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Abstract

Atomic layer deposited (ALD) films have become essential for various
microelectromechanical systems (MEMS) due to their excellent properties: ALD films are
conformal, uniform, dense, and pin-hole free. The main requirement for any film to be applied
in MEMS is to exhibit good mechanical properties. Good mechanical properties mean that film
has low residual stress, high fracture and interfacial strengths, and known elastic properties
under applied mechanical load. MEMS devices are often subjected to the environmental stress.
Therefore, it is important to evaluate mechanical properties also after environmental stress
conditions. In this doctoral dissertation, the mechanical properties of ALD thin films are
evaluated by means of bulge and MEMS shaft-loaded techniques (SLT). Both techniques are
very valuable because mechanical properties of thin films are extracted without influence of
underlying substrate.

The bulge method is a non-contact method, in which overpressure is applied to load free-
standing membrane until it fractures.In the MEMS SLT, the integrated shaft loads free-
standing membrane facilitating the extraction of mechanical properties.The developed
technique is attractive for characterization mechanical properties of variable thin films due to
offered repeatability, precision, and non-piercing nature (the premature fracture by sharp
indenter tip is avoided). In this doctoral dissertation, MEMS SLT was employed, in addition,
for quantitative and qualitative evaluation of interfacial strength between two thin films.

A new method to study adhesion between extra thin films and various substrates was
developed (when conventional scratch testing is not appropriate: when substrates or coatings
break before the coating is delaminated). The solution was to embed micro-spheres into the
coating. These spheres were laterally detached using microrobotic set-up. This approach
facilitated the extraction of interfacial mechanical properties, such as critical load and critical
stress needed for removal of a coating.

This doctoral dissertation describes the mechanical properties of ALD Al,04, Al,O5/TiO,
nanolaminates, Al,Ti,0, mixed oxide and graphene/ALD Al,O5 composites. These materials
are promising for MEMS as suspended membranes in thermal devices like bolometers, in
chemical sensors like microhotplates and as windows in X-ray optics.

The adhesion properties between sputtered films and ALD Al,0; were measured with MEMS
SLT. A new method with the lateral displacement of microspheres led to extraction of
interfacial properties between ALD TiO, and glass substrate. This information is important to
prevent debonding events when fabricating or using MEMS structures.
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1. Introduction

Microdevices contain many different thin films. Device reliability is greatly influenced by
the mechanical properties of these films. A functional failure of a single structure can
degrade or even destroy performance of the entire component. Therefore, it is essential
to understand the mechanical properties of thin films, and to develop techniques and
procedures for evaluating their mechanical performance.

Thin films are fundamental structural materials in microelectromechanical systems
(MEMS). In particular, there are many MEMS devices with free-standing structures and
movable elements, which carry different mechanical loads. Suspended membranes
perform as critical elements in micropumps, microhotplates, X-ray windows and other
devices [1,2]. In micropumps suspended membranes deliver some fluid per each pump
cycle [1,3,4]. Microhotplates consist of heater and sensing films located on free-standing
membrane for minimal power dissipation [5,6]. In X-ray windows ultra-thin membranes
transmit X-ray photons and absorb unwanted radiation [7,8]. For instance, low-pressure
chemical vapor deposited (CVD) silicon nitride membranes films can transmit more than
50% of soft X-rays (50—250 eV).

Thinnest films are only one atomic layer thick. The continuity of films strongly depends
on material and deposition method. For example, Al.O; with the thickness of less than 1
nm is continuous when deposited by atomic layer deposition (ALD) [9], whereas
evaporated Au film is continuous only when thickness exceeds 5 nm [10]. As the
thickness increases the residual stresses can reach excessive levels, limiting film
thicknesses typically to a few micrometers [11,12].

Thin films are two dimensional systems with properties that are different from the bulk.
For example, thermal conductivity of polysilicon thin films is an order of magnitude
lower than that of bulk silicon, and unlike bulk silicon it increases with increasing of
temperature. Electron mobility is likewise an order of magnitude smaller, while Young’s
modulus is similar. Coefficients of thermal expansion (CTE) are comparable: 2.7 ppm/°C
and 3.07 ppm/°C, respectively, for both polysilicon thin film and single crystal silicon
[13,14].

Mechanical properties of thin films include Young’s modulus and residual stress. Young’s
modulus (E) is a measure of elastic response to the applied stress.



It is determined from the linear part of the stress-strain (o-¢) slope of a material
following Hooke’s law:

o=Ee+a,, (1)

where (0,) is residual stress, E’ is the biaxial modulus, defined as E/(1-v). The strain is
described as dimensionless quantity of relative material elongation: ¢=(/'-/,)/l, (I is
final length under stress and [, is the original length). Stress is defined as the ratio of the
force F to the area over which F is applied. Young’s modulus and residual stress can be
extracted from load-deflection measurements (Publication I, Publication II, Publication
1II).

Independent of deposition technique films are always in a state of stress. Residual stress
is a measure of disorder between substrate and thin film introduced during thin film
deposition (intrinsic stress) and/or thermal treatment (thermal stress). The intrinsic
stress is related to film microstructure and it develops during the film growth. Thermal
stress develops when film and substrate with undergo thermal treatment at a
temperature higher or lower than film deposition temperature. Typically film and
substrate have CTE, and they contract or expand differently as a function of temperature.
Therefore during a temperature change both materials are constrained, resulting in
thermal stress. When the thermal expansion coefficient of the film is larger than of the
substrate, then during the temperature ramp down the substrate shrinks less than film
and restricts the film from shrinking, therefore tensile stress results. In contrast, if the
thermal expansion coefficient of the film is lower than of the substrate, then the substrate
shrinks more than the film during cooling from elevated to room temperature, therefore
compressive stress results (Figure 1).

tensile stress compressive stress
crack-induced buckling
delamination delamination

Figure 1. Thin film failure under high residual tensile or compressive stress.

Thin films can undergo adhesion failure due to excessive residual stress. If the thin film
is under high residual stress, then cracking-delamination events can take place. In the
case of high tensile stress, coating undergoes crack induced delamination (Figure 1),

9



whereas under excessive compressive stress buckling/blistering can occur (buckling
driven delamination) as a relief of stored energy. The buckling can continue and form
patterns called “telephone cords”: sinusoidal motion in the film plane [15].

Uncontrollable residual stress degrades device performance causing bowing and
deformation of substrate, film cracking or delamination. Furthermore, the stress can
influence optical or magnetic properties [16]. In micromirrors, it is desired that free-
standing structures are ideally flat to provide stable reflecting properties. Therefore, the
residual stress of structural films should be low enough. Typically, in magnetic MEMS,
very thick electrodeposited films are used. Often residual stress increases with thickness
resulting in cracking, deformation of devices, and interfacial failure.

Device mechanical performance can be improved by multilayered structures. To improve
adhesion, an adhesive layer of, e.g., 10 nm of Ti or Cr is often grown. This layer promotes
bond formation between different layers. Multilayers can be also used to compensate
excessive residual stress. The combination of films with compressive and tensile stresses
can be used to reduce total stress of a multilayer structure, as shown for
Al,O3/NbN/ALO4 in Figure 2. This approach was used in our work [17] to minimize
compressive stress and therefore improve electromechanical performance of NbN
resonator with 50 nm Al,O5 and TiO. layers deposited by ALD. Due to the nature of ALD,
the films were grown on both sides simultaneously, assuring symmetrical stress
compensation. As deposited sputtered NbN beams exhibited high compressive residual
stress of — 2.2 GPa and high bending. The formation of multilayered structure with
symmetrical layers of 50 nm ALD AlLO; reduced the stress to 973+25 MPa, and to
772428 with 50 nm TiO,, resulting in flat released beams.

<<—  thin film under tensile stress —>

(a) —> thin film under compressive stress<——

<<— thin film under tensile stress —>

(b) (c) (d)

Figure 2. (a) Schematic image of multilayered stress compensation mechanism, (b) Scanning electron
microscope (SEM) image of NbN NEMS without ALD (residual stress of — 2.2 GPa), (c) SEM image of
multilayered NEMS with TiO2 (residual stress of 772 MPa), (d) SEM image of multilayered NEMS with Al203
(residual stress of 973 MPa) [17].
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Nanolaminates consist of periodically alternating layers of two or more materials with
the layer thicknesses in the nanometer range. As a result of periodic stacking of different
layers, the nanolaminated structures exhibit particular composite physical properties.
The resulting properties can be tailored by tuning thickness of each laminate layer. It
opens new possibilities for a great number of applications. For example, ultra-low
thermal conductivity (<1 W/mK) can be reached with W/Al.O; nanolaminates [18].
These nanolaminates have high interface density and large phonon frequency difference
between each layer so that phonons are scattered at the interface, reducing thermal
conductivity. Different deposition methods can be used to compose nanolaminated
structures. Evaporation and sputtering are supplied with shutters able to turn deposition
off. To achieve a perfect nanolaminated structure a layer-by-layer growth is preferred.
ALD provides ideal nanolaminates with sharp interfaces. Each ALD layer forms
continuously and uniformly. The accurate thickness control during ALD growth is
beneficial when growing nanolaminated structures, particularly when each layer is very
thin.

