by the thickness of the double-
deposited oxide layer. The width of the bridge is 2 pm larger, per side, than
the internal channel to fit the tolerance of the photolithographic resolution and
alignment error: from 6 pm to 9 pm. The length, instead, is the same for every
device: 50 pm.

To finally suspend the bridge, the isotropic proprieties of the SFg etching are
used. The XeF, was also an option to accomplish this step, but a more governable
process has been preferred to avoid bigger underetch than required. The etching,
in fact, occurs in all directions and thus, also towards the silicon under the zone of
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clamping of the beams that, if removed, would add non-idealities to their behavior
(and this is unwanted).

The critical dimension that determine the etching time, in this step, is the
largest width of the bridges: 9 pm. The recipe used is again the “Si Release”
(parameters in table 4.5); a calibration disclosed that the etching rate in lateral is
about ~100 nm/s. Considering that the etching happens from the both sides of the
bridges, an etching time of T = 45 s was adequate.

A final oxygen plasma etching is useful to remove the photoresist and clean the
surface to get it ready to be bonded. We are now at the end of the third step of
the process flow, as reported in Figure 4.1.

Figure 4.18: 6 step: Beams are defined and released.

Below is reported a picture of a released devices 4.19, other ones are reported
in appendix A.

10 pm EHT = 5.00 kv StageatT= 00° Signal & = HE-SE2 c M ~
|_| | Probe = 150 pA WO = B5mm Date :28 Apr 2017 I EPFL Center of

ESBE Grid= 0V Mag= 732X File Name = GA244_release_15 tif MicroNanoTechnology

Figure 4.19: SEM picture of a released clamped-clamped beam
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4.2 Nanochannel Device

The process flow for the Nanochannel devices is practically the same as the
one explained so far for the Nanoslit, in section 4.1. The only step that changes
is the photolithographic process, described in the paragraph 4.1.4. Here, since
the dimensions of the channel go down to the nanometric scale a tool with more
resolution is needed: an electron beam lithographic system.

4.2.1 E-Beam patterning of the sacrificial layer

To get features having the critical dimension down to the nanometer, in the
patterning of sacrificial layer, the electron beam lithography has to be used: the
Raith EBPG5000+4-. The concept of the e-beam lithography is the same of the
optical-based one: a resist is spun on the wafer, patterned with the wanted geom-
etry and then developed. In this case, the resist used is the Dow Corning HSQ
(hydrogen silsesquioxane) XR1541 002, it is a negative resist with the highest res-
olution available on the market. Chemically, once exposed to the electron beam, it
turns in SiOo-like material which is highly appropriate as etch mask for Si etching.

To improve the adhesion of the HSQ, a surface oxygen plasma treatment (3

minutes - 600 watt) is done to remove impurities and water molecules. Then the
resist is spun on the wafer using a spin coater at 5000 rpm to get a 30 nm thick
layer of resist.
Before starting the exposure, two parameters have to be decided: the beam current
and the dose. Those depend on the size of the features to draw, a common strategy
to save time is to find two combinations: a high resolution one for the fine geometries
(nanometric scale) and a low resolution one for the others (micrometric scale). In
the table 4.8 are reported the combinations I used, decided after a dose test to check
the most appropriate. In figure 4.20 is reported a sample of the features wrote for
this process.

Low Resolution | High Resolution
Dose 3000 pC/cm? 6500 pnC/cm?
Beam Current 10 nA 0.2 nA

Table 4.8: E-beam parameters

The HSQ is then developed for 2 minutes in MF-CD 26, a TMAH based de-
veloper. Before continuing with the etching, an additional oxygen plasma is done
to harden the SiO, created mask. After the patterning of the sacrificial layer, the
mask will not be removed because there is no way to remove it without damaging
the first structural oxide layer and an additional layer of less than 30 nm (since a
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part of it has been anyway etched) over 400 nm is negligible in the total evaluation
of the structure.

Figure 4.20: Part of the mask used for the nanochannel devices.

4.2.2 Releasing the nanochannels

The process adopted to release the nanochannel is based on the same principle
(XeFy etching) of those used for nanoslit, explained in paragraph 4.1.7, with some
differences. The first one is the duration of each pulse, increased from 180 second
to 270 second since the conductance of the apertures to overcome is smaller with
respect to the nanoslit case.

The second one is more a trick to facilitate the understating on the outcome
of the etching process. In this case, since the channels are at the nanometric scale
both in height than in width, thus is no more possible to inspect them by the
use of an optical microscope to see the variation in contrast between the etched
silicon and the unetched one. To overcome the issue, some trials with the EDX
(Energy Dispersive X-ray) analysis were performed with a Zeiss Merlin SEM (scan-
ning electron microscopy), but were impossible to discern the signal coming from
the silicon sacrificial layer from the one originating from the bulk silicon making
this technique not reliable to the purpose. To solve this problem some micrometric
rectangles, playing as test structures, have been inserted in the middle of the chan-
nel. The mask used can be seen in Figure 4.21. The silicon of the pads was only
accessible through the nanochannel and so, if they result etched, it means that all
the nanochannels have been released.
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Figure 4.21: Mask used for the test structure in the nanochannel process.

Since the pads are at the micrometrics scale, it was again possible the optical inspec-
tion with the microscope to discern the result of the etch. At the end, increasing the
time of the pulse duration, some pads resulted etched. In Figure 4.22 is reported
the smallest channel in which is clearly visible an etching in the testing pad.

Figure 4.22: Smallest channel in which is clearly visible an etching in the testing
pad for the nanochannel devices

10 um EHT = 3.00kV Stage at T = 40.0° Signal A= HE-SE2 c M H
|_| IProbe = 50pA WO = 8.0mm Date :7 Sep 2017 I EPFL Center of

ESBGrid= 0V Mag = 720X File Name = 675136nch_15.tif MicroNanoTechnology

Figure 4.23: SEM image of a successful released nanochannel device.

4.3 2-Step Nanoslit Device

The changes of the process flow for the 2-step nanoslit devices consists in a
repetition of the steps of deposition/patterning/etching of the sacrificial layer before
been buried in the oxide, with the aim to have a feature with two different heights
in silicon. All the other steps remain the same as the ones described for the normal
nanoslit in section 4.1.

First is shaped the additional step in the sacrificial layer, right in the middle of
where there will be the channel, with a normal photolithographic process (coating
ACS200 - Exposure MLA150 - development ACS200).
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The sizes drawn are:
e length: 10 pm;
o width: the width of the channel diminished of 500 nm by side.

The shrinking in width has been thought to avoid misalignments in the subsequent
lithography: in this way this layer should be totally covered by the second one if
the alignment is good.

So, the etching of the first sacrificial layer is carried out, with the same recipe “Si
Opto HR” with 22 seconds of process, as done in 4.1.4, with the following plasma
oxygen for the resist cleaning.

All the steps of process from now on is the same as the one described in the

nanoslit section, starting from the second round of deposition/patterning/etching
of the sacrificial layer, that in that case was the first one.
One important thing to be noticed is that the two rounds involving the sacrificial
layer have to be completed in a narrow time window to limit, as far as possible,
the formation of an oxide interface between the two silicon layers. This because the
native oxide layer could lead to issues during the xenon difluoride releasing of the
sacrificial layer.

4.4 Sealing

The sealing of the chip is performed with an anodic bonding of a glass wafer
with patterned the microfluidics of interface and the vibrational cavity. The main
functions of the patterned glass wafer are:

» protects the bridges from the external environment;

e acts as first interface for the fluidics: from the nanochannels toward a mi-
crochannels;

» separates the part defined for the liquids with respect to the one deputed to
the vibrations.

Here I will explain the process used to model the glass wafer, based on an wet etch-
ing with hydrofluoridric acid (HF) for the microchannels and a powder blasting
process for the through holes for the inlets. To start, the chosen material is Bo-
rofloat 33, a special glass material (of the family of Pyrex glass) with a composition
that perfectly match the thermal expansion coefficient of silicon, which is essen-
tial for good bonding results (reference in figure 4.24). In fact, the low coefficient
of linear thermal expansion allows borofloat glass wafers to easily handle elevated
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temperatures and — often even more importantly - sudden thermal changes without
breaking or warping. [60].

Thermal expansion
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Figure 4.24: The thermal expansion coefficients of silicon and borofloat for the tem-

perature of interest for anodic bonding. Picture from Schott Borofloat datasheet:
[61].

4.4.1 Microchannels patterning

The easiest way to pattern the Pyrex is with a HF-based wet etching with a
masking material reporting the wanted features. The masking could be done with
a thick layer of photoresist or with a “hard mask”, namely a HF-resistant metallic
layer. I opted for the second option because it was the most protective toward
the glass surface (a defect-free surface is fundamental for a good adhesion in the
bonding process). A good material for this purpose is gold: it has a very good
resistance with respect to the HF etch and can be easily removed from the glass.
The drawback is that has a poor adhesion on the glass surface, to improve it a
thin layer of Chrome has to be deposited between gold and glass surface (normally
called “adhesion layer”).

