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Abstract

Rapid progress in nanofabrication techniques resulted in the emergence of ultrasensitive
nanomechanical sensors, commonly consisting of simple vibrating structures such as cantilevers,
strings or membranes that exhibit resonance behavior. The principle of operation is based on
monitoring the resonance frequency shift due to various external factors, including mass, force and
temperature change. The high sensitivity of nanomechanical resonators has already been exploited to
create a group of photothermal spectroscopy devices capable of exceptionally fast chemical analysis
of compounds on the femtogram level.

Nanomechanical infrared spectroscopy (NAM-IR) originated from photothermal bilayer
cantilever deflection spectroscopy and is based on the photothermal response of a hanomechanical
resonator. It has already been presented with a string resonator, which was acting as sampling
element and temperature sensor. The string could be considered as a single filter-fiber and
guaranteed relatively high overall sampling efficiency through impaction of airborne nanoparticles on
the resonator surface. When the analyte, collected by the sensor, is exposed to IR radiation it absorbs
light at a certain wavelength corresponding to its specific molecular vibrations. This thermal energy
heats the resonator and leads to its thermal expansion followed by a decrease of the tensile stress in
the resonator. In turn it eventually causes the resonance frequency to shift towards lower values.

However, further development of this approach was curbed by difficult and inefficient coupling
of the IR light beam to a nanometer-sized resonator. In addition, readout of vibration was done by
laser Doppler vibrometer, a precise but bulky and expensive instrument. These issues hindered a real-
world application of the NAM-IR method. In order to overcome them, string resonators were replaced
by membranes. A reliable sampling technique was maintained by adding perforation to membranes
and thereby essentially getting membrane porous filters. Membranes gave also access to fully
integrated magnetic transduction that allowed for significant shrinkage and simplification of the
system.

An analytical model of a locally heated membrane was developed and confirmed through FEM
simulations. Then, low stress silicon nitride perforated membranes were fabricated and characterized
using two different experimental setups that employed optical and magnetomotive readout. Finally,
spectroscopic measurements and crystallization study of about 100 pg of the model drug
‘indomethacin’ were performed. Obtained IR spectra were in good agreement both with conventional
Fourier transform IR spectroscopy (FTIR) reference and literature reports. The performance of the
magnetic transduction scheme was found to be comparable to the traditionally used optical detection
with a minimum sample mass required for analysis of roughly 100 fg.

NAM-IR technique requires exceptionally small amount of sample and does not involve time-
consuming sample preparation. Therefore, it is a promising alternative to standard IR spectroscopy
with vast possible applications for example in the pharmaceutical industry.
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Dansk resumé

De mange fremskridt indenfor nanofabrikationsteknikker har resulteret i udviklingen af ultra-
sensitive nanomekaniske sensorer, typisk bestdende af simple vibrerende strukturer sasom
cantilevere, strenge eller membraner der kan virke som resonatorer. Princippet for disse sensorer er
baseret pa maling af skiftet i resonansfrekvensen der kan forarsages af en reekke forskellige faktorer
sasom andringer i masse, kraft og temperature. De nanomekaniske resonatorers hgje sensitivitet
udnyttes allerede indenfor fototermisk spektroskopi, hvor man ekstremt hurtigt kan foretage kemiske
analyser pa fa femtogram prave.

Nanomekanisk infrargd spektroskopi (NAM-IR) er udviklet pa baggrund af fototermisk dobbelt
lag cantilever deflection spektroskopi og er baseret pa det fototermiske respons fra en nanomekanisk
resonator. Konceptet er allerede vist med en streng som resonator der bade opsamler prgve og virker
som temperatursensor. Strengen kan ses som et filter bestaende af en enkelt fiber og udviser relativt
haj effektivitet ved maling af luftbdrne nanopartikler pd resonatorens overflade. Nar partiklerne pa
sensoren udsaettes for IR straling absorberer de lys ved en bestemt bglgeleengde der svarer til en
specifik type af vibration i molekylet. Denne termiske energi opvarmer resonatoren og medfarer en
termisk udvidelse af materialet med efterfalgende fald i treekspaendingen. Dette fald forarsager et skift
i resonansfrekvensen til en lavere veerdi.

Videre udvikling af denne metode blev besveerliggjort af problemer med effektivt at koble IR
lyset til en resonator i nanometer-stgrrelse. Desuden blev afleesningen af vibrationer foretaget med et
laser Doppler vibrometer. Et preecist, men dyrt instrument der er sveert at handtere. Disse problemer
gjorde at NAM-IR metoden ikke var brugbar i praksis.

For at lgse disse problemer blev strengen udskiftet med en membran. Den driftssikre
maleteknik blev bibeholdt ved at perforere membranen og derved gare den gennemtraengelig. Brugen
af membraner i stedet for strenge gav ogsa adgang til fuldt at integrere magnetisk transduktion der
gjorde det muligt at gare systemet vaesentligt mindre og mere simpelt.

En analytisk model for en lokalt opvarmet membran blev udviklet og verificeret gennem FEM
simulationer. De perforerede membraner blev fremstillet i siliciumnitrid og karakteriseret ved hjeelp af
to forskellige eksperimentelle set ups der gjorde brug af et optisk og meagnetomotive readout. Til sidst
blev systemet brugt til at udfare spektroskopiske malinger samt foretage et studie af krystaliseringen
af 100 pg indomethacin. IR spektret stemte fint overens med bade den konventionelle reference
'Fourier transform IR spectroscopy’ (FTIR) samt hvad der er rapporteret i litteraturen. De opnaede
resultater fra det magnetiske tranduktion studie var sammenlignelige med traditionel optisk detection
ved en minimum pravestgrrelse pa cirka 100 fg. NAM-IR teknikken kreever kun meget sma maengder
preve og involverer ikke tidskreevende prgveforberedelse. Derfor er denne teknik et lovende alternativ
til standart IR spektroskopi med mange anvendelsesmuligheder indenfor f.eks. den farmaceutiske
industri.
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Chapter 1

Introduction

Since the famous visionary lecture given by Richard Feynman in 1959 [1] a tremendous
technological development has gradually occurred. Such inventions as scanning tunneling microscope
finally caused the emergence of nanotechnology in the 1980s which generally refers to understanding
and manipulation of matter on the nanoscale. The field started continuously attracting more attention
among researchers with increasing number of publications and patents [2]. It led to first applications in
food [3], construction [4], textile [5], medicine [6] and automotive [7] industry. At the beginning they
were limited to using nanomaterials rather than sophisticated nanostructures. However, swift progress
in nanofabrication techniques resulted in emergence of micro- and nanoelectromechanical systems
(NEMS/MEMS) creating vast scope of possible new applications. Numerous projects focused on these
systems were accomplished in the Nanoprobes group.

1.1. Nanomechanical sensors

Among other applications, NEMS/MEMS were used as ultrasensitive sensors with sensitivity
being basically function of their size. Those sensors commonly consist of simple vibrating structures
like cantilevers, strings and membranes exhibiting resonance behaviour [8]. The principle of operation
is based on monitoring of resonance frequency of vibration that is governed by properties of a
resonator whose dimensions, mass, stiffness and stress are especially of the great importance. If any
of mentioned properties is altered, the resonance frequency will shift. For instance additional mass
deposited on the resonator would decrease its resonance frequency (see Figure 1.1).

Amplitude —»

Amplitude —»

Fredueﬁcy —
Figure 1.1 Added mass on the membrane resonator causes shift of the resonance frequency towards lower
values.



This straightforward phenomenon was harnessed to build diverse sensors with extraordinary
sensitivity for additional mass [9], force [10] and temperature change [11] measurements. In the last
case, sensitivity in the range of uK was achieved using string resonators, which together with
extremely small thermal mass of nanomechanical sensors allowed for analysis of individual
nanoparticulate samples [12] and thermal characterization of nanograms of polymers [13].

1.2. Sensors for photothermal IR spectroscopy

The great performance of hanomechanical resonators as temperature sensors finally resulted
in systems that were able to perform a precise identification of chemical compounds by irradiating
them with IR light. Obviously the idea was inspired by conventional IR spectroscopy technigues that
are well-developed and widely used but require expensive instruments, miligrams of sample and can
involve time-consuming sample preparation.

In the late 1970s the photothermal IR spectroscopy was first presented [14] and was then
implemented with micromechanical sensor, namely bilayer cantilever [15] (see Figure 1.2a). This
approach featured high selectivity and mass sensitivity of 10 pg under ambient conditions [16].
Eventually vibrating structures were introduced to photothermal IR spectroscopy and NAM-IR
technique was established. It was originally done by Shoko Yamada using silicon rich silicon nitride
(SiN) string resonators (see Figure 1.2b) in Nanoprobes group at DTU Nanotech just couple of years
ago and a detection limit of 44 fg was reported for measurements performed in high vacuum [17].

Vibrometer

|

frared Source Spherical

'Hmodwnmamr] mirror String Vacuum
- 5 b e | chamber

‘ / I Monochromatic IR

Cantilever Signal
samples

-PSD Laser Microcantilever
Sensor
Mirror Chopper

Wavelength Time

Reference Frequency = 80 Hz
light

Deflection
Mass

Figure 1.2 Experimental setups for a) photothermal cantilever deflection spectroscopy [16] and b) NAM-IR [17].

Using pre-stressed resonators with high quality factor (Q) values enabled increase of sensitivity and
chips design fostered efficient sampling through impaction of airborne analyte nanoparticles on the
surface of the sensor. Nevertheless, the remaining obstacles impeding this technique were difficult
and inefficient coupling of the IR light beam with a typical diameter of several hundreds of microns to a
nanometer-sized resonator and lack of integrated readout.



Replacing strings with perforated membranes helped overcoming these issues. Laser
alignment on the membrane with lateral dimensions of 1x1 mm became much less troublesome.
Furthermore, using membranes as porous filters improved the sampling efficiency. The mentioned
initial NAM-IR setup relied on optical detection of vibration by laser Doppler vibrometer, a very
accurate but bulky and expensive piece of equipment. Applying separated electrodes on the
membrane surface supported introduction of magnetomotive readout and actuation scheme [18] that
resulted in significant shrinkage and simplification of the sensor, facilitating its practical applications.

The quality control of the drugs during the development and production processes are of a
great importance for the pharmaceutical industry [19,20]. The sample amount required for a single
measurement should preferably by as small as possible, especially in the case of new and
experimental drugs. Therefore the NAM-IR with extraordinarily high sensitivity and virtually no sample
preparation is a promising alternative to other characterization techniques that are in use now.

The aim of this project has been to develop a new platform that would be a step towards a
real-world application of the NAM-IR. The micromechanical SiN perforated membrane resonators
have been chosen for this purpose due to their practical advantages over string resonators and
possibility of easy implementation of magnetomotive transduction scheme. The chips were fabricated
and characterized using two different experimental setups, including one designed exclusively for non-
optical vibration detection. The measurements performed on the model drug indomethacin proved that
this new approach to NAM-IR is capable of identifying substances without the need of laser Doppler
vibrometer and sensitivity deterioration.



Chapter 2

Theory

The devices developed during this Ph.D. project are mainly different types of mechanical
resonators. The general working principle of sensors based on these vibrating structures is the
observation of the resonance frequency shift caused by external factors. The first part of this chapter
presents an overview of the theory behind resonators including singly-clamped cantilevers, doubly-
clamped beams, strings and membranes. It will help to understand which factors influence the
resonating behavior of studied nanomechanical structures and how they can be exploited for sensing
purposes. The aim is here to establish the theoretical framework for the thesis. The second part of the
chapter is focused on the analysis of the heat transfer in a membrane that is an essential issue for
NAM-IR. Most of theory explained in this chapter is not new and is primarily based on [21-26]. The
model of heat transfer in the membrane was developed by Professor Ole Hansen from DTU
Nanotech.

2.1. Vibrations

Vibrations are the fluctuations of a mechanical system around an equilibrium position. Most
probably the early humanity interest in vibration originates from the development of musical
instruments such as whistles and drums. It was the pendulum that attracted the first scientific attention
in the 16" century when Galileo Galilei made his observations about the period of its vibration. Later in
the 18" century beams were analyzed by Leonhard Euler and Daniel Bernoulli. Finally during the 19"
centenary plates were studied by Gustav Kirchhoff and Simeon Poisson [27]. Together with the
advancement in technology the awareness of the importance of the vibration phenomena arose.
Vibrations occur in many common engineering systems and if uncontrolled can lead to catastrophic
results. For example an earthquake can induce vibrations that may cause large stresses and building
collapse. They can disturb precision measurements and provoke excessive wear of machinery parts.
Therefore, often the objective is the reduction or elimination of vibrations. On the other hand they also
have many beneficial uses in various applications, especially as key elements in transducers and
sensors. During the last decades the group of sensors based on NEMS appeared, whose principle of
operation depends on monitoring of their mechanical vibrations.

2.1.1. Driven damped one-dimensional harmonic oscil  lator

In order to understand the basic terms associated with vibrations (eigenfrequency, resonance,
quality factor), the study of driven damped vibration of a single degree of freedom system is
presented, which is modelled with harmonic oscillator attached to linear spring and linear damping
element (see Figure 2.1). The spring represents the relation between the displacement and the



restoring force. In turn, the damper in the form of dashpot represents the damping force which is
present in all real physical systems and is assumed to be proportional to the velocity of moving mass.

k

—AMIIM— F(t)
= m —
c

& I

Figure 2.1 Schematic of damped one degree of freedom harmonic oscillator.

If a periodic driving force F(t)=Fysin(wt) is assumed, from the equilibrium of forces acting in the system
the second order differential equation of motion is:

mix + cx + kx = Fysin(wt), (2.2)

where m is the mass, k is the spring constant, c is the coefficient of damping force and w is the
angular frequency of driving force. Using substitutions:

w0y = \/; (2.2)

n,=—, (2.3)
F
q= ;0 , (2.4)
the inhomogeneous second order differential equation can be written as:
¥+ 2n.% + wi = gsin(wt), (2.5)

where wy is the angular eigenfrequency of a system without damping and n. is the coefficient of
damping. The eigenfrequency is the frequency corresponding to the natural mode of vibration and
occurs when the system is undergoing the free vibration. The solution to the last equation is:

X =x1 + %3, (2.6)
where

x, = roexp "etcos(ut + @q), (2.7)

X, = Bsin(wt — §), (2.8)

where ry and u are amplitude and angular frequency of damped vibration, respectively and constants
B and 6 are the amplitude of the forced vibration and the phase lag of the vibration against the
sinusoidal force, respectively. They are chosen so the equation (2.5) is satisfied:



B = 1 (2.9)

1
(w2-w?)* +an2w?

—2n,
tand = e (2.10)
The general solution of the equation (2.1) is finally:
x(t) = rpexp~"ctcos(ut + @y) + 4 sin(wt — §). (2.11)

) (wg—aﬂ)2+4ngw2

11

The part | of the equation (2.11) reflects the fading free damped vibration of the resonator whereas
part Il describes the forced vibration with the frequency of the external force. The part | can be then
neglected. Another important parameter of such system is the damping ratio ¢ defined as:
=T
(= o - (2.12)
The presented above solution is valid for slight damping, when n.<w,. Then the maximum amplitude
of the system can be derived by calculating its derivative with respect to driving frequency and setting

it equal to zero. As a result the resonance angular frequency w; which is the frequency of the highest
amplitude can be obtained:

Wy = woy/1— 272, (2.13)

It can be clearly seen that for slight damping the resonance angular frequency nearly overlaps with the
eigenfrequency of the system. If the damping ratio is higher than approximately 0.707 the resonance
frequency peak disappears. Using the equation (2.10) the phase lag at resonance is roughly 7 /2 (see
Figure 2.2).
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Figure 2.2 Amplitude (left) and phase (right) response as a function of the driving frequency for different
damping ratios.

The next crucial value describing the vibrating system is the quality factor Q. It indicates the sharpness of the
resonance peak and is defined as a ratio between stored W and lost AW energy during one cycle of vibration at
resonance:



w
Q=2m5 . (2.14)

The maximal kinetic energy of the system can be used to find its total energy. With a displacement at
resonance of x = asin(wt) the maximal kinetic energy is:

W= %ma‘cz = %maza)r2 : (2.15)
The energy is lost because of work of the dissipative force F; = —cx also during one cycle of vibration:

AW = — fozn/wr Fyxdt = —fzn/wr cx?dt =mca’w, . (2.16)

0

The quality factor can be rewritten using equation (2.14) or with (2.3), (2.12) and (2.13) as:

Q=" (2.17)
Q=12 (2.18)

Obviously, the low damping in the system is required in order to have a high quality factor. The
sharper the resonance peak, the better it can be determined facilitating higher possible frequency
resolution of sensors based on nanomechanical vibrating structures.

2.1.2. Euler-Bernoulli beam theory

The Euler-Bernoulli beam theory will be harnessed for analysis of one-dimensional free and
conservative bending vibrations of structures that were actually used throughout this Ph.D. project. A
beam is defined as an object having one of its dimensions much larger than the other two. The beam
is considered thin if ratio of its length to height is at least 10, then the rotational inertia and the shear
deformation can be neglected. A fundamental assumption is that the cross-section of the beam is
infinitely rigid in its own plane so no deformations occur in this plane. Moreover, for the out-of-plane
displacement, during the deformation of the beam the cross-section remains plane and normal to the
deformed axis of the beam. On the basis of the equilibrium of forces for an infinitesimal piece of beam
the equation of motion can be derived. If a linear elastic material of the beam, small deflections U(x,t)
and no damping in the system are assumed then the equation of motion of a thin beam with length L,
width w and height h (see Figure 2.3) is:

*U(xt)

QUCD) | gy =0, (2.19)

ot? Y ox*

pA

where p is the mass density, A is the cross sectional area, E is the Young’'s modulus and | is the
geometric moment of inertia about the y-axis. The solution to this differential equation is a
superposition of normal modes. The out-of-plane displacement function can be separated into a
position dependent and a time dependent term in order to solve it:

U(x,t) = Yooq Up(x)cos(wt), (2.20)



where w is the angular frequency, n is the mode number and U,(x) is the displacement function with a
general solution consisting of trigonometric functions that represent standing waves in the beam
center and hyperbolic functions that describe the behavior at the clamped ends of the beam:

Up(x) = aycosBpx + bysinBpx + c,coshfyx + dysinhf,x, (2.21)

where B, is the wavenumber. By insertion of equation (2.21) into (2.19) the equation of motion can be
rewritten as:

—pAw?U(x,t) + EL,BrU(x,t) = 0. (2.22)

Figure 2.3 Singly-clamped cantilever (left) and doubly-clamped beam (right).

Finally the angular eigenfrequency as a function of the wavenumber is:

w= ﬂﬁ\/%. (2.23)

The unknown coefficients a,, b,, ¢, and d, must be found to derive the wavenumber of specific
eigenmodes of the beam. It can be achieved by determining the boundary conditions of a given case
of the beam.

2.1.2.1. Singly-clamped cantilever

The singly-clamped cantilever is fixed at one end and the curvature and momentum are zero at
the free end:

AUL(0)  d%U (L)  33Un(L)
U,(0) = x = oxz = oxd =0. (2.24)

Applying these boundary conditions to equation (2.21) and calculating the system of four linear
equations, the frequency equation can be obtained:

cos(ByL)cosh(B,L)+1=0. (2.25)

It can be solved numerically and the three first roots B,L=A, are 1.8751, 4.6941 and 7.8548. The
angular eigenfrequency of a singly-clamped cantilever is:



_ A |Ely
0= =2 (2.26)

2.1.2.2. Doubly-clamped beam

On the other hand doubly-clamped beam is fixed at both ends, hence the boundary conditions
are:
Un(0) = Uy (1) =220 = 20D (2.27)

As in the previous case, the boundary conditions help to define the system of linear equations that
leads to the following frequency equation:

cos(B,L)cosh(B,L) —1 =0, (2.28)

with the three first roots equal to 8,L=A,=4.7300, 7.8532 and 10.9956. It means that for the same
dimensions and material properties doubly-clamped beam has higher eigenfrequency values than
singly-clamped cantilever. In addition, boundary conditions can be used for obtaining the mode
shapes of studied structures. Figure 2.4 depicts three first mode shapes of cantilevers and beams.

