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ABSTRACT

ANALYSIS OF THERMAL DRIFT IN ATOMIC FORCE
MICROSCOPY AND DESIGN OF COMPENSATING
MEMS-BASED MICRO-STAGE

Single-molecule force spectroscopy has become a powerful research area. The
most commonly used single-molecule force spectroscopy techniques are optical tweez-
ers, magnetic tweezers and atomic force microscopy (AFM). For accuracy of the experi-
ments in all three techniques, the ability to measure the position of the probe is critical.
Thermal drift in the experimental setup is detrimental for the stability and accuracy of
measurements. Temperature fluctuation in an AFM setup causes cantilever deflection.
For long time scale experiments in AFM, ambient temperature stability becomes the
main concern as AFM cantilever is usually a bimaterial structure and sensitive to tem-
perature gradient. Thermal drift in AFM can be harmful for biomolecules anchored
between a cantilever and a stationary sample surface as the force on the molecules
increases if the cantilever deflects towards the surface. In addition, thermally induced
deflection causes false force readings and a shift in zero-force level. In this thesis, the
analysis of thermal drift in AFM cantilevers by thermal drift modeling and experimen-
tal characterization of the thermal drift in AFM cantilever is reported. With MEMS
technology, various thermomechanically matched micro-stages in order to compensate
the thermal drift in AFM cantilevers are designed. Lastly, fabrication process for the

MEMS micro-stages, which is a 3-mask process, is developed.
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OZET

ATOMIK KUVVET MIKROSKOBUNDA GOZLENEN ISIL
SAPMANIN ANALIZI VE SAPMA ONLEYICI
MIKRO-YAPI TASARIMI

Tek-molekiil kuvvet spektroskopisi giiclii bir aragtirma alami haline gelmigtir.
En sik kullanilan tek-molekiil kuvvet spektroskopisi teknikleri optik cimbiz, manyetik
cimbiz ve atomik kuvvet mikroskobudur. Her ii¢ teknikte de deneylerdeki hassasiyet
sondanin pozisyonunu ol¢gmek icin kritik onem tasgir. Deneysel kurulumdaki 1s1l kayma
6l¢iimlerinin kararlihig: ve dogrulugu icin zararhidir. AFM kurulumunda olusacak sicaklik
dalgalanmasi manivelanin biikiilmesine neden olur. AFM’deki uzun zaman olgekli
deneyler i¢in ortam sicakhigindaki istikrarin kritik olmast AFM manivelanin genel-
likle bimateryal yapida ve sicaklik degisimine karsi hassas olmasindandir. AFM’deki
1s1] sapma bir manivela ve sabit bir ornek yiizeyi arasinda sabitlenmis bulunan biy-
omolekiiller i¢in, manivela yiizeye dogru biikiildiigii takdirde molekiiller tizerine gelen
kuvvet artacagindan, zararhi olabilir. Buna ek olarak, 1sinin neden oldugu biikiilme
yanlis kuvvet okumalarina ve sifir kuvvet diizeyinde kaymaya neden olur. Bu tezde,
AFM manivelalarindaki 1sil sapmanin 1s1l sapma modellemesiyle analizi ve AFM manive-
lalarindaki 1s11 sapmanin deneysel karakterizasyonu raporlanmaktadir. AFM manive-
lalarindaki 1s1l sapmanin onlenmesi i¢in manivela ile termomekanik olarak esg olan cesitli
mikroyapilar MEMS teknolojisi ile tasarlanmaktadir. Son olarak, tiretiminde 3 kat

maske kullanilan MEMS mikroyapilar i¢in tiretim agamalar1 geligtirilmis.
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1. INTRODUCTION

Single-molecule force spectroscopy has become a powerful research area. The
most commonly used single-molecule force spectroscopy techniques shown in Figure
1.1 are optical tweezers, magnetic tweezers and atomic force microscopy (AFM). The
force spectroscopy measurements are done as one end of the molecule is attached to
a surface and the other, free end is attached to a probe- an optically trapped bead,

magnetic bead or an AFM tip.

Magnets
; L N —158 |
\\7
bead Magnetic
a) b) bead
Laser beam
PD

Laser beam -

Piezo

Bimolecules

Figure 1.1. The most commonly used single-molecule force spectroscopy techniques.
Schematics of (a) optical tweezers, (b) magnetic tweezers and (¢) AFM biomolecular

force spectroscopy.

Optical tweezers are known as optical traps and manipulate the dielectric beads
by small forces with the use of highly focused laser beam from a microscope objective.
They are used to trap viruses and bacteria [1], DNA [2,3], living cells [4] and organelles
[5] to study their properties in biology. Optical tweezers with their capabilities and

drawbacks are well summarized in Neuman’s review article [6]. Optical traps hold and



drive the bead against a stable target bead. Optical tweezers can be used to apply forces
of 0.1-100 pN on particles in size of nanometers to micrometers and simultaneously to
detect the 3D displacement of the trapped particle with sub-nanometer accuracy. Even
the optical tweezers is a versatile technique, the limitations should also be considered.
The trap’s stiffness is dependent on the gradient of the optical field, so due to problems
with the intensity the performance of the optical tweezers will degrade. Therefore, high
performance optical tweezers depends on the optically homogeneous preparations and
purified samples. One of the other limitations is that optical tweezers do not have
selectivity. Near the focus of the trapping laser, any dielectric particle can be trapped
simultaneously that in order to prevent it the concentration of the particles must be
kept at low concentrations. Another important limitation is the local heating that it
results from the high intensity at the focus of the trapping laser that forms the optical
trap. Local heating causes the viscosity of the medium and the enzymatic activity to

change.

In magnetic tweezers the bead is not trapped by the laser beam but the magnets.
The super-paramagnetic bead of the tweezers is used as a probe and manipulated
by the magnetic field that is generated by permanent magnets or electromagnets [7,8].
Distance of the permanent magnets to the bead is adjusted to change the force as in the
electromagnets the current is adjusted to generate different forces [9]. The advantage
of magnetic tweezers on the other two is that a sub-piconewton range of forces become
accessible and they do not suffer from the local heating as optical tweezers. Despite
these advantages permanent magnet configuration lacks manipulation ability of the
magnetic particles in three dimensions and magnetic tweezers are not as versatile as

optical tweezers or AFM [6].

In the most commonly used single-molecule force spectroscopy techniques AFM
is the simplest one in terms of operation. AFM was invented to overcome to the
limitations of the scanning tunneling microscope (STM) in imaging mode. However,
today AFM is a widely used instrument for nanoscale measurements including the
study of surface topography and biomolecular forces. The inter- and intramolecular

interaction forces with pico-Newton resolution can be measured by AFM.



In the imaging mode of the AFM, 3D image of the sample surface is produced with
the scanning of the cantilever tip on the sample surface [10]. In the force spectroscopy
experiments with AFM, cantilever tip is moved towards the sample with vertical motion
controlled by a piezoelectric actuator and pressed on the sample. As the tip is retracted
from the sample, attachment of the biomolecule tethers the tip to the surface and causes
the cantilever to bend toward the surface. The bending of the cantilever (detected by
the reflected laser light from the cantilever tip to the photodiode) that has known
spring constant determines the value of the force. By new developments, it became
possible to combine the AFM imaging with force-spectroscopy. The advantage is that
surface topology can be imaged at high resolution that the biomolecules’ location can
be identified; as a result unbinding forces or force spectrum of the removal can be

measured.