Before starting the process, a “Piranha cleaning” is done on the wafer. This
solution, formed by 3 parts of concentrated sulfuric acid (H,SO,) and 1 part of
hydrogen peroxide (HyO,) and heated at 100 °C, is very powerful in the removal of
organics residues.
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So the thin Cr-Au film is deposited on the wafer with the Alliance-Concept
DP 650 (Sputter single chamber multi-target), a tool that allows to change the
target in use without breaking the vacuum in the chamber and so without injecting
contaminations between the two layers deposited. The used recipe is called “HTU
150 Cr-Au”, that means a deposition at 150 °C with a good degree of uniformity
of the layers around the wafer, with the target thicknesses of:

e Cr: 40 nm;
e Au: 250 nm.

After this, a photolithography and an etching steps are needed to draw in the
metallic film the desired features. The photolithography is always done with the
coating (ACS200), exposure (MLA150) and developing. A 2.0 pm layer of resist
(AZ 1512 HS) has been used to help in protecting the surface. An exposition dose
of 130 mJ/cm? has been found optimal to well-expose the resist. Then to finish, a
contact time of 60 seconds during the developing step has been used.

To pattern the Cr-Au layer an ion beam etcher, the Nexus IBE350 from Veeco,
has been used; this tool can etch any materials by pure physical sputtering, and
so without chemistry dependence. It exploits Argon ions extracted from an ICP
source, accelerated and directed to form a mono-energetic beam that hit the sam-
ple. This principle is very useful when you have to deal with an etch of a series of
thin layers composed by different materials like in the case under exam.

To not stress too much the wafer, the deposited layer and the photoresist an inter-
mediate recipe, called indeed “Medium”, was used. A total time of 4 minutes and
30 seconds has been used to fully etch the metals, the parameters can be seen in
the table 4.9. To avoid a self-sputtering of the materials on the edge of the resist,
the wafer has been inclined of -10° with respect to the direction of the beam.

Beam Voltage | Beam Current Angle
300 V 500 mA -10°
Cr etching Rate | Au etching rate | Total time
42 nm/min 158 nm/min 270 s

Table 4.9: Parameters for IBE etching

At this step the wafer is now ready to be effectively structured with the mi-
crofluidic channels so it undergoes to a wet etching with HF. The process is done
in a bath of HF(49%):H,0 1:4 heated at 70 °C. The cavities should be around 20
pm in depth. A calibration has been done on a trial wafer finding an etching rate
of about 1.20 pm/min. Using this number, we can estimate the duration needed to
the process: 17 minutes. After that, the photoresist is removed using the Shipley
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Remover 1165 (because of the presence of metals on the surface, the oxygen plasma
is not advised). The metallic layer is not removed because from now on until the
bonding, it will act as “protecting layer” for the surface of the wafers.

4.4.2 Through holes machining

To let an insertion of the fluids into the microchannels (and so in the nanochan-
nels) some openings on the sealing wafer are needed. To do that four holes (called,
from now on, inlets) through the all thickness of the wafer should be done; moreover
an additional one has been done to be able to connect a pumping system to pump
vacuum around the resonating devices. A top view of the chips, with the five holes,
can be seen in Figure 4.25.

Figure 4.25: A top view of the glass chip.

Making through holes in glass, aligned with a pattern on the other side of the wafer,
is not an easy task. There are mainly two ways that can be performed to achieve
this result:

o A pure physical approach: powder blasting. The sand particles remove part of
the base material using high pressure / velocity. The material is ablated only
where the glass or silicon is not protected by a structured layer of resist.[62]

« A pure chemical approach: wet etching with hydrofluoridric acid (HF).

Both the methods were attempted, but in the end, the first one was chosen: it
was cheaper, faster and safer with respect to the chemical approach, moreover also
the holes were qualitatively better with the powder blasting. The only drawback,
from a personally point-of-view, was that the process has been done from a company
outside the CMi@QEPFL cleanroom and so, for this part of the process, I does not
have all the details of the process that it has been used.
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Surface cleaning

All the features wanted on the wafer are present and so only the cleaning step
remains before the final bonding. To remove the metals the wafer is dipped, re-
peatedly, in two different etching solutions: one for gold (composed by KI + Iy)
and one for chromium (composed by (NHy),Ce(NO3)s + HCIO,).

4.4.3 Anodic bonding

To finally seal each chip, the two wafers machined with the processes for the
devices and microfluidics cap have to be bonded. Considering that we have to
bond a silicon wafer with a thin layer of oxide and a glass wafer, the most suitable
approach is the anodic bonding. It ensure optimal sealing results also in presence
of roughness on the surface [63], as in my case, due to the residual roughness of
the etching and due to the nanometric steps originated from the sacrificial layer
patterning. The bonding happens when a high DC voltage (400-1000 V) is estab-
lished between the wafers (such that the glass is negatively biased with respect to
silicon) in a high temperature environment (300-500 °C). Under these conditions,
ions of the borofloat wafer are attracted toward the cathode and chemical reactions
happen at the interface between the wafers causing a current flowing through the
system until the bonding is completed. Layers deposited on the silicon surface have
a detrimental effect on the quality of the bonding because the electrostatic pressure
decreases with the increasing of oxide layers and so a smaller area of the wafers is in
intimate contact. It has been found that the limit to obtain a good bond is below
600 nm of silicon oxide thickness [64]. In my case I have about 400 nm so below
the limit, anyway a higher voltage with respect to the normal silicon-glass anodic
bonding will be needed to compensate for the decreasing of electrostatic pressure.

Anyway, before undergo the bonding the wafers has to be well aligned: the cen-
tral cavity right on the bridge, the lateral cavity (for the microfluidics) overlapped
with the inlets of the channels of the bridge, as can be seen in figure 4.26. To do
that a “Stiss MA6/BAG”, double side mask aligner and bond aligner with specific
holders and chuck has been used.

The bonding is done in a “Siiss SB6”. The process starts with a slow heating
ramp until the desired temperature of 450 °C, a “finger electrode” is placed right in
the center of the wafers to create a first bonding point that immobilize the wafers
and so its alignment. Then the spacers of the holder that were gripping the wafers
are released and the bigger electrode can be used to complete bonding. A slow
cooling ramp is then applied to come back to the environment temperature. Both
the temperature ramp (warming and cooling) should be slow to not create thermal
shock to the wafers. The voltages applied and the other parameters for my process
can be seen in table 4.10 The optimization steps done for this part of the process
are reported later in this thesis, in chapter 4.5.3

60



4.5 — Optimization of the process

Figure 4.26: Successful alignment of sealing and devices wafers.

Voltage 1% Electrode | Voltage 2" Electrode | Current Limit | Temperature
850 V 800 V 10 mA 450 °C

Table 4.10: Parameters for anodic bonding

To finish, the wafer is diced in chips of 10 mm x 10 mm that are ready to be
characterized.

4.5 Optimization of the process

In this section all the optimizations to obtain working devices are reported:
from the choice of the oxide toward the anodic bonding recipe mentioning also the
tuning done in the xenon difluoride etching step.

4.5.1 Oxide material for structural layer

The first silicon oxide layer used in the process was the silicon oxide deposited
via plasma enhanced chemical vapor deposition (PECVD). Its advantages were a
high deposition rate and a cheap fee for the usage of the tool. A not-expensive
approach is always preferable in the beginning. The oxide, anyway, revealed issues
during the XeF, etching step: also the silicon covered by the oxide (and so theo-
retically unexposed to the etching agent) was attacked and removed. Apparently,
the oxide was permeable to the etchant gas, this could be due to the low quality of
the layer depending by the high deposition rate of the PECVD process.

Since the problem was mainly the removal of the bulk silicon during the channel
releasing step, the idea to solve the problem was to use a wafer with grown wet
silicon oxide (in principle of optimal quality from a point of view of density and
absence of impurities) used as first oxide layer and then deposit a second layer of
oxide with another technique.
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(a) Optical image (b) SEM image

Figure 4.27: Pictures of an unsuccessfully released devices with PECVD SiO, as
structural layer

The first test in this way was done with silicon oxide deposited using a sputtering
tool (Pfeiffer SPIDER 600). In principle the quality is lower with respect to PECVD
oxide, but this tool was in the same clean room of all the other instrumentation
and so there was a reducing of probability of injecting impurities due to the trip
outside the clean environment done between the two laboratories. The sputtering,
anyway, revealed itself inappropriate because of its low conformal coverage of the
step. This time was the unexposed silicon of the sacrificial layer to be removed
during the channel releasing step. Moreover, the sputtered silicon showed a very
low consistency presenting delamination in the part interested by the channels.
The issue at this time was the solidity of the oxide, to solve it I decided to move to-
ward the chemical vapor deposition process. This kind of processes occurs at higher
temperature with respect to the previous ones and so ensure less impurities and
higher compactness; the main drawback is the cost in terms of time (long process)
and fee (expensive tool). The first one tested was the Low Thermal Oxide (LTO)
CVD. The precursor of this process is the Silane (SiH,) and the process happens
between 400 °C and 450 °C. It was chosen a low temperature process to try to not
inject too much thermal stress on the device, since it could have a detrimental effect
on the overall performance of the resonator (i.e injecting compressive stress and so
have a buckled beam). Also in this case, after the xenon difluoride etching step
the top layer showed some delamination, although less serious than in the before
case. To overcome this problem another CVD technique has been proven, this time
with the tetraethoxysilane (TEOS) as precursor. This process has the advantages
of a high conformal coating and a high solidity of the deposited layer. The process
occurs at 700°C with a subsequent annealing at the same temperature. In these
conditions the layer get a low tensile stress that it is not detrimental for the me-
chanical proprieties of the resonator. This oxide layer, finally, does not show any
kind of issues during the releasing step.
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(a) Optical image of the etching in (b) Optical image of the delamina-
the unexposed sacrificial layer tion in the structural layer

20 pm EHT= 3.00kV Signal A=InLens Date :21 Dec 2016 10pm EMT=300kV  Signal A=Inlens Date 21 Dec 2016
Mag= 716X | — | EPFL-CMI Mag= 524X | —| EPFL-CMI
WD=37mm StageatT= 0.0° FileName=12171f WD=38mm StageatT= 00° FilNarne= 120201

(c) SEM image of the delamination (d) SEM image of the delamination
in the structural layer in the structural layer

Figure 4.28: Pictures of the issues met with the sputtered SiO, as structural layer

The first generation of the resonators was structured, as said above, with the
bottom layer of thermal oxide and the top one of deposited oxide. Oxide grown by
wet or dry oxidation of silicon are affected by a large compressive stress [65] causing
a bending (or even a buckling) of the clamped-clamped beam having a detrimental
effect on the mechanical proprieties. An example of a bent device can be seen in
Figure 4.29, reporting a device from the first generation of chips with the bottom
layer of grown thermal oxide and the second of TEOS CVD SiO,.

