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1. Introduction

1.1 Background

Silicon, having a traditional role as a semiconductor material, is an un-

beatable choice for various applications due to its electric, mechanical, op-

tical and thermal properties. With the help of dopant atoms, the electrical

behaviour can be tailored from high resistivity to high conductivity. Sili-

con has excellent stress-strain behaviour and linear elasticity that enable

highly repeatable and long-term stable operation in mechanical applica-

tions. The advantages include also the capability to manufacture and pro-

cess material with perfect crystal orientation, and the possibility to polish

the surface to almost atomic smoothness (rms roughness ~0.1 nm). Sili-

con is transparent to microwaves and infrared light that makes possible

the combination of devices with fiber optic systems operating at telecom-

munication wavelengths. Moreover, the thermal properties of silicon are

suitable for thermo-mechanical actuation.

Most of the existing microfabrication infrastructure - cleanrooms, wafer

technologies and processing equipment - has originally been developed

for filling the ever-growing needs of integrated circuit (IC) industry. In

addition, it provides a superior platform for evolving micro- and nanoelec-

tromechanical systems (MEMS/NEMS) [1,2], photonic and optoelectronic

devices [3,4], and solar power systems [5].

The potential of silicon in micromechanics was first reviewed by K. E.

Petersen in the beginning of 1980’s [6]. Nowadays its role has been estab-

lished in commercial fabrication of many mechanical components such as

switches, filters, oscillators, fluidistic devices, medical- and biochips, mi-

crophones, accelerometers, gyroscopes, flow detectors, micromirrors, and

cantilever sensors [7–12].

1



Introduction

The typical detection or generation of the mechanical signal is based

on utilizing piezo- or thermoelectric, resistive, capacitive, magnetic, optic,

or resonant characteristics. To ensure reliable and reproducible device

performance, attention must also often be paid on the strict control of

critical dimensions, surface quality, and stresses already at the designing

phase [13,14].

In addition to the requirements set by the final application, the fabri-

cation techniques to be applied set their own limitations that need to be

considered. One important aspect is the need for high level of cleanliness.

Hence, the control of particles and traces of organic impurities is crucial

in the processing of any kinds of structures involving micro- or nanoscale

dimensions. Besides, MEMS and CMOS components are often handled

in the same laboratories or even integrated together in the final devices.

Thus, potential sources of metallic impurities must often be taken into

account throughout the whole microfabrication chain [15,16].

A proper MEMS device design starts by a considered selection of the

substrate material. The classical, and in many cases the most cost-effective

approaches are based on surface or bulk micromachining, whereas the

growing demands of advanced sensor production are often filled by select-

ing more specialized substrates such as silicon-on insulator (SOI) wafers

[17–19]. As important as the substrate are the applied thin-filmmaterials

that are needed both during the fabrication and for building up structural

parts [20]. Furthermore, components in various mechanical, electrical

and optical applications benefit from thin-film coatings that are utilized,

e.g. for functional or protective purposes [21].

Likewise in IC-production, the trend in developing mechanical devices

is towards scaling down their dimensions [22,23]. The miniaturization al-

ters the physical properties of sensor structures, which breaks new ground

for advanced detection schemes. As an example, silicon nanowires can

be used as sensors in medical applications due to their high surface-to-

volume ratio and dimensions close to the species to be detected [24]. The

nanoscale size sets challenges to microfabrication processing, especially

because the character of mechanical components, in contrast to electron-

ics, often relies on 3D structures with remarkable height differences.

The overall motivation behind this work is related to the continuous

drive to build up new processes, devices, and applications on the under-

laying infrastructure by using commercial equipment, microfabrication

compatible materials, and established processing techniques in new con-
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texts or in a non-standard way. As a result, novel component designs,

as well as fabrication and prototyping methods that are easy to adapt to

industrial usage are achieved.

1.2 Objectives and scope

The aim of this thesis is to develop mechanical, crystalline silicon based

micro and nanodevices. The understanding of the special characteristics

of materials, microfabrication, and final devices alike is of great impor-

tance in producing functional, state-of-the-art components. In this work,

a special attention is paid to wet etching as a fabrication method, and

devices with released structural parts. The scope of the work and the in-

terconnections between the themes discussed are visualized in Fig. 1.1.

Devices: Released SOI cantilevers [II, IV, V]; ALD-tuned oscillators [I]; FIB nanostructures [III] 

Mechanical micro- and nanostructures 

Materials selection Microfabrication Device functionality 

Si, SOI 
Thermal and PECVD films 
ALD alumina 
Ga implantation 

Anisotropic TMAH etching  
FIB patterning 

Oscillators 
Optical devices 
Acoustic sensors 
NEMS 

Lithography methods 
Masking 
Wet/dry etching 

Substrate materials 
Dopants 
Thin films 

Released structures 
Mechanical properties 
Stresses 
Detection 
 

Silicon 

Figure 1.1. Scope of the thesis. The pyramidal structure shows how the results of the
publications I-V (at the lowest level) are related to a more general context.

The compiling part of the dissertation summarizes the results presented

in five journal articles, each providing a partial contribution to the re-

search field of interest. In Publication I, high-Q optomechanical silicon

oscillators for high-precision sensing applications are fabricated. The po-

tential to use atomic layer deposited (ALD) coatings in fine tuning the

mechanical properties of resonant structures and utilize them as protec-
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tive or functional thin-films is studied. Publication II and Publication

IV concentrate on the process development, microfabrication and charac-

terization of optically detected acoustic SOI cantilevers. This novel type

of microphone is designed to meet the demands of ultimate sensitivity in

photoacoustic spectroscopy. Because the operation of these components as

well as many other MEMS devices relies on thin, released parts, adequate

stress control is an important aspect. This is discussed in Publication V,

describing particularly the effects of doping and thin-film materials selec-

tion on residual stress in silicon. Publication III concentrates on focused

ion beam (FIB) patterned nanoscale structures. The motivation is related

to the fabrication of 3D devices having applications in MEMS/NEMS, flu-

idistics, and optics.

The structure of this compilation is as follows: Chapter 2 reviews the

materials and fabrication methods commonly used in microsystems tech-

nology, emphasizing the features utilized in the experiments of this the-

sis. Chapter 3 concentrates on the achieved results, discussing the in-

vestigated fabrication processes and the resulting structures and devices.

Finally, the conclusions are presented in Chapter 4.
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2. Silicon processing

This chapter reviews the basic concepts related to microfabrication, with

an emphasis placed on silicon processing. The properties of the starting

material - bulk silicon and SOI wafers - are discussed, as well as sev-

eral thin-film deposition techniques needed for adding materials during

the fabrication. The desired patterns are typically transferred to the sub-

strate by the means of lithography, defining the areas where the material

can be removed by etching. This is performed by using either liquid or

gaseous chemicals. The processing of most of the structures presented in

this work is based on wet etching that is therefore covered here in more

detail. Methods for fabricating nanoscale structures by focused-ion-beam

(FIB) -based processes are also introduced.

2.1 Materials

2.1.1 Silicon as a substrate material

The microfabrication processing usually starts by wafer selection. The fi-

nal devices are built in and on the top of this base material. Crystalline

silicon (c-Si) substrates are extensively employed in commercial semicon-

ductor applications. They serve also as a starting material for all the

structures fabricated within this work. Thus the focus is on describing the

properties of single crystalline silicon, in contrast to amorphous silicon in

which the atomic order is random, or polycrystalline silicon consisting of

multiple, small, regularly ordered crystals. The discussion of other types

of semiconductors and insulators as substrates is excluded, even though

they are widely used in certain fields of microsystems technology.
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Crystal structure

In single crystalline silicon the atoms are organized regularly into a cubic

diamond lattice throughout the crystal, Fig. 2.1 (a). Each Si atom has

four neighbouring atoms in a tetrahedral arrangement, and the lattice

constant is 5.431 Å. Viewing the crystal from different directions reveals

atoms arranged in several planes. This crystallographic orientation is

described by Miller indices (hkl). The most important crystal planes of

silicon are (100), (110), and (111), as illustrated in Fig. 2.1 (b) [25].

Figure 2.1. (a) Cubic diamond lattice of silicon. (b) The most important silicon crystal
planes.