Besides the advantages of AFM, it is not easy to specify the interactions of the
AFM tip with the molecule of interest in many pulling experiments. The interactions
can be nonspecific or contact with the molecule of interest can be inappropriate [6].
With the drawbacks of AFM, long time scale experiment (physiological rate) with force-
spectroscopy is also problematic. As AFM cantilever is usually a bimaterial structure
and sensitive to temperature gradient, ambient temperature stability becomes the main
concern, e.g. thermal expansion with 1 K temperature gradient is approximately 300
nm/K for Bruker’'s MLCT-C type AFM cantilever. Stiffness of MLCT-C is 0.01 N/m
that with the thermal expansion it corresponds to 30 pN force where the measured
forces of biomolecules in AFM are 1 pN- 500 pN. As result of the thermal drift in AFM
cantilever a time-varying tip-surface distance will occur and may cause the biomolecules

to crush by pushing hard, causes to get false force readings and zero-force level to

shift [11].

To compensate for the thermal drift in AFM, several methods have been devel-
oped; including Kalman filtering [12] for the imaging purposes and local scan method
[13] for the AFM based nanomanipulations. Reduction in thermal drift was reported
by Wenzler et al. by removing the bimaterial cantilever’s metal layer over the base of

the cantilever [14]. However, at the end of the cantilevers metal is still used that can-



tilevers are still exposed to thermal deflection. Beyder et al. on the other hand did not
modify the existing asymmetric cantilevers but designed and fabricated symmetrically
supported torsion levels to reduce probe dependent thermal drift [15]. Without modify-
ing the cantilevers, Fan et al. developed a new method to minimize tip-surface drift by
cantilever quality factor (@) feedback [16]. The possibility of athermalization for force
spectroscopy in AFM applications without any feedback correction was reported by

coupling the AFM cantilevers with thermomechanically matched microstructures [17].

In this thesis, the thermal drift that caused by bimaterial cantilevers’ deflection
due to ambient temperature change is analyzed analytically, experimentally and with
Finite Element Model (FEM). With the results from the analysis various micro-stages
that are thermomechanically matched with cantilevers are designed to compensate the
thermal drift. Thermomechanically matched micro-stages thermally deflect identically
with the cantilevers by the ambient temperature gradients and have same dynamic
operations in fluid. Schematic of our method to compensate the thermal drift on AFM

cantilevers with thermomechanically matched micro-stage is shown in Figurel.2.

initial profile of structures

AFM cantilever

profile of thermally
drifted structures

~—____~biomolecules

Figure 1.2. Schematic of our method for athermalization of AFM cantilevers in a

biomolecular experiment.

With the designed micro-stages constant tip-to- membrane distance under ther-
mal gradient is provided as piezoactuator keeps the distance between the cantilever

and substrate the same. Indeed, the resulted constant peak force exerted on the



biomolecules prevents the biomolecules to crush. The other problem of thermal drift
in cantilevers, shift in zero-force level with the cantilever bending can be corrected
by reading the micro-stage’s deflection. Lastly, in order to be sure that micro-stages’
deflection is due to the thermal drift not the biomolecular interaction forces, the micro-

stages should be much stiffer than the cantilevers.



2. THERMOMECHANICAL MODEL OF AN AFM
CANTILEVER

The design effort for micro-stages is focused on

e Thermal deflection: Due to the ambient temperature changes cantilever deflects
and causes false force readings, shift in zero-force level and biomolecules that
stand on the sample stage to crush with the cantilever tip. Steady state thermal
deflections of the cantilevers are analyzed and the aim is to have same deflec-

tion/K values for the cantilever and the MEMS for various reasons.

e Dynamic operation: Micro-stages are designed to have the same dynamic opera-

tion (transient state temperature distribution) with the cantilevers.

e Stiffness: The designed micro-stages are designed as alternative sample stages in
AFM. Even with the new sample stages cantilever still bends and causes zero-
force level to shift. Zero-force level shift can be corrected by the micro-stage’s
membrane displacement and the membrane displacement must be due to the ther-
mal drift not the biomolecular interaction forces. To make sure that membrane
displacement is due to the thermal drift, the micro-stages should be much stiffer

that the cantilevers.

In order to design the micro-stages with the design criteria firstly analytical for-
mulations are used to analyze cantilevers’ behavior in heat transfer then verified FEM
simulation results in COMSOL Multiphysics 3.5. Analytical modeling is a good de-
sign tool and used for optimization in order not to consume too much time during
FEM simulations. FEM also has some advantages over analytical modeling; it handles

complex geometries well and secondary effects can also be analyzed.



2.1. Thermal Deflection

The deflection of the cantilever is proportional to the mismatch of the coefficient
of thermal expansions of the cantilever layers. In our experiments, we used a 310 pym
long, 20 pm wide, triangular-shaped bimaterial cantilever (MLCT-C, Bruker Probes)
that is made of silicon nitride (SiN,) and gold (Au). In our calculations, the triangular
shaped cantilever is modeled as a rectangular cantilever and the cantilever tip deflection

is calculated to be 339 nm/K with the analytical deflection model

E,
0= (2.1)
hy
K =4+ 6n+4n* + ¢.n® + (q%n) (2.3)
1 hi+h
(ﬁ) = 6(041 - QQ)[ﬁ]AT (2-4)
T = (L)L2 (2.5)
V2R '

where F; is the Young’s modulus of cantilever’s first layer and Fs is the Young’s
modulus of cantilever’s second layer, ¢ is Young’s modulus ratio, h; is thickness of
cantilever’s first layer, hy is thickness of cantilever’s second layer, n is the thickness
ratio of the cantilever layers, K is a coefficient, 1/R is cantilever’s radius of curvature,
« is coefficient of thermal expansions of the cantilever’s first layer, ay is coefficient of
thermal expansions of the cantilever’s second layer, L is the length of the cantilever,

AT is the ambient temperature change and z is the deflection of the cantilever tip [18].



Material properties of SiN, and Au with thickness in MLCT-C type cantilever are

shown in Table 2.1 below.

Table 2.1. Material properties of SiN, and Au with thickness in MLCT-C type

cantilever.
SiN, Au
E 14x10'% N/m? 8x10'% N/m?
CTE («) 0.8x107°% m/m.K | 8.6x107°% m/m.K
Thickness (h) 550 nm 45 nm
Kcond 18.5 W/m.K 21.9 W/m.K

With the same analytical model MLCT-D and MLCT-B’s tip deflections are also
calculated as 178 nm/K and 155 nm/K,respectively. Other than analytical calcula-
tions, also with 2D FEM simulations (by adding the effect of thermal expansion to the
structural mechanics module) cantilever beams are modeled for the deflection analysis.
As the cantilevers in AFM are usually mounted at an angle relative to the X,Y plane,
which is typically around 15 degrees, cantilevers in the simulations are modeled as 15°
tilted. One end fixed cantilever beam, MLCT-C, with 1 K change in temperature de-
flected 337.2 nm/K as shown in Figure 2.1. With the same deflection profiles, that are
shown in Figure A.1 and A.2, MLCT-D which is 225 pm long, 20 pm wide deflected
177.69 nm/K and MLCT-B which is 210 pm long and 20 gum wide deflected 154.58
nm/K.
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Figure 2.1. 2D FEM simulation for the deflection analysis of MLCT-C type cantilever.

2.2. Heat Transfer

Transition of thermal energy due to spatial temperature difference is heat transfer
and it is classified into various modes; conduction, convection and radiation. Conduc-
tion, also called diffusion, refers to the heat transfer across the medium from the more
energetic to the less energetic particles of a substance by molecular activity. The other
mode, convection, refers to the heat transfer between a surface and a moving fluid. It
is due to energy transport not only by the random motion of molecules but also by the
bulk motion of the fluid. The third mode of heat transfer, radiation, refers to the heat
transfer by emission of energy by matters in the form of electromagnetic waves and
thermal radiation propagates in the absence of an intervening medium, most efficiently

in vacuum [19].