The compressive stress causes a decreasing of the resonance frequency of the device
[11] and so a lowering of the mass responsivity according to the equation 4.3, where
fr is the resonance frequency and m the mass of the resonator.

R, = — LI (4.3)

2m

The effect of the stress on the resonance frequency can be modeled using the equa-

tion 4.4 [11]:
B2 |EI, gA
o= oA B (4.4)
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where 3, represents the modal coefficient; E, I,,, A, p are respectively the Young’s
modulus, the geometric moment of inertia, the cross-section area and the density.
The stress enters in account with the ¢ in the second square root: the tensile
stress is defined positive and so increase the frequency; opposite happens when
compressive stress is in play.

10um EHT = 3.00kv StageatT= 385° Signal A = HE-SE2 c M <
|—|\ Probe = 50 pA WD = 893mm Date :2 Mar 2017 I EPFL Center of

ESBGrid= 0V Mag = 1.57KX File Name = 60547_release_10 tif MicroNanoTechnology

Figure 4.29: SEM pictures of a bent device of the first generation of chips with the
bottom layer of grown thermal oxide and the second of TEOS CVD SiOs,.

4.5.2 XeF, etching process

The etching process with xenon difluoride occurs when the gas encounters the
silicon and thus the following reaction happens:

2X€F2 + Sl - 2X€ + SIF4

The peculiarity of this reaction is that as byproducts there are two gases and so
easily movable (and removable) during a process; with liquid byproducts, consid-
ering the dimensions in play, it could takes long time to move it without using an
external help as pressure or electric-based phenomena.

The quantity of etched material is directly proportional to the molecules of xenon
difluoride encountering the silicon, so the etching rate depend by the number of
molecules present in the chamber (so, being a gas, by the pressure) and from the
area of contact between them. Not considering the contact area as limiting con-
ditions, it is easy to understand that the etching rate is large when the XeF is
injected in the chamber and rapidly decrease when most of the molecules have al-
ready reacted with the silicon. This is the main reason why the most common tools
adopt a pulsed etching approach: the byproducts are removed, and new etchant is
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injected in the reaction chamber in each pulsed.
The available parameters are:

e Pressure in the chamber: directly linked to the number of molecules;

o Time of pulses: it must be bigger than the time needed to the gas to come
into contact with the silicon;

o Number of pulses: related with the etching rate per pulse and the quantity
of silicon to remove.

The usual recipe for the pulses is 2700 mtorr as pressure and duration that last
between 30s and 60s. Several trials have been done using these parameters and
the etching was not satisfying. In fact, the narrow apertures (and their low con-
ductance) between the silicon and the chamber represent a limiting agent for the
etching rate. After several tests, the optimal duration time was found to be 180s.
The number of pulses in a range between 27-30.

Another problem was represented by the fact that the edge of the wafer was not
covered uniformly by silicon oxide (deposited on both sides of the wafer during
steps 4.1.2 and 4.1.5) and so etched by the XeF; causing a decreasing of the useful
etching rate and a ruined edge that can cause errors or damages to the clean room
tools. A trick adopted to solve this was to cover all the edge of the wafer with
Kapton tape in order to insulate it.

Since the sacrificial layer and the material to remove to suspend the beam were
both silicon the process, in the beginning, was thought to have only two lithographic
steps. One for the shaping of the sacrificial layer and one for the releasing. After
some tests this idea has been abandoned and the two releasing steps have been
separated adding a further lithographic step. It was not possible to proceed with
the simultaneous releasing because the etching rate was to different because, as
said above, it is strongly depended by the conductance of the apertures toward
the material to remove: nanometric for the access toward the sacrificial layer and
micrometric for the apertures next the beams toward the bulk silicon. In the end
a further lithographic step was added, going from 2 to 3, and the final releasing
of the beam has been done with the SFg to have a better control on the effective
removed material.

4.5.3 Anodic Bonding

The bonding, in a first idea, should be performed under vacuum condition
to have the vibrational cavity with a static low pressure, useful to improve the
mechanical response (and the quality factor) of the beams. Some tests have been
done to accomplish the process, using the standard recipe and varying some of the
parameters, but each time a plasma discharging was happening in the chamber and
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so a failure of the bonding. It was likely due to a combination between high voltage,
low pressure and high resistance between the two wafer, causing a breakdown in
the air medium.

Put aside the idea to have a static vacuum, the design had to be reinvented: a
further hole on the glass wafer of sealing was added in order to allow the pumping
out of the air in the vibrational cavity (bringing the number of holes on each chip
from 4 to 5). In this way a low vacuum could be reached using a pump with an
appropriate chip connector and some O-rings to prevent leakages.

Furthermore the anodic bonding between Pyrex and silicon induces, as side
effect, a tensile stress at the bonding interface (and so on the silicon surface)[60].
As said above, in the paragraph on the optimization of the oxide material 4.5.1,
this condition help to increase the mass responsivity of the resonators (as can be
seen from the equation 4.4 and 4.3).

o}
50
1.5 mm glass ©
40 1 o
= 304 o
c é o
=
.;, 20 3 o]
@ 101 g 4 ozt
» 0+ a : v/ —
-10
0.5 mm glass
-20
-30
250 300 350 400 450

Temperature [°C]

Figure 4.30: The residual stress in silicon at the bond interface as a function of the
bonding temperature (bonding at 1000 V). Picture courtesy of [63]
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Chapter 5

Experimental Setup

In this chapter the experimental instrumentation adopted to characterize the
resonating clamped-clamped beams is described. The main tool used for this pur-
pose has been the Polytec MSA-500 (MicroSystem Analyser). The instrument
is able to measure the frequency spectrum of vibrating resonance using a Laser
Doppler Vibrometer (LDV). It is usually combined with an external actuator and a
pump system for vacuum. Furthermore, some measurements were performed with
a lock-in amplifier (UHFLI from Zurich Instruments) to characterize the frequency
noise. For the injection of liquids, a chip connector has been designed and produced
to allow the linkage of the external fluidic circuit made by syringes and pipes with
the inlets on the glass lid of the chips.

5.1 Mechanical Characterization: Laser Doppler
Vibrometer

The LDV is a powerful instrument able to measure the frequency response
of vibrating objects with a very high precision and flexibility. In this thesis the
resonance frequencies were measured in a bandwidth of 2 MHz with a sampling
resolution from 5 to 20 Hz (depending on the “FFT Lines” used, as explained in 3),
anyway the tool can go up to 20 MHz maintaining the precision of the order of part
per million. The working principle of the system is based on the Doppler effect: a
frequency variation of radiation emitted by a source that occurs when the source is
moving with respect to an external observer. The frequency of emission does not
change, but a variation is experimented by the observer due to this effect, when
the source is moving at a certain speed. An optical scheme of the detection system
is reported in Figure 5.1. In the MSA-500 the light beam, generated by a laser
source, is first divided into two beams by a beam splitter (the number 1 looking at
the picture 5.1).

One is focused upon the resonator, while the other one is used as a reference and
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Figure 5.1: Scheme of the optical system inside the MSA-500 vibrometer, courtesy
of Polytec Ltd.

it is directed towards the detector. When the first beam impinges on the resonator
surface, part of the light is scattered and reflected back. Thanks to another beam
splitter (the number 2 looking at the picture 5.1) this light portion is deviated to-
wards the detector. So, the reflected light and reference beam interfere, originating
a diffraction pattern. Fundamental here is the variation in the optical path length
between the two beams, sensed as a frequency shift by the detector. In this way the
system determines the vibration velocity of the moving part of the resonator. More-
over, a Bragg cell is introduced to add a frequency shift of 40 MHz that generates
a typical interference pattern modulation frequency at the same frequency when
the sample is at a standstill. Thus, if the object moves towards the interferometer
the modulation frequency is increased, and if it moves far from the interferometer,
the detector receives a frequency reduced with respect to 40 MHz. In this way
it is possible to not only clearly detect the path length, but also the direction of
movement too. The obtained signal, collected in time domain, is transferred in
frequency domain using Fast Fourier Transform (FFT), so the frequency response
is obtained. Measurements are handled using the software associated to the tool.