Especially from the mechanical engineering point of view, the crystal

orientation is a critical aspect since it has an effect on the material pa-

rameters such as Young’s modulus (E) describing the stiffness of a ma-

terial [26]. As a material, silicon is strong and brittle; it deforms fully

elastically until it breaks. The brittleness is exploited in wafer dicing, in

which the cleavage propagates along the crystal planes enabling an easy

way to divide a larger sample into small chips. The crystal orientation

has also remarkable effects on the microfabrication properties of silicon,

as will be shown later in this chapter.

Bulk silicon wafers are widely available in various sizes for a moderate

price. The typical diameters are 100/150/200/300 mm, and the thickness

varies from ∼ 300 to 800 μm. The wafer is cut along a desired crystal

plane, <100> being the most commonly used orientation of the surface.

Depending on the purpose of use, either one or both surfaces of the wafer

are polished with a root mean square (rms) roughness of approximately

0.1 nm [27]. Whereas single-side polishing (SSP) is enough in many IC

applications, double-side polishing (DSP) is often necessary in MEMS pro-

cessing, in which double-sided patterning or wafer bonding takes place.
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Doping

The introduction of dopant atoms into silicon crystal lattice is a funda-

mental process used to modify the electrical characteristics of the sub-

strate. In addition to integrated circuits, doping plays a central role in

manyMEMS applications enabling the function of various conductors and

contacts, electrostatic devices, resistors, and piezoresistive elements. The

doping type, p or n, refers to the character of silicon as a semiconductor

material. P-type dopants such as boron, aluminum, and gallium act as

acceptors providing holes as free charge carriers in the crystal, whereas

n-type dopants like phosphorus, antimony, and arsenic are donors sup-

plying excess electrons. The concentration of dopants defines the silicon

resistivity, with densities of approximately 1014 - 1016 cm−3 considered

light doping and 1018 - 1019 cm−3 high doping. The doping of bulk ma-

terial takes place during the silicon crystal growth. Dopants can also be

added locally to only certain areas of a wafer during device processing by

means of ion implantation or diffusion.

Besides electrical properties, the presence of dopants leads also to me-

chanical effects such as silicon lattice contraction (B, P) or expansion (Sb)

proportional to the dopant concentration [28–30]. If there is gradient in

the dopant distribution in vertical direction, the lattice volume change

may induce significant stress and deformation of mechanical silicon de-

vices as was shown in Publication V.

Doping can also be utilized as a part of the microfabrication process be-

cause it behaves as an etch stop: the highly doped areas of silicon are

not dissolved in specific wet etchants [31,32]. Especially boron doping ex-

ceeding 1019 cm−3 is commonly used for etch stop purposes. In nanoscale

structuring, focused ion beam implanted gallium shows similar type of

resistance towards both wet and dry etching [33–36], [Publication III].

Silicon-on-insulator substrates

SOI wafers are customized substrates for specific end applications. The

structure is made up of a bulk silicon wafer (handle), a topmost, thin sil-

icon (device) layer, and a silicon dioxide (SiO2) (buried oxide, BOX) film

between them, Fig. 2.2. The properties like dopant type, resistivity, thick-

ness and crystal orientation can be selected separately for both silicon

wafers. The most typical reasons for working with SOI in mechanical ap-

plications are related to its potential for accurate and simple fabrication

of devices with less processing steps. The advantages are related to the
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Figure 2.2. Silicon-on-insulator wafer structure. The dimensions are typical for bonded
SOI wafers used in MEMS applications [27].

buried oxide that can serve, for example, as an electrical insulator, an etch

stop layer for both dry and wet etching of silicon, or a sacrificial layer for

released structures.

In CMOS devices, thin-film SOI, manufactured in most cases by the

Smart Cut method, is widely employed. The typical film thicknesses in

these applications range from tens to a few hundreds of nm. In MEMS,

instead, the films are thicker: the common device layer thickness varies

from 2 to 100 μmand the buried oxide thickness from hundreds of nanome-

ters to a few microns [27, 37]. The fabrication of such wafers is in most

cases based on bonded SOI technique (BSOI), in which an oxidized bulk

wafer is joined to a plain wafer and annealed at high temperature near

1 000 ◦C for bond strengthening, followed by thinning and polishing one of

the wafers to a desired device layer thickness [27]. BSOI substrates serve

as a basis for the structures fabricated in Publication II, Publication IV

and Publication V.

2.1.2 Thin-films

The possibility to grow high quality thin-films is a central feature in mi-

crofabrication. A short introduction is given about selected techniques for

the growth of thin-films that play an essential role in the fabrication pro-

cesses developed in this thesis. The focus is on dielectric materials, and

hence metals, that are typically deposited by sputtering or evaporation,

are not discussed in more detail.

Thermal oxidation

Silicon dioxide is probably the most common thin-film material in mi-

crotechnology. Besides being an integral part of the SOI substrate con-

struction as discussed above, it is typically applied as a dielectric or in-

sulating material in final devices, and as a diffusion barrier or a hard

etching mask during silicon processing [38].
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In thermal oxidation, atoms at the surface of the silicon substrate react

with oxygen at high temperatures (from 800 to 1 200 ◦C). Very thin films

(< 100 nm) may be deposited by dry oxidation employing pure oxygen gas,

but for thicker films wet oxidation is used. In this case the reaction takes

place in steam:

Si (s) + 2 H2O (g) → SiO2 (s) + 2 H2 (g)

The oxidation rate is dependent on the temperature and the oxidant par-

tial pressure, and is typically a few hundreds of nm/h. When the film

thickness increases, the rate slows down as the oxidizing species must dif-

fuse through the oxide to the silicon-oxide interface. The growing oxide is

amorphous, and its molar volume is over the double of that of silicon. Thus

the amount of silicon consumed during oxidation is approximately 45% of

the thickness of the SiO2 film. There is also a difference in thermal expan-

sion coefficients: expansion of silicon is approximately five times higher

than that of SiO2, leading to a stronger contraction of the substrate at the

cooling phase after oxidation. As a consequence of these factors, the oxide

film takes a larger volume compared to silicon and is under compressive

stress as seen in Fig 2.3.

Figure 2.3. Optical microscope view shows a volume difference induced crack in a 1 μm
thick, released thermal SiO2 film .

Due to the growth mechanism, the dopant elements in silicon crystal

also participate in the oxidation process. The difference of the chemical

potentials in oxide and silicon induces segregation of the dopant atoms

near the interface. As a result, some elements, e.g. phosphorus, accumu-
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late on the silicon side, whereas others, such as boron, escape into the

oxide [39].

PECVD

In plasma-enhanced chemical vapour deposition (PECVD), the growth

of thin-films is based on chemical reactions of plasma-activated source

gases. The method is not considered as an actual high temperature pro-

cess since the temperature is only around 300 ◦C, which is beneficial in

many applications [40]. The deposition is relatively fast and the rate,

typically tens of nm/min, is linear and independent of the film thickness.

Silicon oxides and nitrides are common films produced by PECVD. The

growth of SiO2 differs from thermal oxidation because silicon at the wafer

surface is not participating in the reaction. Instead, the film deposition

takes place by letting the source gases, e.g. silane SiH4 and nitrous ox-

ide N2O, react on the substrate. Unfortunately, the quality of PECVD

films is not comparable to the films obtained by high temperature pro-

cessing; they suffer from pinholes, stresses, and poor etch resistance [41].

Film densification and quality improvement are nevertheless achievable

by post deposition annealing [42]. This property was exploited in the fab-

rication processes investigated in Publication IV and Publication V.

ALD

Atomic layer deposition (ALD) technique is a self-limiting method based

on sequential surface reactions of precursor gas molecules. Because the

thin-film growth is linear and depends directly on the number of growing

cycles, it is possible to control the thickness of the film at the atomic level

[43,44]. The typical temperature for ALD processing is 200 - 300 ◦C. The

ALD process cycle is illustrated in Fig. 2.4.

Compared with other thin-film deposition techniques such as evapora-

tion, sputtering, or PECVD, ALD has an advantage of high conformality:

even a complex surface topography with steps, shaded areas and deep

trenches is covered with a uniformly thick film. This ability is beneficial

especially in miniaturizing semiconductor devices, but also in the process-

ing of MEMS components since they typically contain three-dimensional

structures [45,46].