For complete cancelation of the thermal drift, not only the same thermal deflec-
tion of cantilever and micro-stage is required but also the same time constants. Time
constants could be found with the help of the lumped system analysis (lumped capac-
itance model) for thermal systems. Cantilever was modeled as n number of segments
of thermal resistances with the lumped system analysis which is shown in Figure 2.2.
Computational domain is in oblique shape to prevent the spatial variation imposed by

the top boundary on the AFM cantilever. The bottom boundary models the sample
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stage for some simulations and the angle between the bottom boundary and the can-
tilever is kept at 15 degrees. Top and bottom of the fluid boundaries are taken fixed
at 0°C. The initial temperature of the cantilever tip is also taken 0°C. The reason for
different up and down resistances is because of the different distances from the can-
tilever surface to the fluid boundaries (top and bottom). As the distance between the
cantilever’s top surface to the top outer boundary of fluid is taken 100 gm (drop of fluid
size is taken into account), the distance between the cantilever tip to the bottom outer
boundary is starting from 0.1 pym (distance between sample stage and cantilever tip is
taken into account) and increasing with an angle of 15 until the end of the cantilever as
the cantilevers in AFM are usually mounted at an angle which is typically around 15
degrees (explained in the thermal deflection section above). The model is working by
increasing the temperature of cantilever tip to a known temperature with an unknown
temperature that is given to the cantilever base. Temperature of the model is modeled

as a voltage source.

Rconv_down

Rcond_down

Figure 2.2. Lumped model of the cantilever in fluid.
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In the model, heat is transferred on the cantilever by conduction, between can-

tilever and fluid by both conduction and convection.

R ona, thermal resistance for conduction, is calculated as follows

L

= (2.6)

Rcond =
where L is the length of the cantilever, k is the thermal conductivity and A is the
cross sectional area of the cantilever. R,,,; is also a thermal resistance for conduction
that it is also calculated by Equation 2.6. R..,,, thermal resistance for convection, is

calculated as follows

1

Rcom; = m

(2.7)
where h is convective heat transfer coefficient and taken as 40 W/m?K for air, A is
the overall surface area of the cantilever. Equivalent thermal resistance of the lumped
capacitance model is calculated through Rend, Reonw and Req,: in order to find the
time constant (dynamic operation) of the cantilever tip and the time constant of the
cantilever tip in fluid is calculated with the equations below where c is the heat capacity
of cantilever’s layers, Cg, is the equivalent capacitance of the system, m is the mass of
the cantilever, p is the density of the cantilever, V' is the volume of the cantilever, 7 is
the time constant of the cantilever tip, R, is the equivalent thermal resistance of the
system that is calculated with the lumped system analysis and ¢,;,. is the rise time of

the cantilever’s tip. Material properties of air and water is shown in Table 2.2.

c= = (2.8)

T = ReyCey = RegpVe (2.9)



Table 2.2. Material properties of Air and Water.

Air Water
c 1158 J/kg. K 4181.3 J/kg.K
) 1.225 kg/m?3 997 kg/m?
Eeona | 26.3x1073 W/m.K | 0.6 W/m.K
h 18.5 W/m.K 21.9 W/m.K

With FEM analysis results, from the temperature vs. time graphs of the can-
tilever tips, calculation of the rise time is possible that to compare the results the
analytically calculated time constants should be turned into rise time. For a simple
one stage low pass RC network, rise time is proportional to the network time constant.
In case of the RC network, the 10% level is reached after 0.105 time constants and the
90% after 2.302 time constants; thus the rise time is (2.302 — 0.105) time constants
which is 2.197 time constants or 2.1977 as shown in the equation below.

trise = 2.1077 (2.10)

By the lumped model MLCT-C type cantilever the rise time in air on the tip is
calculated as 7 ms with the analytical model. Calculated equivalent resistances for rise
time, in air and water, with the lumped model for MLCT-C type cantilever are shown

in the Table 2.3 and Table 2.4 below.

Table 2.3. Calculated equivalent thermal resistances with the lumped model for rise

time of MLCT-C type cantilever in air.

Rcond,,
6.13x10° K/W

Rcond,,.;

6.33x10° K/W

Rconv,,

4.03x10° K/W
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Table 2.4. Calculated equivalent thermal resistances with the lumped model for rise

time of MLCT-C type cantilever in water.

Rcond, Rconv,, Rcond, ;.
P P

2.68x10* K/W | 3.22x10° K/W | 6.33x10° K/W

In both fluids Rcond,,;, is smaller than Rcond gy so it is the dominant resistance
in the rise time calculations of cantilever. As Rcond,, depends on the surface area of
the cantilever, in order to match the thermal time constants of micro-stages with can-
tilevers, micro-stage area is decided to be chosen approximately same as the cantilever

surface area.

To verify the rise time result of the analytical modeling by the lumped model,
2D FEM simulation (general heat transfer module) of MLCT-C type cantilever’s heat
transfer in air is done. The computational domain is taken asymmetric to have the
same boundary distances (between the cantilever and fluid boundary) with the lumped
model. Boundary conditions of the model are shown in the Figure 2.3a. There is no
flow in fluid and by giving heat flux of 50x10* W/m? to the tip boundary rise time is
given as 8 ms as shown in the Figures 2.3b and 2.4 below. It was calculated as 7 ms

in the analytical model that this result (8 ms) verifies the analytical result.

sqgpdibt Time=0.3 Max; 3.458
2.3 Surface: Temperature [DC]

2 -4 3
i Fixed @ 0C ——— " =10

) 2.4 2.5
1.4 \ 5
11 1.6 :
038 12 -
0:5 0.8 '
0:2 0.4 1
-0.1 0

0.4 0.5
-1 05 0 05 1 15 2 25\3 35 4 45 -0.4
1050 051 152 253 35 4 45

b) x10™ Min: -5.684e-14

. N 4
insulation symmetry x10

a) (no heat flux)

Figure 2.3. 2D FEM for MLCT-C type cantilever meshed geometry (a) and 2D FEM
for MLCT-C type cantilever’s rise time (b).
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Value of Temperature [OC] at point 6
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Figure 2.4. 2D FEM simulation result for MLCT-C type cantilever’s rise time on tip
in air.
By giving heat flux of 50x10* W/m? to the tip boundary of the MLCT-C type

cantilever in water the rise time on the tip is given as 30 ms with the 2D FEM simu-

lation, as shown in the Figures 2.5 and 2.6 below.
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Figure 2.5. 2D FEM for MLCT-C type cantilever’s rise time on tip in water.
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Figure 2.6. 2D FEM simulation result for MLCT-C type cantilever’s rise time on tip

n water.
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By improving the 2D FEM of cantilever’s heat transfer in fluid the cantilever is
also modeled as staying on top of a Ti micro-stage with an angle of 15 (the reason
for the angle is explained in 2D FEM for MLCT-C type cantilever’s thermal deflection
simulation, Figure 2.1). As the designed micro-stages are made of Ti/Al and the top
surface is Ti, in this improved model micro-stage is chosen Ti. The inclined line between
the cantilever chip and the Ti micro-stage is drawn to dissolve the meshing problem
of FEM, complex meshed model is shown in Figure 2.7a. Cantilever/the micro-stage
interaction and the chip of the cantilever was not considered in the analytical model
and the 2D FEM simulation for MLCT-C type cantilever’s rise time in fluid. With the
complex model, by giving heat flux of 50x10* W/m? to the MLCT-C type cantilever
tip, the rise time on the tip in air is given as 1.8 ms, as shown in the Figures 2.7b
and 2.8 below. In 2D FEM simulation, outer boundaries are fixed at 0°C when the

boundary on the Ti micro-stage is determined as insulation symmetry (no heat flux).