— Mode 1 — Mode 1

--- Mode 2 K --- Mode 2
= Mode 3 - = Mode 3 £

Amplitude

Figure 2.4 Modal shapes of singly-clamped cantilever (left) and doubly-clamped beam (right).
2.1.2.3. Doubly-clamped pre-stressed beam (string)

The equation of motion (2.19) is valid only if there is no tensile stress in the beam. However
microfabrication of resonators often introduces process related tensile stress o¢. Therefore the
equation of motion has to be modified by adding the tensile force N=0A:

82U (x,0)

4 2
e e E ) (2.29)

pA dx* dx2

This equation is more complex than (2.19) but can be solved using the same approach as presented
before yet with changed boundary conditions. The pinned supports are assumed instead of fixed ones.
They cannot resist a momentum so the rotation of beam ends is allowed which would give an error in
the shape functions especially at the clamping regions:
2 2
U, (0) = U, (L) = L@ _ 070D _ (2.30)

dx? dx?




The displacement function of sinusoidal mode shape with the wavenumber B, is assumed
independent of the tensile tress:

Up(x) = Ugpsin(Bpx). (2.31)

Analogous calculation as for previous cases yields the term for angular eigenfrequency wy:

n?n |EI oAL?
Wy, =— 2 1+ , (2.32)
212 4| pA n?n2El,

with the wavenumber that satisfies the new boundary conditions (2.30):

B, =% (2.33)

Comparison of equation (2.32) to (2.26) shows that the tensile stress increases the angular
eigenfrequency of the beam. When 120L.2»>n?*z?Eh? the flexural rigidity of the beam can be neglected
and equation (2.32) reduces to:

=" 7. (2.34)

2.1.2.4. Rectangular and square membrane

The membrane is essentially a plate under tensile stress. The equation of motion of a rectangular
membrane is given by the two-dimensional wave equation:

02U(xyt)
- =0. (2.35)

aV2U(x,y,t) = p
In this case separation of time and spatial variables is necessary as well:
U(x,y,t) = U(x,y)cos(wt), (2.36)

with a sinusoidal mode shape:

U(x,Y) = Zitzo Zinmo Camsin (5= sin (@) (2.37)

x y

where n and m are mode numbers and L, and L, are the side lengths of the membrane in x and y
direction. By using this equation in equation (2.35) the angular eigenfrequency of a simply supported
membrane becomes:

o |n?m?  m2m?
wn,mz\/g ’ 1z + 2 (2.38)

It can be further reduced if the membrane is a square with a side length L:
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Wpm = %Vnz + mz\/g : (2.39)

The angular eigenfrequency of a circular membrane with radius r can be approximated with the
Rayleigh method that is based on the complete commute of the energy between its kinetic and
potential state assuming a conservative system. For fundamental mode calculation yields:

2.415
W11 = = \E. (2.40)

It should be noted that the general relation between frequency f and angular frequency w is:

w = 2fm. (2.41)
2.1.3. Quality factor of pre-stressed resonators

It was first experimentally observed that highly stressed resonators have much higher quality
factor values than structures of the same dimensions but without significant tensile stress [28,29].
Non-stressed resonators store Wpgenging @nd lose AWpenging €nergy due to bending. Apart from that, pre-
stressed structures such as strings and resonators can also store Wejongaion @nd dissipate AWejongation
energy in lateral elongation. However, the most important contribution to the stored energy comes
from the presence of the tensile stress. More exactly from the elastic energy Wiensie Which is a result of
work of vibrational deflection against the lateral tensile stress. Therefore the quality factor of the pre-
stressed resonator is:

Q =21 Wtensile+Welongation+Wbending ) (242)

M eiongationtAWhending

The elongation and bending factors can be considered the intrinsic damping Qinrinsic that summarizes
all energy loss mechanisms that take place on the surface or in the bulk material of the resonator.
Assuming that the magnitude of the tensile pre-stress is dominating the mechanical behavior and
Qinvinsic IS equal for elongation and bending, the equation (2.42) can be simplified to:

Q = @44 Qintrinsic » (2.43)

where ayq is the damping dilution factor:

Whending + Welongation)_ll (244)

Wtension Wtension

add=(

As the Winsion IS @ dominating stored energy source for pre-stressed resonators, the damping dilution
factor is larger than unity. It means that quality factor is enhanced in comparison to relaxed resonator
without an effect of high tensile stress.

As it has been already mentioned in 2.1.2.3., the mode shape of the string resonator should
include bending near the clamping regions. The rest of the resonator follows just the sinusoidal shape.
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Further reduction of the damping dilution factor to the bending energy only gives for a rectangular
string with a width w, length L, height h and mode number n:

-1
2m\2E 1h [E
Qaastring = ((nlnz) (z) ;+7§z\/;> : (2.45)

The right term represents the effect of edge bending and the left term represents the anti-nodal sine
bending of the string. Typically h&L so quality factor is mainly limited by the energy loss near the
edges of a vibrating structure. The quality factor is expected to be higher for longer strings.

If a similar mode shape approach and assumptions are applied for a rectangular membrane with
edge length L, the calculation of energies stored during one cycle of vibration gives:

-1
2(n?+m?) (R\?E | 1 h [E
Xgd,membrane = (% (Z) o + V3L J;) (2.46)

2.2. Heat transfer

The local heat flux into the membrane will cause thermal expansion of the resonator material.
In turn, it will lead to change of the tensile stress across the membrane and eventually to a resonance
frequency shift. Analytical model of the membrane with a heat source located in the center would give
a valuable insight into the process of the heat transfer in the membrane and its implications. A two-
dimensional isotropic continuous circular membrane was considered for the sake of simplicity. The
analysis was ultimately performed in the polar coordinate system due to the symmetry of the studied
object (see Figure 2.5).

2a

2b
X (r.8)
[y
r'_// { |
1y
E‘QXLJ_, \

Figure 2.5 Schematic drawing of a membrane with radius size a and height h. Circular heat source with a radius
size b is placed in the center of the membrane.

The thermal stress induced resonance frequency shift problem involves solving in fact three problems
on a membrane: a static temperature distribution, an in-plane thermal stress and a deflection
eigenmode problem.
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The thermal problem can be approached first with the steady state heat conduction that is
governed by the Fourier's law assuming unidirectional heat flow and the isothermal membrane edges
[30]:

Jq = —KVT, (2.47)

where Jq is the heat flux, k is the thermal conductivity and VT is the gradient of temperature. The
negative sign indicates that the heat flow is in the direction of decreasing temperature. The
conservation equation for heat can be written as:

Cy 50 = KVT + q, (2.48)

where C, is the heat capacity per unit volume and g=q(r) is the heat dissipated per unit volume. In
steady state the heat diffusion equation is:

kV2T +q = 0. (2.49)

The membrane is heated by power P input so:

P
mh2h

q(r) = X H(b—r1), (2.50)

where H(r) is Heaviside step function. Since this problem has ideal rotational symmetry it can be
simplified such that T=T(r) and T(a)=0. In the polar coordinate system equation (2.49) is:

- (raT) = L X H®B-7). (2.51)

ror\' ar) — ~ mwp?n
The solution for r>b is:

P r
T(T) = —mlna , (252)

and for r<b is:

P_(BPh) P b (2.53)

4mxh b2 2nkh a '

T(r) =

The in-plane thermal stress problem can be derived from the force balance condition on a volume
element which requires the stress-strain-temperature relations:

1 (ax — vay) +aT, (2.54)

6 =
X E

€y = %(ay - vax) +aT, (2.55)
where a is the thermal expansion coefficient and assuming that the stresses in the thickness direction

of the membrane can be ignored: 0,=0 and r1,=1,,=7,,=T,=0. Then also shear strains vanish:
Yxe=Yy==Y=Yz=0. Applying the elastic relation between shear stress and strain:
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2(1+v)

Yij = =% Tij» (2.56)

and using equations (2.54) and (2.55), the stress formulas can be obtained:

E (Ouy ou
Oy =773 ( 61; +v y -1+ v)aT) (2.57)
_ E 0Uy aﬁ
Txy = Tyx = 2(1+v) ( + dx )' (258)

where uy and uy, are the components of the in-plane displacement vector u=(uy,uy). Lateral force
balance further requires:

h(o arxy) o (2.59)
h (Z‘;y +52) =0, (2.60)

After inserting stress expressions (2.57) and (2.58) to equations (2.59) and (2.60):

%uy | 1-vd%u, | 1+vdiuy, aT

6x2 T dy? 2 9xdy 1+ V)aﬂ ! (261)
0%uy, | 1-v o uy, | 14+v 9%u, aT
ay2 ' 2 oxz ' 2 oxdy a+ V)O(E ' (2.62)

This in-plane displacement problem can be also simplified in the polar coordinate system due to the
rotational symmetry. Since it is expected that ug=0 and only u, is non-zero, equations (2.61) and (2.62)
can be reduced to:

i ( 1 oru,
ar

)=+vag. (2.63)

r or

Assuming boundary conditions u,(a)=0 and u,(0)=0 can be obtained:
u =(1+1/)EfrrT(r)dr+Cr+2 (2.64)
T r 0 1 r ’ .
where constants C; and C, are:
G =-(1+v)5 Jy rT@rydr, (2.65)
C, =0. (2.66)

The equation (2.57) can be rewritten now in the polar coordinates to:

1+v 1

o, = —aE (r [y rT@ydr + 2 [ T(r)dr) (2.67)
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In order to simplify the above equation, b=0 can be assumed which means that the excitation is a
delta function power applied at r=0. Then the temperature can be expressed just as (2.52) and the
radial stress becomes:

g, = — P (L - 1n1). (2.68)

4nkh \1-v a
The equation of motion of the membrane with a tensile stress gy, in polar coordinates is:

li(a raU(r,t)) _ 22U(rt) _
ror\0 or atz

0. (2.69)

For a circular clamped membrane boundary condition is U(a,t)=0, then according to equation (2.40)
the fundamental mode angular frequency is:

wy = 2.4;04\/% . (2.70)

When the additional heat-induced tensile stress o, must be taken into account:

10 U\ 2U(rt) _
ar

;—((00 +or2C Yrd —y. 2.71)

To find the fundamental mode angular frequency w of the heated membrane and then angular
frequency shift, equation (2.71) must be solved. As the stress in this case is dependent on the radial
position on the membrane, the approximated result can be obtained using the Rayleigh’s coefficient
method. The final result for the relative fundamental eigenmode shift is:

w-wy _ aEP (Z;V — 0.642), (2.72)

wq - 8mkhog \1-v

which is proportional to the absorbed power P and does not depend on the membrane lateral
dimensions.

2.3. Summary

In this chapter the simple model of damped vibrations of a forced oscillator was analyzed and
very important terms of resonance frequency and quality factor were defined. Next, the undamped free
vibration of singly-clamped cantilever, doubly-clamped beam and membrane were described on the
basis of the Euler-Bernoulli theory. The influence of the high tensile stress on the behavior of these
resonators was studied as well. Finally, the case of a membrane heated in the center was investigated
in detail in order to understand the character of the resonance frequency shift caused by temperature
profile change across the membrane.
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Chapter 3

Pyrolytic carbon resonators

Part of my Ph.D. activities were dedicated to the investigation of pyrolytic carbon as a material
for the fabrication of micromechanical resonators. In this chapter, the fabrication and thorough
characterization of pyrolytic carbon singly-clamped cantilever and doubly-clamped string resonators
are discussed. First, the fabrication process is explained and its outcome studied. Then the
mechanical properties of resulting structures are explored in order to understand the influence of
processing conditions and further perspectives of using pyrolytic carbon structures for sensing
purposes.

3.1. Introduction

Micro- and nanomechanical resonators are typically fabricated from low-loss semiconductor
materials and ceramics, such as silicon [31], low and high stress silicon nitride [32], silicon carbide [33]
or aluminium nitride [34]. However, for the realization of micro- and nanoelectromechanical systems,
the micromechanical resonators should preferentially be electrically conductive, which requires
additional doping in the case of semiconductors and metallization in the case of ceramics. The
conductivity is important mostly in terms of implementation of various actuation and readout schemes
[35]. On the other hand, pyrolytic carbon is already conductive [36] and can be obtained directly from
photoresist through pyrolysis at elevated temperatures in inert atmosphere. The advantage of this
fabrication method is that the geometry of carbon micro- and nanostructures such as micropillar arrays
[37], bridges [36] and suspended nanowires [38] can be defined through simple photolithographic
processes followed by pyrolysis, which generally is a heating of an organic material in the absence of
oxygen that leads to its irreversible thermochemical decomposition into combustible gases and carbon
[39]. Up to now a few different approaches to fabricate carbon-based singly-clamped cantilevers [40]
and doubly-clamped beams [41] were presented using soft lithography or multiple steps of
photolithography (see Figure 3.1), but pyrolytic carbon strings resonators have not been yet reported.

== 100 pm
Figure 3.1: Images of pyrolytic carbon a) doubly-clamped beam [41], b) microbridge [36] and singly-clamped
structure representing the sensing unit of an accelerometer [40].
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Therefore the goal of this research was to develop a simple and reliable process for fabrication of both
cantilevers and strings resonators. The fabrication approach for strings was planned to take an
advantage of a considerable tensile stress that would be generated in doubly-clamped structures due
to shrinkage and mass loss of the photoresist during pyrolysis [42]. According to the statements from
the previous chapter it would significantly enhance quality factor of the final structures.

3.2. Methods

For the purpose of obtaining pyrolytic carbon string resonators, new fabrication approaches
were developed and employed. The cleanroom work was mostly performed by Frederik Kjeer Larsen
as a part of his bachelor project supervised by Associate Professor Stephan Sylvest Keller and
Associate Professor Silvan Schmid at DTU Nanotech.

3.2.1. Fabrication

Two various photoresist precursors were used, namely negative SU-8 2005 (SU-8) and
positive photoresist AZ 5214e (AZ). It was expected that these two photoresist types would experience
different behavior during pyrolysis, especially regarding the shrinkage level. The photolitography
masks were designed using L-Edit 15 (Tanner Research, Monrovia, CA, USA) software that is a CAD
drawing tool. They included singly-clamped cantilevers and doubly-clamped beams with diverse
lengths L of 100, 200, 300, 400, 500, 625, 750, 875, 1000 and 1500 um and widths w of 3, 6, 14, 30
and 50 um combinations. The fabrication process consisted of the three main steps: photolithography,
dry etching and pyrolysis. Two different fabrication strategies called “dry etch-pyrolysis” and “pyrolysis-
dry etch” were investigated, where the last two process steps were carried out in inverse order (see
Figure 3.2). After the photolithography either dry etching or pyrolysis was performed first followed by
pyrolysis or dry etching, respectively. This approach would give relevant information about the
influence of particular fabrication step on the resulting structures. The process conditions of
photolithography, dry etching and pyrolysis were identical regardless of the fabrication strategy.

"dry etch — pyrolysis”

[ ‘\‘\

~

S R,
e

"pyrolysis — dry etch”

Figure 3.2: Schematic of two fabrication strategies for pyrolyzed photoresist microresonators. The grey color is
the silicon substrate, green is the photoresist and black is the carbon (see Appendix A).
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Each process started with the spin-coating of a single layer of photoresist on the surface of
single side polished 525 um thick 4 inch silicon wafers. The wafers for AZ resist (AZ Electronic
Materials, Somerville, NJ, USA) were dipped in 5% buffered hydrofluoric acid (BHF) solution for 60 s
to remove the native oxide. Spin-coating for 30 s with an acceleration of 1000 rpm/s and a spin speed
of 725 rpm was performed on the automatic spin-coater (Maximus 14 from ATMsse GmbH, Singen,
Germany) to obtain a resist thickness of 4.2 um. The photoresist was soft-baked at 90°C for 60 s and
patterned in mask aligner (MA6 from Siss MicroTec AG, Garching, Germany) by hard contact
ultraviolet (UV) exposure with a dose of 100 mJ/cm?. This was followed by development in AZ 351B
diluted 1:5 in water for 70 s, rinse with water for 3 min and drying in the spin rinse dryer for 90 s. For
the SU-8 resist (MicroChem, Westborough, MA, USA) a dehydration bake at 250 °C for 30 min was
performed for the wafers prior to film deposition. Spin coating on the manual spin-coater (RCD8 from
Siss MicroTec AG, Garching, Germany) for 30 s with an acceleration of 5000 rpm/s and a spin speed
of 2000 rpm resulted in a 5.5 um thick SU-8 film. After spin-coating the wafers were placed in a
ventilated area for 2 h to partially evaporate the solvent [43] which was followed by hard contact UV
exposure with a dose of 200 mJ/cm?. The post exposure bake of the SU-8 was done on a hotplate
with a temperature ramp of 2°C/min up to 50°C. Subsequently 60 min later the hotplate was switched
off and together with wafers allowed to cool down to room temperature. The SU-8 was then developed
in propylene glycol methyl ether acetate (PGMEA) for 2x2 min, rinsed with 2-propanol (IPA) and dried
in air for 60 min.

Releasing the microresonators by under-etching required highly isotropic etching of silicon
while avoiding damage of the structures of interest. Hence, dry etching using a deep reactive ion
etcher (standard rate ASE, Surface Technology Systems, Newport, UK) was chosen. The plasma
etching generates heat and radiation, which may potentially cause high intrinsic stress and large
deformations in the suspended structures and eventually affect the further usability of the devices.
Therefore, a dry etch recipe earlier optimized for the release of thin SU-8 cantilevers was applied [44].
The process was conducted with a coil power of 1500 W, SF¢ gas flow rate of 300 sccm to increase
the chemical etching of silicon and without use of O, gas to minimize the etching of photoresist. The
chuck temperature was kept at 0°C to minimize thermal stress in the microresonators. In addition the
platen was switched off to enhance the isotropic etch. The etch time should be kept as short as
possible to minimize etching of the photoresist and prevent heating. It turned out that 5 min was
enough to ensure that the majority of the structures were successfully released. Only the widest
resonators, with a width of 50 um, were still connected to the Si substrate after the process.

For pyrolysis, the wafers were loaded into a PEO-601 furnace (ATV Technologie GmbH,
Vaterstetten, Germany) with a N, gas flow rate of 24 L/min and first heated from room temperature to
200°C. Maintaining this temperature for 30 min supports elimination of solvents from the photoresist
and residual O, from the furnace. Then the temperature was increased to 900 °C and kept constant
for 60 min to complete the carbonization. Finally the oven was cooled down to room temperature. The
ramp rate for all temperature changes was 2°C/min.
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3.2.2. Characterization

The initial evaluation of the structures was done on the basis of their scanning electron
microscope (SEM) images. Afterwards the fundamental mode resonance frequency measurements
were performed.

3.2.2.1. Outcome of the fabrication processes

The fabrication approach in which structures were defined first by the means of
photolithography, then released through dry etching and finally pyrolyzed, was successful only for
certain photoresist and resonator types. The chips were inspected using SEM (Supra 40 VP from
Zeiss, Jena, Germany) after second and last step of the process. Its outcome is summarized in the
Figure 3.3.