ALD has a capability of producing a wide range of both conducting and

insulating layers. Multilayered structures are achievable with a single

processing step, because several types of films can be deposited consecu-

tively. In the processes discussed within this thesis, ALD alumina Al2O3
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Figure 2.4. ALD process cycle for Al2O3 growth. The first precursor is pulsed to the
chamber and it reacts with the substrate surface (a). The excess vapor and
by-products are purged away with a carrier gas (b) before the second pre-
cursor that reacts with the first precursor is brought in (c). After another
purging step, a new cycle is ready to begin (d).

is applied [47]. It is a beneficial material in MEMS fabrication especially

due to its exceptional property to serve as an ultra-thin, high selectivity

mask in cryogenic silicon dry etching [48]. In Publication I its effects as

coatings on mechanical oscillators are studied.

Stress

Thin-film related stress is a challenge in many applications. The oper-

ation of many micromechanical devices like micromirrors, various kinds

of membrane- and cantilever-type sensors and RF-MEMS components is

based on thin, released structures. Thus attention must be paid especially

to residual stresses left in these devices after fabrication processing, as

they may induce deformation, affect the mechanical properties and even

prevent their functionality [49]. Stresses can be controlled by a careful se-

lection of materials and processing methods, and sometimes by depositing

additional compensating layers.

The stress can be extrinsic, i.e. caused by the mismatch of thermal ex-

pansion coefficients, or intrinsic, meaning that it originates from the thin-

film material structure and the growth process [50]. Depending on the

materials, the stress leads to either tensile or compressive effects, Fig. 2.5.

A common way to determine the stress is to measure the curvature of

the thin-film coated structure [51]. Stoney’s formula relates the radius of

curvature R to stress σ [52]. For cantilever shaped structures that are in

the focus of this thesis, the curvature is often practically determined by

measuring the deflection of the free end Δh. The difference of stresses

between the upper and lower surfaces is given as:
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Δσ =
Ed2

6R(1− ν)
=

ΔhE

3(1− ν)

(
d

l

)2

, (2.1)

where d is the thickness of the cantilever, E is the Young’s modulus, and

ν is the Poisson’s ratio. The latter form follows from the assumption that

the deflection is small compared with the cantilever length l, and thus

R = l2/2Δh based on geometry. The use of Stoney’s equation in the pre-

sented form is limited to the situations in which the film is much thinner

compared with the substrate thickness. As an example, when the film

thickness is 3.5 % of that of the substrate, and the elasticity is assumed

to be homogeneuos throughout the structure, the error in the curvature

is 10 % [53]. The thin film assumption is not valid for the structures of

Publication V, but more accurate approximations are applied, as will be

discussed later in Section 3.3.2.

Figure 2.5. Thin-film induced stresses. A larger film is compressed, whereas a film with
a smaller volume experiences tensile stress. The dashed line shows a neutral
axis that remains unstressed when the structure bends.

2.2 Microfabrication

In microfabrication, patterns are usually transferred onto substrates by

means of lithographic patterning and subsequent etching. Photolithogra-

phy is the traditional and dominating patterning method in semiconduc-

tor device production. For nanoscale structuring, more advanced - and

unfortunately often also more time consuming - patterning techniques

based on, e.g. direct writing by electron or ion beams are needed [54]. Be-

sides patterning, also etching plays a critical role in defining the shape

and dimensions of the final structures.
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2.2.1 Optical lithography

The principle of conventional photolithography is presented in Fig. 2.6: A

photomask (glass plate with a chromium pattern) is aligned with a wafer

having a layer of spincoated photosensitive polymer resist on it. The expo-

sure by UV light (approximately 1 s) changes the solubility of the illumi-

nated areas of the resist in a developer. The generated pattern can then

be used, e.g. for etching the underlaying material away. As a replicating

technique, the throughput of optical lithography in serial production is

hundreds of wafers per hour.

Figure 2.6. Principle of thin-film patterning by photolithography. (a) Thin-film deposi-
tion; (b) photoresist spinning; (c) exposure through a photomask (positive
process); (d) resist development and thin-film etching; (e) resist removal.

Often the main concern related to patterning is the resolution. In con-

tact and proximity approaches, in which the mask is brought to an in-

timate contact with the wafer, or to a distance of some microns to avoid

mask damage, the resolution is limited by light diffraction. Also the pho-

tomask pattern size has its own contribution, where sub-micron features

are increasing substantially the price. The flatness of the surface is often
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a resolution-limiting factor especially in mechanical applications, as the

surface to be patterned may cover vertical dimensions of several microns.

In conclusion, in MEMS an accuracy of ∼ 1 μm is achievable in optimized

circumstances, but more often in practice a few microns is a more realistic

goal.

Improvement of resolution is achievable by using projection optics: af-

ter the photomask the light passes through a lens system providing on

a wafer an image with a reduced magnification. Projection optics is typi-

cally used in stepper lithography utilized in IC fabrication for chipwise ex-

posure. By using deep UV light having shorter resolution-limiting wave-

lengths, and an advanced reduction optics, the minimum resolvable

linewidth (a half-pitch) is in the order of tens of nm [55,56].

In addition to resolution, the accuracy of the lateral positioning, i.e. the

alignment is crucial in processes with multiple lithographic steps. Partic-

ularly in MEMS applications, double-sided processing is often required,

which involves aligning the pre-existing structures on one side of the

wafer to the pattern to be exposed on the other side. In contact lithog-

raphy, the positioning with an accuracy in the order of a few microns is

achieved by using alignment marks on the photomasks and with the help

of the exposure tool that enables to move the substrate and the mask me-

chanically with high precision. Double-sided patterning and careful align-

ment along crystal directions are key features in the processes developed

in Publications I, II, IV, and IV.

2.2.2 Towards nanoscale

For nanopatterning, beams with shorter wavelengths are required. In

electron beam lithography (EBL) no photomask is used but the pattern

is written pixel by pixel on a resist coated substrate. Features less than

10 nm in width are achievable but at the cost of low throughput and chal-

lenging patterning of larger areas [57]. The same restrictions are related

to focused ion beam (FIB) patterning, which is discussed more in detail

below. An applicable low-cost method for mass production is nanoim-

print lithography (NIL), in which a hard stamp with a nanostructured

surface mechanically deforms the resist material replicating the original

pattern [58].
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Figure 2.7. Focused ion beam milling. In parallel to the sputtering of the substrate
atoms, a certain amount of primary Ga+ ions is implanted into the sample.

Focused ion beam patterning

In FIB processing, a well focused beam of ions is scanned over the sub-

strate. The technique can be used for multiple functions involving phys-

ical milling, imaging, material deposition, ion-assisted etching, and im-

plantation [59]. The conventional way to use FIB is milling: the energetic

ions induce sputtering of the surface atoms, and the desired freeform pat-

tern can be directly written on the substrate without using any resist

and subsequent etching, Fig. 2.7. The applications of FIB include pho-

tomask and circuit repair, transmission electron microscopy (TEM) sam-

ple preparation, and nanostructure fabrication especially on prototyping

level [60,61]. One advantage is the capability to pattern on irregular sur-

faces with slopes or other 3D structuring that are excluded with methods

requiring resist coating.

Most FIB tools are based on gallium ions extracted from a liquid metal

ion source (LMIS) [62]. The acceleration voltage of the ions affects the

accuracy and efficiency, and thus in most cases the use of the highest

possible value (30 kV in the experiments of this work) is advisable. The

ion dose delivered to the sample is defined as the number of ions pass-

ing through a unit area. Milling requires a higher dose (> 1018 ions/cm2

for silicon), whereas the use of lower doses results in gallium implanta-

tion. The beam size and thus also the spatial resolution are affected by

the beam current. As a consequence, high resolution patterning increases

the processing time. With small currents (1-10 pA), a spot size of approx-
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imately 10 nm is achievable (full width at half maximum FWHM for a

Gaussian shaped beam).

The use of local gallium implantation as an etching mask opens up new

opportunities for developing nanofabrication processes. In silicon process-

ing, the implanted areas become protected but the material around them

can be removed by means of plasma or wet chemical etching at rates that

are very fast compared with direct FIB milling. The method has been

utilized for realizing various types of configurations including MEMS de-

vices [63], nanosensors [35], and layer-by-layer manufactured 3D struc-

tures [64]. In addition to silicon, the corresponding masking effect has

been reported in certain thin-film materials. Ga+ -implanted PECVD ni-

tride (SiNx) is resistant to CF4 reactive ion etching, whereas aluminum

oxide (Al2O3) shows an opposite behaviour as the implanted areas are

etched with a higher rate in phosphoric acid etchant, enabling a negative

patterning scheme [65, 66]. Combined with silicon patterning, the use of

thin-films as an intermediate layer helps to protect the bulk material from

undesired lattice damage and dopant contamination [67].