There are numerous techniques for measuring mechanical properties of thin films.
Nanoindentation and wafer curvature methods are routinely used to characterize
Young’s modulus and residual stress. However, the utilization of these techniques and
further data interpretation are limited by a number of factors. Nanoindentation suffers
from substrate effects and pile-up of the material around indenter [19]. These are
especially problematic for very thin films, like the ALD films studied in this thesis. Wafer
curvature relies on theoretical model which relates the residual stress of the film to
change in substrate radius of curvature after film deposition. In case of poor adhesion
between the substrate and film, or if film is very thin and non-uniform the technique
suffers from scatter in the data [16]. Novel accurate methods are, therefore, required to
obtain reproducible, reliable data to overcome these limitations. The interpretation of
data obtained from suspended (free-standing) films is less ambiguous because influence
of the underlying substrate and any adhesion issues between film/substrate are
minimized, or eliminated.

The goal of the thesis

The purpose of this thesis was to investigate the mechanical properties of thin films used
for MEMS applications. Among them there are atomic layer deposited (ALD) films
(Publications I, Publication II, Publication III). In Publication I, mechanical properties
of suspended ALD thin films, such as Al.O3;, mixed oxide (Al;TiyO,) and nanolaminates
(Al,O4/TiO.) were studied by two approaches: bulge and MEMS shaft-loaded methods.
In Publication II fracture properties of free-standing ALD Al.O; thin films were obtained
by means of a bulge test. Fracture strength was investigated as a function of deposition
temperature, and after thermal (annealing) and environmental (humidity) stress.
Publication ITI concentrates on a method for improving the mechanical robustness and
stability of suspended Al.O; film by incorporating a graphene monolayer. In Publication
IV novel method for quantitative and qualitative assessing of adhesion energies and
critical adhesion stress between two thin films (ALD Al.O, and sputtered Pt, Cu, Cr/Cu)
was developed and evaluated by MEMS shaft-loaded technique. The critical adhesion
stress between ALD TiO. and glass substrate is studied by a new method, where SiO.
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spheres are embedded into the coating and afterwards detached by mechanical lateral
load (Publication V).

Structure of the thesis

The thesis includes a brief overview of deposition techniques, the microstructure of
resulting films and residual stress (Chapter 2). Chapter 3 contains description of physical
and chemical methods used for films characterization. Chapter 4 is dedicated to MEMS
fabrication technologies. Lithography, wet and dry etching and annealing methods are
described. In Chapter 5, methods to evaluate fracture, residual stress and Young’s
modulus are discussed and compared in detail. Chapter 6 describes the basics of
adhesion, and methods used to determine adhesion. Finally, summary and conclusions
are given in Chapter 7. The work presented in this thesis hopefully finds use in thin film
and MEMS communities, and helps in introducing new materials, deposition processes,
and microdevices.
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2. Thin film deposition techniques

Many thin film deposition techniques exist, resulting in flexibility in choosing materials
and tailoring their properties. Thin films can be grown by various chemical and physical
deposition methods. If the material deposited is a product of chemical reaction, the
process is classified as chemical. Chemical methods include CVD and ALD. Physical
methods, e.g., evaporation, sputtering, refer to those deposition techniques when a
source material is ejected from the source and the film is formed by condensation of
atom vapor. The resulting film microstructure can be crystalline, amorphous or
polycrystalline depending on chosen deposition technique and deposition conditions.

2.1. Physical methods

1) Evaporation

In evaporation, the source material is located in water-cooled crucible and then
evaporated through heating. Heating is commonly performed by electron beam (Figure
3). Consequently atoms of the source materials are ejected, and thin film is formed from
the condensation of vapor of heated material. Thin films with a high purity can be
evaporated from a high purity source material made from any solid shapes. Typically
evaporation rates are in the range of 0.1—10 nm/s [12]. High vacuum is required to avoid
collisions of atoms.

00000c00e wafer
©
\ T /‘vaporized
material
® 9

evaporant
liquid

solid electron
crucible beam gun

Figure 3. Basic principle of evaporation: electron beam heats source material, vapor is transported towards
substrate forming a film.
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Microstructure

In a simple model, the microstucture of evaporated films is defined by normalized
substrate temperature to the melting temperature of the target: Ts/Tm (in K) [20,21].
Three main zones of different microstructures can be distinguished (Figure 4). The low
temperature zone I, Ts/Tm <0.3, contains small columnar weakly binding grains with
porous morphology. Zone II develops at higher temperatures, 0.3<Ts/Tm<o0.5, with
straight columnar grains with higher binding energies and, therefore, smoother and
denser structure due to higher mobility of adatoms to find energetically favorable places.
Zone III (Ts/Tm>0.5) consists of large crystalline structure due to increase in the
diffusion into the grains and elimination of voids [22,23].

Figure 4. Structure-zone model. The microstructure of a pure elemental film depends on the ratio of

deposition temperature to the melting temperature, taken from [21].

Residual stress

Typically evaporated thin films experience excessive residual stress, therefore, their
utilization is limited [24]. Moreover, substrate type, aging time, and film thickness
influence the stress [25,26]. Majority of evaporated films have tensile stress, which can
be up to 3 GPa. However, materials with a high affinity for oxygen (Al, Ti, SiO.) or with a
lot of impurities can also be under compression [25-28]. In the zone I, tensile stress
manifests when microstructure consists of weakly binding grains separated by voids.
Tensile stress changes to compressive with the densification of a film (zone II, zone III).
Evaporated materials with low melting points, e.g., Ag (1234 K), Cu (1356 K) or Al (933
K) exhibit both tensile and compressive stress. However, high melting point materials,
e.g., Fe (1808 K) or Zr (1855 K), are usually in the state of tensile stress (zone I).

2) Sputtering

Sputtered films form by ejecting target materials by ion bombardment (Figure 5).
Accelerated by high voltage, gas ions (typically Ar+) impinge the target surface biased
negatively. As a result, ejected atoms or molecules are transferred in vacuum to a
substrate forming a coating by condensation of sputtered species.

Modern sputtering systems use magnetrons. Magnetic field lines trap electrons in the
plasma; hence electrons circulate around the target without dissipation on chamber
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walls. This incorporated magnetic field increases ionizing electron-atom collisions and
therefore the number of bombarding ions [29]. This leads to depositions of relatively
dense films with high deposition rates up to 1 ym/min.

Figure 5. Basic principle of sputter deposition: target atoms are ejected by Ar” ions and then transferred

towards the substrate forming a film by condensation.

If oxygen or nitrogen is added to the sputtering along with argon, then oxides and
nitrides will form by means of chemical reaction of the target material and the
introduced gas (reactive sputtering).

Microstructure

The same simple Ts/T, model can be applied to the crystallinity of sputtered films
[21,30]. The neighboring crystallites enlarge with increasing temperature until no space
remains between them. Amorphous films form at low temperatures and at high
deposition rates. Low temperature reduces the diffusion of adatoms to seek for
equilibrium lattice sites [31]. This leads to porous films (zone I). Relatively high substrate
temperatures yield to high mobility of atoms and as a result to dense and close-packed
microstructures (zone IT) [27]. In the zone III, films (typically deposited at high substrate
temperatures or containing a lot of impurities) consist of globular grains with random
orientations [31]. Zone T refers to a transition zone that is unique when ion assistance is
present (Ts/Tm <0.3). The transition zone T between zone I and zone I1 is defined as a
region when sputtered deposition is performed at reduced gas pressures. Zone I can be
additionally subdivided into three zones: Ia, Ib, and Ic [31]. At very low temperatures,
thin films of the zone Ia and Ib are amorphous because adatoms have only little mobility,
whereas thin films of the zone Ic are polycrystalline due to increased mobility with
temperature. The microstructure can be additionally influenced by bombardment
energy, thin film thickness, and gas flows. This allows forming various thin films with
various structural, mechanical or electrical properties [32-34].
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Residual stress

The stress-zone correlation can be applied for sputtered films. However, this model, in
addition to process temperature, takes into account process pressure levels. When the
microstructure is porous (zone I), the stress is tensile (Figure 6). In this region, thin film
is unable to maintain high stress due to high porosity. With the conversion to zone T, the
tensile stress reaches its maximum as voids collapse. Afterwards, microstructure
becomes fully compact and dense (zone II), and the stress changes sharply to
compression [27]. The gas pressure influences the transport behavior of sputtered atoms,
microstructure, and therefore residual stress level. If gas pressure is low, there are fewer
collisions with the ambient gas. Then more energy can be supplied the surface, which
results in denser films that are typically in compression (zone II). At high working
pressures, sputtered atoms have less energy and, therefore, columnar microstructure
with voids form and tensile stress dominates (zone I) [29,33,35].

stress A
high pressure low pressure
c
i)
2
L
pressure
>
c
i)
?
]
s
E
Q
o

Zone | Zone T Zone ||

Figure 6. Stress-zone correlation (adapted from [26]).