All singly- and doubly-clamped resonators except the widest ones with a width of 50 um were
released. Although the dry etch recipe was optimized to reduce intrinsic and extrinsic stress in
released polymer microstructures [44], doubly-clamped photoresist strings experienced structural
changes during dry etching, which resulted in a contorted and undefined shape, in particular at
increased distance from the clamping (see Figure 3.3e) for resonators with a nominal width up to 6
pum. The wider structures were simply buckled instead (see Figure 3.3a).

Figure 3.3b,c,f,g,h,i show doubly-clamped carbon based SU-8 (SU8-C) and AZ (AZ-C) strings.
After pyrolysis, the deformed resist strings were transformed into straight and well-defined suspended
pyrolytic carbon structures. This straightening was caused by a considerable shrinkage of the
photoresist during pyrolysis. The isotropic silicon dry etching resulted in an under-etch of roughly 23
um at the clamping of the strings. After pyrolysis, the width of the overhanging area decreased to
around 11 um, resulting in an elongation of the doubly-clamped resonators of approximately 25 um
independent of the initial length of the strings.

Furthermore, the width of the resonators was also considerably reduced due to shrinkage. For
example, suspended AZ resonators with a nominal width of w = 14 um before pyrolysis had a final
width of only around 6 um. The narrowest doubly-clamped AZ-C strings with a nominal width of w = 3
um and L > 500 um ruptured. For doubly-clamped pyrolytic carbon resonators obtained from SU-8
resist, buckling was generally observed as presented in Figure 3.3c.

For both photoresist types, fabrication of singly-clamped cantilevers was not successful with
this processing scheme due to large initial bending of the microstructures after pyrolysis (see Figure
3.3d).

Finally, the comparison of the fabricated structures indicates a difference in behavior between
SU-8 and AZ photoresist during pyrolysis (see Figure 3.3b,h). The doubly-clamped resonators
obtained with AZ as a precursor had a relatively well-defined clamping area with a sharp corner. In
contrast, the structures based on SU8-C showed a smooth transition between string and clamping
edge. This dissimilarity can be associated with different levels of lateral shrinkage and resist reflow of
positive and negative photoresists during pyrolysis [36].
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In conclusion, the “dry etch-pyrolysis” process based on the AZ resist precursor yielded
doubly-clamped pyrolytic carbon string resonators with tensile stress while no structures suitable for
further experiments were obtained on the basis of SU-8 resist precursor because they remained
buckled even after the pyrolysis and due to low level of induced tensile stress.

SU-8 before pyrolysis AZ before pyrolysis

SU-8 after pyrolysis AZ after pyrolysis
8 sl :

J—

doubly-clamped beam

200um g Fe/sidue

Figure 3.3: SEM pictures of the fabrication output of the “dry etch-pyrolysis” strategy. a) SU-8 photoresist
resonators (L=500 um, w=14 um) collapsed after dry etch; b) Suspended SU8-C (L=200 pm, w=30 um); and c)
(L=500 um, w=14 pm) resonators; d) SU8-C cantilever (L=100 um, w=30 um) with high initial bending; e) AZ
photoresist resonators (L=200 um, w=6 um) with severely distorted structure due to high local temperature
during dry etch; f) The remained curled paths in the silicon correspond to the shape of the AZ resonators during
the dry etching process. After pyrolysis step the AZ-C (L=1500 um, w=6 um) resonators were straight again; g)
The shrinkage of the photoresist due to the pyrolysis induced tensile stress that could not be withstood by all
doubly-clamped structures (L=500 pum, w=6 um); h) Short AZ-C (L=200 um, w=14 um); and i) long (L=500 pum,
w=14 um (left) and w=6 um (right)) resonators. All dimensions are nominal mask dimensions.

The alternative fabrication strategy in which pyrolysis was performed before the release of the
resonators also gave positive results only in specific cases. The overall results are recapitulated in
Figure 3.4.

Figure 3.4a shows a doubly-clamped SU-8 resist beam after pyrolysis but before dry etching. The
carbon structures were well defined and no significant dimensional change was observed. Apparently,
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lateral shrinkage occurs mostly for features that are not in direct contact with the substrate such as the
ones obtained with the “dry etch-pyrolysis” process described above.

SU8-C before dry etching AZ-C after dry etching

Aa1=140°

10 ym...

Figure 3.4: SEM pictures of the structures obtained with the “pyrolysis-dry etch” strategy. a) Unreleased SU8-C
resonator (L = 100 ym, w = 14 um) after pyrolysis; b) Released SU8-C cantilever (L = 200 ym, w = 14 ym); c)
Doubly-clamped SU8-C beam (L = 100 ym, w = 14 um); d) Curved sidewalls of the cross-sectional profile of
SU8-C cantilever (w = 14 uym); e) The widest pyrolyzed AZ cantilevers (left), L = 500 ym, w = 50 um) were not
released compared to the more narrow ones (right), (L = 500 pm, w = 30 um); f) AZ-C doubly-clamped beams (L
=500 um, w = 14 pm (left) and w = 6 um (right)); g) AZ-C cantilever (100 ym long, 14 ym wide) with a rounded
profile due to the reflow of the photoresist. All dimensions are nominal mask dimensions.

Figure 3.4b-g show pyrolytic carbon microstructures after dry etching. Again here all
microstructures except resonators with a width of 50 um (Figure 3.4e-left) were completely released
during dry etching. The singly-clamped cantilever beams obtained with this process showed no
deformation at the clamping and only slight curvature for both SU-8 and AZ resist precursors (Figure
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3.4b,e) even for devices with a length of 600 um. However, doubly-clamped beams were clearly
buckling after dry etching for both SU8-C and AZ-C (Figure 3.4c,f).

Figure 3.4d,q illustrate the beam profiles at the free-standing tip of cantilever beams of SU8-C and
AZ-C, respectively. The curved sidewalls of the obtained resonators are a consequence of non-
uniform lateral shrinkage of the photoresist during pyrolysis. Shrinkage at the bottom was smaller than
at the top surface of the structures of interest because it was restrained by interaction with the
substrate [45]. This was most evident for SU-8 structures (Figure 3.4d) [46], whereas for AZ,
apparently, the reflow of the photoresist was possible and the cross-sectional profiles of the beams
were more rounded (Figure 3.4q) [36].

In conclusion, the “pyrolysis — dry etch” process both for SU-8 and AZ resist precursors yielded singly-
clamped pyrolytic carbon cantilevers.

3.2.2.2. Determination of pyrolyzed photoresist den  sity and thickness

The basic unknown parameters after the fabrication process were density and thickness of
obtained resonators. These values were necessary for calculating the Young’s modulus and tensile
stress on the basis of the resonance frequency measurements. The thickness could not be
determined precisely enough simply from the SEM pictures because of the complex relative position of
the structures and the detector. The rounded edges and not exactly vertical side walls of resonators
hampered such attempts as well. Therefore unpatterned photoresist films were processed on the 4
inch silicon wafers with identical fabrication parameters as described earlier for photolitography and
pyrolysis. The wafer with AZ photoresist was not exposed to the UV light while the wafer with SU-8
underwent the flood exposure. The samples were weighed on a microbalance before spin-coating and
after pyrolysis of the polymer films to determine the mass of the pyrolyzed photoresist. The carbon
layer was mechanically removed by a metal blade, to avoid scratching the silicon, at ten points across
the wafer and the film thickness was determined using a contact profilometer (DektakXT from Bruker,
Billerica, MA, USA). The data was used to obtain the average thickness of the pyrolytic carbon. The
uncertainties were evaluated based on the standard deviation of the mean assuming a t-distribution
for a confidence interval of 95%. The film thickness for SU8-C was hgys.c=1.00£0.02 um and forAZ-C
was haz.c=550+£16 nm which is in good agreement with reported values of photoresist vertical
shrinkage during pyrolysis [42,47]. The thickness together with the surface area of the silicon wafer
was then used to calculate the volume of the carbon layer. Finally, the density was derived to be psy.
c=1.52+0.06 g/cm? for pyrolyzed SU-8 and paz.c=1.42+0.06 g/cm? for pyrolyzed AZ which is similar to
values reporter previously by other research groups [40,41].

3.2.2.3. Resonance frequency measurements

The optical motion detection technique was chosen as the resonance frequency of the out-of-
plane vibration was readout in the non-contact mode by laser Doppler vibrometer (MSA-500 from
Polytec GmbH, Waldbronn, Germany) operating a laser wavelength of 633 nm. It is a very convenient
tool for a nondestructive tests of nano- and micromechanical resonators. It works on the basis of
Doppler effect and optical interference. If a wave is reflected by a moving object and detected by the
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measurements system, the Doppler frequency shift can be recorded. To be able to determine the
velocity of an object and amplitude of vibration, it has to be measured at a known wavelength which is
done by using a laser interferometer [48,49]. The schematic technical realization of laser Doppler
vibrometer is depicted in the Figure 3.5.

Figure 3.5: Working principle of laser Doppler vibrometer [48].

The beam of a helium neon laser is split by a beam splitter 1 into a reference beam and a
measurement beam. After passing through a beam splitter 2, the measurement beam is focused onto
the resonator surface, which reflects it. This reflected beam has now its frequency and phase changed
depending on the velocity and displacement of the object under investigation. It is now deflected
further by beam splitter 2, and then it is merged with the reference beam by the beam splitter 3 and
finally is directed onto the detector. Meanwhile the reference beam is reflected by a mirror towards an
acousto-optic modulator (Bragg cell) and ultimately reaches the beam splitter 3. As the path length of
the reference beam is constant over time, a movement of the resonator generates a fringe pattern on
the detector. This superposition of the reference and reflected measurement beams is used to extract
the Doppler shift in the frequency. One complete dark and bright cycle on the detector corresponds to
an object displacement of exactly half of the wavelength of the light used. Lastly, through the signal
processing and analysis the vibrational velocity and displacement of the sample are provided.

The wafers with carbon resonators were manually diced using diamond scribing tool. Any
silicon debris that remained after wafer breaking was removed by N, gas flow. Single chips were then
glued through a carbon conductive tab on the piezo actuator (Noliac, Kvistgaard, Denmark) in the
vacuum chamber with a transparent glass lid. The actuation signal was controlled by laser Doppler
vibrometer software. The experiments were conducted at room temperature in high vacuum under a
pressure of 1x10° mbar generated by membrane pump (PJ 15347-813.4 from Leybold GmbH,
Cologne, Germany) and turbo pump (HiPace 80 from Pfeiffer Vacuum, ARlar, Germany). The picture
of the experimental setup is showed in Figure 3.6.
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Figure 3.6: Experimental setup for studies of resonator vibrations.

3.3. Results and Discussion

Mechanical properties of pyrolytic carbon resonators are crucial for evaluation of their assessment
of suitability in nano- and micromechanical systems. The performance of fabricated structures should
be put into perspective and compared to the abilities of standard materials listed at the beginning of
the chapter. The resonance frequency values of studied resonators enabled determination of
pyrolyzed carbons Young's modulus in the case of cantilevers and tensile stress for strings. The
theory described in the chapter 2 was used to achieve it.

3.3.1. Resonant behavior of cantilevers

The cantilevers fabricated with the “pyrolysis-dry etch” processing strategy with a nominal width of
30 um, thickness of 1 um and 550 nm for the SU-8 and AZ photoresists, respectively, and different
lengths from 100 to 625 um were used in the experiments. Figure 3.7 presents the measured
resonance frequency and Q values as a function of the cantilever length. The moment of inertia about
the y-axis of a beam with rectangular cross-section, with width w and height h is:
wh3

=", (3.1)

24



Resonance frequency [kHz]

120 — 700 , \ : : ;
100, | rAZ-C 600 | S
1 -SU8-C .
80| | 35 900 [——
60 4\ & 400 ¢ AZ-C
' \ . SU8-C
| 2 300
40 | ® 3
Gaop oo .
20 | e\ ] 100 |
0 | . — 0 |
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
L [pm] L [um]

Figure 3.7: Relation between length and a) resonance frequency of the fundamental mode and b) Q of the
carbon cantilevers fabricated with the “pyrolysis-dry etch” scheme using SU-8 and AZ photoresist precursors.
Error bars represent a 95% confidence interval. Measurements were done on five cantilevers of each length and

then averaged.
Applying it to the equation (2.26) and bearing in mind the relationship (2.41), the fundamental

mode resonance frequency of singly-clamped cantilever is:

LnfE (3.2)

fre ® 522 45

Employing the above formula and experimental results of fundamental mode resonance frequency
measurements the Young's modulus values were calculated (see Table 3.1).

Table 3.1: Values of Young’'s modulus of pyrolytic carbon cantilevers with different length. Errors represent a
95% confidence interval.

SuU8-C AZ-C
L [um] E [GPa]
100 58+12 82411
200 65+12 105+15
300 72+15 114416
400 77116 110115
500 74115 113+16
625 74115 124+17

The Young's modulus values are higher than values reported for pyrolyzed photoresist in the literature
[41] that were obtained through nanoindentation method on a thin carbon film. These results
demonstrate that the properties of the pyrolytic carbon strongly depend on the type of precursor and
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pyrolysis conditions. It should be noted that the non-rectangular cross-section along with the unknown
residual stress distribution may influence to some extent the applicability of the simple singly-clamped
cantilever model described in the subsection 2.1.2.1 and eventually the calculation results. The
calculated Young's modulus values are more or less identical for cantilevers with a length L > 300 um.
The values obtained for 100 and 200 um long structures are lower due to the influence of the under-
etched clamping, which is more important for shorter beams [50]. Therefore, the data for the two
shortest cantilevers were excluded from the calculation of the averaged values, which are 74+8 GPa
for SU8-C and 11548 GPa for AZ-C.

The fact that AZ-C shows a higher Young's modulus than the SU8-C indicates that the AZ
photoresist precursor results in pyrolytic carbon of higher quality. It is reflected in comparison of
measured Q values for both photoresists. Generally, in nano- and micromechanical resonators energy
can be lost to the surrounding medium, through the clamping to the substrate via elastic waves or
through intrinsic dissipation energy mechanisms [22,51,52].

All experiments were done at a pressure of 1x10° mbar which was in the ballistic region where
losses due to the interaction of the resonator with gas medium can be already neglected [51,53,54].

The clamping losses are an effect of resonator coupling to the support structure. An elastic wave
excited by the shear stress of the beam is propagated and lost through the anchor of the resonator
[55-57]. The clamping geometry plays a key role in the energy loss. Assuming that the supporting
structure thickness h, is thinner than the propagating elastic waves and that the material properties of
the base and cantilever are the same, clamping losses for the fundamental resonance frequency
mode can be estimated by [55]:

_ h?
ch%lmping ~ 0-95%}1_12) . (33)
In this case the silicon wafer thickness was h, =525 um which for the shortest cantilevers gives the
Qclamping Value of around 4x10°. This is four orders of magnitude higher than the values measured
during experiment, hence clamping loss does not limit the Q of pyrolytic carbon singly-clamped
cantilevers.

Also, the fact that experimentally obtained Q values show no significant dependence on the
cantilever length suggests that intrinsic losses dominate over the clamping loss. The intrinsic damping
mechanisms cause that the ordered mechanical energy is transformed into the disordered internal
energy of the system. They can be divided into fundamental or friction losses.

Fundamental losses are present even in the ideal frictionless materials and are associated mostly
with Akhiezer damping [58,59] and thermoelastic dissipation (TED) [60-62]. The Akhiezer damping,
also called phonon-phonon scattering, takes place as a result of heat flow between different phonon
modes. The applied strain field in the vibrating solid material modulates the frequency of the thermal
phonons. It leads to a temperature difference between different phonon modes and then each of them
tends to relax towards the mean temperature value. It finally results in intramode heat flow and
entropy generation leading to energy dissipation. The thermoelastic dissipation is based on the
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irreversible heat flow in the resonator as well. Different portions of the resonator are forced periodically
into compression and tension. As a consequence of thermoelastic coupling, an oscillating temperature
field across the structure thickness is generated. This temperature gradient causes the heat flow and
energy loss. The relevance of the Akhiezer damping is expected to be lower in comparison to TED at
a size scale of investigated here cantilevers [63] therefore it can be ignored. The quality factor that
should be observed for unstressed beam if the TED would be the dominant dissipation mechanism
can be obtained from [60]:

__ Ea®T ( 6 6 sinh§+sin§)
= prs ,

&2 &3 cosh&+cosé
_ Zﬂfl,cpcp
E=h /—ZK , (3.5)

where a is the coefficient of thermal expansion, T is the temperature and c, is the heat capacity. The
pyrolytic carbon values of E and p were obtained before, the ¢, is 710 J(kg K), the k is 1.7 W/(m K), a
is 78.5 ppm/K and T is 296.15 K [64]. For 1 um thick SU8-C cantilevers Qgp would be around 250 for
the shortest resonators and more than 5000 for longest ones. Bearing in mind the lack of dependence
between measured Q values and resonators length, the TED cannot be the main energy dissipation
mechanism.

Q7ép (3.4)

It means that friction losses are critical in this case. They originate from the material imperfections
in the bulk or on the surface of the resonator. More precisely the energy is lost by the irreversible
motion of atoms during vibration caused for example by defect dislocations in crystalline materials or
molecular chain movement in amorphous materials [65,66]. Indeed pyrolytic carbon is a highly
amorphous material with a distorted lattice structure with graphite-like areas [47]. Therefore, the
dominant energy loss that limits Q is believed to be a result of internal material damping, such as
friction between carbon layers.

3.3.2. Resonant behavior of strings

The strings fabricated with the “dry etch-pyrolysis” approach on the basis of AZ photoresist
precursor with a nominal width of 14 um, thickness of 550 nm and different lengths from 125 to 525
um were used in the experiments. Combining equations of (2.34) and (2.41), the eigenmode
resonance frequency of a string resonator is:

n g

fn,s = 3L ; . (3-6)
A ratio between the fundamental resonance frequency mode (n=1) and higher resonance modes of
2.02+0.03 for the second harmonic (n=2) and 3.1+0.1 for the third harmonic (n=3) measured for 425
um long AZ-C string resonators was very close to integer, clearly confirming string-like behavior (see
Figure 3.8). Figure 3.9 shows the resonance and quality factor values as a function of string length.
The fundamental mode resonance frequency values were to a good approximation proportional to the
inverse of the length, as predicted by equation (3.6). The experimental data was used to calculate the
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tensile stress in the strings utilizing equation (3.6) (see Table 3.2). Higher tensile stress was observed
in shorter strings. This variation in stress could be the consequence of a different shrinkage of short
strings during pyrolysis compared to longer ones. The resonance frequency values of 325, 425 and
525 pm long strings were fitted to equation (3.6) and the tensile stress calculated that way was 33+7
MPa.
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Figure 3.8: Frequency spectrum of 425 um long AZ-C string resonator. First three resonance frequency modes
are marked in red.
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Figure 3.9: Relation between length and a) resonance frequency of the fundamental mode and b) Q of the
carbon strings fabricated with the “dry etch-pyrolysis” scheme using AZ photoresist precursors. Error bars
represent a 95% confidence interval. Measurements were done on five cantilevers of each length and then
averaged.