2.2.3 Etching

The patterning of the substrate is frequently followed by etching. Mate-

rial from these areas, that are not protected by an etch resistant mask,

is chemically removed. Isotropic etching means that the reaction pro-

ceeds at an equal rate in all directions, Fig. 2.8 (a). Silicon dioxide etching

in buffered hydrofluoric acid (BHF) is a typical example of an isotropic

process. If the rate is direction-dependent, the process is anisotropic,

Fig. 2.8 (b) and (c). Selectivity describes the ratio between the etch rates

of two materials or crystal directions. When liquid-phase chemicals are

used, the process is called wet etching, whereas dry etching takes place

typically in gas and plasma.

Figure 2.8. Etching profiles resulting from (a) isotropic etching; (b) anisotropic wet etch-
ing of <100> Si; (c) anisotropic dry DRIE etching.
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Figure 2.9. Anisotropically wet etched c-Si structures: (a) tips; (b) wells; (c) (111)-plane-
limited v-grooves; all on a <100> oriented substrate. (d) Patterns etched with
a rectangular mask (shown on the top) on a <110> substrate. The sidewalls
are vertical and determined by the (111) planes. Self-limiting slow etching
planes (311) are seen to appear at the bottom.

Wet etching of silicon

Wet etching is a widely used mass production method in silicon process-

ing. Common structures include grooves, membranes, cantilever sen-

sors, resonators, sample wells, tips, and microfluidic channels. Scanning

electron microscope (SEM) images in Fig. 2.9 show examples of charac-

teristic wet etched structures. For isotropic etching, a mixture of nitric

acid (HNO3), hydrofluoric acid (HF), and acetic acid (CH3COOH) is the

most common choice. Here the focus is, however, on anisotropic, crystal

orientation-dependent wet etching.

In certain hot alkaline solutions the etch rate of silicon depends strongly

on the crystal plane exposed to the etchant [68]. Thus the dimensions of

the final structures are determined by the orientation of the chosen sub-

strate in addition to the mask patterns. Aqueous solutions of potassium

hydroxide (KOH), ethylenediamine pyrocatechol (EDP), and tetramethy-

lammonium hydroxide (TMAH) are the most common anisotropic silicon

wet etchants [69–71]. Potassium is an impurity to be avoided in a clean-

room environment because it may introduce unwanted mobile K+ ions.

EDP, instead, is poisonous and carcinogenic. Therefore, the use of TMAH
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((CH3)4NOH) is advisable in laboratories with both IC and MEMS pro-

cessing, and when the CMOS-compatibility of the sample is an important

aspect.

The chemical reaction of alkaline silicon etching is given as [72]:

Si + 2 OH− + 2 H2O→ SiO2(OH)2−2 + 2 H2.

Etching is mainly an electrochemical process. When the hydroxide ions

catch the free bonds at the silicon surface, their stronger electronegativ-

ity diminishes the strength of the bonds to the other atoms in the lattice,

and silicon is dissolved. A clear visual indicator of the reaction is hydro-

gen release, seen as bubbles forming on the substrate surface.

Examples of mask pattern alignment and the corresponding profiles of

the structures after anisotropic wet etching are shown in Fig. 2.10. The

Figure 2.10. Pattern alignment and crystal plane dependency of anisotropic silicon wet
etching. (a) The patterns with a cross-cut A-B show the typical alignment
on a <100> substrate, leading to the formation of characteristic V-grooves
between the lines when the etching proceeds. Instead, as a result of the
pattern alignment 45◦ off the <110> directed main axes on the substrate,
the (100) planes appear in parallel to the direction of the lines, and perfectly
vertical fast etching sidewalls are obtained, C-D. (b) For a <110> oriented
substrate, the self-limiting shape is a U-groove, E-F.
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atoms in silicon crystal are the most tightly packed in the <111> direc-

tion, that correspondingly shows the slowest etch rate. In addition, the

Si atoms have only one free bond to catch the OH− ions instead of the

two bonds of the faster etching (100) plane. In <100> silicon etching, the

54.7◦ angle between the (100) and (111) planes is a characteristic feature.

When the (111) planes meet, the etching terminates.

Due to the anisotropy, care must be taken when rectangular shapes are

etched because at convex corners fast etching (311) planes are revealed.

In many designs, sharp corners are desired, and thus a corner compensa-

tion can be added to the mask pattern, Fig. 2.11. As the etching proceeds,

this additional structure is etched and a rectangular corner is achieved.

The size of the mask pattern often limits the space available for the com-

pensation, that cannot therefore be made perfect.

Figure 2.11. Optical microscope images of convex corner etching on <100> Si (mag 50×).
(a) Patterned hard mask with a corner compensation; (b) Successful tim-
ing leads to a rectangular corner after silicon etching; (c) Further etching
results as undercutting revealing fast etching crystal planes.

Photoresist itself is not durable enough as a masking material in silicon

wet etching, but it can be used for patterning a hard mask such as Si3N4 or

SiO2 thin-film. As discussed above, also the dopant induced etch stop is a

commonly exploited technique. In recent years, the supply of spincoatable

polymers that have been developed to be used directly as a mask or a

protective layer, has opened up new alternatives in wet processing. One

example is commercially marketed as ProTEK (Brewer Science Inc.), a

coating material resistant towards both bases and acids. It is capable for

protecting topographies with steps of several microns in through wafer

alkaline wet etching, which was utilized in Publication V.

TMAH was applied as a silicon wet etchant in all the processes devel-

oped within this thesis. The typical parameters and etching conditions are

listed in Table 2.1. The most critical parameters to be controlled are tem-
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Table 2.1. Typical TMAH etching conditions.

Concentration [wt-%] 25

Temperature ◦C 85

Etch rate, (100) [μm/min] 0.6

Etch rate, (110) [μm/min] 1.4

Selectivity, SiO2:Si > 3000:1

Selectivity, (100):(111) 30:1

Selectivity, Ga+ doping (>1016 cm−2) 2000:1

Figure 2.12. TMAH wet etching setup used in the experiments.
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perature and TMAH concentration. The typical etching takes place close

to 80-90 ◦C, because the elevated temperature has a direct impact on the

reaction rate. Also the decrease of TMAH concentration increases the etch

rate, because the amount of water molecules is higher [73]. The maximum

is reached close to 4 wt-% [74]. However, this type of speeding up is often

not advisable, mainly due to the effects on the surface quality and crystal

plane selectivity [75]. In long etching processes, the evaporation of wa-

ter and the resulting concentration of the solution need to be controlled.

In critical applications, fresh solutions are required because the dissolved

silicon decreases the concentration of active OH− ions. A photograph of

the etching setup used in the experiments is seen in Fig. 2.12.

The TMAH etching results in smooth silicon surfaces when solutions

containing over 22 wt-% are used. At concentrations close to 15 wt-%,

(111) planes start to form pyramid-like hillocks, as the (110) planes etch

slower than (100) planes [76]. Some applications take an advantage of

this type of pyramidal texturization, e.g. in solar cells the light trapping

capability can be improved [77, 78]. In recent years there has been a lot

of activity in studying the influence of additive surfactants, such as iso-

propanol (IPA) and Triton-X, in TMAH solution [79–81]. As a result, the

crystal plane selectivity can be manipulated, and extremely smooth sur-

faces can be achieved [82,83].

Dry etching

Dry etching means the removing of material typically with help of reactive

ion etching (RIE); based on the action of both chemically active radicals

and physical ion bombardment. The etching gases are brought into a vac-

uum chamber, and ionized by an RF-field to form plasma that reacts with

the sample surface. Depending on the feed gases, several types of mate-

rials (e.g. Si, SiO2, Si3N4) can be etched with the same equipment. The

typical etch rates are in the order of tens or hundreds of nm/min. In many

cases the etching time is relatively short, and photoresist is sufficient as

a masking material.