Due to complexity of plasma process, the intrinsic stress of sputtered films depends also
on other parameters. For example, the stress of sputtered chromium has the maximum
tensile stress of ~750 MPa with zero bias voltage. It becomes compressive after ~50 V
bias voltage following saturation of — 1 GPa after 75 V bias voltage [35,36]. The
mechanical properties of reactive sputtered NbN undergo changes depending on
deposition conditions. NbN widely used in superconductive applications, where high
transition temperatures are needed. One can achieve very high transition temperature
(12—15 K) and high compressive residual stress (-2.2 GPa) at the same time [17,37,38].
Increasing of sputtering current increases stress, but decreases transition temperature,
and therefore reduces the applicability of the material.

In some cases the substrate type, deposition rates, crystal orientation can additionally
influence mechanical properties [33,39].
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2.2. Chemical methods

1) Chemical vapor deposition

Chemical methods refer to those when a new material is grown by means of surface
chemical reactions [12,39,40]. Chemical vapor deposited (CVD) layers are composed by
bringing vapor phase precursors to a substrate (Figure 7). The reaction at the surface
results in a solid layer of material. The coating formation involves a number of key steps:

[12,40-42]
1. Transport of gaseous reactive species into reaction chamber.
2. Diffusion of gaseous species to the substrate.
3. Adsorption of reactants onto the heated substrate.
4. Diffusion of reactants on the substrate surface.
5. Chemical reaction at the surface leading to film formation.
6. Gaseous by-products are diffused out.

7. Unreacted source gas molecules and volatile by-products are transported
away from reaction chamber.

CVD methods vary according to activation or enhancing of the reaction mechanism. The
activation can involve thermal energy (thermal CVD), plasma (plasma-enhanced CVD),
or light (photo CVD). Depositions using photo CVD may occur even at room
temperatures since decomposition of the gases occurs through photochemical reactions.
In this method, however, the deposition rate is very slow and it limits its widespread
applications [41]. Thermal CVD requires high temperatures, 500-1400°C. Plasma CVD
can work at lower temperatures, i.e. 300—500°C. The lower deposition temperatures are
beneficial for fabricating devices consisting of temperature sensitive materials.
Furthermore, at low temperatures residual stress is reduced due to smaller thermal
mismatch between substrate and film.
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Figure 7. Basic principle of CVD: coating is formed by chemical reaction on a substrate (adapted from [12]).
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Thermal CVD is subdivided based on pressure range at which the deposition takes place:

e atmospheric pressure (APCVD): 760 Torr
e low pressure CVD (LPCVD): ~1 Torr
e ultrahigh vacaum CVD (UHVCVD): less than 107 Torr.

LPCVD yields dense films with very uniform thickness and better conformality than
APCVD. Atmospheric pressure reactors, however, are cheaper and simpler. Reduction of
impurities and better control of the deposition is achievable by UHVCVD. Impurities like
hydrogen, can be reduced by sufficiently low process pressure.

The deposition rates typically are in the range from 0.1 to 10 nm/s [12] and follow
Arrhenius law increasing exponentially with deposition temperature:

Rate = z(t) exp[—gj, (2)

where E, is the activation energy (eV), z(t) is a constant, T is deposition temperature (K),
k is the Boltzmann constant. Activation energy is defined as a slope from the plot of
deposition rates in logarithmic scale versus reciprocal deposition temperatures.
Activation energies differ depending on CVD method. For example, LPCVD Si;N, from
silane SiH, and ammonia NH; has activation energy of 1.1 V. In PECVD process plasma
activates reactive species. Therefore PECVD Si;N, has lower activation energies ranging
from 0.11eV to 0.31€eV [43,44].

When the process temperatures are low and high flow rates supply the surface with
enough reactants, then the process is surface reaction limited. In this regime, when the
temperature increases, the deposition rates exponentially increase following Arrhenius
law. But when the process temperatures are high, then all gas sources react at the
surface. Then the deposition rate depends on the gas supply (mass transport limited
process). Mass transport limited process can suffer from the local depletion of the
reactants because fast surface reactions consume all of gas supply. Thus surface reaction
limited process result in more uniform films than the mass transport limited reactions

[12].

Microstructure

Many parameters influence the microstructure of CVD films. Gas ratios, types of
precursors, process temperatures determine the grain size and surface roughness
[45,46]. The film thickness often defines the microstructure of CVD films: the thicker the
film, the larger the grain size. As the film becomes thicker, columnar grains start to
develop [42].

The relation of process temperature and microstructure has similar general trend as
materials deposited by physical methods. Therefore, it becomes possible to control the
CVD microstructure by proper manipulation of the deposition conditions. The increase
in temperature leads to higher surface mobility of the species, and hence to larger and
closely packed grains. The diffusion is minimized at low pressures, therefore fine-grained
structure results. The same fine grains are obtained at low temperature and high
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concentration of reactive species. Amorphous films grow at even lower temperatures and
at higher concentrations of the reactants.

Residual stress

In general, the mechanical properties of CVD films are very sensitive to process
conditions [47,48]. For instance, tailoring gas flows (NH;/SiH,) and deposition
temperature of PECVD SisN, leads to various stress levels from 400 MPa, tensile, to —
600 MPa, compressive [47]. Impurities can influence the residual stress level. The stress
of PECVD Si;N, increases from compressive of — 600 MPa at 300°C to tensile 600 MPa
at 700°C as a function of decreasing hydrogen in the film with increasing temperature
[49]. LPCVD Si3N, films exhibit high tensile stress of 950 MPa at deposition temperature
of 725°C. The increase of deposition temperature decreases the tensile stress to 700 MPa
at 775°C [43]. The difference in the stress level of LPCVD and PECVD Si;N, is mainly due
to different hydrogen content in the films. Relatively large amount of hydrogen (up to
30%) is present at low temperatures when deposited with PECVD process, whereas
deposited at high temperatures LPCVD SizN, films are stoichiometric with very low
hydrogen content. As a consequence, low-temperature PECVD Si;N, has lower densities,
higher etch rates, and poor stability in humid environment since films absorb large
amount of water.

Graphene CVD synthesis

CVD technique can be used for synthesis of a single layer of carbon atoms arranged in
two-dimensional manner: graphene [50,51]. The graphene synthesis typically involves
polycrystalline nickel or copper substrate, which is exposed to carbon-based gas at high
temperatures. As the substrate cools down, carbon precipitates on the surface to form
graphene. Copper is preferred because it provides smoother and more uniform graphene
monolayer whereas nickel yields to graphene flake formation [52]. The difference is
associated with the growth mechanism: on Ni graphene forms by diffusion from the
substrate and on Cu it forms by catalytic decomposition on the surface with ultralow
solubility into the Cu. The process stops when the copper layer is fully covered by carbon
atoms (self-limiting growth).

To facilitate graphene transfer to any other target substrate, polymethyl methacrylate
(PMMA) is applied onto graphene by spin-coating. Then underlying copper is chemically
etched to detach a graphene monolayer with PMMA for the further transfer.
Subsequently, PMMA is dissolved in acetone, leaving only graphene on a target substrate
[51,52].

Graphene has great electrical and optical properties: it has high electrical conductivity
and it is able to absorb 2.3% of visible light [53]. The light transmittance reduces with
increasing of graphene layers. These properties can be utilized to build, for example,
transparent electrodes for optical detectors and photovoltaics. Graphene distinguishes
from other materials also by its high mechanical properties: 1TPa of Young’s modulus,
and high fracture strength of 130 GPa [54]. The incorporation of a single monolayer can
significantly improve mechanical performance of various polymers [54,55] and ceramics
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(Publication III). In particular, the introduction of graphene increases the mechanical
strength and crack tolerance.

2) Atomic layer deposition

Atomic layer deposition (ALD) is a chemical method. ALD relies on cyclic surface
reaction of precursors with a solid surface [56-58]. In one ALD cycle two compounds are
sequentially injected into the chamber with a purge (typically nitrogen) in-between to
remove unreacted precursors and reaction products (Figure 8). In the simplest model,
one ALD cycle consist of the following steps:

1. Pulse of the first precursor on a sample surface; first half reaction.

2. Purge to remove unreacted precursors and reaction products.

3. Pulse of the second precursor on a sample surface; second half reaction.
4. Purge to remove unreacted precursors and reaction products.

As a result of each cycle, supplied material is grown on a sample surface within one ALD
cycle (growth per cycle). Each surface reaction continues until all available reaction sites
are covered (self-terminating growth) and the ALD process proceeds in a layer-by-layer
fashion until desired amount of material is deposited. This facilitates formation of a thin
conformal layer of a material even on complex, nanoporous, high aspect ratio structures
and large-area substrates [59,60].

The deposition temperatures of ALD films are relatively low. For example, Al.O; can be
grown even at 33°C with a growth per cycle of 1A/cycle and very low roughness of 4+1A
[61]. The possibility of using low temperatures makes this technique attractive for
growing different layers on thermally sensitive substrates and structures.
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Figure 8. Basic ALD principle: (a) saturation of the first precursor on a sample surface (b) reaction products
and unreacted precursors are purged away (c) reaction of the second precursor with the first layer (d)

reaction products and unreacted precursors are purged away.