The system is completed by a mechanical actuator, a piezoelectric disk in my case,
with the driving voltage generated by a signal generator integrated onto the MSA-
500 tool. A pumping system is present for the characterization in vacuum, com-
posed by the pair of rotative and turbomolecular pumps and by a vacuum chamber.

The obtained spectra are then elaborated with the help of OriginLab and/or
Matlab to extract resonance frequencies and the quality factors. To obtain these
two parameters, the peaks have been elaborated exploiting a Lorentzian fit approx-
imation. In fact for slightly damped systems, the resulting power response of the
resonator can be well approximated by a Lorentzian function f; which is related
to the Cauchy distribution [11].
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Figure 5.2: Micro system analyzer tool (MSA-500) from Polytec Ltd.

The power response is proportional to the square of the resonator amplitude and so
can be easily obtained acting on the output data of the laser Doppler vibrometer.
The equation 5.1 report the Lorentzian function fy:

1 1
Quw,I'c) = 5.1
fe(@w. e =cpmg [(Q_w”_(%F)Q] (5.1)
where c¢ is a fit parameter and I' is the full width at half maximum (FWHM) and
w the resonance frequency. The quality factor () can be obtained dividing the
resonance frequency by the -3 dB bandwidth. A comparison of the power response
of a linear resonator to the corresponding Lorentzian fit is shown in Fig. 5.3.
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Figure 5.3: Comparison of the power response of a linear resonator to the Lorentzian
function, courtesy of [11]
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5.2 Microfluidic Interface

The fabricated chips, as can be seen in the picture 4.25, have five holes on the
glass wafer (500 pm thick) used as inlets/outlets for the liquids and the vacuum
system. Plugging in four tubes, without problems of clogging or spilling, directly
on the chip were not feasible. So a chip connector, playing as interface between the
holes on the chip and the external fluidic circuit, has been developed. A sketch of
the connector is reported in figure 5.4a. It is composed by two different pieces: the
top one with the fluidic connection and the bottom one with the housing for the
piezoelectric actuation.

The top piece is characterized by five L-shaped conduits. They have on one termi-
nation a quick connector (LEGRIS 3101 04 09), used to easily plug and remove the
pipes, and on the other one a groove with an O-ring, useful to avoid leakages of
liquids towards the chip surface. There are also present five through holes needed
for alignment with the respective inlet hole (on the chip) and a large central window
to allow the optical access, essential for the characterization.

The bottom part has a round-shaped housing for the piezoelectric disk and a rect-
angular one for the electric cables. The depth of the piezoelectric disk housing is
crucial since it is responsible of the sealing of the O-ring (and of the breakage of
the ceramic actuator if too small).

Figure 5.4: a) Schematic of the chip holder b) Schematic of the top piece
The two pieces are then tight together with six screws to get the sealing of all the O-

rings and to get the adherence of the chip on the actuator. Better is the adherence,
cleaner is the signal obtained from the beams and higher is the signal to noise ratio.
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The top piece, due to its complexity, has been produced using a 3D-printing
technique (the distance between the O-ring grooves is around 300 pm), while the
bottom one is fabricated with a numeric controlled milling machine.

(a) Prototype done in PMMA with (b) Chip holder on the stage during
drill and milling machine a characterization

Figure 5.5: Pictures of the chip connector
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5.3 Allan Deviation

The Allan deviation, named after its inventor Allan [66, 67], is an indicator
used typically as a metric for the frequency noise of the sensors. In principle this
calculation can be applied to any magnitude; for the oscillation frequency of an
oscillator in a time period of 7 is defined as 5.2:

oar) =\AD ~ | & (2 52

where fy is the time average of the frequency measurement in the & time interval
of 7 within a total of N intervals, and fy is the mean oscillation frequency cal-
culated over the entire duration of the noise measurement. In other words, the
Allan deviation is calculated by averaging subsequent sections of the normalized
frequency data of length 7, and then taking the difference between the means of
contiguous segments [35]. The typical Allan deviation plot, as a function of the
integration time 7, is reported in figure 5.6.
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Figure 5.6: Typical Allan deviation plot as function of the integration time 7 (black
line), courtesy of [11]

As can be seen in the plot, the curve of the Allan deviation can be divided in three
parts: a descending part, a “flat” region with a minimum and an ascending part.
All the regions are characterized by a main contribution acting in that specific in-
tegration time, that define its overall behavior. The first contributors that we can
find are the white noise and thermomechanical noise, which are inversely propor-
tional to /7 and are represented with the orange line. The flat region is influenced
mainly by the 1/f noise (represented with the grey line), with such noise source it
is not possible to improve the measurement by averaging longer.
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Then the last noise input, reported with the pink line, is the drift (or random walk)
that increase proportional to 7/2 or 7 (in the plot is reported 71/2). The minimum
in the plot gives the parameter to estimate the lower limit of the frequency noise,
and so the minimum achievable resolution when measuring the resonant frequency.
Furthermore assuming that the minimum detectable frequency change is that one
which gives a fractional change equal to the Allan deviation, we can estimate the
minimum detectable mass by the resonator as [68]:

a—m:28—f:2aa—>8m:20a>a<m (5.3)
m f
The tool used for the measurement of the frequency stability is the UHFLI
from Zurich Instruments reported in figure 5.8, a lock-in amplifier, used in the
PLL (Phase Locked Loop) configuration. A phase locked loop consists of a phase
detector, voltage controlled oscillator and a loop filter as well as a reference signal
source. A schematic of the circuit is reported in Figure 5.7.

Voltage
Phase Loop Controlled
Comparator  Filter Oscillator

Vi dHQ vcol—e,

A
Figure 5.7: Simplest analog PLL (phase locked loop)

The oscillator generates a periodic signal, the phase detector compares the phase
of that signal with the phase of the input periodic signal, adjusting the oscillator
to keep the phases matched. Keeping the input and output phase in a lock step
also implies keeping the input and output frequencies the same, or better be able
to “follow” the frequencies within a predetermined bandwidth. In this way, giving
as input of the system the phase of the oscillator at its resonance frequency, it
is possible to continuously characterize the fluctuation of the resonance frequency,
thus its noise (or stability) needed to calculate the Allan deviation.

Figure 5.8: UHFLI from Zurich Instruments
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Chapter 6

Results

The characterizations did on the devices can be divided mainly in three parts:

1. A first mechanical characterization in which the performance of the devices
is analyzed only from the point of view of the resonator to understand the
values of the resonance frequencies and the limits regarding the quality factor.

2. A very rough fluidic check is performed to understand if the liquid can spill
into the channels, or not. It was not possible doing this check using the
visual inspection since the differences in refraction, or contrast, occurring in
a 50 nm thick channels were not appreciable. Thus, it was used an electrical
approach based on the injection of a conductive liquid into the channels with
a subsequent I-V characterization.

3. A full characterization, combining the mechanical and fluidics parts, has been
carried out injecting liquids with different densities in the chip and the respec-
tive shifts in the resonance frequency have been evaluated. At this step also
a density and mass responsivities have been extrapolated from the density vs
frequency resonance plot.

6.1 Mechanical Characterization

The mechanical characterization is needed in order to understand the values of
the resonance frequencies and the limits regarding the quality factor. The first ones
are useful to figure out the accordance between the estimation of the simulations
and the output of the fabrication. The information on the quality factor, instead,
give an idea of the goodness of the resonator, as said previous in this thesis 2.4.
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6.1.1 Nanoslit devices

The nanoslit devices were the first to be produced, thus are the ones in which a
deeper characterization has been possible. The measurements have been extensively
done on different bridges belonging to different chips in order to understand the
overall yield of the fabrication process. For all both the performance in air and
vacuum have been investigated.

Here I report the result obtained on some chips (15 and 59) belonging to the
first batch of chips fabricated. Results belonging to other chips are here omitted
because do not give additional information.

Chip 15

In the plot 6.1 are reported two examples of characterization done on the first
bridge (enumerated starting from the top of the chip, location of the identification
number of the chip) in air and vacuum condition. It can be easily seen that, when
the chip is put in high vacuum condition (a turbomolecular pump is used here), the
resonance frequency increases and the broadness of the peak is strongly reduced.
The first effect is due to the absence of the air acting as added mass during the
vibration of the resonator, while the second one is due to the reduction of damping,
resulting in a reduction of the energy lost during the vibration and thus an increase
of the quality factor.

Condition | Resonance Frequency | Quality factor
Air 1.541 78 MHz 332
Vacuum 1.835 98 MHz 12352

Table 6.1: Resonance frequencies and quality factors for bridge 1 chip 15

The quality factor of the resonator is very high in vacuum condition and accept-
able in air environment, giving a positive opinion on the yield of the process. It has
to be noticed that the resonance frequency of the resonator is higher with respect
to the expected one reported in the design section of this thesis, in the table 3.1.
An explanation on this fact will be given later in this section, in 6.1.2.

Other characterizations on the same bridge of chip 15 have been done and are
reported in the picture 6.3. All the characterizations reported in the figure 6.3 have
been done without turn off the pump in a 24 hours temporal window. As can be
seen the resonance frequency present a drift toward higher value. For the moment
straight after the ignition of the vacuum pump, this variation is explainable with
a transition between the air and the vacuum conditions, thus a reduction of “air
added mass/damping” causing the increase of the frequency.
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Figure 6.1: Two examples of characterizations done on chip 15 - bridge 1 (L x W
x T = 50pum x 6 pm x 450 nm: black line in air, blue line in vacuum.
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Figure 6.2: Lorentzian fit of the resonance peaks of the bridge 1 - chip 15. The
blue line represents the fit while the yellow area the data interval of fitting.