Time=0.5 Max: 0.741
4

5 x10 Surface: Temperature [°C] 0.7
6 0.6
)

7 0.5
3 0.4
2

1 0.3
. 0.2
-1

-2 0.1

15 172 19 21 23 25 27 29 31 33 1 4 1.6 1.8 2.2 24 26 2.8
3 e
x10 ¥107 Min: 0
a) b)

Figure 2.7. Complex 2D FEM for MLCT-C type cantilever meshed geometry (a),
Complex 2D FEM for MLCT-C type cantilever’s rise time in air (b).
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Figure 2.8. Complex 2D FEM simulation result for MLCT-C type cantilever’s rise

time on tip in air.

With the same boundary conditions and same heat flux the complex 2D FEM for
the rise time simulation of MLCT-C type cantilever tip and the graph of temperature
vs. time of the cantilever’s tip in water are shown in the Figures 2.9 and 2.10. From

the graph, the rise time is calculated as 15 ms.
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Figure 2.9. Complex 2D FEM for MLCT-C type cantilever’s rise time in water.
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Figure 2.10. Complex 2D FEM simulation result for MLCT-C type cantilever’s rise

time on tip in water.
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Rise time of cantilever tip in air decreased from 8 ms to 1.8 ms when rise time
of cantilever in water decreased from 30 ms to 15 ms with the new complex model as
shown in Figure 2.7 and Figure 2.9, respectively. The reason of the drop in rise times
is the high thermal conductivity of Ti micro-stage. If the membrane material is chosen
as a different material like Parylene-C, higher rise times than Ti micro-stage case is
expected because of low thermal conductivity of Parylene-C. Material properties of Ti,
Al, Si and Parylene-C is shown in Table 2.5. Indeed, for the future work, different

sample-stages with different materials like Parylene-C can be designed.

Table 2.5. Material properties of Ti, Al, Si and Parylene-C.

Ti Al Si Parylene-C
keona | 21.9 W/m.K | 237 W/m.K | 149 W/m.K | 0.0837 W/m.K
¢ | 523 J/kgK | 900 J/kg.K | 700 J/kg.K | 170 J/kg.K
p 4506 kg/m? | 2692 kg/m? | 2420 kg/m? 1289 kg/m3

e Heat capacity of water is larger than heat capacity of air that for a larger heat
capacity there should be a smaller temperature change if the heat losses are
assumed similar [20]. The one order of magnitude difference between rise times

in air and water is likely to be explained by their capacity differences.

e From the lumped model, the most dominant resistance is calculated as R.ong
which is between the cantilever and fluid, is shown in Table 2.3 and Table 2.4. As
a result of this for the rise time calculations it is understood that surface area is
the most efficient factor in dynamic operation. While designing the micro-stages,
surface area of the cantilever is used approximately as same as the micro-stages’

surface area in order to have the same dynamic operations.
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3. EXPERIMENTAL SETUP AND CHARACTERIZATION

Motivation of building an experimental setup is to validate the results of the
analytical modeling. To validate the thermal deflection of the MLCT-C type can-
tilever in air, optical characterization setup that consists of cantilever, laser (A = 532
nm, 2.5 mW max), lens system, thermoelectric cooler (TEC), semiconductor temper-
ature sensor (LM35), power meter (Thorlabs Instrumentation, Optical Power Meter,
PM100A), photodiode (Thorlabs Instrumentation, S120VC), power source and oscillo-
scope is used. The cantilever was mounted on TEC (7103), the temperature gradient
was controlled with the temperature sensor and by the optics the reflected laser light
from cantilever’s tip to the photodiode (by knife-edge technique) was read by the power
meter. Optical setup that is used for detection of cantilever’s deflection is shown in

the Figure 3.1 below.

Sensor k“ Ph;:ih;l-dribd;' _-‘-“-‘L
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Figure 3.1. Optical setup that is used to detect cantilever’s deflection.

The optical readout system in the optical setup schematics is shown in the Figure
3.2 below. The optics is aligned to focus the laser on the cantilever with a spot size of

15 pm.
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Figure 3.2. Optical setup in schematics.

The knife-edge technique to read the reflected laser light is shown in the Figure
3.3 below. By the cantilever’s displacement due to the temperature change causes the
laser spot to move on the photodiode/detector. Movement of the laser spot results

the power on the power meter to change so the displacement of the cantilever will be

measured.

Reflected laser

b . Photodiode
light is moved (PD)
Reflected laser
light
Optically half
blocked PD

\

Figure 3.3. The knife-edge technique.

A micromanipulator was brought in contact with the tip of the cantilever. The

cantilever was displaced using the manipulator and the displacement was measured
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using the manipulator with nanometer sensitivity that is calculated as 0.31 V/um or
3.22 um/V. The graph that shows the sensor output versus displacement of the tilted

cantilever’s tip to find the sensitivity from its slope is shown in the Figure 3.4 below.
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Figure 3.4. Sensitivity of the sensor (Displacement calibration graph).

By cooling the TEC with reverse current, temperature gradient on the temper-
ature sensor is recorded with the oscilloscope; and with the sensitivity of the setup,
corresponding displacement on the cantilever’s tip is calculated from the photodiode’s
voltage. As Figure 3.5 shows, temperature of the system decreases from 25.2°C to 22°C.
The semiconductor-based temperature sensor used in this setup, LM35, has readout
accuracy within the experimental range as 0.5 K. Figure 3.6 shows the corresponding
displacement of the cantilever measured by photodiode and the measurement accuracy
of the power meter is +/- 0.5x1072 V for 1 V rated voltage range. The accuracy of the
power meter corresponds to 16.1 nm accuracy in the measurements. From the graphs
that are shown in Figure 3.5 and Figure 3.6 below, deflection of the cantilever’s tip in
air is calculated as 288.4 nm/K. This experimental result is acceptable as compared
with the analytical deflection of MLCT-C type cantilever’s tip which was calculated as
339 nm/K and the 2D FEM simulation of thermal deflection model which was 337.2
nm/K.
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Figure 3.5. Graph of temperature of the sensor versus time as TEC is cooled.
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Figure 3.6. Graph of tip of cantilever’s displacement versus time as TEC is cooled.
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To find the possible minimum detectable displacement of the experimental setup,
noise spectrum of the optical setup is found with the spectrum analyzer (HP4195).
Noise data that detected from the photodiode when the laser spot is at the middle
of the photodiode (with 470 uW optical power) is shown in the Figure 3.7 below.
Minimum detectable displacement in 1 Hz band is calculated with the noise data and

the sensitivity as 0.2 nm.
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Figure 3.7. Noise spectrum of the setup.