In Figure 3.9b, the Q increases linearly with the string length, which is an effect of damping dilution.
This phenomena explained in chapter 2 was shown also for string resonators made of silicon nitride
[28,67] and SU-8 photoresist [66]. From equations (2.43) and (2.45) the quality factor of a prestressed
doubly-clamped bean can be expressed as:
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Q ~ \/§ %%Qintrl’nsic . (37)

The Qininsic Of pyrolytic carbon strings was obtained by inserting the values of the Young’s modulus
and tensile stress derived from experimental data to the above equation. It is assumed that it is a
reasonable approximation to use the Young’s modulus values calculated using experimental data of
structures fabricated with the “pyrolysis-dry etch” strategy. This resulted in an average value of Qinrinsic
for AZ-C resonators of 100+7. The intrinsic Q was relatively low and it was not significantly influenced
by string length. This suggests that Qiwinsic IS dominated by internal material friction, similarly as for
singly-clamped cantilevers. The Qiwinsic Value can directly be compared to the Qjiuinsic ® 600 obtained
for cantilevers (see Figure 3.7b). The material damping in the AZ-C cantilevers fabricated with the
“pyrolysis-dry etch” process seems to be considerably lower than that of AZ-C strings fabricated with
the “dry etch-pyrolysis” process. This could imply that the unpyrolysed photoresist is affected more by
the dry etch step compared to the pyrolytic carbon, finally resulting in carbon of lower quality.

Table 3.2: Values of tensile stress of pyrolytic carbon strings with different length. Errors represent a 95%
confidence interval.

AZ-C
L [pum] o [MPa]
125 5445
225 41+4
325 3143
425 3543
525 3445

3.4. Conclusion

The different fabrication approaches of pyrolytic carbon resonators were demonstrated and
acquired structures characterized. It can be concluded that it is possible to obtain hanomechanical
cantilevers and strings through pyrolysis of photoresist. The developed fabrication process consists of
only three main steps: photolitography, dry etching and pyrolysis, which allows for shorter fabrication
time in comparison with common methods based on silicon or silicon nitride resonators. The order of
the last two process steps had a decisive influence on the fabrication output, as summarized in Table
3.3.

For the “dry etch-pyrolysis” process strategy, dry etching resulted in structural deformation of
the photoresist and buckling of the doubly-clamped beams. However, during pyrolysis the lateral
shrinkage of the released photoresist effectively induced tensile stress in the suspended doubly-
clamped beams. Nevertheless, only pyrolyzed AZ 5214e strings could be used in further experiments
and displayed a string-like behavior. Singly-clamped cantilever beams could not be used due to
excessive bending in the clamping area.
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For the “pyrolysis-dry etch” fabrication strategy, structures were first pyrolyzed and then
released by dry etching. No change of the lateral dimensions was observed except for an alteration of
the beam cross-section. The doubly-clamped structures were not stretched during pyrolysis and
buckling was observed. As a consequence, these devices could not be used as string resonators.
However, the singly-clamped cantilevers showed minimal bending and could be used for
characterization of the Young’s modulus of pyrolytic carbon.

Table 3.3: Summary of the overall fabrication output for the two different process strategies with the two
precursor materials.

Cantilevers Strings
Photoresist SU-8 2005 AZ 5214e SU-8 2005 AZ 5214e
precursor
“dry etch -pyrolysis” X X X v
“pyrolysis -dry etch” v v X X

It is important to compare derived mechanical properties of fabricated structures to other
materials commonly used for fabrication of resonators. The Young’'s modulus values for pyrolytic
carbon were calculated to be 748 GPa for the SU-8 and 11548 GPa for AZ 5214e precursor. These
values are much higher than for polymers with 4 GPa for SU-8 [66] but significantly lower than for
silicon nitride resonators with 240 GPa [67]. Due to the amorphous structure of pyrolytic carbon with a
high internal friction the fabricated cantilevers had moderate Q values of several hundred, which is
better than 60 for SU-8 [66] and obviously less than for silicon nitride [67]. The tensile stress in
pyrolytic carbon string resonators was determined to be 337 MPa. It is slightly higher than for strings
made of SU-8 with 20 MPa [66] but lower than for silicon nitride, where tensile stress can reach 200
MPa for low stress and 900 MPa for high stress structures [67]. The Q values of strings have
increased approximately linearly with length as predicted by the damping dilution model with maximal
values of up to 3000 for 525 um strings which is one order of magnitude higher compared to the Q
values measured for cantilevers. Again this value is higher than SU-8 stringlike doubly-clamped
microbeams that showed Q of 720 for around 300 um long structures [66] and orders of magnitude
lower than performance of silicon nitride ones [67].

Generally, with the presented Q values and Young’'s modulus of more than 100 GPa, pyrolytic
carbon is a promising alternative material for the fabrication of micro- and nanomechanical resonators,
allowing for a direct photoresist-based fabrication. Pyrolytic carbon has a density more than two times
lower than SiN, which is an advantage in terms of, for instance, mass sensitivity. Even though SiN has
substantially higher tensile stress [67], SiN string resonators with a tensile stress of 900 MPa and the
same dimensions as pyrolytic carbon structures, would be just 70% more sensitive to attached mass
distributed evenly over the entire resonator surface [8,22].

There is also plenty of room for improvement, especially by the optimization of pyrolysis
conditions and structure design. Additionally, the intrinsic electrical conductivity [41] allows for
electrical integration for the development of novel carbon-MEMS/NEMS. The more detailed study of
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electrical conductivity of carbon resonators could be the next step in research of this promising
alternative to standard resonator materials.
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Chapter 4

Photothermal nanomechanical infrared
spectroscopy

The advancement in the photothermal IR spectroscopy with perforated nanomechanical
membrane resonators was a principal goal of this work. Here the basic concepts of IR spectroscopy
are reviewed. Afterwards, the attempts made so far of using nano- and micromechanical resonators
as tools for photothermal IR spectroscopy are mentioned. Finally, the novel approach is presented in
detail where SiN perforated membranes act as thermal sensors and porous filters for analyte
sampling. Here the magnetomotive actuation and readout scheme is applied and makes a great step
towards real-life applications of nanomechanical photothermal IR spectroscopy.

4.1. Introduction

Sir Isaac Newton’s studies in the 17" century on the corpuscular theory of light laid the ground
for the emergence of a crucial brunch of physical and analytical chemistry experimental methods [68]
today known as spectroscopy.

4.1.1. IR spectroscopy

Spectroscopic methods rely on the observation of interaction of electromagnetic radiation with
matter. They can be divided into emission and absorption methods in which information is obtained
about the radiation emitted by the sample and information comes from the part of the radiation that
has been absorbed by the sample, respectively [69,70]. The radiation scattered by the sample can
also provide important information and is an object of interest of Raman spectroscopy that will not be
talked over here. Generally IR spectroscopy examines the absorption of radiation associated with the
excitation of vibrational levels of the molecules and can be particularly useful in sample identification.

The IR radiation covers the range of wavelengths from 780 nm to 1 mm. In practice, the most
relevant region for spectroscopy measurements, the so-called fingerprint region, is in the mid-IR range
from 2.5 pm to 25 um, which corresponds to the wavenumber values from 4000 cm™ to 400 cm™.

The internal energy of molecules can be expressed in various forms: as translational energy
associated with disordered movement of molecules, the rotational energy resulting from the rotation of
the molecules around their own axis, vibrational energy associated with the oscillations around the
equilibrium positions of the atoms of the molecules and the energy of the electron, which includes the
kinetic energy of the motion of electrons in the molecule and the potential energy of the interaction of
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electrons with nuclei and neighboring electrons. The absorption of IR radiation causes a change in
rotational and vibrational energy of the molecule. The shape of the spectra in the IR wavelength range
for solids and liquids depends mainly on the vibrational excitation, because the rotation of the
molecules is in this case partially or completely inhibited by intermolecular interactions. Spectra of
solids and liquids are therefore called vibrational spectra, while the spectra of the molecules in the gas
phase are called rotary-oscillation spectra due to the great freedom of both rotation and oscillation of
the particles. Vibrations of polyatomic molecules are more complex, but they can be represented as a
superposition of a number of basic vibrations that are in phase and of the same frequency, called
normal vibrations. Among them two basic types can be distinguished: stretching vibrational modes
associated with the change of bond lengths and bending vibrational modes resulting from the change
of angles between bonds during the movement in the plane or out of the plane of the bonds. Each of
the vibration modes may also be symmetrical or asymmetrical. The number of degrees of freedom of
the molecule is equal to the sum of degrees of freedom of constituent atoms. Each atom has three
degrees of freedom of movement. Thus, a molecule consisting of n atoms has 3n degrees of freedom.
In the case of nonlinear molecule, three of these degrees of freedom are translational and three are
rotation. The remaining 3n-6 degrees of freedom describe the normal vibrational modes. Linear
molecules have only two rotational degrees of freedom, so the vibration corresponds to 3n-5 normal
modes (see Figure 4.1).

Symmetric stretching Asymmetric stretching Bending in-plane
Figure 4.1 Normal vibrational modes of a nonlinear water molecule.

The interaction between diatomic molecule and electromagnetic radiation can be understood by using
the model of harmonic oscillator, which can be a system of two masses that represent atoms joined by
a spring. According to a Hooke’s law the vibration frequency v of such oscillator is:

1 k

V= E m—r , (41)
_ mm;
m‘r - mi+m, ! (4.2)

where k is the spring constant and m; and m, are the masses of atoms. The energy of harmonic
oscillator E is quantized:

E=hv(n+3), (4.3)
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where h is the Planck constant and n is the quantum number equal (0,1,2,...). The interaction between
the IR radiation and harmonic oscillator is possible only if selection rules are met. The energy of a
photon of electromagnetic radiation that can be absorbed by a molecule must correspond to its
difference in energy levels which is AE=zhv. In the case of harmonic oscillator only absorption or
emission transitions with a single change of quantum number An=+1 are allowed. It accounts for
fundamental absorption bands that appear in the IR spectra of molecules. The wavelength at which a
molecule absorbs radiation fits the position of the absorption peak and provides information about the
specific functional groups it consists of. The model of anharmonic oscillator can be used to explain
transitions when a molecule absorbs at once a multiply of hv, which results in overtones in the IR
spectrum.

The intensity of the bands can be expressed by the transmittance T or the absorbance A. The
transmittance is the ratio of the intensity of light transmitted through the sample to the light intensity
incident on the sample. The absorbance is the inverse of the decimal logarithm of transmittance:

A =logqg (%) . (4.4)

Nowadays, the two main IR spectrometer types are dispersive and Fourier transform (FT). The
dispersive spectrometer consists of three basis parts: a radiation source (usually a silicon carbide bar
called Globar heated up to 1100°C), a monochromator and a detector (thermal or photonic). The
monochromator is an optical system in which the radiation is dispersed by a prism or diffraction grating
and then the light of a specific wavelength can be extracted. It is done by using slits with adjustable
width and mirrors. The light beam passes through the sample and finally reaches the detector. The
main drawback is the fact that sample is irradiated with monochromatic light so the measurement over
a broad spectrum is very slow. This issue was overcome in the FTIR spectrometer in which
monochromator is replaced typically by a Michelson interferometer (see Figure 4.2). The crucial
element here is the movable mirror. When it moves at a constant speed, the intensity of incident
radiation on the sample varies, as two light beams have different distance to the sample and interfere
with each other. On the basis of the signal from the detector, an interferogram is created. It is a record
of interference intensity signal as a function of a scanning time when the mirror was moving. A Fourier
transformation converts later the received spectrum from a function of time to a function of
wavenumber. The measurement is much faster and more sensitive using this approach.

O Beam splitter

/
Movable mirror L Y > C::)_)| >

Sample Detector

Computer

Stationary mirror

Figure 4.2 Schematic of FTIR spectrometer.
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There are also two elementary experimental techniques, namely transmission and reflectance.
Transmission methods rely on the measurement of the radiation intensity after passing through the
sample. The decrease in the intensity for specific wavelength shows the absorption of radiation and
can reveal the bonds present in the sample. This method however requires sample preparation as not
all materials are transparent in the IR region. Gases and liquids can be placed in the cuvette made of
potassium bromide (KBr) or sodium chloride (NaCl) that have a good transparency for IR light. Spectra
of solids can be measured in the KBr pellets. Only if the sample is sufficiently thin the transmission
spectrum can be obtained directly.

Reflectance methods are focused on measurement of the radiation reflected from the sample.
Different approaches can be used, depending on the sample surface and type of light reflection. For
example, a very common technique is the attenuated total reflectance (ATR) IR spectroscopy that
uses the phenomenon of total internal reflection. The IR beam has a limited path length in the sample
and experience only low attenuation even in highly absorbing media. This IR spectroscopy method
was used as a reference for NAM-IR experiments.

The IR spectroscopy is used in research as well as in industry and has a vast variety of
applications. First of all, it can be used in identification of functional group and structure elucidation of
organic and inorganic molecules. Moreover, the identification of the substances is possible as the
probability that any two compounds will produce identical spectra is almost zero. It is a valuable
technique in studies of various types of materials. In the case of polymers IR spectroscopy can be
used for their identification and characterization [71,72], for monitoring of polymerization reactions
[73], for investigation of surface [74,75] and structural [72,73] properties including branching and
crystallinity and for studies on polymer degradation [76]. For biological samples lipids and their
conformation [77,78], proteins and peptides [79-81], nucleic acids [82,83] or even clinical samples
[84,85] can be inspected. Apart from that, it is gaining popularity in food [86], pharmaceutical [87] and
agricultural [88] industries.

IR spectroscopy is a well-established techniqgue and numerous types of instruments are
commercially available. However, the main limitations of this analytical method are still the need for
relatively large sample amounts and troublesome sample preparation. Usually, up to few mg of
sample is needed for a single FTIR measurement [89]. This can be a major challenge, particularly in
the process of new drug development where the sample availability can be strongly limited because of
very high costs [90]. In addition, sample preconcentration and such procedures as drying and KBr
pellet formation are not only time-consuming [91] but may contribute to analysis errors [92] as well.

4.1.2. Photothermal IR spectroscopy

Another approach to determine the energy absorbed by the sample is to measure the temperature
change of the sample induced by the irradiation with IR light [93]. In the first historically conducted
experiments the temperature change was measured by a thermistor while monochromatic light was
focused on the sample surface [14]. This method can be useful especially for opaque and highly
scattering samples that present difficulties both in transmission and reflection based techniques [94].
Furthermore, it can improve the spatial resolution of measurement on the sample, as the conventional
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IR spectroscopy methods are diffraction limited whereas for modern photothermal IR spectroscopy the
limit is defined by the size of the contact between a probe and a sample [95]. The next step in
development of this techniqgue was a photothermal deflection spectroscopy, which is based on the
photothermal deflection of a laser beam due to the change of the refractive index caused by heating of
the sample by light [96]. Eventually the idea of photothermal deflection spectroscopy was realized
using the micromechanical sensor in the form of bilayer cantilever that commonly is a SiN cantilever
with a thin metal layer on top [15]. The analyte molecules in the vapor phase were first adsorbed on
the surface of the sensor and then illuminated with a monochromatic IR light, similarly like in the
dispersive spectrometer. The sample absorbs light of a certain wavelength corresponding to its
specific molecular vibrations. As a result there is a heat flux into the cantilever and its temperature
increases locally. The mismatch between thermal expansion coefficient values of the two mentioned
materials causes the deflection of the whole structure that is later detected by the optical lever [97]. By
using cantilevers with and without adsorbed molecules it is possible to obtain the IR absorption
spectrum of the sample by plotting the differential cantilever deflection as a function of illumination
wavelength [16]. The photothermal cantilever deflection spectroscopy was a crucial step in
overcoming problem of poor selectivity of standard micromechanical cantilever sensors that rely on
the fact that the deflection of the cantilever is directly proportional to the adsorption-induced surface
stress [98]. The chemical selectivity was obtained by selective interfaces on the surface of the sensor
but efficiency of this solution was limited [99,100]. Attempts done using arrays of cantilevers where
each element was modified with partially selective interfaces [101] did not improve selectivity [100].
The chemical sensitivity was imparted to bilayer cantilever sensors by exploiting their exceptional
sensitivity to temperature change [102,103]. This approach was used over the years in chemical
process and environmental monitoring [104,105], detection of explosives [106,107] and biological
analytes [108], polymer characterization [109] and identification of reagents in liquid using hollow
cantilevers [110]. The main factors limiting the sensitivity and deteriorating performance of such
devices are long-term drifts associated with temperature fluctuations and nonspecific physisorption of
molecules on the surface [111] as well as vibrational and thermomechanical noise [112-114].

The vibrational resonance frequency of cantilever depends on its dimensions, mass and Young's
modulus (see Equation 3.2). Therefore, molecular adsorption on the surface of the structure causes
resonance frequency shift. It can be used for relative humidity measurements or adsorption rate
studies [98]. However, this frequency approach for cantilevers lacks of selectivity and exposure to IR
radiation cannot change it. In contrary, the resonance frequency of vibration of such nano- and
micromechanical resonators as strings and membranes depends directly on their tensile stress that
can be readily tuned by heating of the structures. The NAM-IR was first accomplished using string
resonators and already better detection limit in comparison to bilayer cantilever deflection sensors was
achieved [16,17,115]. The simple fabrication and robust detection scheme based on the resonance
frequency measurements were featured. The vital advantage was also the simple and efficient analyte
sampling method. Resonators were actuated by a piezo ring and actuation was done using laser
Doppler vibrometer. The main disadvantage of NAM-IR technique was the alignment of IR laser beam
on the string resonators with a width below 1 um that required a great effort. Such difficulty could be
avoided if membranes with larger surface area were used instead. Apart from that the experimental
setup for NAM-IR with strings was fully dependent on the optical readout. The expensive and bulky
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laser Doppler vibrometer impeded the expansion of this method outside the specialized laboratory.
Membranes allow for a straightforward implementation of purely electrical actuation and readout
schemes where laser Doppler vibrometer is not necessary anymore. All of these aspects will be
elaborated throughout the rest of this chapter.

4.2. Methods

The project demanded fabrication of perforated membranes with electrodes. The existing process
flow for plain membranes developed by Associate Professor Silvan Schmid and Ph.D. student Andrea
Casci Ceccacci was used as a base and additional steps were introduced to obtain perforation and
electrodes. Most of the cleanroom work was performed by Matthias Carnoy as part of his master
project supervised by Associate Professor Silvan Schmid and me. Again all the fabrication was done
in DTU Danchip cleanroom facility. Once the chips were ready, the sampling of analytes was done on
the system used previously by former Ph.D. student in the Nanoprobes group Shoko Yamada. Finally,
measurements were conducted in two different experimental setups that would be discussed in detall
later in this subchapter.

4.2.1. Fabrication

First the optimum material must be chosen for this specific membrane resonators application. A
high photothermal frequency response as well as quality factor were required. From Equation 2.72 it is
clear that the relative resonance frequency shift of a membrane increases with thermal expansion
coefficient a, Young’s modulus E, absorbed power P and Poisson’s ratio v. It decreases with thermal
conductivity k, tensile stress g, and structure thickness h. The quality factor is governed by Equations
2.43 and 2.46 and can be enhanced by damping dilution effect caused by high tensile stress. First of
all, polymers have high thermal expansion coefficient [116], nevertheless they can be excluded as
they have relatively low tensile stress [66] and Young's modulus [117]. In turn, although metals such
as aluminium have considerable thermal conductivity [64] and substantial heat dissipation can be
expected, they were successfully used as temperature sensors. Unfortunately, low tensile stress
limited the quality factor and frequency resolution [11]. The remaining materials possible for fabrication
in DTU Danchip cleanroom facility were stoichiometric (high stress) and silicon rich (low stress) SiN.
These two materials have very similar values of thermal expansion coefficient, Young's modulus and
thermal conductivity [118-123] but have different tensile stress levels. The stoichiometric SiN may
have five times higher tensile stress than silicon rich SiN, with approximated values of 1100 and 230
MPa, respectively [67,124,125]. The stoichiometric SiN should have the best quality factor values but
very high tensile stress would deteriorate the thermal sensitivity of the sensor. The silicon rich SiN was
expected to take advantage of both high thermal sensitivity and resonance frequency resolution. The
suitability of this material for NAM-IR has already been confirmed [125] and finally it was chosen for
membrane resonators fabrication in this work.