In silicon processing, dry etching provides certain benefits compared

with wet etching; the most important being the capability of high

anisotropy that is independent on the crystal directions but produces prac-

tically vertical sidewall profiles. Silicon dry etching is typically performed

by fluorine based chemistry [84].
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Deep reactive ion etching (DRIE) is an extension to the basic mechanism

of RIE. It enables fast (several μm/min) etching of structures with very

deep and narrow profiles [85]. In the experiments of this work, cryogenic

DRIE was used for silicon dry etching. The temperature in the etching

chamber is decreased to less than - 100 ◦C, and the etching is performed

in SF6/O2 plasma. The gases form a SiOxFy passivation layer on silicon

that is sputtered away from horizontal surfaces by directional ion bom-

bardment [86]. The resulting sidewall profile can be tuned by changing

the SF6 and O2 mixture, the lack of O2 leading to isotropic etching. SiO2,

and especially Al2O3 and Al are thin-film materials durable enough to be

used as hard masks in silicon DRIE.
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3. Fabricated sensors and structures

The main results of this thesis are presented in this chapter. The empha-

sis is on the fabrication process development of the realized mechanical

devices. Attention is also paid to the application-specific features affecting

behind the design of each structure.

3.1 Mechanical silicon oscillators

The topic of Publication I is related to the necessity of functional, protec-

tive, or optical coatings on sensitive MEMS devices. The coatings may be

used, for example, as active layers, with classical examples being mass or

gas sensors, or for preventing chemical and mechanical wear or failure in-

ducing phenomena such as stiction [87,88]. In optical devices, sequential

growth of different materials enables multilayer high- and anti-reflection

stacks [89].

The particular approach of the study was to report the effect of double

sided ALD alumina coating on the dynamical, thermo-mechanical and op-

tical properties of a mechanical silicon oscillator, Fig. 3.1. The design

of the coated non-tilting out-of-plane vibrational mode oscillators with a

high quality factor (Q = 100 000 at p < 10−2 mbar) for mechanical reso-

nance has been presented in Ref. [90]. The structures are proposed to be

used in high precision sensing applications, short range detection of weak

forces and in interferometric systems as moving mirrors with a capability

to detect femtometer-level displacements [91].

The components were fabricated from double-side polished 380 μm thick

<100> oriented silicon, Fig. 3.2. A bulk silicon wafer was thermally oxi-

dized with a 95 nm thick SiO2 film. The oscillator structure was aligned

and patterned on both sides of the wafer, and etched in 85 ◦C TMAH, us-

ing oxide as a hard mask. The resulting structures have a well-defined
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Figure 3.1. (a) ALD alumina coated mechanical silicon oscillators. The dimensions of the
central beam, being mainly responsible for the resonance frequency of the
whole structure, are 1.5 mm × 14 mm × 380 μm (Picture courtesy of Ossi
Hahtela.) (b) FEM-simulated mode pattern of a vibrating oscillator (outer
frame not shown). The aim of the design is to keep the non-tilting mirror
vanes parallel to the original component plane during all the phases of vibra-
tion [92].

Figure 3.2. Fabrication process of alumina coated silicon oscillators. (a) thermal oxida-
tion; (b) double-sided pattern alignment and hard mask oxide etching; (c)
anisotropic silicon etching and oxide removal; (d) ALD coating.

symmetry and high surface quality, which are essential for balanced oper-

ation and minimized energy dissipation. The dimensions were optimized

by using finite element modelling (FEM) [90]. In ALD alumina coating,

trimethyl aluminum TMA (Al(CH3)3) and water were used as precursors.

The films were deposited at 220 ◦C, 2.3 mbar, and the thicknesses, mea-

sured by ellipsometry, varied from 5 to 662 nm.
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As a result of the coating, the resonance frequency of the oscillators was

found to slightly increase because the added films effectively stiffening

the structures. Film thicknesses up to 100 nm were deposited without any

significant influence on the intrinsic high mechanical quality. It was also

shown that the sensitivity of the resonance frequency to ambient temper-

ature decreased when the film thickness was increased. For the thickest

Al2O3-coating (660 nm), the temperature-induced drift in the resonance

frequency was measured to be 31 % less than that of an uncoated oscilla-

tor.

Besides the mechanical behaviour, a deposited alumina film was demon-

strated to act as an optical anti-reflection coating whenever the thickness

is a multiple of a quarter of the reflecting wavelength. The reduction of

the reflectivity from RSi = 0.35 to RAR = 0.035 was obtained because the

refractive index of alumina (nAl2O3 = 1.64 at 633 nm) is lower than that of

the silicon substrate (nSi = 3.92).

3.2 Acousto-optical SOI cantilevers

Publication II and Publication IV discuss the design, fabrication and char-

acterization of acousto-optical cantilever microphones. The components

are primarily developed to be used in photoacoustic spectroscopy (PAS),

having applications in various fields of research and industry. These in-

clude e.g. sample analysis in biology, medicine, and industrial process con-

trol, as well as ambient air, pollutant, and toxic gas monitoring [93–95].

The cantilever pressure sensors reported in this thesis have been devel-

oped to optimize the sensitivity of the measurement, which is a multi-

faceted challenge related not only to the acoustic sensor, but to the char-

acteristics of the whole surrounding photoacoustic system.

3.2.1 Photoacoustic application and cantilever design

To understand the requirements set for the microphone properties and

design, the fundamentals of photoacoustic detection are briefly described.

The principle of cantilever-enhanced PAS measurement is shown in

Fig. 3.3. Infrared (IR) light is guided through a window to a sample sealed

in a closed chamber and absorbed at wavelengths characteristic to it. The

excitation and non-radiative relaxation of gas molecules increase the gas

temperature and pressure. The periodic modulation of the incoming light
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Figure 3.3. Principle of photoacoustic detection [Publication IV]. Gaseous samples act
themselves as a medium that couples the acoustic signal to the cantilever
microphone, whereas with solids and liquids the heat is transferred from the
sample to a coupling gas. The gas can be changed via the valves connected to
the balance cell, from where it is guided to the sample cell through the gap
around the cantilever. The centers of masses of both balance and sample cells
are located on the same side of the cantilever to extinguish the acceleration
noise caused by the movement of the setup.

generates an acoustic wave with an amplitude proportional to the concen-

tration of the absorbing gas, which in turn is detected with a microphone.

The sensitivity of the photoacoustic method is strongly dependent on

the acoustic sensor. The limitations of conventional membrane type mi-

crophones are related to the capacitive measurement principle and the

nonlinear pressure response. Major improvements are thus achieved by

using a silicon cantilever microphone with a non-contact interferomet-

ric readout as visualized in Fig. 3.3. The reason is that under pressure

variations the cantilever only bends with a wide dynamical range but

does not stretch, and the optical measurement technique does not induce

damping. This allows the measurement of pressure variations that are

a hundred times lower than those detected by condenser microphones,

Fig. 3.4 [96–98].

Because the cantilever has a major role in the total photoacoustic sys-

tem signal response, a flexible crystalline silicon based design with di-

mensions aiming to minimize the spring constant is selected, Fig. 3.5.

The cantilever can be considered as a harmonic oscillator with a spring

constant k0. In addition, its bending induces a change on the photoacous-

tic sample cell volume acting as a ′′gas spring′′ with a constant kgas. Thus
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Figure 3.4. Comparison of a conventional condenser microphone (a) and a cantilever mi-
crophone (b). The movement of the cantilever’s free end can be even two
orders of magnitude greater than the movement of the middle point of a de-
formed membrane under the same pressure variation.

the total effective spring constant can be described as [99]:

k = k0 + kgas =
2

3
Ew

(
d

l

)3

+ γ
A2

Cp

2.5Veff
. (3.1)

In the equation above, E is the Young’s modulus of silicon (169 GPa), w,

d, l and Ac are the width, the thickness, the length and the area of the

cantilever, respectively, p is the pressure inside the sample cell, Veff the

effective cell volume (∼ 0.1 cm3), and γ the ratio of the specific heat capac-

ities of the gas inside the cell (1.4 for air).

Figure 3.5. The design and typical dimensions of an acoustic cantilever sensor.

Besides the cantilever, there are also other factors affecting the signal in

the photoacoustic cell as visualized in Fig. 3.6. The gas leakage through

the air gap surrounding the cantilever acts as a high pass filter attenuat-

ing the signal at low frequencies. Thus the gap area should be as small

as possible. On the other hand, the limited rate of heat transfer and the

non-radiative relaxation of excited molecules show a low pass filter type

behavior. As a result of the total system response, the operation range is

typically below the fundamental resonance frequency of the cantilever.