ALD process involves pulses of two volatile precursors separately from each other,
whereas in CVD process all gases are supplied simultaneously and continuously. The

20



separation of precursors leads to self-terminating growth of uniform film, whereas
simultaneous process may result to non-uniform film thickness due to fast surface
reactions. Another ALD benefit is the elimination of gas-phase reaction. The precursors
are injected separately one by one with the purge in-between. The purge helps to avoid
gas-phase reaction. Simultaneous process can also suffer from poor conformality when
deposited on substrates with high aspect ratios: precursors can deplete in deep
structures. As a result, more material grows on the top than on the bottom of the feature.

Each ALD reaction occurs within the certain temperature range, typically within 80—
500°C, called ALD-window. In this range, the ALD reactions continue in a self-
terminating mode [57]. Outside the range excessively high temperatures promote gas-
phase reaction in CVD-like fashion or to partial decomposition of the precursors [62].
Low temperatures lead to precursor condensation or to significant reduction of the
deposition rate [63].

Many ALD reactions remain, however, mildly temperature dependent within the ALD-
window. One example is aluminum oxide, the most studied ALD material. It is deposited
usually with trimethylaluminum (AlMe;, TMA) and water (H.O) or ozone (O3) as
precursors. The growth of Al.O; follows the reactions:

2Al(CH3)3 +03 _)A1203 +3C2H6. (4)

In the first half cycle, TMA reacts with OH-terminated surface with hydrogen, forming
volatile methane groups and leaving aluminum bonded to oxygen. Next, in the second
half cycle, the water or oxygen reacts with CH; groups, forming more volatile species and
leaving OH-terminated surface [56,64]:

ALOH* + Al(CH3 )3 > Al — 0 — Al(CH3 )5 + CHY (5)
AICH; + H,0 - AlOH* + CHJ (6)
AICH} + 03 — AICH,0H" + C,H] @)

The ALD window for TMA and H.O process is 30°C to 300°C. Higher temperatures lead
to decomposition of TMA and to deposition of aluminum, which is further oxidized by
H.O to form CVD-like Al,O; layer [65]. The deposition rates (growth per cycle) are
typically in the range of 0.9—1.2 A/cycles depending on deposition temperature within
ALD window. The deposition rate of Al,O5 is known to decrease linearly with deposition
temperature. The dependence is opposite to expected typical CVD deposition rate which
is exponentially temperature dependent according to Arrhenius law. The decreasing
trend of ALD ALO; growth per cycle is determined by the decrease of surface species, i.e.
AlOH and AICHy3, at higher temperatures [56].

Titanium dioxide from titanium tetrachloride (TiCl,) and H.O is another common ALD
reaction [66]:

TiCl, + 2H,0 — Ti0O, + 4HC (8)

or two half reactions

TiOH* + TiCl, » Ti— 0 —TiCl; + HClY (9)
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TiCl* + H,0 > Ti(OH)* + HCl9 (10)
where * and ¢ indicate surface and gaseous species.

The typical ALD window for this process is 80—600°C. The deposition decreases with the
increasing temperature saturating above 200°C. The growth per cycle decreases from
0.654/cycle at 80°C to 0.534/cycle after 200°C. The saturation is probably related to the
change in crystallinity [67,68].

Microstructure

ALD films start to grow in amorphous or crystalline form. Temperature, film thickness,
substrates, impurities, reactants influence the microstructure of inorganic ALD films.
The microstructure changes with process temperature. High mobility of the species at
higher temperatures promotes grain formation. For example, as deposition temperature
of Al;O; increases films become denser. However, only annealing can change their
amorphous form to crystalline [69,70]. Interesting example is TiO., which starts growing
as an amorphous film, but after a certain thickness crystalline columnar grains start to
form [71]. In some cases the impurities determine the microstructure. For example, high
amounts of carbon impurities in TiN films prevent crystallization. Large grains form with
low carbon concentrations independently of deposition temperature [70].

Residual stress

Mechanical properties of only some ALD thin films have been studied: mainly of Al.O,
and TiO. on planar substrates. Typically ALD films exhibit residual tensile stress in the
range of hundreds MPa. The stress decreases with higher deposition temperature for
Al,O4 [69], but increases with higher deposition temperature for TiO. [67].

Nanolaminates and multilayers using ALD

ALD is capable of growing conformal nanolaminated structures with highly precise
periodicity and thickness [56,72]. The nanolaminates can improve corrosion resistance
or gas diffusion, tune refractive index, and vary resistivity depending on nanolaminate
system [70,72-74].

This thesis focuses on nanolaminate system: ALD Al,O;—ALD TiO. (Publication II). Our
nanolaminates Al.O;/TiO. consisted of 4 nm bilayer with individual 2 nm thick layers
(50% volume fraction). Al.O; layers were grown with trimethylaluminum (TMA) and
water process, and TiO, with titanium chloride and water at 220°C. The targeted 2 nm
individual layers were achieved by 48 cycles of titanium dioxide (0.4254/cycle), and by
19 cycles of aluminum oxide (1.1 A/cycle).

Composite ALD Al,O3;-CVD graphene (Publication III) consisted of two layers of ALD
aluminum oxide (70 nm and 30 nm) separated by a single graphene layer. Deposition of
aluminum oxide was done with trimethylaluminum and water precursors. The graphene
layer was seeded with evaporated aluminum which was further oxidized in air to Al.O; to
facilitate further ALD Al,O; growth on graphene.
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3. Thin film physical and chemical characterization

Characterization of thin films is necessary for further thin films utilization and
optimization of their deposition processes. Thin film microstructure, roughness,
thickness can be characterized using optical or probe techniques. During optical
characterization, thin films interact with incident beam light and reflected beam is used
to obtain film characteristics. In the probe measurements, a stylus scans the sample to
extract surface properties.

Optical methods, including ellipsometry and reflectometry, are capable of measuring thin
film thickness with sub-nm scale precision (can be used to measure optical constants,
too). Often whole wafer is scanned to obtain statistical data about thickness uniformity.
Ellipsometry is based on measurement of change in polarization when light is reflected
[12]. Optical reflectometry of the thickness consists of comparing the path lengths of the
light reflected from the film and from the substrate. Reflectometry is based on measuring
the amount of the reflected light from the sample surface over a range of wavelengths.

Scanning Electron Microscopy (SEM) is an important technique for three-dimensional
characterization of surface features. It consists of focused high-energy electron beam (5-
100keV), which scans line by line the surface of a sample to form an image by means of
interaction between the beam and the sample. The response is transmitted by collecting
reflected electrons (backscattered) or secondary electrons (released from the atoms) with
following converting of the response to electrical signal and it’s amplifying to produce a
contrast image [75].

Many SEMs are equipped with Energy dispersive X-ray microanalysis (EDX) to identify
and quantify chemical composition. EDX is based on detection of characteristic X-rays
emitted from a sample during electron irradiation. The emitted X-rays are detected by a
detector to generate a spectrum of X-ray intensity versus X-ray energy. Elemental
analysis is performed by the examination of characteristic peaks of spectra. Therefore,
the analysis yields the elemental composition of the film at the specimen surface, ca. 1
pm.

Film thickness, density and roughness can be measured by means of X-ray reflectivity
(XRR). The method relies on measuring the intensity of reflected X-rays from the sample
when the reflected angle is equal to the incident. The reflectivity changes depending on
film structural parameters. Therefore, the X-ray reflectivity curves are correlated with the
thickness, density and roughness of the thin film by fitting the simulation curve to the
experimental spectra. X-ray reflectivity is suitable for determination the interfacial
roughness between individual layers of nanolaminated structures and/or for observation

23



intermixing of individual layers (intermixed structures has no superlattice maximum)
[76].

Atomic force microscopy (AFM) measures topography (feature dimensions) and
morphology (shape and texture). AFM consists of a sharp probe mounted at the end of a
cantilever. During the measurement, sharp probe scans in the x,y-directions over the
surface and cantilever deflection (in x,y,z-directions) is measured as a function of
scanning force to provide high-resolution lateral and vertical image. Film roughness and
grain sizes are identified as a result of distance-dependent interaction forces between the
probe and sample surface. Probe techniques are also used to scan a step formed after
etching to measure the thickness.

Scanning white light interferometry gives information about thickness, surface quality,
and feature dimensions. The technique can also provide fast and accurate imaging of
deflections of MEMS suspended structures with nm-scale z-resolution (Publication I,
Publication IIT). The method is based on interference phenomenon of two (or more)
beams of light [33]. In the SWLI, two beams are created by splitting the main beam from
white light source. One beam is then reflected by the reference mirror (reference beam),
whereas another beam scans the sample surface. The reflected light from the surface
recombines with the reference beam creating bright and dark lines (interference pattern
or fringes). Each interferogam represents the variation in the intensity as a function of
scan position. The 3D and 2D surface images are obtained by fitting of the
interferograms to the envelope function. The maximum of the envelope function is then
correlated with the relative surface position [77].