Dynamic time constant of the cantilever is tried to be measured by heating the
cantilever by the TEC. Time constant of the system is found as 110 s that cantilever’s
time constant which is in the order of 10 ms is not possible to detect. Time constant of
the system is limited by TEC, a different optical setup to detect the cantilever’s time

constant should be used in the future works.
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4. DESIGN OF COMPENSATING MICRO-STAGES

Based on the analytical and 2D FEM data obtained by using the cantilever mod-
els, ideal micro-stages for these particular cantilevers are designed by considering the
thermal deflection, dynamic operation and stiffness. Materials for the micro-stages are
chosen as titanium (Ti) and aluminum (Al) for the materials’ CTE mismatch that

results in thermal deflection.

e The layer thicknesses are determined to match the deflection of the particular

cantilevers and also stiffness criteria is also been taken into account.

e Micro-stages’ membranes deflect by the bimaterial legs. Bimaterial legs’ lengths
are decided by the bimaterial leg deflection analysis as deflection increases with
length of the bimaterial legs. There was a trade-off between the deflection and the
stiffness. As the bimaterial legs get longer and micro-stage deflection increases

to match with the deflection of the cantilever, stiffness decreases.

e With the analytical heat transfer lumped model it is understood that surface area
of the cantilever determines the dynamic operation that in order to match the
thermal time constants micro-stage area is designed approximately same as the
cantilever surface area. To have approximately the same area with the cantilever,

the bimaterial legs needed thinner width and it caused to loose from the stiffness.

Micro-stages are designed to thermomechanically match with the particular cantilevers
and verified with FEM. Note that the micro-stages are approximately two orders of
magnitude stiffer than the selected cantilevers, and hence the membrane deflection due

to biomolecular interactions will still be insignificant.
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4.1. Various Micro-stage Designs For Cantilevers

Micro-stages consist of 600 nm-thick Ti and 900 nm-thick Al bimaterial legs
and 900nm-thick Ti membranes. Decision for the bimaterial thickness is given by
adapting the analytical model that was used to find the cantilever deflection to micro-
stages. Thickness ratio of the layers is dependent on bimaterial leg deflection as shown
in the previous chapter’s Equations 2.1-2.5, so the thickness ratio is optimized by
the deflection analysis. Material decision of the layers is given with respect to the
CTE mismatch of the metals which is shown in Table 4.1 and the metals’ sputtering
possibility in cleanroom. Stiffness of the micro-stages is also another criteria in the
decision of the thicknesses. As thicker bimaterial leg increases stiffness, there is also a

thickness limitation for the fabrication process.

Table 4.1. Coefficient of Thermal Expansion (CTE) of Al and Ti.

Al Ti
CTE | 25x107% m/m.K | 8.6x107% m/m.K

For MLCT-C type cantilever five various micro-stages and for MLCT-D type
cantilever two various micro-stages are designed. For MLCT-B type cantilever one
micro-stage is also designed. Criteria for the designs were to have the same deflections
and the dynamic operation with the cantilevers’ tips and to be much stiffer than the
cantilevers. In this section only one design per three types of cantilevers are given;
other designs and their simulation results for thermal deflection, heat transfer and

stiffness can be find in the appendix.

4.1.1. Dimensions of the micro-stages, schematics

Dimensions of designed one micro-stage for MLCT-C type cantilever are shown
in the Figure 4.1 below. Design C1 consists of two 25 ym x 150 pm bimaterial legs
and a 50 pm x 100 pgm Ti membrane. 3D illustration of Design C1 is also shown in the

Figure 4.2 below.
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Figure 4.1. Dimensions of Design C1.

Figure 4.2. 3D illustration of Design C1.

Dimensions of designed one micro-stage for MLCT-D type cantilever are shown
in Figure 4.3 below. Design D1 consists of four 25 ym x 160 pum bimaterial legs, four

5 pum x 15 pm Ti pins and a 100 pm x 100 gm Ti membrane.



28

Figure 4.3. Dimensions of Design D1.

Dimensions of the designed micro-stages for MLCT-B type cantilever are shown
in Figure 4.4 below. Design B1 consists of four 25 pm x 150 pm bimaterial legs, four

5 pm x 15 pm Ti pins and a 100 gm x 100 gm Ti membrane.
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Figure 4.4. Dimensions of Design B1.

4.1.2. Thermal Deflection

For the 3D thermal deflection simulations (by adding the effect of thermal expan-
sion to the structural mechanics module) of the micro-stages in FEM, micro-stages are
heated up 1°C. Thermal deflection 3D FEM simulation results of Design C1, Design
D1 and Design B1 are shown in Figure 4.5, Figure 4.8 and Figure 4.11, respectively.
Thermal deflection of Design C1 is 330.2 nm/K at the tip of the structure that shown

in Figure 4.5, and at the point shown in Figure 4.7 thermal deflection is 299 nm /K.
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Deformation: Displacement
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Figure 4.5. 3D Thermal deflection simulation result in FEM for Design C1.

Boundary: z-displacement [nm] Max: 0.167
Deformation: Displacement 0
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Figure 4.6. 3D Thermal deflection simulation result in FEM for Design C1, top view.

Figure 4.7. Point for 3D thermal deflection simulation result in FEM for Design C1.
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Thermal deflection of Design D1 is 170 nm/K at the center of its membrane and

the 3D FEM simulation is shown in Figure 4.8.

Boundary: z-displacement [nm] Deformation: Displacement M[?X: 0.151

‘ x le-4 ' -100
A
-140
-160
-180
Min: -192.134

Figure 4.8. 3D Thermal deflection simulation result in FEM for Design D1.

Boundary: z-displacement [hnm] Deformation: Displacement MOBX: 0.151
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-140
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Min: -192.134

Figure 4.9. 3D Thermal deflection simulation result in FEM for Design D1, top view.
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Thermal deflection of Design B1 is 151 nm/K at the center of its membrane and

the 3D FEM simulation is shown in Figure 4.10.

Boundary: z-displacement [nm] Deformation: Displacement Md':lx: 0.151

Min: -171.945

Figure 4.10. 3D Thermal deflection simulation result in FEM for Design B1.

Boundary: z-displacement [nm] Deformation: Displacement Md':lx: 0.151

+-100
-120
-140
-160

Min: -171.945

Figure 4.11. 3D Thermal deflection simulation result in FEM for Design B1, top view.
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4.1.3. Heat Transfer

For the 3D FEM simulation of Design C1’s heat transfer, outer boundaries of the
fluid and the pads of the legs are fixed at 0°C when the boundary under micro-stage
is determined as insulation symmetry (no heat flux). Heat flux of 500 W/m? is given
to the micro-stage from its membrane surface, the rise time in air on the point that is
shown in Figure 4.7 is given as 1.7 ms with the simulation. With the same boundary
conditions and heat flux, the rise time in water on the same point is given as 85 ms.
3D FEM simulation results for Design C1’s the rise times in air and water are shown
in Figure 4.12 and Figure 4.13 below. For the MLCT-C type cantilever the rise time
in air and water was 8 ms and 30 ms, respectively. Design C1 rise times are in the
same order of magnitudes with MLCT-C type cantilever rise times. By coupling of the

designs rise times of cantilever and micro-stages will be expected to be similar.

Value of Temperature [°C] at point 33
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Time

Figure 4.12. 3D FEM simulation result for Design C1’s rise time in air.
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Value of Temperature [OC] at point 33
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Figure 4.13. 3D FEM simulation result for Design C1’s rise time in water.

In order to show that the designed micro-stages’ and cantilevers’ rise times would
match with each other, they are coupled together in water with 3D FEM simulation as
shown in Figure 4.14 and Figure 4.15. For the coupled model, MLCT-C type cantilever
is coupled with Design C5. In the coupled simulation, fluid boundaries and anchor
pads of the micro-stage are fixed at 0°C, boundary under the membrane is insulation
symmetry and heat flux of 1000 W/m? is given to the up and bottom surfaces of the
mid-plate that is drawn 0.5 pm down from cantilever’ tip and 0.5 pym up from the

membrane’s top surface.
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Figure 4.14. 3D FEM simulation of coupled MLCT-C type cantilever and Design C5.