The masks for three photolitography processes were designed using L-Edit 15 program, similarly
as for the pyrolytic carbon resonators project. Precisely one hundred 7x7 mm chips were fitted on one
wafer. Membranes had lateral dimensions of 500x500 um and 1x1 mm and were perforated on the
whole surface with 1 and 2 um square holes organized in 1 and 2 um grid. The four possible
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combinations of perforation, grid and membrane sizes were applied. Part of the chips had three 10 um
wide gold (Au) electrodes that were used for magnetomotive actuation and readout scheme (see
Figure 4.3). The double side polished 350 um thick 4 inch silicon wafers were used as a substrate.
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Figure 4.3 a) lllustration of chips with (left) and without (right) electrodes. The perforation appears as a black
color. b) The zoom-in view of the central and one of the side electrodes.

The full fabrication scheme is presented in Figure 4.4.
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Figure 4.4 Fabrication scheme for perforated low stress SiN membrane resonators (see Appendix A).

It starts (1) with a deposition of 100 nm thick layer of silicon rich SiN on both sides of the wafers in
the low-pressure chemical vapor deposition (LPCVD) furnace (Tempress Systems, Vaassen, The
Netherlands). Under a pressure of 0.27 mbar and temperature of 845°C activated ammonia (NHs) and
dichlorosilane (H,SiCl,) gases diffuse to the wafer surface and react there to deposit a film. The
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reaction byproducts in the form of hydrochloric acid (HCI) and hydrogen gas (H,) are desorbed [126].
The stress in thin films is mainly generated due to the different thermal expansion coefficients of film
and substrate and because of film grain growth when it is constrained by the substrate [127]. The
ellipsometer (ESM-300 from J.A. Woollam Co., Lincoln, NE, USA) was used to measure the thickness
of the obtained SiN layer. According to Danchip staff the silicon nitride should have tensile stress of
the value around 215 MPa. Next (2) the wafers were dipped in BHF for 60 s to remove the native
oxide and chemically pretreated with hexamethyldisilazane (HMDS) to promote the adhesion of AZ
5214e photoresist that was then spin-coated and 1.5 pm thick layer was formed. The photoresist was
then soft-baked at 90°C for 60 s and patterned in mask aligner by hard contact UV exposure with a
dose of 49 mJ/cm?. After a development in AZ 351B diluted 1:5 in water for 60 s, rinsing with water for
3 min and 90 s drying in spin dryer, the perforation pattern was defined in the solidified photoresist. It
served as a mask for a dry etching step (3) where silicon nitride was removed and perforation holes
were opened. The silicon nitride was etched with a chuck temperature of 0°C for 45 s in the advanced
oxide etcher (AOE) instrument (Multiplex ICP from STS, Newport, UK). It is a reactive ion etching
(RIE) technique where reactive gases are excited and ionized by radio frequency field in a vacuum
chamber. lonic species are accelerated by the radio frequency field and collide with the sample
reacting with the SiN and etching it. Such dry etching method has been chosen because of vertical
motion of the ions that results in the anisotropic profiles and high selectivity against silicon which is an
effect of using H, and octafluorocyclobutane (C4Fg) gases in the process. Afterwards (4) the
photoresist was removed in the plasma asher in which oxygen plasma combines with photoresist and
ash formed that way is pumped away from the chamber. The goal of second photolitography step (5)
was a definition of electrodes pattern for lift-off process and it was performed similarly as the first one
but here the negative photoresist AZ nLOF 2020 was used instead. The proper alignment of the mask
to the wafer with perforation was critical. The UV exposure dose was 70 mJd/cm? and wafers
underwent post exposure bake in 110°C for 60 s and development in 351B developer for 60 s in
automated developer machine (Gamma 2M from Siss MicroTec AG, Garching, Germany). Then the
metal layer was deposited on the front side of the wafer (6) using a thin film deposition machine (QCL
800 from Wordentec, Shebbear, UK). It allows for electron beam evaporation of desired metal whose
atoms are then transported in high vacuum to the wafer surface. The 50 nm thick layer of Au was
deposited with a rate of 1 nm/s on top of the 5 nm thick adhesion layer of titanium (Ti). The wafers
were then immersed in acetone bath for 3 h (7) which dissolved the photoresist and excess metal was
removed. The front side of the wafer with defined electrodes needs to be protected from potassium
hydroxide (KOH) wet etch that would be used to release the membranes from the back side of the
wafer. It has been achieved (8) by deposition of SiN that has a low etch rate in the KOH (around 1
nm/min) in the plasma-enhanced chemical vapor deposition (PECVD) machine (Multiplex CVD 06541
from SPTS, Newport, UK). In contrary to LPCVD, here the pressure is elevated to 1.13 mbar and
plasma is added in the chamber that together with reactant gases of silane (SiH,), NH; and nitrogen
(N,) create the desired solid surface on the substrate. The films deposited by LPCVD show better
uniformity and homogeneity [128] but this method could not be used as wafers with metal are
forbidden for processing in the LPCVD furnace in order to avoid contamination. The last
photolitography step (9) was performed with the same parameters as the first photolitography step,
only the mask was aligned from the back side to the already existing structures on the wafer. Again
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due to the metal contamination issues AOE could not be used for removing the silicon nitride on the
back side of the wafer. The same principle of dry etching was applied (10) in the similar machine (part
of Cluster System C010 from SPTS, Newport, UK) with reactive CHF; and N, gases. Next, the wet
etching of silicon from the back side of a wafer (11) in KOH at a temperature of 80°C and
concentration of 28% was performed for approximately 6 h. Eventually the protective silicon nitride
layer was removed (12) in the 5% BHF solution during 10 min bath. Wafers were then left to dry in the
fume hood and were diced with a diamond scribing tool.

The membrane fabrication yield was estimated to be around 90%. However, inspection of the
wafers revealed that the definition of perforation holes should be optimized (see Figure 4.5) in terms of
exposure dose and development time. The mask aligner uses mercury lamp as a UV light source so
the exposure radiation has a wavelength of 365 nm. The resolution limit for this machine in hard
contact exposure mode is around 1 pm. Therefore, the smallest perforation square holes with a
nominal lateral size of 1 um were not always correctly developed and part of such membranes
remained unpatterned (see Figure 4.5a,b). On the other hand, the nominal 2 um perforation holes
experienced distorted shape (see Figure 4.5c,d). In the center of the wafer holes still had more
quadratic shape, whereas on the chips located at the edge of the wafer the holes were completely
circular. It can be explained by the proximity effects and not uniform UV light intensity across the wafer
[129]. The resulting perforation holes on average had a diameter of roughly 2 um for circular holes and
edge length of about 2 um for more quadratic holes.
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Figure 4.5 Pictures taken using optical microscope with 100 times magnification. a) and b) Membranes with
nominal lateral size perforation holes of 1 pm in 1 pm grid. Part of the membranes remained unpatterned, the
rest had circular holes with 1 um in diameter. c), d) and e) Perforation holes shape in different parts of a wafer,
the nominal size of 2 um in 2 um grid. Circular shapes c) observed on the edge of the wafer and quadratic
shapes e) in the center. f) Drawing showing perforation holes organized in a grid.

4.2.2. Sampling
Definitely, the advantage of the NAM-IR over the photothermal cantilever deflection spectroscopy

is the analyte sampling approach. In the latter method it was done by physically dipping cantilevers in
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the solution, depositing a drop of the solution on the sensor surface or by using vapor deposition
[104,106]. The NAM-IR with perforated membranes offers an efficient and fast sampling of analyte in
the form of airborne nanoparticles by an air filtration-based technique [17,115,130].

The perforated membrane functions as a thin porous membrane filter and can collect sample
nanoparticles that are streaming through it by three basic mechanisms that are assumed to act
independently [131] (see Figure 4.6). Their theoretical analysis is complex but simplified equations can
be derived and are accurate enough to show the trend of collection efficiency with sampling

T

Impaction Interception Diffusion

Figure 4.6 Three main mechanical collection mechanisms on the membrane porous filter that is exposed to an
aerosol stream.

Impaction on the membrane surface occurs when a particle is unable to adjust quickly enough to the
abruptly changing streamlines near the pore opening and eventually hits the filter. It happens for
particles with large momentum which is an effect of large mass or high velocity. Interception takes
place when the center of a patrticle following a streamline passes within a distance of the particle
radius from the opening of a single hole. It is the only mechanism that is not a result of a particle
departing from its original gas streamline. Finally, the Brownian diffusion of a particle may cause
deviation from its nonintercepting trajectory and landing on the membrane surface.

The overall sampling efficiency Es is a figure of merit of a porous membrane filter. It is defined as
the ratio of number of particles deposited on the surface to the total number of particles that approach
the filter and can be expressed as:

Es=1- 1- El)(l - ER)(l - ED)! 4.1)

where E,, Er and Ep are collection efficiencies due to impaction, interception and diffusion to the front
surface of the filter, respectively.

Collection efficiency that is attributable to impaction assuming the steady and axisymmetric flow
can be calculated as [132-134]:

B =2 () (4.2)
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where P is the porosity of a filter defined as a ratio of open space in a filter matrix to the amount of
volume taken by a filter media itself, Stk is the Stokes number, p, is the particle density, r, is the
particle radius, U, is the face velocity, n is the dynamic viscosity of the flow and r, is the pore radius.

Collection efficiency due to interception assuming Poiseuille flow and neglecting the slip-flow
phenomena is [133,135,136]:

Egr = (2Ng)?, (4.6)
Ne =Ny (1-7), 4.7)
N, = —p (4.8)

Diffusion to the inner pore wall of a filter can be disregarded because of the very small thickness
of a membrane. Collection efficiency due to diffusion to the front surface of the filter is [134,137]:

4 —a,D?/3

Ep=1-—exp [—1+(a1/a2)D7/15]’ (4.9)
a, = 4.57 — 6.46P + 4.58P2, (4.10)

_ D
D= Dols (4.12)
Dy = 5_% , (4.12)

_ kgT
Dp - 6mnry, ’ (4.13)

where a;=4.5, D is the normalized particle diffusion coefficient, Dy is the radius of the cylindrical flow

approaching a pore, D, is the particle diffusion coefficient, kg is the Boltzmann constant and T is the
temperature.

These models are valid only if the flow approaching a pore is laminar, which occurs at a low
Reynolds number Re which can be derived from [132]:

Re =22 (4.14)

v

where v is the kinematic viscosity of a flow.
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Dedicated system for sampling of analytes on perforated membranes had been designed by
Associate Professor Silvan Schmid and used during previous projects focused on NAM-IR (see Figure
4.7b) [17,125]. Compressed air was provided from DTU Danchip facility grid. The filtered air supply
(3074B from TSI, Shoreview, MN, USA) removed oil, liquid droplets and fine particles from the
incoming air. It had a built-in gas regulator valve allowed for precise pressure adjustments. Airborne
nanoparticles were generated using a jet nebulizer (3076 from TSI, Shoreview, MN, USA). The cross-
section of device is presented in the Figure 4.7a [138].
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Figure 4.7 a) Cross-section of a jet nebulizer. b) Schematic of a sampling setup. ¢) Taken with 50 times
magnification optical microscope pictures of a membrane with nominal 1 um perforation in 1 um grid before and
sampling of indomethacin that was first dispersed in methanol.

Air under pressure expands through an orifice that is 0.34 mm in diameter to form a high velocity jet.
Liquid with dispersed sample is drawn into the nebulizing section through a vertical passage and is
then nebulized by the jet. Large droplets are removed by impaction on the wall opposite to the jet and
excess liquid is drained at the bottom of the nebulizer assembly block. Aerosol left the instrument
through the fitting at the top and went through the diffusion dryer with silica beads. It was then directed
into the custom-made aluminium chamber where perforated membrane was spanned over the orifice
covering it perpendicularly to the airborne nanopatrticles flow, efficiently filtering them. From the other
side of the chamber suction was applied by vacuum obtained from DTU Danchip grid as well. It
increased the nanoparticles velocity and that way enhanced sampling efficiency on the membrane
filter. The air flow was controlled by a valve (VFA-22-SSV from Dwyer, Michigan City, IN, USA) and
measured by flowmeter (4100 from TSI, Shoreview, MN, USA). The size of nebulized particles was
determined by a portable diffusion size classifier (DiSCmini from Matter Aerosol, Wohlen, Switzerland)
which is based on the particle diffusion charging and sequential electrical measurements. Positive ions
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are mixed with the aerosol and charged particles are then detected in two stages by electrometers.
The first stage is a pile of steel grids on which small particles are deposited by diffusion. The second
stage is a filter which intercepts all the other particles. The mean particle diameter size is obtained by
analysis of the two currents measured on detection stages [139]. The average particle diameter can
be measured with an accuracy of +30% [140]. Inspection of membranes under microscope after
sampling showed that nanoparticles were captured exclusively on the perforated area and could not
be found close to the edge of the membrane (see Figure 4.7¢).

Assuming the circular perforation holes with a diameter of 1 um and 2 um, the porosity values of
both membrane types were calculated to be 0.24+0.02. The average particle radius was measured to
be 25 nm. The sampling was performed with a flow rate of 1 I/min. The total perforation holes area for
1x1 mm membrane was around 0.2 mm? which together with mentioned flow rate gives face velocity
of 84.4+8.3 m/s. The density of the analyte was 1.32 g/cm?® [141], the dynamic viscosity of flow for air
was 1.8x10° Pa-s [134], the kinematic viscosity was 1.5x10° m%s [132] and the temperature was
295.15 K. Taking into account Equations from (4.1) to (4.13) the overall sampling efficiency of a
membrane with nominal 1 um and 2 um perforation holes was 67+23% and 59+21%, respectively with
overwhelming dominance of impaction-driven sampling. The membranes with lateral dimensions of
500x500 um and equivalent perforation would have increased overall sampling efficiency for 12% and
6% due to higher face velocity. It is a major improvement in comparison to estimated total sampling
efficiency on the order of 10% reported for string resonators that act as single filter-fiber [115].
According to Equation (4.14) Reynolds number for bigger membrane was 12 and 46 for smaller one
which means that flow around the pore was laminar. It should be noted that it is virtually impossible
that 67% or 59%, depending on the perforation size, of the sample that was first in dispersion would
be collected on the membrane. Part of the nebulized airborne particles would be lost in the sampling
system, mainly in the nebulizer block itself and rubber tubing used for sample transport towards the
membrane filter. Therefore, the amount of sample compound dispersed in liquid and nebulized is
significantly higher than the quantity actually needed for a reliable experiment.
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Figure 4.8 Overall sampling efficiency of a 1x1 mm membrane with 2 um perforation holes in 2 um grid in the
case of constant a) face velocity and b) particle radius. Data obtained with face velocity of 84.4 m/s and patrticle
radius of 25 nm.
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Perforated membrane resonators have a great potential to be used as sensors for detecting
contaminations in research laboratories or pharmaceutical plants as they are capable of capturing
nanoparticles directly from air and can be placed for example in air purification and ventilation
systems. Nanoparticles size and their momentum have a decisive influence on the overall sampling
efficiency of a specific membrane (see Figure 4.8). Simulation shows that it could be raised simply by
increasing the air flow in the system when other conditions are constant. The 100% collection
efficiency can however only be obtained for particles bigger than the perforation holes.

Experiments confirmed that perforated membrane saturates over prolonged filtering and when it is
completely clogged no more sample nanoparticles can be captured. Figure 4.9 presents resonance
frequency change of a 1x1 mm membrane with 2 um holes in 2 um grid due to sample adsorbed on
its surface. In this case the membrane saturated after approximately 20 min of sampling with 90 uM
indomethacin dispersion in methanol with nebulizing pressure of 4 bar and flow rate of 1 I/min. It is
assumed that this additional mass does not alter the structure stiffness. It can rather be interpreted as
an increase of mass density of the membrane material.
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Figure 4.9 Resonance frequency of a 1x1 mm membrane with nominal 2 um perforation holes in 2 um grid
changes during sampling if indomethacin.

4.2.3. Experimental setups

Two completely separated experimental setups were used to conduct the measurements. As it
has been already mentioned they rely on different actuation and readout techniques. The comparison
of their performance is essential in terms of choosing the most promising path of NAM-IR
development.

4.2.3.1. Optical readout setup

First setup, similarly to the one used for studying pyrolytic carbon resonators, was based on
optical readout and piezo actuation. However, modifications in the general setup design and
introduction of new instruments were necessary (see Figure 4.10). The sensor chip was glued on the
piezo ring actuator (Noliac, Kvistgaard, Denmark) by double-sticky carbon tape inside an aluminium
vacuum chamber designed by Shoko Yamada [125]. Piezo actuator was connected to actuation
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control by electrical feedthrough. The chamber had glass window on the top and zinc selenide (ZnSe)
window that is transparent for IR radiation on the bottom. The readout laser was directly focused on
the top side of the membrane and the IR laser was focused on the back side of the membrane where
the analyte was collected using an Au coated parabolic mirror with 2 inch reflected focal length
(MPD254254-90-M01 from Thorlabs, Newton, NJ, USA). The IR light was emitted by a tunable
quantum cascade laser (QCL) (LaserTune from Block Engineering, Marlborough, MA, USA) in a mid-
IR range of wavenumber from 768 cm™ to 1953 cm™, which covers the so-called fingerprint region of
most of chemical compounds.
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Figure 4.10 Schematic a) and picture b) of the experimental setup with optical detection of out-of-plane
membrane vibration.

The QCL used in the setup is a semiconductor laser that has a very wide gap-free tuning range,
can reach a peak power of approximately 20 mW depending of the operating parameters and is
equipped with laser pointer which makes it a suitable IR radiation source for the purpose of these
experiments. It consists of a quantum cascade chip that in turn is comprised of numerous of
alternating layers of semiconductor material grown by molecular beam epitaxy that form quantum
energy wells and confine the electrons to particular energy states. So a quantum well is essentially a
semiconductor with relatively low band gap energy sandwiched between semiconductor layers with
high band gap energies. The thickness is typically a few nanometers and electrons are confined
primarily to the center part of the sandwich. Each electron traverses the lasing medium in transitions
from one quantum well to the next, driven by the voltage applied across the device. At precisely
engineered locations called the ‘active regions’ the electron transitions from one valence band energy
state to a lower one and in the process emits a photon. The electron continues through the structure
and when it encounters the next active region it transitions again and emits another photon. The
output wavelength is determined by the structure and thickness of the layer rather than the lasing
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material which means that the device fabrication can tailor the wavelength more freely than in for
example diode lasers [142]. The quantum cascade chip serves as the laser gain medium in the
external cavity Littrow configuration with back extraction and with a grating as the tuning element. The
angle of the grating selects the wavelength of the diffracted light, which couples back into the QCL
chip and creates a laser radiation at a single wavelength [143] (see Figure 4.11a,b).
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Figure 4.11 a) Quantum cascade conduction band diagram showing electron transitions. b) Principle of
operation of tunable QCL [144].

The experiments could be carried out in medium vacuum at a pressure of 1 mbar or in high
vacuum at a pressure of 1x10™ mbar. The vibration of a membrane was readout by a laser Doppler
vibrometer and detuning of the resonance frequency was recorded by a lock-in amplifier (HF2LI from
Zurich Instruments, Zurich, Switzerland) with a bandwidth of 100 Hz and sampling rate of 255 S/s.