Ion beams are very useful for determination compositional and structural properties of
various films. After the impact of high-energy ions with the sample, the backscattered
ions are collected to characterize material properties. In time-of-flight elastic recoil
detection analysis (TOF-ERDA), sample surface is bombarded with a beam of
accelerated ions, e.g., Cl and Br (>200keV). In this technique, the velocity and energy of
sample atoms, which are recoiled in forward direction by the incident heavy ion, are
measured in coincidence (Figure 9). These energy-time-of-flight histograms can be
converted to form depth profile of elements as masses. Using TOF-ERDA it is therefore
possible to determine stoichiometry and impurities such as carbon, hydrogen, nitrogen
[78].

(a)

Energy

Time-of-flight ‘
Figure 9. Elemental analysis using TOF-ERDA: the time-of-flight—energy histogram from as deposited 100-
nm-thick Al203 sample grown with TMA and O3 precursors.
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4. MEMS materials and fabrication

MEMS device performance and life-time depend on materials properties. Due to the fact
that MEMS consist of moving structures, it is necessary that materials exhibit predictable
and reproducible properties under mechanical deformation [79]. Reliable device
performance depends on reproducible fabrication process with a high yield. Lithography,
dry and wet etching, various thin film deposition techniques, wafer bonding make it
possible to fabricate complex but robust structures.

4.1. Microfabrication technologies

1) Surface pretreatment

Surface preparation is an easy, but very important step in microfabrication. For instance,
unpredictable delamination of a film can occur during film deposition in case of presence
of contaminations, e.g., if some photoresist is left after lithography. Contaminations can
prevent etching of some areas, acting as local etch masks.

Wet cleaning is the main method to clean the sample surface. Typically, cleaning of
silicon substrates is performed in hydrogen-peroxide-based (RCA) wet cleans. Two main
solutions, i.e. RCA-1 (H.O.-NH,OH-H,O) and RCA-2 (H.O.-NCI-H.O) are used to
remove contaminants. The RCA-1 removes particles, organic contaminants and some
metals, whereas RCA-2 removes alkali metal hydroxides and heavy metals.

The photoresist residues can be removed in acetone and isopropyl alcohol. Oxygen
plasma or acetone ultrasonic cleaning can be performed in case if polymer residues are
still on the sample surface. Sulfuric acid and hydrogen peroxide mixture (piranha)
remains, however, the most common and powerful cleaning technique to remove organic
residues. However, it is dangerous and relatively difficult to handle. Annealing in oxygen
atmosphere at 1000°C is an alternative way to remove organic residues [12].

If thin films is deposited over native oxide, then the device performance, e. g., electrical,
can degrade because native oxide is rough and non-uniform. Removal of native oxide is
done using hydrofluoric acid (HF). This treatment results in hydrophobic silicon surface,
which repels water and does not react significantly with oxygen. In addition, some metals
like aluminum can be removed with HF. Alternatively, oxide layer remaining on the
wafer surface can be desorbed by the thermal treatment, for example in H. ambient, at
temperature 800°C and higher.
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Wet cleaning is followed with rinsing and drying. Therefore, it is crucial that these
processes are done properly to avoid recontamination of wafers. Rinsing is performed in
high purity DI-water. It helps to remove any weakly bound species from the surface, for
example, fluorine species after HF cleaning. Vapor drying, lamp drying, spinning, or
nitrogen blowing finish the cleaning cycle.

Changing surface chemistry may result in the formation of a necessary chemical bond.
For example, often pretreatments of the silicon are performed to facilitate uniform oxide
formation on the surface. For example, prior the ALD deposition ozone pre-exposure
showed promising results for electrical applications: the dielectric constant significantly
increased after ozone pretreatment [80].

2) Lithography

Lithography is a method to transfer a pattern onto the wafer. Usually, when pattern is to
be etched, lithography is employed to define the etch mask. Prebake, which removes
adsorbed water, is followed by hexamethyl disilazane vapor (HMDS, (H;C);—Si—NH-Si—
(CHj);) treatment. HMDS acts as an adhesion promoter between photoresist and
substrate. It also prevents water adsorption from ambient. After the spin-coating of a
resist onto a substrate and prebaking, the wafer is exposed by the UV-light to change
chemical solubility of the resist in a developer. Developer is a liquid solution which clears
the exposed parts or unexposed parts depending on the resist. The resist is called positive
when exposed areas are dissolved by the developer, and conversely, it is called negative
when exposed areas remain insoluble. Hard bake is commonly utilized after the exposure
to solidify the resist, to drive-out any remaining solvents, to improve adhesion, and to
minimize residual photoactive components. After further processing (e.g., etching)
photoresist is stripped using acetone or oxygen plasma. Then processing continues.

Lithographical methods are classified according the source of light: UV-radiation,
electron, and laser beam sources (Figure 10). In the optical lithography, ultra-violet light
source exposes the wafer with photoresist through the mask. Modern mask-aligners uses
argon fluoride excimer lasers with the wavelength of 193 nm to achieve smaller
linewidths. Masks are typically made of quartz with chromium patterns, which block the
light. In the e-beam lithography, focused electron beam scans the area to form a pattern.
E-beam lithography enables better resolution and eliminates the mask. Laser direct
writing is also a maskless method where laser beam scans the resist to create a feature of
interest. The laser beam (typically light source of 405 nm and 375 nm) pulses with
adjustable pulse lengths and different spot sizes (to define the pattern resolution). The
pattern is produced by moving either the stage with the sample or the laser beam above
the certain fixed sample area [81,82].
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Figure 10. (a) Optical; (b) electron beam; (c) laser lithography.

Often it is necessary to fabricate structures containing multiple layers. Therefore the
alignment of each layer with respect to other layers must be accomplished. The first
pattern includes a set of alignment marks at defined places. These marks are further used
to position subsequent patterns (masks). Figure 11 shows a multilayered structure of
membrane resonator fabricated using e-beam lithography and lift-off process [83].

The first pattern (Figure 11) is a bonding pad and a gate electrode, whereas the second
pattern is used to support free-standing membrane [83]. The membrane resonator (third
pattern) is micromanipulated onto supports (second pattern) using a sharp glass needle
and actuated by gate electrode (first pattern). Since the supports and gate electrode has
different thickness, therefore the alignment of the first pattern to the second is required.
The process flow for the resonator is

1. Fabrication of the gate electrode with alignment marks (first pattern)
e Electron - beam lithography
e Evaporation of 50 nm of aluminum
e Lift-off in acetone.
2. Fabrication of support structure where the aluminum membrane is placed on
(second pattern)
e Electron - beam lithography
e Evaporation of 200 - 250 nm of aluminum
e Lift-off in acetone.
3. Membrane fabrication and micromanipulation (third pattern)
e Electron - beam lithography
e Evaporation of 50 nm of aluminum
e Lift-off in acetone
e Catching the separated thin metal film (aluminum membrane) by copper
loop and locating onto the support structure.

As can be seen from the Figure 11, the first and second patterns are very close to each
other; and any possible misalignment between them can cause failure of the designed
structure.
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Figure 11. SEM image of multilayered structure [83].

3) Wet etching

A great advantage of wet etching is simplicity; therefore it is widely used in
microfabrication. In wet etching, the substrate is immersed into wet etchant to etch
exposed areas. Amorphous materials are etched always isotropically, i.e. homogeneously
in all directions. However, some etchants etch crystalline materials depending on crystal
orientation (anisotropically). For instance, potassium hydroxide (KOH) and
tetramethylammonium hydroxide (TMAH) etch the (100) and (111) silicon crystal planes
selectively since different planes have different bond densities exposed to the etchant
[12]. The selectivity between (100) and (111) planes is 200:1 and 30:1 in KOH and TMAH,
respectively. The utilization of high quality etch mask is crucial during TMAH or KOH
etching. Thermal silicon dioxide, LPCVD silicon nitride or heavily doped boron silicon
are commonly used for this purpose.

Etching of silicon dioxide and aluminum oxide is performed in HF. HF-based etchants
are also often used to remove native oxide. During wet oxide etch, photoresist and silicon
nitride serve as etch masks. The etch rates for different oxides vary with the etching
temperatures. The etch-process temperature increases etch rates significantly. For
instance, for ALD Al,Os it rises from 40 nm/min at room temperature to 114 nm/min at
32°C in buffered HF (BHF). Therefore, to maintain stable etching it is necessary to keep
the temperature constant.

Wet etching for free-standing structures

The fabrication of free-standing structures often involves wet etch release using bulk or
surface micromachining (Figure 12).
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Figure 12. Fabrication of free-standing structures: (a1.2) deposition of thin film; (b1.2) patterning to define
geometry of free-standing structures; (c12) wet etch release of the wafer or sacrificial layer.