The permanence of this drift also after some hours remains an unsolved point; dif-
ferent characterizations, reported later in the section 6.1.2, have been made trying
to understand this phenomena.

Same characterization with analogous results are here reported for different
bridges belonging to the same chip.
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Figure 6.3: Characterizations made on the same device (Bridge 1 chip 15) in a
24-hours temporal window.

Measurement, fr QF | Af, wrt. Air | AQF w.r.t. Air
Air 1.541 780 MHz | 332 0.00% 0.00%
Vac - O min 1.650820 MHz | 2775 7.07% 736%
Vac - 59min | 1.740430 MHz | 4734 12.88% 1326%
Vac - 96min | 1.761430 MHz | 6551 14.25% 1873%
Vac - 196 min | 1.789 980 MHz | 6338 16.10% 1809%
Vac - 1118 min | 1.832200 MHz | 8653 18.84% 2507%
Vac - 1184 min | 1.832890 MHz | 7571 18.88% 2181%
Vac - 1325 min | 1.834290 MHz | 7069 18.97% 2030%
Vac - 1385 min | 1.835080 MHz | 9442 19.02% 2744%
Vac - 1450 min | 1.835430 MHz | 6577 19.05% 1881%
Vac - 1511 min | 1.835980 MHz | 12352 19.08% 3635%

Table 6.2: Resonance frequencies ( f,) and quality factors (QF) for bridge 1 chip 15
of the characterization reported in 6.3. The variations are calculated with respect
to air measurement reported in first row.
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Figure 6.4: Characterizations made on bridge 2 chip 15. All the characterizations
have been done without turn off the pump in a 24h temporal window.

Measurement fr QF | Af, wrt. Air | AQF w.r.t. Air
Air 1.46510 MHz | 325 0.00% 0.00%
Vac - Omin | 1.64932MHz | 1008 12.57% 210%
Vac - 60min | 1.73763 MHz | 3104 18.60% 855%
Vac - 97min | 1.758 15 MHz | 5182 20.00% 1494%
Vac - 196 min | 1.78737MHz | 4088 22.00% 1157%
Vac - 1119 min | 1.83244 MHz | 6547 25.07% 1913%
Vac - 1184 min | 1.83283 MHz | 5736 25.10% 1664%
Vac - 1326 min | 1.83448 MHz | 5341 25.21% 1543%
Vac - 1386 min | 1.83597 MHz | 4634 25.31% 1325%
Vac - 1450 min | 1.836 03 MHz | 2477 25.32% 662%
Vac - 1512min | 1.836 29 MHz | 3643 25.34% 1020%

Table 6.3: Resonance frequencies ( f,) and quality factors (QF) for bridge 2 chip 15
of the characterization reported in 6.4. The variations are calculated with respect
to Air measurement reported in first row.
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Figure 6.5: Evolution of the resonance frequencies versus time of bridges of chip 15
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Chip 59

Here below are reported some characterizations done on another chip, identified
with the number 59, showing the same behavior belonging to the chip 15, above
explained. The first example of results are the measurements did on bridge 4 (L
x Wx T = 50pm x 6 pm x 450nm) and then the one on bridge 8 (L x W x T =
50 pm x 7 pm x 450 nm).
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Figure 6.6: Characterizations made on bridge 4 chip 59. All the characterizations
have been done without turn off the pump in a 24h temporal window.

Measurement fr QF | Af, wrt. Air | AQF w.r.t. Air
Air 1.41061 MHz | 152 0.00 % 0.00 %
Vac - O min 1.62230 MHz | 3141 15.01 % 1964 %
Vac - 61min | 1.73265MHz | 8110 22.83 % 5228 %
Vac - 98 min | 1.74802 MHz | 8429 23.92 % 5438 %
Vac - 197min | 1.766 22 MHz | 9494 25.21 % 6137 %
Vac - 1119 min | 1.78919 MHz | 12614 26.84 % 8188 %
Vac - 1184 min | 1.78949 MHz | 13734 26.86 % 8923 %
Vac - 1327 min | 1.79027 MHz | 13601 26.91 % 8836 %
Vac - 1387 min | 1.790 72 MHz | 13749 26.95 % 8933 %
Vac - 1451 min | 1.79092 MHz | 13242 26.96 % 8600 %
Vac - 1513 min | 1.79141 MHz | 13053 27.00 % 8476 %

Table 6.4: Resonance frequencies (f,.) and quality factors (QF) for bridge 4 chip 59
of the characterization reported in 6.6. The variations are calculated with respect
to Air measurement reported in first row.
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Figure 6.7: Characterizations made on bridge 8 chip 59. All the characterizations
have been done without turn off the pump in a 24h temporal window.

Measurement fr QF | Af, wrt. Air | AQF w.r.t. Air
Air 1.46537MHz | 219 0,00 % 0 %
Vac - Omin | 1.57033 MHz | 3181 7,16 % 1352 %
Vac - 60min | 1.68523 MHz | 6135 15,00 % 2699 %
Vac - 97min | 1.70409 MHz | 5976 16,29 % 2627 %
Vac - 197min | 1.72744 MHz | 10315 17,88 % 4607 %
Vac - 1119 min | 1.758 59 MHz | 13374 20,01 % 6002 %
Vac - 1184 min | 1.75906 MHz | 7355 20,04 % 3256 %
Vac - 1327 min | 1.76021 MHz | 13588 20,12 % 6100 %
Vac - 1386 min | 1.760 79 MHz | 13739 20,16 % 6169 %
Vac - 1451 min | 1.761 13 MHz | 12006 20,18 % 5378 %
Vac - 1513 min | 1.761 72MHz | 8626 20,22 % 3836 %

Table 6.5: Resonance frequencies ( f,) and quality factors (QF) for bridge 8 chip 59
of the characterization reported in 6.6. The variations are calculated with respect
to Air measurement reported in first row.

82



6.1 — Mechanical Characterization

N
N
T

o
:

—-Ch59Br4|

Frequency (MHz)

o}
©

o}
[}
;

500 750 1000 1250 1500

0 250
Time (min)

(a) Bridge 4 Chip 59

1.8¢
1751 - -
N /
I 1.7+ *
2 .
z |
c ]
[ I
> :
©1.65 1
[ !
: k- Ch59Br6
|
1.6
|
B
A
*
155 ‘ ‘ ‘ ‘ ‘
0 250 500 750 1000 1250 1500

Time (min)
(b) Bridge 8 Chip 59

Figure 6.8: Evolution of the resonance frequencies versus time of bridges of chip 59
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6.1.2 Drift of the resonance frequency under vacuum con-
dition

A common issue found in every characterization made on the chips is the drift
of the resonance frequency toward higher values when put and kept under vacuum.
As said above, for the increase that occurs on the moment straight after the ig-
nition of the vacuum pump the explanation can be a transition between the air
and the vacuum conditions, thus a reduction of “air added mass/damping” and
the consequent increase in resonance frequency. In fact, the turbomolecular pump
reach the full speed after a couple of minutes thanks to the small volume of the vac-
uum chamber in which the tests are performed (about 5L). Values of the vacuum
pressure are not available due to the absence of a sensor, but it can be estimated
that the pressure reach the high vacuum regime (about 10~ mbar-10~%mbar) at
the full speed of the pump.
The unexpected fact is that the increase in the resonance frequency was not stop-
ping, rather it was lasting for several hours. To better understand the phenomena,
long duration (2 days) characterizations have been set up, helped by a macro on
the tool that was able to repetitively start a measurement on prefixed points after
an interval of time. These characterizations were meant to be useful to find the
bandwidth of variation and, if present, a saturation time in which the drift was
stopping.

Here are reported the figures of merit of one of these characterizations, lasted
41 hours with measurements about every 30 minutes. Since the measurement were
done in absence of the operator the system was not continuously optimized to get
the best signal (the XY stage of the tool was slowly moving due the pumping system,
the prefixed points should have been adapted). In the picture 6.9 is reported the
evolution of the resonance frequency versus the elapsed time, the overall variation
is of 252.970kHz (more than 15% with respect to the initial frequency). A so big
shift in resonance frequency it is not easy to explain. The expected shift due to the
removal of the air and some layers of adsorbed water on the surface would be much
lower than 1kHz (about 0.05kHz), even considering the channel full of water the
shift would be only some tens of kilohertz. The picture 6.10 reports the value of
quality factor along the characterization, here can be seen that the evolution walk
along a not-monotonic path.
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Figure 6.9: Resonance frequencies of a clamped-clamped beam put under vacuum
versus the elapsed time. As can be seen the values of resonance frequency are
increasing along the time: a high slope at the beginning and a saturation region in
the end can be seen.
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Figure 6.10: Quality Factor of the resonance frequency a clamped-clamped beam
put under vacuum versus the elapsed time. As can be seen the evolution of the QF
walk along a not-monotonic path.
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The trend of the resonance frequency in picture 6.9 suggests that, after a cer-

tain interval of time, it occurs a saturation. The plot in picture 6.11 reports in
detail the variation of the drifting velocity in absolute terms in Hz/s, i.e. the ratio
of the differences of resonance frequency/time of the k-th measurement and the
initial one Vi, = (fx — fo)/(tx — to). The velocity, anyway, has been considered too
high to be neglected for the fluidic characterizations. Moreover, the settling time
had a timescale of tens of hours, too much to allow reproducible and repeatable
characterizations.
Several hypothesis have been formulated trying to understand and to explain this
phenomena. The most probable one was to consider the fact that during the depo-
sition of silicon oxide via TEOS CVD some ethanol-derived molecules are formed
as byproduct on the active surface of deposition [69]. If the reaction occurs too fast
some of this molecules could be encapsulated by the oxide. In environment atmo-
sphere these molecules can evaporate and then be substituted by water ones present
in the air, creating a sort of “nanoporous oxide” humidity-susceptible. Hence, when
put under vacuum environment the water is slowly released, affecting the proprieties
of the material over the time and so influencing the overall resonance frequency. A
good way to assess this hypothesis could have been a test under different humidity
conditions in air, however in our laboratory the instrumentation to perform this
kind of characterization was not available. Another way could have been trying
with another process of deposition, however also in this case it was not possible
because the other available processes in the CMiQEPFL showed issues as reported
in 4.5.1. Thus, we did not succeed in demonstrating it.
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Figure 6.11: Absolute drift velocity versus the elapsed time. As can be seen, the
drift velocity tends to saturate after a certain interval of time.
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6.1.3 Effect of the residual stress on the resonance fre-
quency