The sensitivity of the PAS detection is limited by noise. Thus the opti-

mization of the cantilever aims to maximize not only the signal response
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Figure 3.6. Components affecting the photoacoustic system response. The illustration is
reproduced after [100].

but the signal-to-noise ratio (SNR) of the measurement. The noise com-

ponents affecting the detection characteristics of the system include ac-

celeration, acoustic, and electrical noise as well as Brownian noise that

becomes the dominant factor of the noise spectrum when external sources

are suppressed. It is originating from thermal fluctuations inducing col-

lisions of gas molecules with the cantilever. The noise behaviour is fre-

quency dependent, and affected by the dimensions of the cantilever and

the surrounding air gap [99,101].

3.2.2 Fabrication

In order to realize cantilever microphones, a few alternative fabrication

processes were implemented, Fig. 3.7. All variations were based on double-

sided etching of <100> oriented silicon patterned by optical lithography.

The first one (Fig. 3.7 (a)) was a simple bulk process based on timed

TMAH wet etching (25 % solution, 85 ◦C). A double-side-polished wafer

was thermally oxidized (step 1), and the (111)-plane-limited trenches that

determine the cantilever thickness were etched (step 2). The oxide layers

were removed in BHF, and the wafer was re-oxidized to protect the top

surface and to release the cantilevers from the other side (step 3). The

challenges with the process are related to the control of the etching time,

thickness variations over the wafer, non-idealities of TMAH etching, and

worst of all, the stress caused by the oxide protecting the top surface that

can tear the structure open during the release. As a result, the repro-

ducibility was poor and the achievable width of the gap surrounding the
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Figure 3.7. Fabrication processes for cantilever pressure sensors. (a) Bulk silicon -based
process; (b) SOI process based on using thermal oxide as a wet etching mask;
(c) Process based on low-temperature PECVD oxide and DRIE; (d) Process
based on using a metal mask and wet etching with polymer coating protec-
tion.
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cantilever is in the order of tens of microns.

Remarkable improvements were achieved when the SOI-based process

(Fig. 3.7 (b)) was implemented. Again, TMAH was used for etching, but

now the thickness of the cantilever is determined by the thickness of the

device layer (10 μm), and the role of timing diminishes as the buried ox-

ide (1 μm) acts as an etch stop. The gap width around the cantilever from

2 to 4 μm became achievable. In the etching of the device layer, a 95 nm

thick thermal oxide film serves as a hard mask (step 2), whereas the thick-

ness of the layer in the second oxidation must be selected to match the

thickness of BOX (step 3). Thus, the effect of shear stress exerted on

the cantilever after the etching through the handle wafer becomes highly

compensated (step 4), and the final release can be done in a controlled

manner by removing the buried oxide as well as the mask and the pro-

tective oxides (step 5). The resulting cantilevers are slightly curved as a

consequence of stress originating from the modification of silicon surface

during the thermal oxidation.

Severe problems arose when the process was repeated in order to pro-

duce thinner and more sensitive cantilevers using a wafer with a 5 μm

thick device layer. The extensive bow of the components prevented the in-

terferometric displacement measurement in acoustic wave sensing. As a

solution, the process was further developed, Fig. 3.7 (c). SOI wafers with

a 600 nm thick buried oxide originally grown on the handle wafer were

used. Thermal oxidation was replaced by depositing a PECVD SiO2 film

on the device layer (step 1). The process was carried out in two steps, the

final thickness being equal to the thickness of the BOX. After each step

the film was densified by annealing. A non-densified film suffers from

pinholes, its performance as an etch mask is poor, and the stress expe-

rienced by the top surface of the device layer is not compensated by the

stress that is induced by the BOX on the other side. The annealed PECVD

film was characterized by ellipsometry, and the etch durability was tested

in reactive ion etching (RIE), tetramethylammonium hydroxide (TMAH),

and buffered hydrofluoric acid (BHF). The properties were found out to be

close to those of thermal oxide (Table 3.1).

The process continues by patterning the deposited PECVD hard mask

with RIE to define the cantilever structures (step 2). On the handle side,

cavity patterns are aligned and etched with DRIE using an aluminum

film as a mask (step 3). As in the previous process, the cantilevers on the

device layer are etched in TMAH (step 4), and released by removing the
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Table 3.1. Properties of PECVD SiO2 annealed at 1 000 ◦C, 30 min, atm.

Deposition rate [nm/min] 65

Densification [% of thickness] 5

Etch rate in RIE1 [nm/min] 20

Etch rate in BHF2, 32 ◦C [nm/min] 100

Etch rate in 25 m-% TMAH 86 ◦C [nm/h] 10

Refractive index 1.46
1P = 200 W, p = 30 mTorr, CHF3 = 25 sccm, Ar = 25 sccm

2Honeywell Ammonium fluoride etching mixture AF 90-10

oxides (step 5). The radii of curvature of the resulting cantilevers were

measured to be several meters, which is sufficient for acoustic sensing

with an interferometric readout. The corresponding residual stress de-

creased by a decade compared with the double times thicker components

fabricated with thermal oxide masks.

Thermal oxidation as a source of residual stress was verified by the pro-

cess presented in Fig. 3.7 (d). All high temperature steps were avoided,

as now a sputtered Al film (step 1) was used as a hard mask for etch-

ing the gaps surrounding the cantilevers in DRIE (step 2). The etching

from the handle side was performed in TMAH with the device side be-

ing protected with an alkaline resistant polymer coating (Brewer Science

ProTEK R© B2) (step 3), and the final release in BHF and acetone (step

4). The stress and curving of the final cantilevers were determined to be

comparable to the components fabricated with the PECVD oxide based

process.

The conclusion is that the use of SOI substrates is crucial in successful

fabrication of acoustic cantilevers. The process based on anisotropic wet

etching and the use of thermal oxide as hard mask material is suitable

for the reproducible production of approximately 10 μm thick components

seen in the photograph of Fig. 3.8. The advantage is the convenience in

mass production as a large batch of wafers can be processed simultane-

ously. Thinner cantilevers can also be fabricated, but a special attention

must be paid to the selection of material properties and processing meth-

ods to control residual stresses.
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Figure 3.8. Final cantilevers on an SOI wafer seen from the handle side. The chip edges
are determined as a part of the mask pattern to avoid dicing of the wafer with
fragile cantilevers as a back-end process.

3.2.3 Functionality

There are several studies in which the cantilever microphones developed

in this work are applied in photoacoustic trace gas analysis with detec-

tion limits in the sub-ppb level [102]. The use of several types of light

sources such as black body radiators combined with mechanical choppers,

electrically modulated broadband IR-sources and diode lasers has been

demonstrated in measuring sample gases such as CO2, CO, CH4, H20,

and O2 [100,103–105].

The cantilever-enhanced photoacoustic detection can also be combined

with Fourier transform infrared (FT-IR) spectroscopy to analyze gaseous,

liquid and solid samples. Over five times higher SNR has been achieved

compared with a commercial FT-IR PAS detector (MTEC model 300), as

the value increased from 679 to 3480 in a standard carbon black test sam-

ple measurement [106].

Publication IV reports the improvements obtained in the detection sen-

sitivity, when 10 μm thick cantilevers fabricated by the process in

Fig. 3.7 (b) are replaced by 5 μm components resulting from the process in

Fig. 3.7 (c). As a result of the thinning, the cantilever part k0 remains only

a few percent of the total spring constant (Eq. 3.1) of the system. Thus

the dimensions of the sensor can be considered to be close to the optimum

from the sensitivity point of view.

Examples of measured noise spectra and FT-IR PAS spectra for a broad-

32



Fabricated sensors and structures

100015002000250030003500
0

0.2

0.4

0.6

0.8

1

Wavenumber [cm�1]

�
�

��
��

�	



4 mm x 1.5 mm x 5 μm
4 mm x 1.5 mm x 10 μm

500 1000 1500 2000
0

5

10

15

20

Frequency [Hz]

�
	�

��


�


�
��

��
�


	�

�


�
���

��
�

4 mm x 1.5 mm x 5 μm
4 mm x 1.5 mm x 10 μm

(a) (b)

Figure 3.9. (a) Noise spectrum of an acoustic cantilever sensor dominated by Brownian
motion of gas molecules. The fundamental resonance frequency peak is seen
near 1500 Hz. (b) FTIR-PAS spectra of a solid carbon black test sample mea-
sured using helium as a coupling gas. The presented wavenumber range
corresponds to a photoacoustic signal band from 125 Hz to 600 Hz.

band absorbing carbon black test sample are presented in Fig. 3.9. Mean-

while the noise measured with the thinner cantilever increases approx-

imately 20 %, the increase of the signal is approximately 50 % on the

corresponding frequency band. This indicates an improvement of 25 % in

the SNR. In addition, polyethene (PE) was measured as an example of a

true solid sample, verifying the increase of the signal and the SNR.