In the bulk micromachining (Figure 12 (a;-c,)), wet etching of silicon is used. This
method is fast and easy to implement, however, membranes only of rectangular shapes
can be fabricated due to fast etching of (100) and slow etching of (111) crystal planes.
Surface micromachining (Figure 12 (a.-c.)) is based on selective removal a layer
underneath of the structural layer. For example, if the sacrificial layer is oxide, then HF-
based etching is employed to release the structure. However, the method is challenging
due surface tension issues appearing during the drying step.

It is desired that the structural released layer has low residual stress. If the stress is
highly tensile the functional layer can undergo cracking, whereas high compressive stress
leads to the bulking of the released layer (Figure 13). However, low tensile stress is
desired to ensure flatness of released structures.

buckling of
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Figure 13. Buckling of suspended sputtered Pt membrane due to compressive stress.
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Thin films on the top of structural layer, e.g., electrodes, can be deposited before and
after the etch release. The deposition is preferred on finished free-standing structures,
i.e. after etch release, especially when using noble metals, like gold and platinum
(Publication IV). Contamination of the process lines is, as a result, avoided. This method
is also useful when ready-made membranes are required or in case if further deposited
materials can be etched during the etch release. However, in this approach, membranes
are prone to damage if fabrication involves further processing. Spin-coating, lift-off, high
temperature treatments can destroy membranes due to induced thermal stress or surface
tension related problems. When thin films are deposited before membrane release, no
process-induced damage occurs. But thin films have to be compatible with the process
conditions. This method was used in the Publication III: graphene transfer was done
prior dry etch release to avoid any possible membrane damage. The alternative method
of deposition of thin films on free-standing structures is the combination of both
approaches. It starts from partial release, then continues with metallization and finishes
with final release of free-standing structure. It provides more mechanical stability of
released structure, shorter final release, and, thereby, higher fabrication yield.

4) Reactive ion etching (RIE)

Reactive ion etching is a key process for majority of MEMS devices. One can easily obtain
various high-aspect ratio (width:depth ratio), anisotropic or isotropic structures using
plasma-assisted dry etch. In RIE, ionized gas forms chemically active and ionic species
via dissociation and ionization processes. For example, SFq gas is ionized to create ionic
F- and SF,* and chemically active F* species. Chemically active species react with the
material, break chemical bonds and, as a result, form volatile products (chemical etch).
Ion species enhance the etch rate by bombarding the surface (physical etch) [12,84,85].
Oxide and nitride etching is typically done with CHF,, C.Fs, C5Fs or C,Fs plasmas [86].
Silicon is typically etched using fluorine, chlorine or bromine plasmas. However, fluorine
plasma is preferred because high etch rates can be achieved.

The introduction of inert argon gas enhances the etching by enhancing ion
bombardment. However, it can lead to undesired hard mask damage. The addition of
oxygen (~5%) to CF, and SFs plasmas can greatly increase the etch rate as it increases
radicals density and prevents recombination [85]. Therefore, oxygen is typically
introduced in majority of etching processes, although it ashes photoresist. The tailoring
of pressure and power values results in different etch rates. Table 1 shows the etch rates
of sputtered NbN using CF, plasma. As it can be seen, addition of oxygen increases the
etch rate six times. Increased pressure has no effect on the etch rate. Higher power
enhances etch rates as maximum by 14%.
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Table 1. RIE of reactively sputtered NbN.

CF4: Oz, sccm Pressure, mTorr Power, W Etch Rate, nm/min
80:20 30 200 0.78
80:20 100 200 0.78
80:20 30 100 0.67
80:20 100 100 0.73
100:0 30 100 0.13
70:0 30 100 0.06

DRIE

Deep reactive ion etching (DRIE) is a modified reactive ion etching used to obtain higher
etch rates, higher aspect ratios and thereby more complex microstructures than with
RIE. It utilizes high-density plasma at low pressure ranges and two plasma sources [84].
The main technologies for DRIE are Bosch process and cryogenic process.

Bosch process

The Bosch process consists of alternating cycles: etching with SFs to form volatile etch
products and passivation with C,Fs to form fluoropolymer ((CF.),) on the sidewalls and
bottom of the etched silicon structures (Figure 14). The following etch cycle removes the
polymer from trenches by ion-assisted bombardment, exposing the bottom for the
chemical etching. The polymer remains on the sidewalls protecting them from etching

[12].

(@) ! E (c)

(b)

Figure 14. The Bosch process principle: (a) passivation step; (b) isotropic etching. (c) SEM micrograph of

the silicon sidewalls after etching.

Each cycle lasts for several seconds. The repetition of etch-passivation cycles leads to
vertical profiles. Short cycles provide smoother sidewalls, whereas long cycles provide
higher etch rates.

In this thesis, the Bosch process (STS Advanced Silicon Etch) through the silicon wafer
was performed with 139 scem of SFs, 98 scem of C,Fs and 10 scem of O, gas flows at 94
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mTorr, 13.56 MHz rf frequency, 10 W platen power and 25°C chuck temperature: SFs/0-
etch step was 10 s, C,Fs passivation step was 6 s.

Cryogenic process

Cryogenic etching is conducted at low temperatures ranging from — 80 to — 140°C. At
these temperatures, chemical reactions are minimized promoting anisotropic etching.
Furthermore, in the cryogenic etching, the passivation and etching occur simultaneously.
The process typically involves SFs and O.. High percentage of oxygen (>15%) is
introduced to yield a passivation layer (SiF1Oy). Oxygen is needed to form the passivation
layer which prevents lateral etching. Thin passivation layer (SiFOy) forms and remains
on the sidewalls. Ion bombardment proceeds in the vertical direction removing the
passivation layer and thus vertical etching continues. Using these conditions it becomes
possible to create high aspect ratio structures with vertical profiles with smooth
sidewalls. Too high oxygen concentrations, however, lead to the black silicon formation.

Typically the increase of the etching process temperature increases etch rates, however it
reduces anisotropy. Conversely, the etching does not occur at temperatures lower than —
140°C. This is due to condensation of SF¢ on the surface; this thick layer prevents
physical etching by ions [87].

Sidewalls after DRIE

The presence of the passivation layer is crucial in DRIE. It allows achieving through-
wafer etching or high aspect ratio structures with vertical sidewalls. However, sidewalls
are often non-ideal.

During, cryogenic process, the excess of oxygen leads to positive sidewalls, whereas the
excess of SFe leads to negative slopes [85]. Figure 15 shows the failure of silicon
micropillars due to high SFe/O, ratios during DRIE. As also visible from micrograph, the
following increase of oxygen led to formation of black silicon spikes.
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Figure 15. SEM micrograph of failed micropillars due to negative slopes.
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The Bosch process exhibits scalloping, which makes the process inappropriate for certain
optical applications, e.g., mirrors or waveguides. The reduction of scalloping can be
achieved by shortening the lengths of passivation and etching pulses or by simultaneous
injection of them both. However, etch rate is reduced [86].

The quality of sidewalls is an issue for many MEMS devices because it affects to
mechanical robustness and strength of a whole device. Rough sidewalls can induce
silicon cracking and reduce the fabrication yield. Annealing in hydrogen can be employed
to improve sidewalls quality and/or to reduce scalloping of the Bosch process [88]. The
smoothening effect is related to enhancing of silicon surface atoms mobility at high
temperatures. Silicon atoms migrate on the surface to minimize the surface energy. This
leads to smooth profiles [88]. Alternatively, isotropic plasma etching after DRIE can
improve the quality of sidewalls. Isotropic plasma removes irregularities, reduces the
roughness and therefore increases the mechanical strength [12].

The mechanical strength of silicon sidewalls is extremely sensitive to process conditions
because surface quality determines their strength. The strength of silicon sidewalls was
determined by loading the half-etched hub structures (micropillar) from the flat surface
by Chen, et. al [89,90]. The highest strength of etched silicon walls was of 4.6 GPa, when
etching was performed with the Bosch process. Wet etching in potassium hydroxide
reduced sidewalls strength to 3.4 GPa. It was also concluded that after DRIE high surface
roughness leads to low, but uniform sidewalls strength. In contrast, low surface
roughness leads to high strength, but with great scatter.

DRIE process temperature

Process temperature is a critical parameter influencing sidewall quality. Small
temperature fluctuations yield wavy sidewalls. Figure 16 shows wavy sidewalls of the
etched silicon pillar caused by process temperature drift. If temperature rises, more
lateral etching can take place. Therefore, to obtain perfectly vertical sidewalls, it is
essential to keep process temperature nearly constant.

Figure 16. Wavy profile of micropillar due to process temperature fluctuation.
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RIE lag and aspect ratio dependent etching

In reactive ion etching, larger opening areas etch faster than narrow gaps when aspect
ratio exceeds 1:1. The effect is called RIE lag. Therefore, complex structures or features of
different dimensions cannot be optimized simultaneously. Another similar issue is aspect
ratio dependent etching: reduction of the etch rate with time. Both effects are associated
with depletion of etchants at the bottom of the narrow features and with difficulty of
removal of volatile byproducts from narrow trenches [91,92]. These non-idealities can be
reduced by reducing the process pressure to supply more etchants and to remove volatile
byproducts more effectively.