It is an instrument capable of detection and measurement of very small alternating current (AC)
signals at a presence of an overwhelming noise background. The direct current (DC) output
proportional to AC signal under investigation is provided through a conversion performed by a special
rectifier called phase-sensitive detector (PSD). Only the signal of interest is rectified while the noise or
interfering components which may accompany it are suppressed. The PSD can recognize the signal
because it is supplied with a reference voltage of the same frequency and with a fixed phase
relationship to that of the signal. This reference signal ensures that the instrument will keep track of
any changes in the frequency of the signal of interest, since the reference circuit is locked to it
[145,146].

The piezo ring actuator was fed from the lock-in amplifier with a voltage of 100 mV. The vacuum
chamber was mounted on the manual translation stage to facilitate alignment of the IR laser spot on
the centre of the membrane. Exactly the same approach has already been utilized for photothermal IR
spectroscopy with nanomechanical string resonators [17,115,125] with a width of around 1 um, what
made alignment of the IR laser very troublesome and laborious. Of course this issue was overcome by
replacing strings with membranes. Apart from that, it turned out that fixing chips on the piezo actuator
with a double-sticky carbon tape can make it difficult to reproduce results. Finally, a laser Doppler
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vibrometer is expensive and bulky equipment that is hindering the application of this technique outside
a specialized laboratory.

4.2.3.2. Magnetomotive readout setup

The solution to all noticed disadvantages of the primary experimental setup may be a
magnetomotive transduction scheme. It is a well-known actuation and readout approach that
facilitated the development of the first nanomechanical resonators offering low complexity and good
performance [18]. In this method resonator with length L and electrode on top is placed
perpendicularly to a uniform magnetic field with induction B. Alternating current I_(t) is passed through
an electrode and thereby the actuating Lorentz force F_(t) is generated:

F,(t) = BLI, (t) . (4.15)

The motion of a conductor through the magnetic field induces the electromotive force eg¢(t) along the
structure:

epr(t) = (BLEE, (4.16)

where ( is the constant of order unity equals 0.83086 for a double-clamped beam fundamental mode
and u(t) is a displacement of the electrode. The force F.(t) depends linearly on the magnetic induction
B which means that beam velocity is proportional to B as well. Therefore, voltage signal z-(t) scales
as B?. It was reported that external electrical circuit may affect the resonator performance [147]. In the
case of low external circuitry impedance load on the resonator, in the high magnetic field the electrical
damping mechanisms would shift the resonance frequency and change the resonance width
[148,149]. Hence using high impedance circuits and moderate magnetic fields is recommended
[148,150]. Typically, the actuation and the readout is done via a single transducing electrode [151-
153]. But this requires a rather complex differential design to extract the small induced electromotive
readout current from the strong driving signal background. Reference electrode is usually needed in
such configuration. Separation of two signal paths could avoid this problem and lead to simplification
of experimental system. This idea was explored using two different chip designs with string resonators
fabricated by Peter Larsen during his Ph.D. studies. The low stress SiN strings were 3 um wide, 500
pum, 320 nm thick with 200 nm thick aluminium (Al) electrodes. The first design called “single
electrode” featured one transducing electrode sitting on the string and one reference electrode of the
same dimensions. Here the reference electrode signal must be subtracted from the transduction
electrode signal. The measurement can be hampered by the resistance mismatch between the two
electrodes. In the alternative design called “double electrode” both electrodes were mechanically
coupled, transducing electrodes sitting on the string (see Figure 4.12a). One electrode was actuated
and generated electromotive force was measured directly from the second electrode. Differences in
their resistivity values should be irrelevant. It was first qualitatively confirmed using a damped
harmonic oscillator model built in Simulink (see Appendix B). Three resonance responses were
obtained of transducing electrode with resistance of 100 Q for varying second electrode resistances
(see Figure 4.12b). The resistance of reference electrode in the “one electrode” chip had evident
influence on the resulting output signal. In order to make the two resistances as close to identical as
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possible a finely-tunable circuit containing adjustable phase shifter, variable amplifier and directional
coupler should be applied [153]. In contrary, the resistance disparity had no consequence for “double
electrode” design. The experiments were conducted in high vacuum at a pressure of 1x10®° mbar,
magnetic field of 0.4 T and drive voltage of 10 uV resulting in a drive power of 1 pW. Even though the
electrodes in both chip types had very similar resistances of 100 Q themselves, mismatch originated
from the other parts of electrical circuits and connections. For example silver conducting paste was
used to connect electrodes to wires and was measured to be already about 10 Q. The resonance
frequency response was detected with a lock-in amplifier and proved that resistance matching is
crucial to get a good signal to noise ratio (SNR) as values of 37+3 and 20748 were obtained for “single
electrode” and “double electrode” designs, respectively. In addition no capacitive crosstalk has been
observed despite the close distance of 6 um between the two electrodes.
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Figure 4.12 a) Microscopic images of the two types of SiN strings with Al electrodes. b) Simulink qualitative
simulation results of the two experimental designs. The plots show each three resonance responses of a
transducing electrode with resistance of 100 Q for varying second electrode resistances of 80 Q, 100 Q and 120
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The idea of separated signal paths was harnessed in NAM-IR with perforated membrane
resonators. Three Au electrodes were deposited on the membrane, each of them had w width of 10
pum (see Figure 4.13a). A central electrode was used for readout and two electrodes on the sides were
used for actuation. The spacing between electrodes and edge of the membrane was 250 ym. The
electrodes outside the membrane widened to form 200x200 um pads in the proximity of the chip
edge. A new aluminium vacuum chamber was designed for the purpose of these experiments. It had
very compact dimensions of 60x60x50 mm and consisted essentially of two parts held together by
screws (see Appendix C). Channels drilled in the aluminium enabled sampling directly in the chamber.
The same parabolic mirror as in the previously described setup was used. Also here, the vacuum
chamber was attached to a manual linear three axis stage (see Figure 4.13b,c). The chip was glued
using epoxy to a custom-made printed circuit board (PCB) with copper contact pads. The electrodes
were then either wire-bonded to the contacts on the thermosonic wire bonder (HBO5 from TPT,
Munich, Germany) or silver paste (Acheson Silver DAG 1415 M from Agar Scientific, Stansted, UK)
was used to obtain electrical connection. The PCB with a chip on top was placed between two
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Halbach arrays of 3 neodymium magnets that intensify the magnetic field over the membrane chip
[154] reaching the value of 0.4 T. Beryllium copper (BeCu) spring loaded contacts (Feinmetall,
Herrenberg, Germany) with a preload of 80 cN and nominal force of 130 cN pressed the pads on the
PCB providing electrical connection between electrodes on the membrane and lock-in amplifier. They
were fixed by cyanoacrylate glue to intermediate part made of poly(methyl methacrylate) (PMMA) that
had been milled using computer numeric control (CNC) machine available at DTU Nanotech
mechanical workshop. This PMMA part kept the PCB together with sensor chip in the right position
using two M3 nylon screws. This approach guaranteed that all units were constrained and spring
loaded contacts could always press the contact pads on the PCB allowing for easy replacement of
chips and reproducible measurements. The resistance of the Au electrode was calculated to be
around 50 Q but actual values measured through spring contact varied from approximately 450 Q for
wire-bonded chips to 700 Q for chips connected to PCB by silver paste. In fact, wire bonding required
much more expertise and time. Furthermore, contacts created that way were relatively brittle and
susceptible to damage. Silver paste turned out to be a good alternative and made experiment
preparations easier.
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Figure 4.13 a) Microscopic image of the membrane with Au electrodes. b) Schematic and c) picture of
experimental setup based on magnetomotive actuation and readout. d) View of the mounting of the chip in the
chamber.
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The power spectrum of the QCL device was measured with thermal power sensor (S302C from
Thorlabs, Newton, NJ, USA) for 0.3% duty cycle with wavenumber step resolution of 10 cm™ and dwell
time of 10s. It was found to be strongly wavenumber dependent (see Figure 4.14a). The duty cycle
describes the percentage of time a laser is on over a time interval. Measurements showed that QCL
irradiation power exhibited polynomial rather than linear growth with increasing duty cycle value.
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Figure 4.14 a) Power spectrum with 0.3% duty cycle of QCL used in experiments. b) Relation between duty
cycle and peak power at wavenumber of 924 cm™.

4.2.4. Characterization

The knowledge about the properties of fabricated membrane resonators is crucial for further
understanding of their behavior as temperature sensors. Simulations were first harnessed to confirm
the correctness of the analytical model. Then the experiments were performed to fully characterize
structures of interest in terms of mechanical and thermal properties and to reveal the influence of the
two different experimental setups.

4.2.4.1. Simulations

Prior to experimental work, finite element method (FEM) simulations were used to validate the
analytical model of resonance frequency detuning of a heated membrane. The model was created
together with Matthias Carnoy in COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden) software
using two modules, namely membranes and heat transfer in thin shells. These modules allow using
2D geometry in 3D environment which makes meshing more effective. Still due to limited computing
power, perforation could not be included in the model. The simulation had three study steps. First two
stationary steps took into account only heat transfer in the thin shells physics and membrane physics.
The last study step was used for eigenfrequency calculations. Simulations were performed for material
properties of low stress SiN assuming following values of mass density of 3100 kg/m®, thermal
expansion coefficient of 2.3:-10° 1/K, Young’s modulus of 250 GPa, thermal conductivity of 2.5
WI/(m-K), Poisson’s ratio of 0.23, heat capacity of 700 J/(kg-K) and tensile stress of 230 MPa [118].
Both square membranes with edge length of 1 mm and circular membranes with radius of 500 ym

51



were modelled in order to compare their relative resonance frequency changes and determine if
analytical model is credible also for square membranes that were actually used in experiments. The
fundamental mode resonance frequency values obtained from simulations were 192.62 kHz and
208.51 kHz for square and circular membrane, respectively. It was in very good agreement with
values of 192.61 kHz and 209.49 kHz calculated from Equations (2.39) and (2.40). The power input
with a step function characteristic and in a form of 200 ym radius circle was placed in the center of
both membranes. Initial temperature of a membrane was set at 20°C and edges of the structure were
kept at constant temperature of 20°C meaning they were perfectly insulated and there was no heat
flux across them. However, these simulation results should be considered more qualitative rather than
gquantitative as the heat transfer outside the membrane to chip was neglected and actual IR power
absorption of SiN was unknown. In addition, perforation could disturb to some extent heat transfer in
material increasing its effective surface. Both analytical and FEM models assume that the membrane
is in perfect vacuum and convection is fully disregarded. The FEM model confirmed that relative
resonance frequency change of square and circular membrane for given conditions were very similar
(difference less than 1%) and analytical model can be applied for both membrane shape cases (see
Figure 4.15a). As predicted by analytical model the absolute value of relative resonance frequency
change was proportional to applied power. The importance of accurate IR laser alignment in the
center of the membrane was evaluated as well (see Figure 4.15b). When the IR laser spot is
positioned closer to the anchor region more heat would be dissipated into the silicon substrate that
acts as a heat sink. For instance misalignment of just 200 um would result in normalized relative
resonance frequency shift drop of around 20%.

a b

— Square
— Circle

o
o™

frequency shift
o
o]

Normalized relative

o
=

Relative resonance
frequency change [%]

0 10 Zb 30 0 100 ZDD 300 400
Power [mW)] Distance from membrane center [um]

Figure 4.15 a) Simulated relative resonance frequency detuning of square and circular membrane heated in the
center of the structure. b) The heat source position on the square membrane has a strong influence on the
resonance frequency detuning.

Finally, the membranes lateral dimensions were cut in half but keeping the same heat source to check
if that would influence the relative resonance frequency shift. The results showed that a square
membrane with edge size of 1 mm had a relative resonance frequency shift roughly 7% higher than a
membrane with the edge size of 500 um. It contradicts the analytical model, which suggests that the
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lateral dimensions of the structure should be irrelevant. Surprisingly, experiments later conducted on
the unpatterned membranes showed that the smaller membrane had relative resonance frequency
shift up to 27% higher than bigger membrane for QCL duty cycle of 0.3% and IR light wavenumber of
870 cm™. The exact reason for these findings remains unknown but it can be suggested that the
influence of the heat transfer from a membrane to a body chip was underestimated as in the analytical
model and simulation edge of the membrane was kept at constant temperature. Apparently this further
heat transfer should not be neglected and plays bigger role for smaller structures.

4.2.4.2. Membrane properties study

Fabricated membranes were first examined in terms of fundamental mode resonance frequency
values. It can be expected that due to temperature, pressure and gas flow fluctuations during
deposition in LPCVD furnace, the tensile stress in the SiN layer would vary for different wafers and
even for chips across one wafer. Measurements were conducted using experimental setup with laser
Doppler vibrometer in high vacuum at a pressure of 1x10™° mbar. Two wafers with membranes of the
same dimensions but without perforation were fabricated for comparison purposes. Averaged values
of fundamental mode resonance frequency for membranes with edge length of 1x1 mm were
measured to be 184.03+1.62 kHz for first and 188.81+0.88 kHz for second wafer. The perforation
does not disturb the resonance behavior of a structure and its influence is represented by reduction of
tensile stress. Assuming the square perforation holes, the built-in stress o, of a perforated plate is in a
following relation to tensile stress o of a solid plate of the same dimensions [155]:

2
o, = 0; /1—4%, (4.17)

where a is half of perforation hole length and b is a distance between centres of two perforation holes
(see Figure 4.16a).
a b

Figure 4.16 a) Schematic of perforated plate with square holes [155]. b) SEM image of a membrane with
nominal 2x2 um holes in 2 um grid.

This tensile stress reduction should lead to lower resonance frequency values. At the same time
perforation causes mass decrease of a structure that can be interpreted as a drop of mass density of a
resonator. As it has been already discussed, the actual perforation holes sizes differ from chip to chip
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(see Figure 4.16b), hence the resonance frequency of a perforated membrane is difficult to estimate
precisely. The measurements of 10 perforated membranes from one wafer with lateral dimensions of
1x1 mm, nominal hole sizes of 2x2 ym in 2 um grid gave average fundamental mode resonance
frequency value of 162.70+4.72 kHz whereas according to Equation (4.17) a value of 171.15 kHz
should be expected. Finally, again 10 perforated membranes of the same dimensions as before but
with deposited Au electrodes were investigated and an average fundamental mode resonance
frequency value of 180.16+5.96 kHz was obtained. Electrodes increased mass of a resonator but
resonance frequency went up anyway which suggests that the stiffness of the membranes was altered
by metal strips sitting on top of the structure.

The quality factor of membrane resonators is determined by intrinsic and clamping (also called
acoustic radiation) losses [67,156-158]. The acoustic mismatch is a coefficient that depends on
resonator tensile stress and ratio between mass densities of substrate and resonator material. If its
value is high, the tunnelling of phonons from resonator into the substrate is limited. It is also minimal
for symmetric modes, when n=m. Therefore the maximal Q values of low stress SiN are considered to
be restricted by intrinsic losses. For membranes as thin as 100 nm the surface loss dominates the
volume loss and is the ultimate ubiquitous limiting damping mechanism in such structures. The origins
of the surface loss can be surface impurities or roughness [158]. It could be expected that perforation
may contribute to it as well. Membranes with lateral dimensions of 1x1 mm and thickness of 100 nm
were used for measurements in the experimental setup with optical detection where Q values were
obtained for fundamental symmetric mode with n=m=1 from laser Doppler vibrometer software.
Membranes without perforation had Q equal to 661+22 and 8168+156 in medium and high vacuum,
respectively. Introduction of perforation with nominal hole size of 2 um in 2 um grid arose the fall in Q
values to 344+25 and 74104272 for the respective air pressure levels. This decrease has been
foreseen as a consequence of higher surface loss but could be related to lower tensile stress and
hence smaller damping dilution factor (see Equation 2.43 and 2.46) of perforated membranes as well.
At last the membranes with perforation and Au electrodes were studied, yielding Q values of 359+24
and 77724263 so slightly higher than for perforated membranes without electrodes. Supposedly again
the influence of the metal stripes on the structure stiffness became perceptible. On the other hand,
experiments conducted in the setup with electromotive actuation and readout showed surprisingly low
Q values of 7417 at 10 mV actuation voltage. The unknown, higher than nominal air pressure level in
the chamber can be responsible for it, along with less effective actuation approach than piezo
actuator. The lower mode Q values are sensitive to the chip mounting conditions yielding best results
when the physical contact between chip and support is minimalized which reduces the radiation losses
[67,158]. During experiments the relevance of the tape type clearly appeared as lower values were
obtained for simple double-sticky tape than for carbon tape which provided more reliable fixation of the
chip (see Figure 4.17). In addition, sampling of an analyte on the membrane surface increased the
quality factor of the resonator but the exact reason of this phenomenon is still not fully understood. It
can be however assumed that the adsorbed sample did not add to the energy loss and increased the
overall energy stored in the system, mainly through potential energy.

The frequency stability of resonator in combination with employed actuation and readout schemes
is a crucial property for its performance. Stability in general describes the variation of measurement
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samples over time and can be calculated from a set of measurement values. Allan deviation (AD) is a
common method of analyzing a sequence of data in the time domain, to measure frequency stability in
various types of oscillators. It can be also used to determine the intrinsic noise in a system as a
function of the averaging time. AD o,(7) is a square root of Allan variance (AV) which is the variance of
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Figure 4.17 Quality factor of a 1x1 mm membrane with nominal 2 um perforation holes in 2 um grid changes

during sampling of indomethacin. Measurements were done at a pressure of 1 mbar and chip was fixed to the
piezo actuator by double-sticky tape.

the difference of two fractional frequency values y(i+1) and y(i). The fractional frequency y(i) is
measured at time ty+i-t and y(i+1) at time ty+(i+1)-7, respectively. The Allan variance depends on the
observation time 7 and expresses the mean square of all frequency samples separated in time by t
over the entire measurement interval T [159-161]:

0y(D) = [ DM+ 1) - y(®)° (4.18)
M==-1, (4.19)

y(l) — (v1(to+iT))—Vvo

Vo

(4.20)

where (v, (t)), is the current frequency vibration of the system averaged over a time interval T and v,
is the reference frequency. Simply AV is a variance of M pairs of frequency measurements that were
taken at times t and t+z, respectively. It leads to a conclusion that an AD of a value oy at observation
time 7 should be interpreted as there being an instability in frequency between two measurements that
are apart of time period t with a relative root mean square (RMS) value of o,. Moreover, a log-log plot
of AD over observation time can indicate the two main noise components in the system. For lower
observation time values white noise that is proportional to t=1/2 dominates while for longer averaging
times the frequency drift proportional to 7! is the limiting factor. The fundamental mode resonance
frequency of perforated membrane resonators with side length dimensions of 1x1 mm and nominal
perforation hole sizes of 2 um distributed in 2 um grid were measured for about 10 minutes in high
vacuum using both experimental setups and recorded by lock-in amplifier. Next the AD values were
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calculated using MATLAB script written by Luis Guillermo Villanueva (see Appendix D). Exemplary
plots obtained by setup with optical readout of continuous resonance frequency measurements and
AD over observation time are presented in Figure 4.18.
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Figure 4.18 a) Continuous measurement of fundamental mode resonance frequency. b) Calculated AD values
from data presented in plot a).