Time=0.5 Subdomain: Temperature [°C] Max: 0.116

0.06
0.04

0.02

0
Min: -2.223e-4

Figure 4.15. 3D FEM simulation result of coupled MLCT-C type cantilever and
Design C5 for heat transfer.
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Before coupling them, MLCT-C had a rise time of 30 ms in water that is shown
in Figure 2.9 and Design C5 had a rise time of 60 ms in water that can be find in
appendix and shown in Figure E.6. Design C5 is designed to thermomechanically
match with MLCT-C type cantilever and before the coupled model their rise times in
water were designed to have same order of magnitudes. With the coupled model in
3D FEM simulation in water, tip of the cantilever has rise time of 53 ms as shown in
Figure 4.16, while Design C5 has 51 ms in the mid-point of its membrane as shown
in Figure 4.17. Rise time of MLCT-C type cantilever and Design C5 micro-stage is
nearly same in the coupled model and thermal deflection of Design C5 also matches
with MLCT-C type cantilevers as shown in Figure 2.1 and Figure D.7 that it gives
thermomechanically matched cantilever/MEMS pair as it was expected. Summary of
rise times of MLCT-C type cantilever and the coupled Design C5 micro-stage in fluid

are also shown in the Table 4.2 below.

Value of Temperature [°C] at point 83

0 005 0.1 0.15 0.2 025 0.3 035 04 045 0.5
Time

Figure 4.16. 3D FEM simulation result for the heat transfer of the coupled model in

water, tip of the cantilever has a rise time 53 ms.
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Value of Temperature [OC] at point 82
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Figure 4.17. 3D FEM simulation result for the heat transfer of the coupled model in

water, mid-point of the micro-stage’s membrane has a rise time 51 ms.

Table 4.2. Summary of rise times of MLCT-C type cantilever and the coupled Design

Cb micro-stage in fluid.

In air | In water

Analytical, cantilever away from boundary 7 ms
FEM, cantilever away from boundary 8 ms 30 ms
FEM, cantilever on top of a Ti-membrane stage 1.8 ms 15 ms
FEM, Design C5 micro-stage 60 ms

FEM, cantilever (coupled with Design C5 micro-stage) 53 ms

FEM, Design C5 micro-stage (coupled with cantilever) 51 ms
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4.1.4. Stiffness

In 3D FEM simulation to find the stiffness of Design C1, 1N force to the specified
point in the Figure 4.7 is applied. With the applied force, micro-stage is deflected and
from the Equation 4.1 where F' is the applied force, = is the deflection and k is the
stiffness, stiffness is calculated as 0.5 N/m. Stiffness of MLCT-C type cantilever is
given in Bruker’s catalog as 0.01 N/m that Design C1 is 50 times stiffer than MLCT-C

type cantilever.

F
k:

o (4.1)
In other 3D FEM simulations to find the stiffness (shown in appendix) of the other
micro-stages, 1N force to the center point of the membranes is given and causes the
micro-stages to deflect. Stiffness of the designed micro-stages that are calculated
through the 3D FEM simulation results which are shown in Figures 4.18, 4.19 and
4.20 below. Stiffness of Design D1 and Design B1 are calculated as 1.7 N/m and 2
N/m, respectively. Stiffness of MLCT-D and MLCT-B type cantilevers are given in
Bruker’s catalog as 0.03 N/m and 0.02 N/m, respectively, that they are approximately
2 orders of magnitude stiffer than MLCT-D and MLCT-B type cantilevers. These
numbers guarantee that the MEMS will not be affected by biomolecular forces as the

micro-stages are much more stiffer than the cantilevers.
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Boundary: z-displacement [nm] Deformation: Displacement Max: 3.593e5

Min: -2.18e9

Figure 4.18. Deflection result of Design C1 as 1N force is given to the center point of

membrane.

Boundary: z-displacement [nm] Max: 1.428e5
Deformation: Displacement 8

Min: -5.681e8

Figure 4.19. Deflection result of Design D1 as 1N force is given to the center point of

membrane.
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Figure 4.20. Deflection result of Design B1 as 1N force is given to the center point of

membrane.
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5. MICROFABRICATION OF MICRO-STAGES AND
TESTING

The microfabrication of the designed micro-stages involves a 3-mask process as
schematically illustrated in Figure G.1. Micro-stages are fabricated on Silicon (Si)
wafer whereas standard IC materials Al and Ti are used for the structures and AZ5214E

photoresist is used as a sacrificial layer.

5.1. Process Flow

Process flow of the designed micro-stages is shown in Figure 5.1 below.

a)

b)

P

Al
Ti
.

Si wafer

d)

Figure 5.1. Schematics of process flow of the designed micro-stages. (a) Patterned
photoresist as a sacrificial layer. (b) Metallization with sputter (Ti/Al). (c)Wet
etching of the structure. (d) Releasing the micro-stage by removing the sacrificial

layer.
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The fabrication process starts with patterning the first mask (dark-field) that
is shown in Figure G.2 to define the pads of micro-stages legs that are for anchoring
the micro-stages to the Si wafer. In order to pattern the sacrificial PR for the anchor
pads with the first mask, positive lithography is done with AZ5214 PR. The Si wafer
substrate is spin coated at 4000 rpm with PR for 50 seconds with Cee200cbx spin
coater. Soft bake is done in 110°C for 50 seconds and then UV exposure is done in 40
mj/cm? dose with soft contact mode with EVG620 contact aligner. After the exposure,
development of PR is done in 4:1 DI: AZ400K developer for 50 seconds. Hard bake is
done in 80 °C for 30 seconds. The patterned PR with the first mask is schematically

shown in Figure 5.1a.

On the patterned sacrificial PR, sputtering is done for the structural layers. ”DC
and RF Magnetron Sputtering System” (Vaksis, Angora Magnetron Sputtering) for the
metal sputtering is preheated to temperature 50°C in 2 hours initially. Then 0.6 pm Ti
is sputtered with 200 watt DC coating power and for 2 times 60 minutes (time interval
between two coating is 180 minutes). After the Ti sputtering the second metal layer,
0.9 pm Al is sputtered with 200 watt DC coating power and for 2 times 65 minutes

(time interval between two coating is 180 minutes).

Ti and Al sputtered wafer after the PR-patterning is schematically shown in
Figure 5.1b. In order to define the legs of the micro-stages, positive photolithography
is done with the second mask (clear-field) that is shown in Figure G.3. Ti and Al
sputtered wafer is spin coated at 4000 rpm with PR for 50 seconds. Soft bake is done
in 110°C for 50 seconds and then UV exposure is done in 40 mj/cm? dose with soft
contact mode. After the exposure, development of PR is done in 4:1 DI: AZ400K
developer for 50 seconds. Hard bake is done in 80 °C for 30 seconds. Microscopy image
of the developed wafer after the lithography with the second mask is shown in the
Figure 5.2 below.



43

Figure 5.2. Microscopy image of the developed wafer after the lithography with the

second mask.

After the second lithography, Al is etched with Al etchant at 50°C, 16:2:1:1
H,O: HNO;: CH3COOH [21,22], for 1 minute. The Al etched wafer after the second
lithography is shown in Figure 5.3.
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Figure 5.3. Microscopy image of the Al etched wafer after the lithography with the

second mask.

The patterned PR with the second lithography is then removed with 5 seconds
of acetone bath, 5 seconds of IPA bath and lastly washed by DI water; the wafer after

the process is shown in the Figure 5.4.
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Figure 5.4. Microscopy image of the Al etched wafer after the lithography with the
second mask and after acetone/IPA bath.