There are also a few other noteworthy PAS approaches that compete

with the cantilever enhanced detection in order to reach ultrahigh sensi-

tivity. These techniques take either the advantage of photoacoustic cell

resonances and high power laser sources, or are based on utilizing res-

onating quartz tuning forks as acoustic sensors. The different methods

are often compared with the help of noise equivalent absorption coefficient

normalized with the light source power and measurement time (NNEA).

The sensitivity obtained with cantilever detection

(1.7 · 10−10 cm−1 W/√Hz) is approximately an order of magnitude better

than the sensitivities measured with quartz enhanced

(3.3 · 10−9 cm−1 W/√Hz) and resonant (1.5 · 10−9 cm−1 W/√Hz) PAS

techniques [107–109].
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3.3 Dopant-induced stress in mechanical silicon structures

The challenges with photoacoustic cantilever fabrication evoked an inter-

est to study residual stresses in released silicon structures on a more gen-

eral level. The results are reported in Publication V. As explained above,

the type of the silicon oxide thin-film used during the processing had been

noticed to have a connection to the mechanical deformation of the struc-

tures. This initiated a hypothesis about the origin of the stress being

related to the segregation and the consequent redistribution of dopant

atoms in silicon. The topic of stress in surface micromachined structures

fabricated by boron etch stop, and dopant effects in polysilicon layers have

been discussed in a few published reports [110–114]. Instead, the focus

of this study was on crystalline silicon, especially on SOI-based devices,

and the physics behind the stress generated by dopants reordering as a

consequence of thermal oxidation.

3.3.1 Experiments

To study the residual stress, released cantilevers were fabricated as test

structures, and their curvature was determined, Fig. 3.10. A series of ten

SOI substrates with varying level of doping (from

1015 to 5·1019 atoms cm−3) was investigated. The emphasis was on the
effects caused by boron and phosphorus, since they are the two most com-

monly used dopants. For comparison, also a sample highly doped with

antimony was studied.

Figure 3.10. Cross-section of a cantilever test structure. The sample series included SOI
substrates with varying parameters (dopant type and concentration, device
layer and BOX thicknesses, original BOX growth boundary). Cantilevers
with different lengths were fabricated, the width being 1.5 mm in all cases.
The deflectionΔh, used for determining the curvature, was measured using
optical microscopy.
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Figure 3.11. Cantilevers curving as a result of residual stress induced by uneven distri-
bution of dopants. Boron and phosphorus contract the silicon lattice, while
antimony expands. The bending profiles have been determined by optical
profilometry. The simulated dopant profiles show an excellent match with
those measured by SIMS, and the same applies when the measured radii of
curvature Rmeas are compared with the calculated values Rcalc.

In the fabrication of samples, a process similar to the one presented in

Fig. 3.7 (b) was used. High temperature processing steps, that have a

tendency of inducing segregation of dopants in silicon, are present both

in the SOI substrate fabrication and in the actual sample fabrication pro-

cess. In order to inspect the redistribution profile, the dopant concentra-

tion throughout the SOI device layer was investigated by secondary ion

mass spectrometry (SIMS) measurements.

The core results of the experiments, Fig. 3.11, show a clear connection

between the dopant distribution and residual stress, detected as curving

of the cantilevers. Boron, that induces mechanical contraction when it

replaces a silicon atom in the crystal lattice, has escaped from the can-

tilever top surface. As a consequence, the structure bends under compres-

sive stress. Phosphorus also contracts the lattice, but it gathers close to

the top and induces a tensile effect. Antimony is a large sized atom that

expands the lattice, but it shows strong accumulation only very near to

the surface, and has hardly any effect on the cantilever deflection.
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3.3.2 Theoretical analysis

Besides the experimental studies, the physics behind the bending of the

cantilevers was also inspected theoretically. ATHENA process simula-

tion software (Silvaco, Inc.) was used for predicting the dopant segrega-

tion, and the results were compared with the SIMS concentration profiles,

Fig. 3.11 [115].

The simulation accuracy depends strongly on the selected diffusionmodel

and the applied parameters. The "‘fully-coupled"’ model that couples de-

fect levels to dopant concentration and diffusion behaviour, was used. The

dopant type and concentration, gas flow parameters (for H2 and O2), ox-

idation ambient (steam), and time, including up and down ramping of

temperature, as well as etching processes were applied based on those

used in the experiments. In addition, high concentration extension that

includes extra recombination reactions was used. The number of simula-

tion grid points in thermal oxidation was increased in order to improve

the accuracy (grid spacing 0.01 μm), and boron segregation and diffusion

parameters in oxidation were adjusted as explained in [116]. The sili-

con interstitial injection rate parameter was set separately for phospho-

rus and boron according to the SIMS results so that a good fit was found

throughout the sample series. This is important in order to avoid the over-

estimation of oxidation enhanced diffusion that results when the default

values are used. The parameters applied in the simulations are listed in

Table 3.2. Fig. 3.12 shows an example of an output for boron segregation

resulting from thermal wet oxidation.

The simulated dopant profiles were used for calculating theoretical val-

ues for cantilever curvature and stress. The structure was considered to

be bending as a two-layer beam composing of a segregation layer df and

the rest of the beam db. The misfit strain Δε is caused by the volume dif-

ference of the film material and the beam. This generates a force that can

be connected to the curvature κ by taking into account the moment it in-

duces and the beam stiffness. A detailed derivation is presented in [117],

and as a result the following expression is obtained:

κ =
6EfEb(df + db)dfdbΔε

E2
fd

4
f + 4EfEbd

3
fdb + 6EfEbd

2
fd

2
b + 4EfEbdfd

3
b + E2

b d
4
b

(3.2)

The equation above makes no approximation of the segregated film being

much thinner than the substrate. When df << db, the expression reduces
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Table 3.2. Parameters used in ATHENA simulation for growing a 1 μm thick thermal
oxide film.

Method high.conc full.cpl

Grid grid.oxide=0.01 gridinit.ox=0.01

Interstitial injection rate, P interstitial silicon/oxide theta.0=8e7

Interstitial injection rate, B interstitial silicon/oxide theta.0=2.5e8

Boron diffusivity impurity i.boron oxide

DIX.0=1 DIX.E=3.53

Temperature ramping, up diffuse time=66 temp=600

t.final=1000 nitro press=1.0

Oxidation diffuse time=330 temperature=1000

Ambient weto2 press=1.0

Gas flows f.H2=10.0 f.O2=7.0

Temperature ramping, down diffuse time=85 temp=1000

t.final=650 nitro press=1.0

Figure 3.12. Boron distribution at Si/SiO2 interface, resulting from ATHENA process
simulation. The dashed line shows an approximation of a silicon structure
consisting of two distinct layers with uniform dopant concentrations.

to Stoney’s formula (Eq. 2.1). In the present case, the misfit strain is ex-

pressed by taking into account the lattice expansion coefficient β inherent

to the dopant atom in question, and the change of dopant concentration

ΔC obtained from the simulated distribution, Δε = βΔC. The value for

film thickness df is searched by integrating the simulated concentration

profile and finding a value that corresponds to a film that is uniformly

doped with the surface concentration, see Fig. 3.12. The rest of the beam
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db is approximated to be uniformly doped with the original concentration.

The match of experimentally determined and theoretically calculated

values for cantilever curvature verify the segregation of dopants to be the

main origin of the residual stress in the investigated structures. However,

the theoretical approach based on a simplified two-layer model includes

certain approximations that should be noticed. The curvature is assumed

to be spherical and linearly coupled to stress. In addition, the change of

Young’s modulus E as a result of doping has shown to be negligible, and

it is thus ignored (i.e. Ef = Eb in Eq. 3.2) [26]. When the deformation

of the structure is large, nonlinearities induced by material compression

and stretching should be taken into account, and bending cannot anymore

be expressed with a single radius [53]. On the other hand, the other pos-

sible sources of stress, inaccuracy of the measurements, and wafer-level

unidealities bring their own uncertainties. Despite of the approximations,

the accuracy of the presented model can be concluded to be adequate for

estimating the order of magnitude of mechanical deformations in various

silicon based MEMS devices.