The measured resonance frequency was drifting upwards during the entire experiment. It was most
likely caused by temperature drift of the resonator [50]. When the vacuum chamber was pumped down
the temperature inside dropped due to the Joule-Thompson effect. Then it started to drift towards
room temperature as pressure stabilized. In addition, a turbomolecular pump that was situated nearby
generated heat that was empowering the temperature change of the membrane. In order to minimalize
the effect of readout laser and its varying power, the relatively low power of approximately 4 uyW was
applied during all measurements [125,162]. Indeed it can be clearly seen that AD is limited by white
noise for lower averaging time values and by thermal drift for lower averaging time values reaching a
minimum for 7 in the range of 1 second. Implementing a temperature control unit could be the first step
in improving frequency stability in such system. The thorough characterization of both experimental
systems and sensor types demanded a study of influence of IR radiation on the AD value. For this
purpose similar measurements were done with IR laser wavenumber set at 870 cm™ where IR light
absorption in SiN is the highest and 1176 cm™ where the absorption is low [125,163] (see Figure
4.19). QCL duty cycle was set at the lowest possible level of 0.3% and actuation voltage for
membranes with electrodes was set at 2 mV. Measurement results suggested that IR radiation with a
wavelength of 1176 cm™ generally did not have a relevant impact on frequency stability. In contrast,
for a wavenumber of 870 cm™ the AD value measured by optical readout setup rose approximately 2
orders of magnitude which can be associated with intense heating of a membrane in vacuum
conditions. Such phenomenon has not been observed for magnetomotive readout setup. It could be
explained by an assumption that the actual air pressure in both chambers was not the same. The
chamber of magnetomotive readout setup was connected by long flexible tubing to another chamber,
showed in previous chapter, where a pressure sensor was located. Due to possible leakages in the
custom-made chamber the pressure inside it can be considerably higher allowing for more effective
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heat transfer by convection. The chamber used in optical readout setup had simpler design and much
lower volume so even though tubing was needed for connection here as well, the high vacuum
pressure could have been reached. Factually, alike measurements performed in optical detection
setup at elevated pressure of 1 mbar yielded AD value for 870 cm™ wavenumber IR laser only 23%
higher than AD value without IR radiation.
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Figure 4.19 AD values obtained for experimental setups with a) optical and b) magnetomotive readout for
various IR laser wavenumbers at QCL duty cycle of 0.3%.

In the absence of IR light AD values at observation time of 1 second Ooy(1s)~6.0-10° and
Omagn(18)~1.3-10" were obtained for experimental setups with optical and magnetomotive readout,
respectively. Higher frequency stability measured for the first setup could be explained by higher
vacuum quality achieved in the chamber and less energy loss due to air damping. Apart from that,
different readout and actuation approaches might contribute to it, as well as slight design modification
of chips needed for magnetomotive actuation and readout. However, the AD value of resonator heated
by IR light would be the most important in the context of its applications in NAM-IR technique. The
relation between AD and chamber pressure was studied for membrane irradiated with 870 cm™
wavenumber IR light (see Figure 4.20a). The worst AD value at observation time of 1 second
Oop(1S)~5.6-10° was measured at atmospheric pressure of 1 bar. Decreasing the pressure using only
a pre-pump to a level of 1 mbar resulted in AD value 0,y(1s)~6.2-10". Further pumping with a turbo
molecular pump to 1x10®° mbar confirmed previous finding as AD increased to Oyy(1s)~3.9-10°
meaning the frequency stability deteriorated. At the same time SNR of recorded resonance frequency
peak improved for lower pressure values from 49 at atmospheric pressure, through 176 at 1 mbar to
551 at 1x10™ mbar. It means that working in high vacuum conditions had an advantage of 3.13 times
higher SNR value but also 6.29 times higher AD in comparison to medium vacuum. The benefit of
operating in high vacuum is not that unequivocal and the system proved to be capable of working
reliably at mbar pressure range. It could allow in future for setup simplification, costs reduction and
increased mobility. Similar study has not been conducted for magnetomotive readout setup as
resonance frequency peaks could only be recorded for the lowest nominal pressure in the chamber
which suggests that magnetomotive actuation and readout schemes were less effective. The actuation
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voltage was the only parameter that could be altered here and potentially might change the system
performance (see Figure 4.20b).
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Figure 4.20 AD and SNR of membrane irradiated with IR light with wavenumber of 870 cm™ obtained with a)
experimental setup with optical readout for chamber pressure values of 1 bar (atmospheric pressure), 1 mbar
(pre-pump only) and 1x10° mbar (pre-pump and turbomolecular pump) and b) with experimental setup with
magnetomotive actuation and readout for actuation voltage values of 0.25, 2 and 8 mV.

According to Equation (4.15) Lorentz force that makes resonator to vibrate is proportional to actuation
voltage and inversely proportional to electrodes resistance. Moreover, the electrical equivalent of
magnetically-coupled resonator is the parallel combination of a resistor with resistance R,,, an inductor
with inductance L, and a capacitor with capacitance C,,. For an infinite source impedance, the voltage
U(w) across such circuit as a function of the applied current I(w) in frequency domain is [147]:

U(w) = —220m——[(w) (4.21)

c—w2+jw/RpmCm

1
LinCm

wie = (4.22)
With the increasing actuation force, AD dropped from Oy,agn(15)~6.2-107 for actuation voltage of 0.25
mV to <70pt(1s)z3.1-10'8 for actuation voltage of 8 mV. Higher actuation voltage generated more Joule
heating on the electrodes which should result in additional temperature drift but apparently this effect
was dominated by strengthened actuation. Together with AD enhancement considerable rise of SNR
from 61 to 247 was obtained. The relation between SNR and actuation voltage did not show linear
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characteristic because of heating of electrodes during measurement that in turn resulted in growth of
their resistance value. Polynomial relation was observed instead, as expected from Equation 4.21. At
actuation voltage values higher than 8 mV membrane resonators were already in nonlinear regime
and hardening behavior could be noticed [164].

The response time is another important feature of a resonator used in fact as a thermal sensor.
The ideal thermal detector should have both thermal heat capacity and its coupling to the
surroundings as small as possible. In this case, due to nanometer-scale thickness, perforated
membranes had an extremely small thermal mass. The supporting silicon chip can be considered as a
heat sink. Then the thermal time constant 7, which is a measure of how quickly such system
responds, can be given by [165]:

: (4.23)

H
TT == E
where H is the thermal mass and G is the thermal conductance. Thermal mass is the ability of a
structure to store heat and can be calculated as [166]:

H=mc, (4.24)

where m is the mass of a structure and c is the heat capacity. Successively, thermal conductance is
the ability of a structure to transfer heat, given a temperature gradient through it. It can be divided into
three independent parts, namely Gg, which is the heat conductance through surface that
mechanically supports the membrane, Gy,s due to surrounding gas and G,,g due to radiation. Gaq
constitutes the low limit of G and together with Gg,s at high vacuum has a negligible value compared
with Gg,p. It can be approximated that a square membrane with a thickness h, when heated at the
centre, has an overall thermal conductance two times higher than doubly-clamped beam of the same
thickness and length as a membrane:

G = 8kh , (4.25)

where k is the thermal conductivity. Assuming previously stated values of heat capacity, thermal
conductivity and density of SiN, thermal time constant of a 100 nm thick square membrane with 1 mm
edge length was estimated from Equation 4.23 to be approximately 109 ms. It is of the same order of
magnitude as for other beam, string and membrane thermal sensors reported in literature
[125,162,166-168]. The above calculation did not take into account perforation of the membranes
which would decrease the thermal mass of a structure and reduce its in-plane thermal conductivity
and hence thermal conductance [169-171]. It should be noted that this thermal conductivity reduction
is expected to be highly dependent on the perforation geometry. In addition the thermal conductivity of
silicon rich SiN varies largely depending on the ratio between silicon and nitride and on the deposition
process parameters [125]. The thermal time constant can be also defined as a time required for an
increasing system to reach 63.2% of the final value and for a decreasing system a time needed to
decay to 36.8% of the initial value. It was experimentally measured for both setups using additionally
optical chopper system with 2 slots chopper blade (MC2000B and MC1F2 from Thorlabs, Newton, NJ,
USA) placed close to the QCL output. The chopper frequency was set at minimum possible value of 1
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Hz with expected resolution of 0.01 Hz so the membrane was irradiated for 500 ms and for the next
500 ms IR light was blocked. Measurements were performed with sampling rate of 1800 S/s which
means that time interval between consecutive points was 556 us. The IR light wavenumber was 870
cm™ and duty cycle was 0.3%. However the frequency of chopper blade rotation was still too high for a
chip to reach thermal equilibrium, therefore the IR light was blocked in a longer time spans by manual
blade rotation (see Figure 4.21).
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Figure 4.21 Measurements of thermal time constant of 1x1 mm SiN membrane without perforation performed at
a pressure of 1 mbar in the experimental setup with optical detection. IR light with wavenumber of 870 cm™ was
blocked by a) chopper blade with 2 slots rotating at a frequency of 1 Hz and b) manual rotation of a blade.

Thermal time constant values obtained in the optical readout setup were dependent on pressure in the
chamber and chip type. Membrane without perforation and with 1x1 mm lateral dimensions at a
pressure of 1x10®° mbar had 7, equal to 47 ms which was fairly close to theoretical predictions.
Experimental data revealed the effect of heating of the silicon chip too. During the resonator exposure
to IR radiation heat is gradually transferred from membrane to silicon chip which expands and
increases tensile stress of released vibrating structure. When the IR light was blocked the chip cooled
down with a tr¢p;, Of 3.51 s. After the pressure was increased to 1 mbar the more efficient heat
convection and conduction through the surrounding air molecules was enabled. The thermal time
constant then rose to 93 ms and 5.76 s for membrane and silicon chip, respectively. The perforation
indeed affected the thermal conductivity of a membrane as 7, grew to 126 ms in high vacuum and 243
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ms in medium vacuum. Further deposition of indomethacin on the entire membrane surface led to the
shortening of thermal time constant to 63 ms in high vacuum and 170 ms in medium vacuum. The
drug must have boosted the thermal mass of a system comprised of membrane and sample but
simultaneously the thermal conductance was improved as well which was supposed to be a
dominating effect. The presence of chemical compounds, especially in the space of perforation holes
could have counteracted the thermal conductivity reduction caused by perforation. Finally similar
perforated membrane with Au electrodes was investigated, yielding 7, values of 64 ms in high vacuum
and 123 ms in medium vacuum. Au has relatively low heat capacity of 129 J/(kg-K) and thermal
conductivity of 310 W/(m-K) [64] which is roughly 100 times more than SiN and presumably
contributed to higher thermal conductance value of such structure and eventually to lower thermal time
constant. The differences in tr.;;, values for all cases were less than 5%. Regarding the experimental
setup with magnetomotive actuation and detection, analogous perforated membrane with
indomethacin sample showed significantly higher t value of 495 ms. It can be explained again by
higher air pressure in the chamber in comparison to conditions in setup with optical detection. Apart
from that, the fact that chip with membrane was attached to the PCB with epoxy could interfere in the
heat transfer in the system together with the additional constant heating by electrodes fed with
alternating current.

4.3. Results and Discussion

Indomethacin (purity >98% from TCI, Tokyo, Japan), molecular formula C;oH;sCINQ,, that is a
common oral nonsteroidal anti-inflammatory medicine often used as a model drug [172-174] has been
chosen for proof of concept experiments. The IR spectra of this drug were recorded and compared
with reference FTIR measurements. The smallest amount of sample that can be measured in this
method was derived on the basis of obtained data. Indomethacin was studied in both amorphous and
crystalline forms and clear differences between respective IR spectra were observed.

4.3.1. IR spectra of indomethacin

Prior to the sampling, the fundamental mode resonance frequency values of blank perforated
membranes with lateral dimensions of 1x1 mm and nominal hole sizes of 2 um in 2 um grid were
measured in two available experimental setups. The membranes with lateral dimensions of 500500
um were not used in the experiments due to cumbersome alignment of IR laser spot in their centre,
especially for magnetomotive detection setup. The membrane used in optical detection setup had the
resonance frequency of 127332 Hz and value obtained for the membrane used in magnetomotive
scheme setup was 181525 Hz. Relatively big difference between these numbers may be associated
with a fact that the membranes were fabricated in two different batches. On the basis of Equation 2.39
it was calculated that tensile stress values were 101 MPa and 228 MPa for membranes used in optical
detection and magnetomotive scheme, respectively. The crystalline indomethacin was dispersed in
methanol in concentration of 0.5 mg/ml. The air pressure from filtered air supply was kept at 0.5 bar
and air flow in the system was 1 I/min. The sample was nebulized for 3 min and the average particle
radius was 25 nm. The resonance frequency was measured again after deposition and due to
additional structure mass values felt to 104186 Hz in optical detection setup and 152307 Hz in
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magnetomotive scheme setup. The knowledge about the resonance frequency values could be first
used to derive the aggregate mass of a resonator with sample and finally the mass of the sample only.
The mass of perforated membrane used in the experiment was 252+5 pg and mass of similar
membrane with electrodes was 28146 pg. From resonance frequency data the mass of membrane
with sample was computed to be 37618 pg and 400+8 pg for respective setups. Hence, 12449 pg of
indomethacin was sampled on the membrane in the optical detection setup and 119110 pg in the
magnetomotive detection setup.

Laser pointer embedded in the QCL allowed for convenient IR laser spot alignment in the
center of the membrane (see Figure 4.22a).

a b

Figure 4.22 Microscopic images of a) IR beam position being aligned with the help of laser pointer and b) melted
indomethacin in the spot where IR laser was focused.

The laser duty cycle was set at 0.3% with pulse duration of 30 ns and repetition rate of 100 kHz. The
highest radiation power peak achieved for these settings was 0.25 mW. The lowest possible duty
cycle level has been chosen because for higher duty cycle values melting of the sample was observed
suggesting that the melting point of indomethacin which is around 162°C for stable crystalline form
[175,176] could be reached locally in both setups (see Figure 4.22b). From the picture above the IR
laser spot size can be estimated to be approximately 400 um in diameter. The QCL was operated in a
sweep mode in the full wavenumber range from 768 cm™ to 1953 cm™ with a spectral linewidth of 2
cm™ [144]. The sweep took 100 s which means that the sweeping speed was 0.012 cm™/ms. The
maximum resonance frequency shift could be obtained when the membrane with sample would be
irradiated for time duration equal to or higher than its thermal time constant [177]. The average
irradiation time for a single cm™ was calculated to be approximately 80 ms which was more than
thermal time constant of a perforated membrane with indomethacin measured in the optical detection
setup ensuring the steady state thermomechanical response but much less than value derived for
magnetomotive detection setup.
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Figure 4.23 IR spectra of blank SiIN membrane and membrane with crystalline indomethacin recorded in setup
with a) optical and b) magnetomotive detection scheme. The peaks at 870 cm™ and 1016 cm™ are related to
SiN. Plots ¢) and d) show IR spectra of indomethacin for respective setups and were obtained through
subtraction of data gathered for membrane with indomethacin and blank membrane. e) The reference

transmission IR spectrum of amorphous indomethacin measured by FTIR method. f) Skeletal formula of
indomethacin.
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Initially, the spectrum of a blank membrane was measured in high vacuum, then the same
resonator with indomethacin was analyzed (see Figure 4.23a,b). The spectra of sensor with
indomethacin were normalized to the spectra of blank resonator, particularly because of the inability to
focus the IR laser exactly on the same spot of the membrane for each experiment. The resonance
frequency temperature drift was corrected as well. Subtraction of these two data sets was necessary
to remove the background signal from the final indomethacin IR spectrum that arose mainly from the
stretching vibrations of Si-N bonds at 870 cm™ and 1016 cm™ [178,179] and fluctuations caused by the
wavenumber dependent power spectrum of the QCL (see Figure 4.23c,d). The wavenumbers
dominated by SiN peaks were not included in the last two mentioned plots that had a wavenumber
range from 1100 cm™ to 1953 cm™. The reference IR spectrum was obtained using conventional FTIR
spectrum analyzer (Spectrum 100T from PerkinElmer, Waltham, MA, USA) based on ATR technique.
Both NAM-IR spectra were in good agreement with the FTIR reference. The major peaks measured at
1316, 1481, 1591, 1688 and 1709 cm™ using the setup with optical readout and at 1318, 1481, 1594,
1690 and 1712 cm™ using the setup with magnetic transduction corresponded closely to the reference
that showed peaks at 1311, 1478, 1590, 1686 and 1711 cm™ and to literature data [180-182].

For instance, the last two peaks located in the ketone C=0 stretching region can be attributed
to benzoyl and acid group vibrations [183]. The absolute resonance frequency shift values measured
for the last of mentioned absorption peak were 91 Hz and 31 Hz which equals to relative frequency
shifts of 864 ppm and 197 ppm for optical and magnetic readout setups, respectively. This response of
nanomechanical resonators to temperature change can be analyzed in terms of responsivity and
sensitivity.

Responsivity can be defined as a change of a resonance frequency as a function of a specific
parameter [22] which in this case was power absorbed by the sample and transferred to the
membrane. The sample mass irradiated with IR light was almost the same for two different
experimental setups and could not be the reason for the lower responsivity to temperature of the
sensor operating in the magnetic scheme. The explanation could take into account factors that had
been discussed before. First of all, the supposedly higher pressure in the chamber might have made
enabled the heat transfer by convection in the system. It was also assumed to increase thermal time
constant of a resonator in such system. Secondly, the influence of Au electrodes could not be
neglected. As it has already been mentioned, Au has roughly 100 times higher thermal conductivity
than SiN, increasing the heat flow from the membrane to the substrate. According to Equation 2.72 it
should result in lowered responsivity of the sensor. However, Au also has about 6 times higher
thermal expansion coefficient [64] which partly counteracts the negative effect of its large thermal
conductivity. Apart from that tensile stress values of the two membranes used in experiments were
different as the membrane from magnetomotive detection setup had more than 2 times higher stress
than the one from optical detection setup. Finally, the possible not perfect alignment of the IR laser
beam in the center of each membrane could also contribute to obtained unlike responsivity levels. On
the basis of Equation 2.72 it was calculated that the measured frequency shifts were the results of
572416 nW and 296+2 nW of absorbed power in the membranes used in optical and magnetomotive
detection setups, respectively. It means that relative responsivity values of 1.51 ppm/nW and 0.67
ppm/nW were obtained for the two investigated cases.

64



Next, sensitivity is the smallest detectable change of the input signal with a specified value of
SNR [22]. In terms of possible application of NAM-IR for example in pharmaceutical industry, the
figure of merit would be the smallest amount of sample that can be reliably analyzed. SNR was
extracted for a peak at a wavelength of 1709 cm™ for optical and 1712 cm™ for magnetomotive
detection setup. The standard deviation of the fundamental mode resonance frequency was derived
from the data collected when the QCL was off. The SNR was then 421 for the optical and 408 for the
magnetic setup. The 3-sigma sensitivity was obtained by dividing the total collected sample mass by
SNR and multiplying by a factor of 3, which gave values of 0.91 pg and 0.87 pg for the consecutive
experimental approaches. However, the IR spot had a radius of about 200 um and covered just 12.5%
of the overall membrane area. Considering only the actually probed sample it means that as little as
111+15 fg and 109+15 fg was sufficient to give a significant signal for a respective experimental setup.