RIE lag is important to take into account when designing a pattern for test structures. It
is essential that mask for patterning contains structures, e.g., membranes, of similar
areas. Otherwise, structures with larger opening areas can be even destroyed by ion
bombardment while structures with smaller areas remained unreleased.

Aspect ratio dependent etching issue is important to consider during dry etch release.
Careful control of etch rate is needed to avoid over- or under-etch.

Notching (footing)

Notching effect appears when high density plasma reaches the etch stop oxide layer and,
as a result, charge accumulates at the insulator. The charge repels incoming ions to the
sidewalls causing damage of the silicon/insulator interface. The suppression of notching
(charge neutralization) is possible by pulsing of substrate bias power to alternate electric
field [86].

When fabricating free-standing structures, notching can cause the variation of the
designed geometry with obtained one, i.e. increasing sample area. Therefore, one should
employ microscopy to evaluate the dimensions of a sample after dry etch release.

Hard masks

The etch mask must be made out of material which can tolerate plasma with minimum
losses. Photoresist is prone to crack at cryogenic temperatures and moreover it is not
durable enough for deep structures. The selectivity of photoresist can reach 150:1 and 3-
5:1 in fluorine and chlorine plasmas, respectively [12]. Besides photoresist, hard masks
like thermal silicon dioxide or aluminum oxide can be used to obtain high selectivity.
Thermal silicon dioxide is grown typically at high temperature, i.e. 1000°C, which limits
its utilization as an etch mask. Sputtered aluminum oxide exhibits 1:5,000 selectivity to
silicon [93], whereas selectivity of ALD aluminum oxide to silicon is 1:66,000 [94]. Even
1 nm of ALD Al.Os is enough to act as a hard mask [95]. Thus extra thin layers of Al.O4
are very attractive for variable applications where high selectivity is required
(Publications I, II, ITI, IV). In contrast, ALD TiO. is less suitable as a hard mask for
DRIE. It is etched with CHFy and SFs plasma exhibiting high variation in etch rates [96].
Figure 17 shows the surface after TiO. etching using SF¢ plasma. As can be seen from the
figure, no masking layer remains on the surface. The etching results in rough black
silicon surface.
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Figure 17. SEM images shows that ALD TiO; layer as a mask was consumed and underlying silicon was

exposed to SFgplasma etching, resulting in silicon nanograss.

DRIE for free-standing structures

A great advantage of dry etching, in contrast with wet etching, is a possibility to fabricate
various shapes independent of crystal planes (Publications I, II, III, IV). Typically,
membrane fabrication requires etch through the substrate open areas until etch stop
layer is reached (bulk micromachining). Therefore, it is desired to have a good etch stop
layer. The main requirement for it is a good selectivity: during DRIE etch stop layer must
tolerate plasma without being damaged. Figure 18 shows ALD Al,Oj circular and oval
membranes (used as MEMS test structures). ALD Al.O; was used as an etch stop layer, as
a functional device layer (top side of the wafer) and as a hard mask (bottom side of the
wafer).

The fabrication process of free-standing structures using ALD Al.O;-based materials is
straightforward: after deposition of ALD Al.Os, the backside of the substrate is patterned
to define opening areas using lithography and wet etching in BHF. BHF etches alumina
with no impact to silicon. Next, DRIE continuous until free-standing structure are
released. ALD Al,Os films tolerate SFs-based plasma, however, careful control is required
to avoid any membrane damage by ion bombardment.
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Figure 18. ALD Al>O3 (a) circular and (b) oval free-standing membranes.

This approach was used in the majority of experiments in this thesis. The etching was
performed with a carrier wafer to keep chips with membranes on top of that. The
fabrication process flow of samples used in Publications I, II, III, IV (Figure 19)
contains following steps:

1. Wafer selection (double-side polished (DSP) silicon, 310 um) and wafer surface
cleaning in RCA2.

ALD deposition of Al,O; (top side).

ALD deposition of Al,O; with the thickness of 20 nm (bottom side).

Lithography.

Photoresist spin coating on the TOP side to protect the actual test structures.
Etching of 20 nm Al,O; from the BOTTOM side by BHF at 32°C for 30 sec.
Removal of the photoresist.

Etching of silicon using the Bosch process.
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Figure 19. Fabrication steps of test structures. (a) ALD thin film to test and as etch stop layer; (b) backside
ALD Al>O3 as etch mask; (c4), (c2) etching of ALD Al2O3 from the back side (d+), (dz2) through-wafer etching

by Bosch process (Publication ).
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It is important to mention that release of ALD Al.O;-based membranes of smaller
thickness than 50 nm should be preferable finished with mild RIE SFe-based etch.
Thinner membranes may be more susceptible to damage by physical ion etch. However,
in this method, the dimensions of membranes will be lost due to isotropical nature of low
power RIE. Alternative approach was developed by Wang L., et. al. [97], by growing ALD
ALO; films on suspended graphene. Graphene monolayer was removed by oxidative
etching (at 600°C for 10 hours) to obtain only free-standing Al.O; membranes. This
method resulted in release of 1-nm thick free-standing membrane but the membrane
diameter was only 5.52 um.

5) Annealing of thin films

Annealing is a thermal treatment used for several purposes: to active dopants, to modify
bonds of bonded wafers, to densify films and to reduce residual stress in materials.

Annealing changes physical and chemical properties of thin films since annealing induces
modification of film composition, reduction of pin-holes, increasing of grain sizes.
Therefore, annealing influences the crystallinity and to the mechanical properties of
materials. However, if thin film is deposited at temperatures comparable to the annealing
temperature, then only minor residual stress changes can be observed after annealing.
This is associated due to low thermal stress induced by annealing. For instance, LPCVD
films have stable tensile stress during and after annealing. In contrast, if films are grown
at lower temperatures than of annealing and have different expansion coefficients from a
substrate, dramatic stress changes can take place. For example, the residual stress of
PECVD silicon oxide films after annealing >800 °C become more compressive since the
thermal expansion coefficient of silicon oxide is much lower than of silicon substrate
(3.08 ppm/°C for silicon versus 0.55 ppm/°C for silicon oxide) and therefore the film is
unable to shrink as much as silicon during cooling to room temperature, leading to
compression of the film. If annealing of PECVD silicon oxide is performed at 500—550°C,
then most of hydrogen and moisture diffuse out, and film can even experience tensile
stress due to microstructure changes induced by hydrogen reduction from the film.
PECVD silicon nitride films exhibit different behavior from PECVD silicon oxide upon
annealing at temperatures >600°C due to very small difference of thermal expansion
coefficients with silicon (the difference is only 0.8 ppm/°C). During the annealing, silicon
nitride film losses hydrogen and stress rapidly changes from compressive to tensile and
stays tensile after the cooling to the room temperature [98]. Figure 20 displays schematic
representation of the mechanism of hydrogen loss in PECVD Si;N, film during annealing.
The weakest SiH bonds break along with NH bonds. This is followed with hydrogen
diffusion from metastable sites to the surface of the film or to the interface. This effect
forces neighboring silicon and nitrogen atoms to form new SiN bonds.
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Figure 20. Schematic representation of possible mechanism of hydrogen loss in PECVD Si3N4 film during
annealing (from [98]).

Annealing provokes self-diffusion and diffusion between different layers. For example,
annealing of free-standing Au/Cr/Si beams [99,100] causes microstructural evolution of
gold layer. The thermal treatment results in grain growth of the gold layer, changing
curvature of beams and stress level. The effect is due to inter-diffusion of underlying
chromium to gold, and self-diffusion of gold. An additional ALD Al.O; layer can prevent
the self-diffusion of the gold and inter-diffusion of chromium. The use of aluminum
oxide, as a result, helps to block the abnormal gold grain growth.

Annealing of ALD Al.O; films

Due to its excellent passivation properties, ALD Al,O; is widely used in solar cells for
surface passivation, where thermal treatment (firing at temperatures higher than 400 °C)
is one of the key fabrication steps [101-104]. However, annealing can influence
mechanical properties, composition and adhesion [33]. Therefore, one of the goals of this
thesis was to analyze the changes of properties of ALD Al,O4 films induced by thermal
treatments. Annealing was performed at atmospheric pressure in an oven (PEO-601)
and at vacuum of 7 mbar in a rapid thermal process furnace (Jipelec RTP), both at 500
°C, 600 °C and 700 °C for 20 min in nitrogen environment.

Annealing of Al,Oj; films deposited with TMA and H.O/O; precursors caused blistering of
the films [105], as shown in Figure 21.