The third lithography (positive) is done to define the second layer of the legs and
the Ti membranes of the micro-stages with the third mask (clear-field) that is shown
in Figure G.4. Wafer is spin coated at 4000 rpm with PR for 50 seconds. Soft bake
is done in 110°C for 50 seconds and then UV exposure is done in 40 mj/cm? dose
with soft contact mode. After the exposure, development of PR is again done in 4:1
DI: AZ400K developer for 50 seconds. Hard bake is done in 80 °C for 30 seconds.
Microscopy images of the developed wafer after the lithography with the third mask

are shown in the Figure 5.5 and Figure 5.6 below.
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Figure 5.5. Microscopy image of the developed wafer after the lithography with the
third mask.

Figure 5.6. Microscopy image of the developed wafer after the lithography with the
third mask, in detail.
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After the third lithography, Ti is etched with Ti etchant, 20:1:1, HyO: HyOs:
HF [21,22] for 20 seconds. Wafer after the Ti etching is shown schematically in Figure
5.1c and the Ti etched wafer after the third lithography is shown in Figure 5.7 and
Figure 5.8 below in detail.
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Figure 5.7. Microscopy image of the Ti etched wafer after the lithography with the
third mask, in detail.
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Figure 5.8. Microscopy image of the Ti etched wafer after the lithography with the
third mask, in detail.

Finally the micro-stages are put into the asher (AP-300 Plasma System, Nordson
MARCH) with 250 Watt RF power, 50 sccm O, flow rate. The released micro-stage is
schematically shown in Figure 5.1 (d). Microscopy images of the micro-stages after 40

minutes in the asher are shown in Figure 5.9 and Figure 5.10 below.
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Figure 5.9. Microscopy images of the micro-stages after 40 minutes in the asher.

Figure 5.10. Microscopy images of the micro-stages after 40 minutes in the asher, in

detail.
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After 3 hours in the asher, microscopy images of the micro-stages are shown in

Figure 5.11 below.

Figure 5.11. Microscopy images of the micro-stages after 3 hours in the asher.

5.2. Micro-stages’ Characterization in AFM

AFM is employed as surface profiler and by scanning the bimaterial leg of a micro-
stage, scanned region can be seen in Figure 5.12a, thickness of micro-stage’s bimaterial
leg is measured as approximately 3 um as shown in Figure 5.12b and with 1.4 ym PR
and 1.5 pum metal thickness it is possible. From the leg profile it can be understood

that micro-stages did not collapsed.
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Figure 5.12. Scanned region (a) and leg profile (b) of micro-stages after 40 minutes in

the asher.

The fabricated devices are characterized for their spring constants by AFM. For
the experiment Bruker’s SNL-10 type C cantilever is used. Cantilever is pushed to
the hard surface to measure the deflection sensitivity data and deflection sensitivity on

hard surface is recorded as 0.0380 pm/V.

By landing on the micro-stage membrane with the calibrated SNL-10 type C
cantilever, deflection sensitivity of micro-stage membrane can be calculated from the
force curve [23]. Spring constant of the micro-stage membrane can be calculated by
comparing the deflection sensitivity that is taken from the hard surface with deflection
sensitivity that is taken from the micro-stage membrane. Indeed, finite spring constant
of the micro-stage can be calculated if the deflection sensitivity that is taken from micro-
stage membrane is different from the deflection sensitivity that is taken from the hard
surface. Calculation method of micro-stage’s spring constant from cantilever’s landing

on hard surface and then micro-stage’s membrane is explained by

F=kSV, (5.1)
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where F' is the force between the tip and sample, k is the cantilever /micro-stage spring
constant, V, is the measured cantilever’s deflection in volt, and S is the deflection
sensitivity. The deflection V' is measured directly with a photodiode [24] and is same
on both surfaces. By equalizing Keqnt-Shardsur face t0 equivalent spring constant (kg in
series with Kyemp) multiplied by S,,ems,

S arasur jace
hardsurf Eoant (5.2)

Kimers = Simemb — Shardsur face
is obtained. In our case sensitivity data taken from the micro-stage is measured ap-
proximately same as the hard surface and as it is seen from the equations above it is
not possible (denominator can not go to zero), so it is understood that micro-stages
are not released yet. This might be due to excessive heat on PR sacrificial layer or
residual stress built up on the layers. An alternative approach can be stripping the
sacrificial PR using acetone or PR remover. This approach also requires super critical

dryer to prevent stiction.

Spring constant of the specific AFM cantilever is calibrated using thermal noise
spectrum acquired by the system. With the thermal tune method in AFM, frequency
spectrum of the cantilever is estimated and by fitting the frequency spectrum to a
Lorentzian line shape the AFM software arrives at an estimate of the cantilever’s spring
constant [25]. With the thermal tune method resonance frequency of the cantilever is
recorded as 43.69 kHz as shown in the Figure 5.13 below and with the deflection
sensitivity that was recorded spring constant of the cantilever is recorded as 0.4577

N/m.
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Figure 5.13. Graph of cantilever’s thermal spectrum, shows the resonance frequency

of the cantilever.
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6. CONCLUSION

This thesis reports the design and fabrication of micro-stages that are thermo-

mechanically matched with cantilevers in order to compensate the thermal drift in

AFM cantilevers. The development of the micro-stages consists of: (i) Cantilevers’

thermomechanical analysis; (ii) Design of the optical readout setup; (iii) Design and

microfabrication of the micro-stages.

(i)

(iii)

Cantilevers’ thermomechanical analysis: Steady state thermal deflections, dy-
namic operation of the cantilevers are analyzed by analytical modeling and FEM

simulations.

Design of the optical readout setup: To validate the results of the analytical mod-
eling of the cantilever, experimental setup is used. The thermal deflection of the
MLCT-C type cantilever in air, which is calculated with analytical model and
also found with 2D FEM simulation, is validated with the optical characteriza-
tion setup experiments. The discrepancy between the analytical calculations and
the experimental result is approximately 15%. FEM predicts thermal induced
displacement with 14.5% error as compared to experimental result. MLCT-C
type cantilever deflection is calculated as 339 nm/K and the compensating de-
signed micro-stage’s (Design C1) deflection is simulated with 3D FEM as 299
nm/K. For 1°C change in temperature MLCT-C type cantilever’s thermal deflec-
tion corresponds to 33.9 pN force but coupling the cantilever with micro-stage the
differential thermal deflection corresponds to 4 pN. Dynamic operation results of
the coupled MLCT-C type cantilever and Design C5 micro-stage are 53 ms and
51 ms, respectively. Indeed, with the designed micro-stages there is improvement

on thermal drift in AFM cantilevers.

Design and microfabrication of the micro-stages: According to the analytical,
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FEM simulation and experimental results micro-stages are designed and fabri-
cated by surface micromachining technology. Various micro-stages for different
types of cantilevers are designed in this thesis. These micro-stages are fabricated
at Microsystem Based Medical Device Development Center of Bogazici Univer-
sity Life Sciences and Research Center using surface micromachining technology.
This fabrication process was the first process that was done in Microsystem Based
Medical Device Development Center of Bogazici University Life Sciences and Re-
search Center. With this thesis Al and Ti deposition/ wet etching, lithography

and dry etching processes are characterized.

Recommendations:

Thermal time constant could not be calculated through the optical setup as TEC
limited the rise time. An alternative method can be heating the cantilever’s tip
with a laser diode instantly with a new setup. By mounting the laser diode on a
manipulator with movement ability in x, y, and z directions cantilever tip can be

heated precisely [26].

Releasing of the fabricated devices needs further process optimization. Super-
critical dryer will be used after stripping the sacrificial PR with acetone or PR

remover to prevent the stiction problem as releasing the micro-stages.