4.3.2. Crystallization study

The study of crystallization of indomethacin was used as an example of high utility of
developed perforated membrane sensors for NAM-IR in pharmaceutical industry where a proper
identification of drug crystallinity is crucial because the degree of crystallinity can severely impact the
chemical properties and pharmaceutical performance of a compound [184]. Drugs in the amorphous
state have a higher aqueous solubility and dissolution rate compared to their crystalline counterparts
[185]. This can result in a higher oral bioavailability of the amorphous drug. The disadvantage of the
amorphous form of a drug is that it tends to be less stable, more susceptible to air oxidation,
adsorption of excipients and blending effects as well as less reproducible in production in comparison
to the crystalline form [186]. Therefore, whilst there is a great interest in using drugs, for instance for
oral administration, in their amorphous form, the solid amorphous form of the drug needs to be
evaluated during storage, production and dissolution as it is prone to convert to a metastable or stable
crystalline form. Characterization of the drug form can be done by various techniques, including
usually differential scanning calorimetry (DSC), X-ray powder diffraction (XRPD), polarized light
microscopy (PLM) or Raman and IR spectroscopy but these methods can be labor and time intensive
[185,187-189]. As NAM-IR with perforated membrane resonators is capable of sampling and analyzing
compounds in powder and in dispersion without any tedious pretreatment it could be a promising
alternative to techniques mentioned before. To prove it, indomethacin was studied in two different
forms: amorphous and crystalline (see Figure 4.24). The compound has been purchased in the
crystalline form and dispersing it in the methanol ensured obtaining after nebulizing dry sample in the
amorphous form. In order to perform reference FTIR measurements amorphous indomethacin powder
was prepared by melting the initial crystalline powder in an aluminium pan on a heating plate at 180°C
for 2 min. The melt was then immediately cooled by the use of liquid nitrogen followed by lightly
grounding the amorphous drug with a mortar and pestle. The nebulizer could not be used for sampling
crystalline indomethacin so several mg of powder was placed in a beaker and directly sucked through
tubing to the sampling chamber with perforated membrane maintaining air flow rate of 1 I/min. This
approach could not be as well controlled as sampling by nebulizer and therefore approximately 3.6
times more amorphous than crystalline sample was collected on the 1x1 mm membranes. The
measurements were conducted in the optical detection setup in the medium vacuum.
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Figure 4.24 IR spectra of membrane with amorphous and crystalline indomethacin recorded in setup with optical
detection scheme in medium vacuum. a) The disappearance of a peak at 996 cm™ and b) peak shift from 1403
cm™ to 1413 cm™ could be observed. Plots ¢) and d) show similar spectra changes which were the effects of
crystallization of the amorphous sample. Spectra obtained by NAM-IR were in good agreement with reference

relative spectra e) and f).
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The ability of performing relevant experiments without a need of high vacuum conditions makes the
NAM-IR more important for future applications in industry or research. As IR spectroscopy is a
vibrational technique the spectrum contains information on both the chemical and physical state. The
overall spectrum of crystalline material would have sharper peaks than the spectrum of amorphous
material mainly because it has much more ordered structure. Moreover, it is expected that IR spectra
of a specific compound in amorphous and crystalline form would have shifted and disappeared peaks
[190-193]. It can be explained i.e. by forming of hydrogen bonds between molecules during
crystallization [194]. Primitively, the spectra of both drug forms were measured on the FTIR instrument
to define possible changes between them. Then the wavenumber regions of 980-1110 cm™ and 1370-
1420 cm™ have been selected to focus on the most distinct differences observed before. Indeed clear
dissimilarities in spectra recorded by NAM-IR of amorphous and crystalline indomethacin could be
recognized (see Figure 4.24a,b). The peaks of amorphous indomethacin at 1015, 1038, 1066 and
1089 cm™ shifted for crystalline form to 1012, 1030, 1069 and 1086 cm?, respectively. There was a
peak at 996 cm™ present for the amorphous form but disappeared for the crystalline form. The second
investigated wavenumber region showed the peak shift from 1403 cm™ for amorphous to 1413 cm™ for
crystalline compound. The crystallization study provided very similar results (see Figure 4.24c,d).
Amorphous indomethacin was nebulized on the membrane and NAM-IR experiment was done right
afterwards. Then the chip with sample was left for 4 days at a temperature of 22°C and relative
humidity of 48%, the storage conditions were measured using temperature and humidity probe (KTH
from Supco, Allenwood, NJ, USA). Indomethacin captured on the sensor surface crystallized during
this time which was confirmed by the new measurement. The peak at 996 cm™ vanished and
remaining peaks experienced analogical shifts as reported before. All of these results were in accord
with literature [195] and reference FTIR data (see Figure 4.24e,f) and proved that NAM-IR is capable
of finding the distinction between various form of chemical substances.

4.4. Conclusion

Micromechanical perforated SiN membrane resonators were successfully used as thermal
sensors for photothermal IR spectroscopy contributing to the advancement of NAM-IR technique that
has great potential for further improvement.

The fabrication of required structures was based on the conventional cleanroom techniques
including photolitography, wet and dry etching and metal deposition. The achieved fabrication yield
was about 90% but mainly due to the not uniform UV light intensity across the wafer perforation holes
shape would differ for various chips. In addition, the smallest holes with lateral edge size of 1 um were
not always precisely defined because of the resolution limit of the mask aligner.

A crucial advantage of the NAM-IR is simple and efficient analyte sampling through impaction
on the surface of the perforated membranes that acts as porous filters. It was accomplished by a
simple setup using a jet nebulizer. The analyte was first dispersed in liquid and nebulized to create
airborne nanoparticles that were later filtered by a resonator in a dedicated chamber. Such approach
allowed reaching a theoretical sampling efficiency of 59+21%, a substantial progress in comparison to
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sampling abilities of single filter-fiber string resonators with a total sampling efficiency on the order of
10% [115].

Measurements of roughly 100 pg sample of drug indomethacin were conducted using two
different experimental setups. First one relied on optical readout with laser Doppler vibrometer and
piezo ring actuation, whereas the second one was fully based on magnetomotive readout and
actuation and required chips with electrodes. The influence of perforation and electrodes on the
membranes mechanical and thermal properties was investigated. Analysis of obtained data showed
that the performance of the magnetic transduction scheme was comparable to the traditionally used
optical readout systems. Bearing in mind that the IR laser spot covered only about 12.5% of the
membrane surface, the minimum mass required for study is only 109+15 fg. It is of the same order of
magnitude as the detection limit reported for NAM-IR done with silicon nitride string resonators
[17,125]. It should be noticed that all of the obtained IR spectra, both for amorphous and crystalline
indomethacin were in good agreement with FTIR reference plots.
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Chapter 5

Conclusion and Outlook

My research in the Nanoprobes group at DTU Nanotech was focused on nanomechanical
resonators. It was a highly experimental work oriented towards advancement of a certain type of
NEMS. The main goal of this Ph.D. project was to develop integrated devices for NAM-IR and it was
successfully accomplished.

However, another work had been realized prior to that. It was dedicated to nanomechanical
pyrolytic carbon resonators. Novel fabrication approach has been used which allowed for obtaining
cantilevers and strings. The fabrication process was relatively simple and consisted of three basic
steps: photolithography, dry etching and pyrolysis. Two combinations of the process with different step
order were investigated and it turned out that each of them can provide different type of resonator.
Measurements of the fundamental mode resonance frequency were then utilized for characterization
of vibrating structures. Data obtained from cantilevers enabled calculation of Young’s modulus which
was 7418 GPa for negative and 1158 GPa for positive photoresist precursor. On the other hand,
resonance frequency values of strings led to derivation of tensile stress of 33+7 MPa for positive
photoresist only, as fabrication of strings through pyrolysis of negative photoresist was not feasible.
Presented mechanical properties and known electrical conductivity of pyrolytic carbon suggest that
after better understanding the nature of pyrolysis and optimization of fabrication process, pyrolytic
carbon resonators can become a real alternative to common materials used now for resonators.

As it has already been mentioned, the core of my project was related to NAM-IR, the technique
with extremely high sensitivity that needs only minute amount of sample and requires nearly no
analyte preparation, reducing expenses and saving time. In fact, this kind of photothermal IR
spectroscopy approach was demonstrated for the first time by Shoko Yamada, former Ph.D. student in
the Nanoprobes group. On the basis of her results and comments, the possible improvements of the
method were identified. It was the starting point for my engagement in this field.

The initial NAM-IR system relied on silicon rich SiN string resonators with a width below 1 um.
It offered detection limit of several tens of fg but alignment of the IR laser beam to the vibrating
structure was difficult and inefficient. Moreover, the experimental setup was based on the optical
radout with laser Doppler vibrometer, a precise but bulky and expensive instrument.

Replacing string with membrane resonators appeared as a natural solution to these issues. In
order to maintain the advantage of analyte sampling through impaction on the resonator surface, the
membranes had microscale perforation. In addition, membranes facilitated introduction of
magnetomotive readout and actuation scheme. Several non-intersecting electrodes were deposited on
single membrane which helped to avoid a complex differential signal extraction setup.
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Indeed, perforated membranes showed even higher overall sampling efficiency than string
resonators. The principal difference here was that string could be considered single filter-fiber,
whereas perforated membrane acted as porous membrane filter. Sampling has been carried out with
rather uncomplicated setup in which airborne sample nanoparticles were created by jet nebulizer. It
was exactly the same setup as used before during sampling attempts with strings.

The actual NAM-IR experiments were preceded by theoretical analysis and characterization of
membranes. The model of the heat transfer in the circular membrane and its influence on the
fundamental mode resonance frequency was developed. Qualitative FEM simulations confirmed the
veracity of the analytical predictions. Then experiments were conducted to gain knowledge about such
features of resonators as tensile stress, frequency stability and thermal time constant. It was also vital
to understand the impact of perforation and electrodes on the resonators behavior. Furthermore, a
newly designed setup based on the magnetic transduction was employed and the importance of such
factors like actuation voltage and chamber air pressure must have been investigated. It was eventually
concluded that the performance of optical and magnetomotive detection setups was closely
comparable.

The proof of concept experiments were done on the indomethacin which is commonly used as
a model drug. It was easily nebulized from dispersion in methanol and sampled on the sensor. The
NAM-IR study of roughly 100 pg of sample provided IR spectra of the compound. Several absorption
peaks were recorded and they were in good agreement both between different experimental setups
and FTIR reference. It was proved that indomethacin in amorphous and crystalline form can be
distinguished using this technique as well. Through analysis of the obtained data the minimal sample
mass required for analysis was determined to be 109+15 fg. The sensitivity of the same order of
magnitude was achieved with string resonators.

Even though optimization of the chip fabrication process and setup design improvements
should be done, the results of this research on new approach to NAM-IR suggest that it is a technique
with vast possible applications. It could be attractive especially for pharmaceutical industry where
product quality has highest priority. One can imagine an integrated NAM-IR device placed by the
ventilation system in laboratory or production facility and constantly filtering air. In defined period of
time the sampling chamber would be pumped down and used for performing measurements. For
instance if any undesirable compound would be identified, the system could set a warning. Such on-
line monitoring system should be of course easy to handle and free of technical failures. Unfortunately,
membranes after sample deposition cannot be cleaned and reused which means they should be
fabricated for a reasonable price.

Another relevant study that could be done using existing setup is to determine if given
compound is in the hydrate or non-hydrate form [196,197]. Similarly as in the case of amorphous and
crystalline forms, these two forms would have different solubility and stability and it needs to be strictly
controlled on the each step of production process. Next, compound with a melting point at much
higher temperature than indomethacin could be chosen to enable experiments with greater QCL
power. It would be interesting to see if single molecule measurement would be possible with NAM-IR.

70



Modifications to setups described in this thesis could also be envisioned. Particularly, the
possibility of controlling temperature of a sample inside the chamber would be appealing. It should be
feasible to add to the system if a temperature control unit based on Peltier module would be
developed [162]. It offers a wide range of temperatures and is capable of both cooling and heating.
Standard Peltier element could be fitted without difficulty in the vacuum chamber and then controlled
for example through LabVIEW program. The temperature-dependent measurements of IR spectra
could provide information about mechanism of polymorphic transition of various chemical compounds
and follow their rapid changes in the crystalline forms and could to some extent replace DSC
technique [198,199]. Apart from that, such new feature would give access to drug degradation [200]
and thermodynamics [201,202] studies that are crucial for new drug discovery. | believe that these
concepts could be carried on in future by members of the Nanoprobes group.
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Appendix A

Fabrication process flows

Fabrication of pyrolytic carbon nanomechanical resonators using AZ 5214e and SU-8 2005
photoresist, respectively. Dry etch and pyrolysis have been performed in different order in both cases.

Substrate: Silicon <100>, 4" 525 um thick single side polished wafers.

Process Step N° Description Equipment Parameters/ Recipe Target Remarks
Wafer preparation 1 Dip in BHF Wet bench 60 s Remove native oxide
2 Spin coating of AZ Maximus 30 s, 1000 rpm/s, 725 rpm 42 pum
3 Soft-baking Maximus 60 s, 90°C
Photolitography 4 Exposure KS Aligner 14 s, hard contact Mask "String resonators”
5 Development Developer 1 705, 3.m"? finse a_nd 90's
spin rinse drying
1500 W coil power, 0 W
platen power, 300 sccm SFG .
Dry etch 6 |Release of the structures ASE gas flow, 0°C chuck Isotropic etch
temperature, 5 min etch time
Resist Pvrolvsic 24 L/min N2 gas flow, 30 min
Pyrolysis 7 Pyrolysis of photoresist Furr?;cey in 200°C and 60 min in
900°C, 2°C/min ramp
Process Step N° Description Equipment Parameters/ Recipe Target Remarks
Wafer preparation 1 Dehydration bake Hotplate 1 30 min, 250°C
2 Spin coating of SU-8 RCD8 30 s, 5000 rpm/s, 2000 rpm| 55 pm
3 Solvent evaporation 2h in ventilated area
4 Exposure KS Aligner 28 s, hard contact Mask "String resonators”
. G0 min in 50°C,
Photolitography 5 Post exposure baking Hotplate 2 2°C/min ramp
2 min in PGMEA (FIRST),
2 min in PGMEA (FINAL),
6 Development Developer bench 2 min rinse in IPA and 60 s
dry in air
1500 W coil power, 0 W
platen power, 300 scem
Dry etch 7 Release of the structures| ASE SF6 gas flow, 0°C chuck Isotropic etch
temperature, 5 min eich
time
Resist Pyrolvsis 24 L/min N2 gas flow, 30
Pyrolysis 8 Pyrolysis of photoresist Furny;cey min in 200°C and 60 min in
900°C, 2°C/min ramp
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Fabrication of perforated silicon rich silicon nitride membrane resonators.

Substrate: Silicon <100>, 4" 350 um thick double side polished wafers.

Process Step N° Description Equipment Parameters/ Recipe Target Remarks
. Deposition of Furnace LPCVD . i
LPCVD SiN 1 low siress SiN Nitride (6") 4inc Is, 16 min 30 s 100 nm
Wafer preparation 2 Dip in BHF Wet bench 60 s Remove native oxide
3 Pretreatment with HMDS HMDS oven Program 4 Promote adhe_smn of
photoresist
4 Spin coating of AZ SSE spinner DCH_100mm_AZ5214E_15um| 1.5 pm Front side
Photolitography | 5 Soft baking SSE spinner 60 s, 90°C
6 Exposure KS Aligner 7 s, hard contact Mask "SiNFront"
7 Development Developer 1 70s,3 mln rinse al_-ld 90's
spin rinse drying
Dry etch | 8 Dry etch of SIN AOE SI02_RES, 0°C, 45 s Obtain perforation
400 mlmin 02 gas flow,
Phlasma asher 9 Photoresist removal Plasma asher 1 70 miymin N2 gas flow,
1000 W power, 40 min
) Promote adhesion of
10 |Pretreatment with HMDS HMDS oven Program 4 E
photoresist
11 Spin coating of nLOF Gamma UV 3411 1.5 pm Front side
Photolitography I 12 Soft baking Gamma UV 60 s, 90°C
13 Exposure KS Aligner 10 s, hard contact Mask "METAL"
14 Post exposure baking Hotplate 2 60 sin 110°C
15 Development TMAH UV-LITHO 60 s in 351B
Superfluous 400 mlfr“r_ﬂn 02 gas flow,
Plasma asher 16 photoresist removal Plasma asher 1 70 miymin N2 gas flow,
1000 W power, 40 min
5 nm of Ti
Metal deposition 17 Deposition of electrodes Wordentec E-beam process and 50
nm of Au
Lift-off 18 Suporfiuous Lift-off bench 3 h in acetone Obtain electrodes
metal removal
PECVD SiN 19 Protective layer of SiN PECVD 3 mfsinls2, 15 min 700 nm
20 |Prefreatment with HMDS HMDS oven Program 4 Pmm{?ﬁifi?::i:m of
21 Spin coating of AZ SSE spinner DCH_100mm_AJ5214E_15um| 1.5 pm Back side
Photolitography 1l 22 Soft baking SSE spinner 60 s, 90°C
23 Exposure KS Aligner 7 s, hard contact Mask "Backside"
24 Development Developer 1 70s,3 mln rinse al_-ld 90's
spin rinse drying
Dry etch 1l 25 Dry etch of SiN RIE2 BGE_NITR, 4 min Opening for KOH etch
Wet etch 26 | Wet otch of Siin KOH | Fumehood (KOH) | 20 KOH concentration, Releasing of the
80°C.6h membranes
BHF strip 27 PECVD SiN removal Wet bench 5 min
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Appendix B

Simulink models

Two models were developed in Simulink software in order to show difference between “single
electrode” and “double electrode” designs. Actuation voltage was the input and electromotive force
was the output for both models.
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“Double electrode”
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Appendix C

Experimental setup chamber design

The vacuum chamber for NAM-IR with magnetomotive readout and actuation consists of two
aluminium parts that were designed in Autodesk Inventor 2016 software. All dimensions are in mm.
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Appendix D

Matlab script for calculation of Allan deviation

The script was developed by Luis Guillermo Villanueva.

function  mp = AllanDev_RK(data)
%input argument data has time as a first column and frequency as a second
data=data(floor(end/100):end,>);
N=size(data,1);
% frequency data
f = data(:,2);
%time trace, assumed equidistant
dt = mean(diff(data(:,1))); %*1le-3;
t=[0:dt:(length(f)-1)*dt];

fo=mean(f);

df=f-f0;

%first cycle "i" is for time intervals i*dt is the interval
for i=3:floor(N/5)
mp(i,1) = dt*i;

%this cycle "j" is to calculate average within i*dt long time interval
for j = 1:floor(N/i)
fp() = O;
%this cycle "k" is for calculating the average freq uency
for k=1:i
fp() = fp(@) + f((-1)*i+k)/i;
end
end
fp = fp’;
% fractional frequency
yp = (fp - fp(1))./fp(2);
% difference frequency
dp = diff(yp);
%allan deviation
mp(i,2) = std(dp)/sqart(2);
mp(i,3) = sqrt(mean(dp.~2)/2);
%clean the arrays otherwise doesn't work
clear fpo yp dp;
end

H=2*pi*tf([1],[1 O]);
dphi=Isim(H,f,t);
x=dphi/(2*pi*f0);
tau=dt*[1:floor(size(mp,1))];
sigmay_2=zeros(1,length(tau));
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for ii=1:1:length(tau)
xtemp=x(1:round(tau(ii)/dt):length(x));
ybar=diff(xtemp)/tau(ii);
for j=1:length(ybar)-1
sigmay_2(ii)=sigmay_2(ii)+(ybar(j+1)-yb
end
sigmay_2(ii)=1/2*1/(length(ybar)-1)*sigmay_
end

allandev=sqrt(sigmay_2);
allandev(1:2)=0;
figure(200);
loglog(mp(:,1),mp(:,2), b.- ,mp(;,1),mp(;,3), .-
on; hold on;
save Allan.dat mp -ASCII
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