In all the characterizations performed, the measured resonance frequency was
higher with respect to the theoretical one calculated with the formula described in
the Theory section 2 and here reported 6.1.

o _ B EL
fu= 5o A (6.1)

where (3, represent the modal coefficient, E, I,,, A, p are respectively the Young’s
modulus, the geometric moment of inertia, the cross-section area and the density.
To better visualize the difference, an example is reported in table 6.6 extrapolated
from the Table 6.7.

Theoretical f. | FEM f. | Experimental f,
0.9377 MHz | 1.064 MHz 1.6003 MHz

Table 6.6: Differences between theoretical and experimental resonance frequency.
Row extrapolated from table 6.7

The calculations done using the above formula 6.1 and the FEM simulations, during
the design process (described in 3), had one limitation: residual stress, that could
be present in the material, was not taken in account. Looking at the discrepancy
present between the expected value and the experimental one, thus, it can be
supposed that residual stress is present in the fabricated devices.

Analyzing the proposed fabrication process, the injection of residual stress is most
probable in two crucial steps (as already highlighted in the fabrication part 4): the
oxide deposition and the anodic bonding.

As reported in the theory section 2, the stress has the effect to change the resonance
frequency with respect to the unstressed condition: when the stress is tensile the
value increases, while if it is compressive the frequency have a reduction. The
equation that take in account also the residual stress, explained in the 2.1.1, is here

reported 6.2:
B2 |FEI, gA 0 gA
=5\ o2\ T B T T B (6.2)

This equation presents a corrective term that take in account the residual stress
with the term o. The stress is conventionally set as positive when tensile and nega-
tive when compressive. Looking at equation 6.2 is easy to understand the effect of
the corrective term on the frequency with respect to the unstressed condition (f?).

87




6 — Results

Using the above formula 6.2 it was possible to extrapolate a value for the stress

present on the presented devices. To calculate it, a Matlab cose has been wrote to

solve equations with respect to ¢ on a series of characterization made on different

bridges/chips. In table 6.7 a sample of them is reported.

The mean value obtained by the different characterizations is o = (11.27 4 0.82) MPa
referring to the expected resonance frequency obtained from FEM simulations,

while 0 = (16.97 + 0.98) MPa if referring to the theoretical resonance frequency.

As can be seen in pictures 6.12 both the obtained values are consistent with the

values found in literature for the stress due to anodic bonding and TEOS deposition.
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Figure 6.12: (a) The residual stress in silicon at the bond interface as a function
of the bonding temperature (bonding at 1000 V). Picture courtesy of [63] (b) Post
anneal residual stress for 2.0 pm poly-Si and TEOS. Picture courtesy of [70].

In both the plots the highlighted the part is referring to the conditions applied in
the process flow.
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6.1.4 Allan deviation

The Allan deviation, as explained in section 5.3, is a useful indicator for res-
onator since it measure its frequency stability. Furthermore it can be used to esti-
mate the minimum detectable mass by the resonator, assuming that the minimum
detectable frequency change is that which gives a fractional change in frequency
equal to the Allan variance: [68]:

a—m:2a—f:20a—>8m:2aa>t<m
m f
The Allan deviation, measured in an open-loop condition, has been investigated
with the help of the UHFLI lock-in amplifier from Zurich instruments. The charac-
terization has been made only in air because of the drift of the resonance frequency
in vacuum, explained in the above paragraph 6.1.2, was too high.

(6.3)

Chip 32 - Bridge 12

Below one example of the characterizations made on Chip 32 - Bridge 12 (Di-
mension Length x Width x Thickness = 50 pm x 7 pm x 450 nm) can be seen
on picture 6.13. The plot can be divided in a descending and an ascending part
(as better explained in the experimental chapter 5.3), that exhibit exponential be-
haviors of power + 0.5. The dashed lines represent the fit of those two parts,
with -0.509 and +0.489 as fitted exponent, giving an idea of the accuracy of the
characterization. The minimum is at 7 = 543.66 ms with a value on the y-axis of
o(t)=9.11 x 1077, According to equation 6.3 a minimum detectable mass of 595 ag
can be estimated. Characterizations on bridge 12 are reported in table 6.8 and in
Figure 6.14.

Table 6.8: Allan deviation measurements made on Bridge 12 - Chip 32

o () min T Minimum detectable mass
9.75 x 10~ | 512.80ms 638 ag
9.11 x 10~" | 543.66 ms 596 ag
9.25 x 10~" | 344.93 ms 605 ag
1.31 x 107° | 446.93 ms 855 ag
1.01 x 107% | 772.13 ms 660 ag
8.43 x 107 | 811.59 ms 551 ag
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Figure 6.13: Allan deviation on bridge 13 - chip 32. The minimum is at 7 = 543.66
ms with a value on the y-axis of o(¢)=9.11 x 107
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Figure 6.14: Plot of the Allan deviation characterizations reported in table 6.8
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Chip 52 Bridge 6

Here is reported another example of Allan Deviation done on a different chip:
Chip 52 Bridge 6 (Dimension Length x Width x Thickness = 50 pm x 6 pm x
450 nm) 6.15. The minimum is at 7 = 505.16 ms with a value on the y-axis of
o(t)=1.68 x 1075, According to equation 6.3 a minimum detectable mass of 843 ag
can be estimated. Characterizations on bridge 6 are reported in table 6.9 and in
Figure 6.16.

Allan deviation
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- -Fit~ 7

N
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Figure 6.15: Allan deviation on bridge 6 - chip 52. The minimum is at 7 = 505.16
ms with a value on the y-axis of o(t)=1.68 x 1076

o () min T Minimum detectable mass
1.68 x 107% | 505.16 ms 843 ag
1.75 x 107% | 529.34 ms 878 ag
2.49 x 107°% | 845.50 ms 1248 ag
2.13 x 107% | 573.95ms 1069 ag

Table 6.9: Allan deviation measurements made on Bridge 6 - Chip 52
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Figure 6.16: Plot of the Allan deviation characterizations reported in table 6.9
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6.1.5 Nanochannel devices

The characterization on Nanochannel devices was carried out in a less thorough
manner than the analysis performed on the nanoslit devices because the process
has taken more time to be optimized, and hence to have working devices. The
very small dimensions of the bridges (described in section Design 3.2) made it dif-
ficult the characterizations of the resonator, as the signal read from the MSA-500
was very noisy and the alignment of the laser spot was trickier. Especially for the
20 pm-long bridge was impossible to have a good signal and so to obtain a reso-
nance spectrum. The 40 pm clamped-clamped beams have been “sacrificed” to put
the test pads, described in 4.2.2. Below are reported two samples of the obtained
results for these devices.

Chip 16

The characterizations have been performed in vacuum condition.
An example of obtained spectrum can be seen in Figure 6.17, Bridge 6 - chip 16
(Dimension (Length x Width x Thickness) = 30 pm x 5 pm x 450 nm). A Lorentzian

Frequency (MHz)

Figure 6.17: Spectra of nanochannel device - Bridge 6 - Chip 16

fit on the resonance peak, reported in Figure 6.17, allows to evaluate the resonance
frequency and the quality factor:

e F,=2.93259 MHz:
e Q =7006

Also in this case the experimental resonance frequency is higher with respect to the
estimated one.
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164 y0 = 1,16006E-23, xc = 2,93259E6
w =418,5291, A = 9,39295E-20
H = 1,42875E-22
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Figure 6.18: Lorentzian fit of the resonance peaks of the bridge 6 - chip 16. The
blue line represents the fit while the yellow area the data interval of fitting.

Chip 45

In table 6.10 are reported the results obtained by the characterization of the
30 pm bridges on the chip 45. This chip have the peculiarity of be in a not (well)
bonded region of the wafer. As can be seen, here that the tensile stress induced
by the anodic bonding is not present, the resonance frequency is very close to the
expected one fihe° = 2.605 MHz, reported in the design section 3. These results
consolidates the hypothesis made in 6.1.3.