3.3.3 Stress control

There are many feasible approaches for controlling the dopant-induced

stress. If the application allows the use of lightly doped substrate mate-

rial, the segregation-related effects remain negligible. Otherwise, a spe-

cial care must be taken in selecting the processing methods so that high-

temperature processing steps such as thermal oxidation are avoided. It

was demonstrated that the use of PECVD SiO2 or Al thin-films as a hard

mask (processes presented in Figs. 3.7 (c) and (d)) was an effective solu-

tion for minimizing the stress, even when very highly doped silicon was

used as a material, Fig. 3.13.

Figure 3.13. Highly phosphorus-doped, 5 μm thick SOI cantilevers fabricated without
any high temperature processing steps show no residual stress. The struc-
ture is etched with DRIE using Al as a mask.
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3.4 Nanoscale silicon structures

Dopant induced effects are also in the focus of the study presented in Pub-

lication III, but from a very different point of view. Now a gallium layer

was implanted by focused ion beam locally on a silicon substrate and char-

acterized as a mask in TMAH wet etching. The principle of the method

is shown in Fig. 3.14. The dimensions of the final structures are accu-

rately defined, and neither resists nor lithography masks are needed. The

aim is to utilize the developed process in high precision 3D nanostructure

fabrication, which was demonstrated by generating nanoscale gratings,

channels and freestanding structures. The method is fast compared with

direct milling, as the maximum ion current of 21 nA modifies an area of

600 × 600 μm2 into an etch resistant state in less than a minute.

Figure 3.14. Direct writing FIB implantation and the subsequent anisotropic wet etch-
ing. The doped areas act as a mask against the etchant.

3.4.1 FIB-TMAH process

The minimum achievable linewidth of the method is limited by the shape

of the ion beam, applied dose, and the distribution of implanted Ga+-ions

in silicon, Fig. 3.15. The vertical distribution determines the thickness of

the masking layer that is approximately 50 nm at 30 keV ion energy.

The etch stop properties of FIB-implanted Ga on both <100> and <110>

oriented silicon were investigated by implanting a series of samples with

variable ion doses (from 2 × 1013 ions/cm2 to 4 × 1016 ions/cm2) and

by etching them in TMAH until the doped layer is totally etched away,

Fig. 3.16 (a). The higher the ion dose used for implantation, the deeper is

the achievable etching depth around the patterns before the mask break-

down. The heights of the etched profiles were measured using a profilome-
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ter, Fig. 3.16 (b). The threshold for the drastic etch rate lowering can

be seen between 1015 ions/cm2 and 1016 ions/cm2. The results indicate a

selectivity between the treated and untreated silicon being better than

2000:1 with the highest ion doses, which is comparable to the selectivities

of the conventional SiO2 and Si3N4 masks. The Ga+-doped masking layer

is amorphous, as the critical ion dose is approximately 1014 ions/cm2.

Figure 3.15. Distribution of gallium ions in silicon with the ion energy of 30 keV. The
schematic is obtained by SRIM simulation software [118].

3.4.2 Fabricated structures

To investigate the limits of the process, various types of nanostructures

were patterned with FIB and etched in 85 ◦C, 25 % TMAH solution. In or-

der to obtain the maximum patterning resolution, the finest beam (1.5 pA)

with a target FWHM of 10 nm was used, and the ion dose was optimized

for each structure by varying the exposure time.

Grating structures were patterned on a <100> silicon substrate both

with varying and constant periods, Figs. 3.17 (a) and (b). The smallest re-

producible line was 40 nm, and smallest trench 60 nm (dose 1015 ions/cm2).

Figs. 3.17 (c) and (d) show freestanding elements that are made of the

Ga+-doped masking layer (dose 4 × 1015 ions/cm2). Again, <100> oriented

substrate was used but now the release is obtained by aligning the pat-

terns 45◦ off the substrate main axes (see Fig. 2.10 (a)). The narrowest

features are only 25 nm wide. The released structures in Fig. 3.17 (e)

demonstrate the capability of FIB direct-writing implantation in produc-
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Figure 3.16. (a) Schematic drawing illustrating the mask selectivity experiment. (b) The
masking capability of implanted Ga+ mask in 25 % TMAH solution.

ing arbitrary, curved shapes.

Nanochannels with vertical sidewalls, Fig. 3.17 (f), were fabricated by

utilizing a <110> -oriented substrate (dose 1015 ions/cm2). With this ap-

proach, the TMAH etching anisotropy and high selectivity to the gallium

implanted mask can be utilized in the fabrication of structures with high

aspect ratios. Fig. 3.17 (g) shows a FIB-milled cross-cut of an ultra-thin

single wall with an aspect ratio of more than 1:30.
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Figure 3.17. FIB - TMAH processed nanostructures [Publication III]. (a) FIB milled
cross-cut of a varying period grating; (b) Grating with a constant 100 nm pe-
riod; (c) Released beams; (d) A released bridge; (e) Circular, "MEMS-alike"
test structures; (f) Nanochannels with vertical walls on <110> silicon; (g) A
cross-cut of a single wall, height 570 nm. The Ga-doped masking layer can
clearly be seen on the top.
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4. Conclusions

In this thesis, microfabrication processes for mechanical single-crystal sil-

icon devices were developed. As a result of the study, extremely accu-

rate sensor structures were realized. These include SOI-cantilever micro-

phones applied in photoacoustic spectroscopy with ultimate detection sen-

sitivity in the sub-ppb level in gas analysis, and high-Q oscillators which

are capable of approaching a surface with a single, non-tilting plane. The

functional properties of the sensors, such as resonant behaviour, tempera-

ture sensitivity and optical reflectivity, were manipulated and fine-tuned

by using conformal atomic layer deposited aluminum oxide coatings. In

addition, a process combining traditional, anisotropic TMAH wet etch-

ing and state-of-the-art focused ion beam implantation techniques was

developed in order to produce 3D nanoscale devices for emerging NEMS

applications.

The acoustic sensors developed in this work are used in photoacoustic

material analyzing equipment commercialized by Gasera Ltd. Process

design rules were created starting from the materials selection and end-

ing up to an optimized outcome as far as the stress control is concerned.

In the fabricated components, the micron scale thickness and the square

millimeter scale area are tailored for maximizing the signal-to-noise ratio

in the applied photoacoustic cell. In the further development of the sen-

sor, the mechanical fragility that limits the usability in practical photoa-

coustic spectroscopy measurements, and the expected yield of undamaged

components per wafer are aspects that need to be carefully considered. A

prospective way to proceed in the future is to pursue towards the minia-

turization of the whole photoacoustic measurement scheme by integrating

the cantilever on the same chip with the optics used for the displacement

detection.
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Conclusions

The fabrication of nanoscale devices in the research and development

phase requires rapid prototyping methods that can be applied in combina-

tion with well-known clean room processing techniques. The prospective

applications of the presented FIB based method include nanomechanical

devices such as cantilever and nanowire sensors, nanofluidistics and in-

tegrated optical components with sub-wavelength features. In the future,

mass production can be envisioned supposing the etched structures to be

used for stamp fabrication in nanoimprint lithography [119]. Moreover,

the manipulation of TMAH etchant by additive surfactants increases the

versatility of the shapes that can be created.

In a wider scope, the achievements of this thesis deepen the understand-

ing related to the stress control in silicon sensor fabrication. The effect

of inhomogeneous dopant distribution on the deformation of mechanical

structures was investigated. The behaviour was theoretically predicted

by perceiving the dopant-induced change in the crystal lattice parameter.

The scope of this work was on the experimental study, and despite of the

approximations made, the accuracy of the presented model is adequate

for evaluating the physical mechanism of the stress generation in the fab-

ricated SOI test structures. When the results are practically applied to

device design, finite element modeling (FEM) is advisable [120,121]. The

development of a FEM based model that predicts the behaviour of a struc-

ture with an arbitrary shape, doping type, and processing history would

extend the value of the study and be a potential topic of future research.

It can be concluded that a careful selection of substrate characteristics,

thin-film materials, and fabrication methods have a key role in minimiz-

ing stress-related effects in high quality device production.
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