Different material combinations can be evaluated. As Al and Ti mismatch of CTE
is not high, with higher mismatch of CTE in micro-stages shorter bimaterial legs

and stiffer micro-stage design is possible.



APPENDIX A: MLCT-D AND MLCT-B TYPE
CANTILEVERS’ THERMAL DEFLECTIONS
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Figure A.1. 2D FEM simulation for the deflection analysis of D type cantilever.
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Figure A.2. 2D FEM simulation for the deflection analysis of B type cantilever.
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APPENDIX B: MLCT-D AND MLCT-B TYPE
CANTILEVERS’ HEAT TRANSFER

MLCT-D type cantilever’s rise time in air is calculated as 0.0044 s on the tip
with the analytical model where with 2D FEM, as shown in the Figure B.1 and B.2, is
given as 0.0023 s. As in the MLCT-C’s and MLCT-B’s 2D FEMs, MLCT-D cantilever
is also modeled as staying on top of a Ti micro-stage with an angle of 15 but in the

analytical model cantilever/micro-stage interaction is not considered.

Time=0.5 Max: 1.439
1.4

Surface: Temperature [OC]

-1
1.3 1.5 1.7 19 21 23 25 2.7 29
x10™ Min: 0

Figure B.1. 2D FEM for MLCT-D type cantilever’s rise time in air.
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Figure B.2. 2D FEM simulation result for MLCT-D type cantilever’s rise time on tip

in air.

The 2D FEM for the rise time simulation of MLCT-D type cantilever tip and the
graph of temperature vs. time of the cantilever’s tip in water are shown in the Figure

B.3 and B.4. From the graph, the rise time is calculated as 0.018 s.
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Figure B.3. 2D FEM for MLCT-D type cantilever’s rise time in water.
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Figure B.4. 2D FEM simulation result for MLCT-D type cantilever’s rise time on tip

in water.
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MLCT-B type cantilever’s rise time in air is calculated as 0.0039 s on the tip
with the analytical model where with 2D FEM, as shown in the Figures B.5 and B.6, is
given as 0.0016 s. As in the MLCT-C’s 2D FEM, MLCT-B cantilever is also modeled
as staying on top of a Ti micro-stage with an angle of 15 but in the analytical model

cantilever/micro-stage interaction is not considered.
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Figure B.5. 2D FEM for MLCT-B type cantilever’s rise time in air.
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Value of Temperature [OC] at point 20
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Figure B.6. 2D FEM simulation result for MLCT-B type cantilever’s rise time on tip

in air.

The 2D FEM for the rise time simulation of MLCT-B type cantilever tip and the
graph of temperature vs. time of the cantilever’s tip in water are shown in the Figures

B.7 and B.8. From the graph, the rise time is calculated as 0.017 s.
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Figure B.7. 2D FEM for MLCT-B type cantilever’s rise time in water.

Value of Temperature [OC] at point 20

1.4

e 2 b
o) o — o

Temperature [OC]

o
n

0.27

0.3 0.4 0.5 0.6 0.7
Time

Figure B.8. 2D FEM simulation result for MLCT-B type cantilever’s rise time on tip

in water.
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APPENDIX C: DIMENSIONS OF OTHER
MICRO-STAGES

Dimensions of other designed micro-stages for MLCT-C type cantilever are shown

in the Figures C.1 - C.4 below.

| 220um

Figure C.1. Dimensions of Design C2.

220pum

Figure C.2. Dimensions of Design C3.
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Figure C.3. Dimensions of Design C4.

Figure C.4. Dimensions of Design C5.
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Dimensions of other designed micro-stage for MLCT-D type cantilever is shown

in Figure C.5 below.

Figure C.5. Dimensions of Design D2.
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APPENDIX D: DEFLECTION OF OTHER
MICRO-STAGES

3D FEM simulation results for deflection of the micro-stages are shown in Figure
D.1, D.3, D.5, D.7 and D.9. Deflection of Design C2, Design C3, Design C4, Design
C5 and Design D2 are 328 nm/K, 336 nm/K, 280 nm/K, 304 nm/K and 172 nm/K,

respectively.
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Figure D.1. Thermal deflection simulation result in 3D FEM for Design C2.
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Figure D.2. Thermal deflection simulation result in 3D FEM for Design C2, top view.
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Figure D.3. Thermal deflection simulation result in 3D FEM for Design C3.
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Figure D.4. Thermal deflection simulation result in 3D FEM for Design C3, top view.
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Figure D.5. Thermal deflection simulation result in 3D FEM for Design C4.
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Boundary: z-displacement [nm] Deformation: Displacement Max: 0.146
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Figure D.6. Thermal deflection simulation result in 3D FEM for Design C4, top view.
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Figure D.7. Thermal deflection simulation result in 3D FEM for Design C5.
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Figure D.8. Thermal deflection simulation result in 3D FEM for Design C5, top view.
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Figure D.9. Thermal deflection simulation result in 3D FEM for Design D2.
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Figure D.10. Thermal deflection simulation result in 3D FEM for Design D2, top

view.
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APPENDIX E: HEAT TRANSFER OF OTHER
MICRO-STAGES

3D FEM simulation results for heat transfer of Design C2 in air and in water,
Design C4 in air and in water are shown in Figure E.1, E.2, E.3 and E.4, respectively.
Rise time of Design C2 in air is 2.8 ms, in water 66 ms while rise time of C4 in air is

2.1 ms and in water 43 ms.
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Figure E.1. 3D FEM simulation result for Design C2’s rise time in air.
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Figure E.2. 3D FEM simulation result for Design C2’s rise time in water.
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Figure E.3. 3D FEM simulation result for Design C4’s rise time in air.
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Figure E.4. 3D FEM simulation result for Design C4’s rise time in water.

3D FEM simulation of heat transfer of Design C5 is shown in Figure E.5 and its
simulation result in water is shown in Figure E.6. Rise time of Design C5 in water is
60 ms.
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Figure E.5. 3D FEM for Design C5’s rise time in water.
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Figure E.6. 3D FEM simulation result for Design C5’s rise time in water.
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APPENDIX F: STIFFNESS OF OTHER MICRO-STAGES

In the 3D FEM simulations to find the stiffness of the micro-stages, 1N force to the
center point of the membranes is given and causes the micro-stages to deflect. Stiffness
of the designed micro-stages that are calculated through the 3D FEM simulation results
which are shown in Figures F.1, F.2, F.3, F.4 and F.5 below. Stiffness of Design C2,
Design C3, Design C4, Design C5 and Design D2 are calculated from the simulation
results as 0.497 N/m, 0.505 N/m, 0.303 N/m, 0.8 N/m and 0.921 N/m, respectively.
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Figure F.1. Deflection result of Design C2 as 1N force is given to the center point.
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Boundary: z-displacement [nm] Deformation: Displacement Max: 2.574e5
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Figure F.2. Deflection result of Design C3 as 1N force is given to the center point.

Boundary: z-displacement [nm] Deformation: Displacement Max: 4.962e5

Min: -3.297e9

Figure F.3. Deflection result of Design C4 as 1N force is given to the center point.
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Boundary: z-displacement [nm] Deformation: Displacement Max: 1.881e5

-1.2
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Figure F.4. Deflection result of Design C5 as 1N force is given to the center point.
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Figure F.5. Deflection result of Design D2 as 1N force is given to the center point.



APPENDIX G: MASK LAYOUTS

Figure G.1. Three layer of masks.

Figure G.2. First mask.
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Figure G.3. Second mask.
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Figure G.4. Third mask.
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