Device e QF
Br2 | 2.47122MHz | 1673
Brbs | 2.54289 MHz | 2878
Brb5 | 2.54407 MHz | 2852
Br8 | 2.54477MHz | 2768
Br8 | 2.54558 MHz | 2929
Brll | 2.47122MHz | 1673
Brll | 2.48770MHz | 2352

Brll | 2.48878 MHz | 2853
Br1l4 | 2.49073MHz | 2542
Br14 | 2.49714MHz | 3015

Table 6.10: Resonance frequencies of 30 pm clamped-clamped beams from chip 45.
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6.2 Fluidics check

A fluidic check has been made on the devices in order to investigate if also
the “fluidic path” of the devices, beyond the mechanical one, was working in the
right way. The aim of this characterization is to evaluate if, on the fabricated
chips, the nanometric channels is totally released and the interfaces between them
and the microfluidic channels of bypass are well-opened. The best way to do that
would have been by visual inspection, sadly it was not possible because the height
of the channel (50 nm) was limiting too much every kind of signal that could be
used to directly see the filling of the devices with some liquid. To overcome this
problem I decided to proceed with an electric approach, sketched in picture 6.19a.
All the channels have been filled with a conductive liquid solution (KCI - Potassium
chloride - 1 M) using two opposite inlets as input ones. The microfluidic channels
of bypass are linked only through the nanochannels; thus the idea is that a current
can be seen only if the conductive path is continuous and so the liquid is filling also
the nanochannel inside the bridges.

Below is reported one of the tests done as exemplification 6.19b. The red line
represents the current present when the conductive solution is present (and the
orange dashed line is its fit). The green line is the signal coming by the electric
readout from the chip without the conductive solution. This measure has been
made to ensure that the chip was not conductive by itself, but the conduction
occurs only thanks the ions of the conductive solution.

Several trials have been made on different chips and all the tested chips were
reporting a current when the conductive solution was injected, giving the idea that
also the fluidic part of the chips was working.

6}1040

Array of Nanoslits .
filled with KCI 1M A

l .

: ¥ 0
-1
0 0.1 0.2 0.3 0.4 0.5
Voltage (V)

(a) (b)

Figure 6.19: (a) Sketch of the electric set-up for the fluidics check.
(b) IV plot of a fluidic check on a Chip (13).

Current (A)
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6.3 Fluidics and mechanical characterization

In this part is described the characterization did joining the mechanical and the
fluidic parts of the devices. The aim of this investigation is to see the behavior
of the devices when liquids of different densities are injected in the system and,
later, estimate a mass and density responsivities. The resonance frequency is firstly
detected with the empty channel, and then the mechanical response is characterized
with the channel filled with water (999kg/m?) and Ethanol (789kg/m?). These
liquids were injected with the help of two syringes and pipes going through the
chip holder (described in 5.2). The shifts of the resonance frequency calculated
with respect to the empty case (and normalized by their maximum value) are
expected to be dependent on the added mass according to the equation 6.4.

1/,

R = —5°" (6.4)

From the density vs frequency resonance plot the density and mass responsivity can

be extrapolated A common issue found in every characterization of this type was

the very slow filling of the channel; in some cases it took also some hours before

seeing an appreciable shift on the resonance frequency. This is the main reason

because, recalling the drift of resonance frequency under vacuum described above

in 6.1.2, all the measurements on the devices used as density sensor have been done
in air instead of vacuum.

Below some of the obtained results are reported.
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6 — Results

Chip 32 - Bridge 12

The normalized resonance peaks for the bridge 12 (Dimension - Length x Width
X Thickness = 50 pm x 7 pm x 450 nm) with 3 pm wide channel are shown in Figure
6.20. The scattered points, in transparency, are the measured data, while the line
draw their Lorentzian fit. As can be seen denser is the liquid, bigger is the shift
with respect to the empty case.

Air Air

09+ Vater Ethanol = Air Lorentz Fit
Water

—Water Lorentz Fit
Ethanol

= Ethanol Lorentz Fit

Displacement (a.u.)
o
(&

0.97 0.98 0.99 1 1.01 1.02
Frequency/F0

Figure 6.20: Resonance curves of the bridge 12 filled with different fluids: the shift
increases with the fluid density.

The resonance frequency in empty condition is of 1.673 MHz 4+ 0.002 MHz with
a quality factor of 114 + 5 (90 + 114 with liquids).

These shifts are plotted in function of the mass in Figure 6.21. The dashed
line represents the fit of the experimental data according to equation 6.4: from
its slope, it is possible to extrapolate the mass responsivity of the resonator as
R,,=(3.85 £ 0.05) mHz/ag for the bridge under analysis. The density responsivity
is Rensity=(28.84 & 0.37) Hz/[kg/m?].

Resonance Frequency (1.673 £ 0.002) MHz (empty)
Quality factor 114 £ 5 empty (90 + 114 liquids)
Theoretical Responsivity R,,=4.97mHz/ag
Mass Responsivity R, =(3.85 £ 0.05) mHz/ag
Minimum detectable Mass (Allan) 595 ag (551l ag + 854 ag)
Density Responsivity Raensity =(28.84 £ 0.37) Hz/[kg/m?]

Table 6.11: Figures of merit for bridge 12-32.
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6.3 — Fluidics and mechanical characterization
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Figure 6.21: Plot of the frequency shifts as function of the mass of the medium
inside the channel for the evaluation of the mass responsivity (slope of the linear
fit, black dashed line) - Chip 12 Bridge 32.
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6 — Results

Chip 32 - Bridge 8

The normalized resonance peaks for the bridge 8 (Dimension - Length x Width

X Thickness = 50 pm x 7 pm x 450 nm) with 3 pm wide channel are shown in Figure
6.22

Ethanol

g

Air

= Air Lorentz Fit
Water

——Water Lorentz Fit
Ethanol

——Ethanol Lorentz Fit

Displacement (a.

0.975 0.98 0.985 0.99 0.995 1 1.005 1.01 1.015
Frequency/FD

Figure 6.22: Resonance curves of the bridge 8 filled with different fluids: the shift
increases with the fluid density.

The resonance frequency in empty condition is of (1.546 + 0.003) MHz with a
quality factor of 113 £ 15 (50 + 113 with liquids).

These shifts are plotted in function of the mass in Figure 6.23. The mass respon-
sivity of the resonator is ®,,=(1.28 + 0.04) mHz/ag for the bridge under analysis.
The density responsivity is Ruensity=(9.32 + 0.32) Hz/[kg/m?].

In table 6.12 are resumed the figures of merit for the bridge under investigation
(Chip 32 - Bridge 12).

Resonance Frequency (1.546 £ 0.003) MHz (empty)
Quality factor 113 + 15 (50 =+ 113 with liquids)
Theoretical Responsivity R,,=4.70mHz/ag
Mass Responsivity R,,=(1.28 £ 0.04) mHz/ag
Density Responsivity | Rensity=(9.32 & 0.32) Hz/[kg/m?|

Table 6.12: Figures of merit for bridge 8-32.
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6.3 — Fluidics and mechanical characterization
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Figure 6.23: Plot of the frequency shifts as function of the mass for Bridge 8 - Chip
32.
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6 — Results

Chip 56 - Bridge 13

The normalized resonance peaks for the bridge 13 (Dimension - Length x Width

x Thickness = 50 pm x 8 ym x 450 nm) with 4 pm wide channel are shown in Figure
6.24.

Ethanol Air Air

= Air Lorentz Fit
Water

——Water Lorentz Fit
Ethanol

.07 ——Ethanol Lorentz Fit

Water

Displacement (a.u.,

oll
0.965 0.97 0.975 0.98 0.985 0.99 0.995 1 1.005 1.01 1.015
Frequency/FD

Figure 6.24: Resonance curves of the bridge 13 filled with different fluids: the shift
increases with the fluid density.

The resonance frequency in empty condition is of (1.538 + 0.008) MHz with a
quality factor of 103 £ 8 (80 + 110 with liquids).

These shifts are plotted in function of the mass in Figure 6.25. The mass respon-
sivity of the resonator is ®,,=(2.73 + 0.21) mHz/ag for the bridge under analysis.
The density responsivity is Rensity=(27.27 £ 2.06) Hz/[kg/m?].

In table 6.13 are resumed the figures of merit for the bridge under investigation
(Chip 56 - Bridge 13).

Resonance Frequency (1.538 £ 0.008) MHz (empty)
Quality factor 103 + 8 (80 + 110 with liquids)
Theoretical Responsivity R,,=4.15mHz/ag
Mass Responsivity R,,=(2.73 £ 0.21) mHz/ag
Density Responsivity | Rensity=(27.27 £ 2.06) Hz/[kg/m®]

Table 6.13: Figures of merit for bridge 13-56.
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6.3 — Fluidics and mechanical characterization
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Figure 6.25: Plot of the frequency shifts as function of the mass for Bridge 13 -
Chip 56.
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6 — Results

Chip 56 - Bridge 18

The normalized resonance peaks for the bridge 18 (Dimension - Length x Width

x Thickness = 50 pm x 8 ym x 450 nm) with 4 pm wide channel are shown in Figure
6.26.

Water ool Air

09~ > —— Air Lorentz Fit
Water

0.8 ——Water Lorentz Fit
Ethanol

.07 ——Ethanol Lorentz Fit

Displacement (a.u.,

0.965 0.97 0.975 0.98 0.985 0.99 0.995 1 1.005 1.01 1.015
Frequency/FD

Figure 6.26: Resonance curves of the bridge 18 filled with different fluids: the shift
increases with the fluid density.