(a)

2b

200 nm

Figure 21. (a) Cross-section of a blister of ALD Al,O3 after annealing. (b) Schematic cross-section of the

blister.
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Figure 22 displays heights, diameters and densities of annealed ALD Al.O; films
deposited on silicon substrate at 220°C. Atomic force microscopy was performed to
analyze geometries of blisters. All samples showed blisters after 500°C or higher
annealing temperatures independent of deposition and annealing conditions. The blister
heights increased with the annealing temperatures for all ALD processes, whereas
diameters remained roughly the same. The blister densities did not exhibit any trend.
Ozone pretreatment for 5 min was done to improve the uniformity and conformality of
the interfacial oxide layer. As can be seen from the Figure 22, ozone pretreatment led to
smaller blisters, but with the highest density. TMA-water based Al.O; (without ozone
pretreatment) films had larger blister heights and diameters than all other processes.
Aluminum oxide grown with TMA and O; behaved similarly to other deposition
processes.
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Figure 22. (a) Blister diameters and (b) blister heights versus annealing temperature measured by AFM; (c)
blister density versus annealing temperature determined by digital image analysis. Vac refers to vacuum

annealing.

Annealing in vacuum resulted in larger blister heights than annealing in atmospheric
pressure. In case of annealing in vacuum at 700°C, blisters underwent fracture. The
blisters grew until the moment of maximum strain, and then they broke. In case of
annealing of free-standing membranes, membrane areas were blister-free, whereas
blisters were formed only at the silicon/Al.O; interface (Figure 23).
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Figure 23. Optical profilometer (Veeco) scan of free-standing ALD Al,O3 membrane showing blistering effect
revealing on silicon surface. No blisters on membrane, blistering on silicon.

The quantitative composition and impurities analysis of the annealed ALD Al.O; thin
films was done by TOF-ERDA with 8.515 MeV 35Cl4* incident beam. The TOF-ERDA
measurements indicated the changes of composition in the films (Table 2). The impurity
concentrations were, however, both process and annealing temperature dependent.
There was more hydrogen in the film with H.O process than with O process. Ozone
pretreatment seemed to reduce hydrogen. All films had very low carbon content (<1%),
which did not change after annealing. Carbon concentration was higher with O; process.
As can be seen from the table 2, hydrogen concentration decreased after annealing
independent of chosen precursor. Aluminum concentration was independent of
deposition conditions and remained stable after annealing. The [O]/[Al] ratio was
slightly over stoichiometric value (>1.5), indicating that films had the excess of oxygen.
The [O]/[Al] ratio, i.e. oxygen concentration, was reduced after annealing. For example,
for TMA and O process, the oxygen loss after annealing was only 0.07 at.%. Thus the
total amount of water lost then is 0.14 at.% from total hydrogen loss of 1.70 at.%.
Therefore, the blistering formation mechanism can be likely related to accumulation of
the trapped hydrogen gas and water at the interface. Perhaps hydrogen and water
diffused from the Al.O; film to the local spots of adhesion loss, i.e. interfacial microvoids.
In case of membrane, gaseous H.O and H. diffused easily away. Thin films with ozone
pretreatment, however, appeared to have only hydrogen out-diffusion. Moreover,
stoichiometry increased after annealing. After annealing, blisters had the smallest sizes
for the samples with ozone pretreatment. Perhaps the interfacial layer tends to prevent
the diffusion of water to the interface, reducing dimensions of blisters. We performed
additional annealing at 600 °C for 20 min of ALD Al.O; (TMA and H.O process) on
thermal oxide (>1 um thick) to investigate if blistering can take place with the additional
barrier layer. As a result, no blisters were observed at the interface showing that most
likely thermal oxide acts as hydrogen diffusion barrier.
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According to our XRR results, the thickness values decreased as the annealing
temperature increased (Table 2). For example, the thickness decreased by 15% after
annealing in vacuum at 700 °C. There were, however, no significant material losses
observed as the density increased coincidentally by 15%. The thickness reduction can be
attributed partly to densification of Al,O; film and to changes in its composition, i.e.
hydrogen and water diffusion.

Annealing causes degradation of the adhesion of Al.O; layer (blistering), therefore energy
released to form a blister can be determined. The interfacial fracture energy for blisters

Waa, is defined by the critical buckling stress % and the driving stress % [14,15,106,107]
as follows

A-v>)h

Wad,pz{ E

(o, —0,)(o,+ 36/;):|
. (11)
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Table 2. XRR and TOF-ERDA results. Density and thickness variations upon annealing (XRR). Atomic
concentration of impurities present in Al>Os thin films before and after annealing (TOF-ERDA).

Hydrogen Carbon Oxygen | Aluminum | Oxygen/Aluminum

(at. %) (at. %) (at. %) (at. %) ratio

Sample: Density Thickness

annealing (glem®) (nm)

Reference, TMA
and O3

3.00 83.5 1.78+0.08 | 0.69+0.05 | 60.1+0.4 37.4+0.3 1.61

500 °C atm, TMA
and O3

308 825 1.51£0.07 | 0.690.04 | 59.7+0.4 | 38.1£0.2 157

600 °C atm, TMA
and O3

302 815 0.44+0.05 | 0.66+0.05 | 60.5:0.5 | 38.4+0.3 157

700 °C atm, TMA
and O3

308 81.0 0.08£0.03 | 0.81£0.07 | 60.1x0.5 | 39.0+0.4 1.54

500 °C vac, TMA
and O3

2.95 82.5 - - - -

700 °C vac, TMA
and O3

3.50 70.0 0.05£0.02 | 0.61+£0.04 | 60.7+0.4 | 38.6x0.3 1.57

Reference, TMA
and H,O

3.00 96.7 25:01 | 0.17£0.03 | 59.30.5 | 38.0+0.3 1.56

700 °C atm, TMA
and H,O

305 947 0.1840.04 | 0.15£0.03 | 60.2¢0.5 | 39.5:0.4 152

Reference, O3

oretreatment 300 027 21:0.1 | 0.15:0.03 | 59.4#0.5 | 38.4%0.3 1.55

TMA and H,0O

500 °C atm, O3

pretreatment - - 1.65:0.10 | 0.14£0.02 | 60.2+0.5 | 38.0£0.3 1.58

TMA and H,O

700 °C atm, O3
pretreatment, 3.05 91.7 - - - - -
TMA and H,O

The critical buckling stress and the driving stress depend on the film thickness h, the
radius b and height of the blister w (Figure 21 b)

’E Y
o, =———| | (12)
12(0-vH)\ b
3w\
= = —1 +1
0,=0, 4[,1} , (13)
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where E is the Young’s modulus, and v is the Poisson’s ratio.

The blister dimensions were measured using AFM to calculate the interfacial fracture
energies between ALD Al,O; and silicon substrate. Table 3 summarizes the interfacial
fracture energies evaluated by Equation (11). As can been seen, interfacial fracture
energies linearly increased as a function of annealing temperature due to hydrogen and
water diffusion to the interface. Thin films deposited by TMA and H.O had the highest
interfacial fracture energy. The O pretreatment seemed to improve the interfacial
strength, i.e. reduce local spots of adhesion loss.

In addition to blistering effect, annealing slightly tailored the residual stress of ALD
ALQs films. As it has been shown in our work [104], the thermal expansion coefficient for
AlL;Oj is only slightly higher than for the silicon substrate (3.84 ppm/°C for ALD Al.O,
and 3.08 ppm/°C for silicon). Thus hydrogen and water diffusion is most likely a
dominating mechanism of changes in the residual stress. After thermal cycling to 500°C
with rate of 10 °C/min, the residual stress of ALD Al,O; films increased from 308.1 MPa
to 341.5 MPa.

Table 3. Interfacial fracture energies of annealed ALD Al,O3 (Eq. 11)

Annealing temperature Interfacial fracture energy
Sample: precursors )
(°C) (J/m?)
TMA and O3 500 0.26+0.08
TMA and O3 600 2.87+0.86
TMA and O3 700 9.13+1.56
TMA and H,O 500 0.96+0.17
TMA and H,O 600 4.57+1.53
TMA and H,O 700 10.77+2.84
Oj3 pretreatment, TMA and
500 0.47+0.09
Hzo
O3 pretreatment, TMA and
600 2.48+0.44
H>0
O; pretreatment, TMA and
700 5.61+1.61
H20
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5. Characterization of residual stress, elastic
modulus and fracture strength

5.1. MEMS devices as tools for thin film mechanical characterization

MEMS devices can serve as micro-test structures to measure mechanical properties of
thin films. Typically MEMS test sample represents a free-standing structure
manufactured by bulk or surface micromachining. Each device is clamped from one or
two sides as designed prior the fabrication. Among MEMS test structures are: single
supported beams, doubly supported beams, and membranes (Figure 24).

The reliable measurement of mechanical properties depends on many challenging issues
related to sample preparation, assembling, handling, determination of dimensions, and
precise application of load to deform samples [108]. Prior to the actual measurement, the
sample has to be positioned and aligned with respect to loading using, for example, an
optical microscope. If microscope optics is included in the set-up, then it can be used for
further optical characterization. Atomic force and electron microscopy can be, in
addition, used to study in-situ changes in surface topography and microstructural
deformation during loading.

Typically, the mechanical load is done with an indenter tip and electrostatic MEMS
actuators. Fragile, thin samples can easily break when loaded with a sharp tip. Sharp
contact induces severe deformation at the point of loading and consequently cracks start
to develop. Therefore, to avoid premature fracture it is essential that the tip is round and
smooth. Alternativel