The resonance frequency in empty condition is of (1.684 + 0.006) MHz with a
quality factor of 71 £ 18 (70 + 100 with liquids).

These shifts are plotted in function of the mass in Figure 6.27. The mass respon-
sivity of the resonator is ®,,=(3.16 + 0.11) mHz/ag for the bridge under analysis.
The density responsivity is Rensity=(31.59 £ 1.14) Hz/[kg/m?].

In table 6.14 are resumed the figures of merit for the bridge under investigation
(Chip 56 - Bridge 18).

Resonance Frequency (1.684 £ 0.006) MHz (empty)
Quality factor 71 £ 18 (70 =+ 100 with liquids)
Theoretical Responsivity R,,=4.46 mHz/ag
Mass Responsivity R,,=(3.16 £ 0.11) mHz/ag
Density Responsivity | Rensity=(31.59 & 1.14) Hz/[kg/m”®]

Table 6.14: Figures of merit for bridge 18-56.
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6.3 — Fluidics and mechanical characterization
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Figure 6.27: Plot of the frequency shifts as function of the mass for Bridge 18 -
Chip 56.
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6 — Results

6.3.1 Figures of merit

In table 6.15 are resumed the figures of merit for the previous presented bridges.
Looking at them and comparing the mass responsivities obtained by theoretical cal-
culations R and the experimental ones R¢*? is possible to see that the last one, in
each case, is considerably lower with respect to the expected one. This result is not
surprising because the theoretical calculations does not take in account all the non-
idealities of the devices and the signal losses occurring during the characterizations
that contribute to lower the values of the mass responsivity.

Device fr QF Retheo Rexp i
Ch32-Br12 | 1.673MHz | 114 | 4.97mHz/ag | 3.85 mHz/ag | 28.84 Hz/[kg/m?]
Ch32-Br08 | 1.546 MHz | 113 | 4.70 mHz/ag | 1.28 mHz/ag | 9.32Hz/[kg/m?]
Ch56-Br13 | 1.538 MHz | 103 | 4.15mHz/ag | 2.73mHz/ag | 27.27 Hz/[kg/m?|
Ch56-Brl8 | 1.684 MHz | 71 | 4.46mHz/ag | 3.16 mHz/ag | 31.59 Hz/[kg/m?|

Table 6.15: Figures of merit of the nanoslit devices.
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Chapter 7

Conclusions

In this thesis a complete process for the realization of suspended nanochannel
resonators is presented. A flexible fabrication process has been developed thanks
to which it is possible to make different types of SNRs just by varying some steps
during the fabrication: nanoslit (4.1), nanochannel (4.2) and the so called “2-step
nanoslit device” (4.3). The yield of the process flow, for the nanoslit devices, can
be assessed around 50%.

The mechanical characterizations performed on the devices gave very good and
promising results: quality factor values of the order of thousands have been ob-
tained in vacuum for nanoslit and nanochannel devices. Values of resonance fre-
quency higher with respect to the theoretically calculated ones have been measured.
This discrepancy has been attributed to the residual tensile stress induced by the
anodic bonding performed to seal the chips, as analyzed and explained in chapter
6.1.3. Anyway, the rising of the resonance frequency is not a disadvantage because
it cooperates in the increase of the performance of the devices as mass sensors.

In fact, fabricated nanoslit devices show an experimental mass responsivity up
to (3.90 £ 0.72) mHz/ag and an estimated minimum detectable mass up to 595 ag,
with measurement performed in air. These devices have been also tested with lig-
uids having different densities showing a responsivity up to (28.84 + 0.37) Hz/[kg/m?].

The process flow for the fabrication of the “2-step nanoslit” devices has been devel-
oped and a proof of concept of the working principle has been given, even though
the effective characterization of these devices suffered the low priority imposed by
the measurements on the other devices.

For the nanochannel devices only characterization on the mechanical proprieties
has been done, showing an expected mass responsivity up to 19.97mHz/ag.
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7 — Conclusions

In conclusion it has been reported, for the first time, a top-down fabrication ap-
proach for a SNR [10, 34, 41] in which the critical dimension of the channel was
as small as 50nm. Moreover, a set-up for the characterization of devices combin-
ing micromechanics and nanofluidics has been assembled giving promising results
toward their application for the detection of nanoparticles.
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Appendix A

Picture Gallery

A.1 Nanoslit Devices - SEM

20 um EHT = 3.00 kv StageatT= 00° Signal & = InLens c M H
|—| | Probe = 50 pA WO = 4.2mm Date 17 Feb 2017 I EPFL Center of

ESBGrid= 0V Mag = 640X File Narne = 60545_30p_03 tif MicroNanoTechnology

Figure A.1: Picture of a channel in which failed the releasing.
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A — Picture Gallery

2pm EHT = 3.00 KV Stage atT= 38.5° Signal A = HE-SE2 c M H
|—| | Probe = 50 pA WD = 8.3mm Date :2 Mar 2017 I EPFL Center of
ESBGrd= 0V Mag= 542 KX File Name = B0547_release_11 tif MicroNanoTechnology

Figure A.2: Detail of a clamped-clamped beam, bended.

i,

3um EHT = 500KV Stage atT= 38.3° Signal A= HE-SE2 c M H
I EPFL Center of

IProbe = 50pA WD = 8.1 mm Date .26 Apr 2017
ESBGrid= 0V Mag= 183K File Name = 68244 _release_05.tif MicroNanoTechnology

Figure A.3: Detail of a clamped-clamped beam. It worth to see here the absence
of bending.
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A.1 — Nanoslit Devices - SEM

3um EHT = 5.00 kv Stage atT= 38.3° Signal A = HE-SE2 c M H
|—| | Frobe = 50p& WD = 8.1mm Date 26 Apr 2017 I EPFL Center of
ESBGrd= 0% Mag= 3.84 KX File Name = B8244_release_04 tif MicroNanoTechnology

Figure A.4: Detail of a nanoslit device highlighting the few lateral space that can
be used for the alignment tolerance.
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A — Picture Gallery

A.2 Nanochannel Devices - SEM

2 pm EHT = 300 kY Stageat T= 400" Signal A = HE-SE2

|Probe = 50 p& WD = 8.0mm Date ;7 Sep 2017
ESBE Grid= 0V Mag= 280K X File Name = B7513Bnch_16 tif

Figure A.5: Detail of a nanochannel device.

2um EHT = 500KV StageatT= 0.0° Signal A= HE-SE2 c M H
|—| |Probe = 50 pA WO = 54 mm Date :28 Apr 2017 I EPFL Center of
ESBGrd= 0V Mag= 551 KX File Name = 68246nch_release_02 tif MicroNanoTechnology

Figure A.6: Detail of a nanochannel device highlighting a mismatching in the align-
ment between the channel and the beam.
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A.2 — Nanochannel Devices - SEM

2pm EHT = 3.00 KV Stage atT= 35.08° Signal A = HE-SE2 c M H
|_| | Frobe = 50p& WD = 8.2mm Date 7 Sep 2017 I EPFL Center of
ESBGrid= 0V Mag= 221 KX File Narne = 675136nch_D7 tif MicroNanoTechnology

Figure A.7: Nanochannel device with the test pad.
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A — Picture Gallery

A.3 Nanochannel Devices - Optical Microscope

Figure A.8: Released nanochannel (width = 100 nm) device with the test pad.

Figure A.9: Released nanochannel (width = 80nm) device with the test pad.
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A.3 — Nanochannel Devices - Optical Microscope

Figure A.10: Released nanochannel (width = 50 nm) device with the test pad.

Figure A.11: Released nanochannel (width = 40 nm) device with the test pad.

Figure A.12: Nanochannel (width = 30 nm) device with the test pad.
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A — Picture Gallery

Figure A.13: Nanochannel (width = 20nm) device with the test pad.
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Appendix B

Process flow for glass sealing wafer

1. Hard Mask Deposition on Borofloat B.1a

(a) Borofloat 33 as starting wafer

(b) Cr/Au deposition with Sputtering DP650 — Recipe HTU _E_300_Cr-
Au-Cr-Au for 2 x 20nm Cr + 2 x 20nm Au

2. Photolithography on hard mask B.1b

(a) Coating with ACS200 - AZ 1512HS, 2 pm
(b) Exposition with MLA150

(¢) Develop with ACS200 - AZ 1512HS, 2 um
(d) SRD Rinse, wet bench

a

3. Pattern Transfer on hard mask B.1c
(a) IBE to etch 440 nm of hard mask layer
4. Microchannel structuration B.1d
(a) HF wet etch — 15 pm deep on Pyrex
5. Inlet structuration by Powder Blasting @ IcoFlex Sarl
6. PR and Cr/Au removal

(a) PR Removal - Tepla oxygen plasma, High power 2 min
(b) acid wet bench (Au wet etch + Cr wet etch)

7. Anodic Bonding B.le
(a) Standard recipe: A_T350 480
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B — Process flow for glass sealing wafer

O

)

1

(a) Step 1

—_

0)

(b) Step 2

(c) Step 3

—_

2)

(d) Step 4

(e) Step 7

Figure B.1: Process flow for glass sealing wafer. Brown-glass, Red-Gold, Grey-
Chromium, Green-Photoresist, Yellow-Silicon oxide device layer
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