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Abstract

This work proposesa newstructure allowingcharacterizatiorof graphene monolayer properties
under precisely specified conditions. It combines MBdtxoelectricesonator wi Hall BarFET
structure This approach allowghanginggraphene properties separately or together via two
methods. The mechanical way is based on induced strain from the resonator which is graphene
monolayer situated on. hringsthe opportunity to mease graphene properties induced by the
changes of mechanical strain and frequency of forced vibrations without the influence from external
electric field. Thesecondvay uses FET structure to influence graphene monolayer using an electric
field from bottomgate There is no limit to measure concentration in units of ppb in terms of
structure design. This approach of fabrication CM8&patible and biocompatible tunable
frequencymodulated piezoelectric MEMS resonatavith graphene monolayer cha very usetfl

in many fields for molecule level detection.

Abstrakt

Pr §jcee zamRSewn zksmroav®ry umogRUy2icRS§Icrh2achakvleas
grafenu pSi pSesnhD S2zenichiepadmdmedksarsctkdr§ vs o Is
sHallBarFETs rukt urou. Tento pS2stup umogRuje mhRDnit v
dvhnDmat odami . Mechanickl zpTsob je zalogen na rel
kter®m je um2stPDna grafenov8 monovstmwdtigralenu Navr hoy
vyvol an® pouze zmBDnou mechanick®ho pnut 2 a fre
el ektrick®ho pole. Druhl pS2stup pSidg§vg mogno.
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Introduction

Present dags requirementdor devicesdimensionstheir accuracy, speed, low fabrication and
operating costs, reliability and lifetime are more demandiese reasons make
microeletromechanical systen{fMEMS) very importantin not onlytechnicalfields. As the
miniaturization of electronic devices is increasinghe MEMS devicesdecreasingther
dimensions ito unitsor tens of micrometers. Some applications need smaller struethies
belongto category of nanoelectromechanical systems (NEW&)ng better accuracy and
smaler dimensionsthan MEMS. On the otherside the fabrication is much more difficult
longerand more expensive which is not desirable dsing in ordinary deees around us.
Thereforethe MEMS technology is still used and developed for applicasanhassensors
(gravimetric, acoustics, thermal, pressure, position, acceleratia)eguides, optical or
electroniccircuit switches, labs oachip, energy hanaers, resonatorand many more. These
miniaturized systemare often used in common modern electronic devices to power or control
themandor to monitortheir environment

High sensitive molecular sensors are very important in large field of applicationsadealth
carefor measuring and monitoringf cells, enzymes, aminacids or to monitor toxic (CO),
greenhouse (Cfpand explosive gases (GHC4H1o, etc.) and many other gasses in environment
and industry. These factors lead research and developgméabrication of more precise,
reliable and lowpower consumption sensors with very fast response.

Combination of weldefined MEMS structure with graphene monolayer brings the opportunity
how to getmolecubr sensor with high sensitivitgnd fast respese Its sensitivity isusually
dependent oadetection principle. The electmeadout ofctive layempropertiesmplemented

on the MEMS resonator offers different approaolw to detect asbrbed molecules instead of
conventional gravimetric method withe possibility tomechanicallymodulateactive layer
properties.

This work is focused on fabrication of CMO&mpatible and biocompatible tunable
frequencymodulated piezoelectric MEMS resonators includield-effect transistor KET)
structurefor graphene monolayer utilizatiotdea of thissophisticatedstructure is based on
simple piezoelectric caitever beam which isuitablefor strain inducing oD materialsSuch
structure can be usédr molecular detectian



1 State of the art

MEMS is a praess technology used to creamall integrated systems that comisne
mechanical and electrical componentsie dimensions of MEM can vary fromunits of
micrometersup to units of millimeterskor instancethe widthof human hair is usually from
70 Gm to 100 Gm. In general, MEMS consist ahechanical microstructures, micsensors
microactuators and microelectronmich are integratednto the one silicon chifseeFigure

1) [4].

Components of MEMS

Microactuators

Microsensors

Figure 1: Schematic overview of MEMS components.

The fabrication of MEMS usestandardntegrated circuit (IC) techniqueshe most of MEMS
devices areprepared using low temperature physical vapor deposition (HZDand/or
chemical vapor deposition (CVD)3,4] techniqueswith consequent dry or wet etching
processingWet etching usually employs various solutions while dry etching uses etchant gases
or plasmago remove materialsThe MEMS are mostly created on silicon wafer and released
using surface and/oulk micromachining techniques which make these devices mechanically
sensitive.Surface micromachining is realized ashingof sacrificial layer on top othe
substrate (se€igure 2A) and the bulk micromachining is direct etdaiof substrate (see
Figure 2B) [5].

Substrate

Sacrificial
layer

Structural
layer

Figure 2: Microfabrication techniques: A) Surface; B) Bulk.

8



MEMS technologyis growingmultidisciplinary fieldin lastfew decads. It provideautilization

for many devices such ageetrostatic, magnetic, electromagnetic, pneumatic and thermal
actuators, motors, valves, gears, cantilevers, diaphragms, and tw&besesdevices amused

for sensing of many physical and chemipaenomenauch aspressure,dmperature, mass
flow, velocity, sound and chemical composition. They are also asedtuators fdinear and
angular motions or asimple components which takgart in microfluidics, lab on achip
devicesdroplet generator$ieat engines and micro pum(seeFigure 3) [6,7].

Figure 3: MEMS devices: A) Microbolometer array with carbon nanotubes for thermal imaging; B)
Vibratory gyroscope [8]; C) Rotary bearing surfaces and interlocking gears [9].

Cantilevers arere of manythe groupsof deviceshatbelorg to MEMS technologyThey are
mainly usedfor masssensitivedetectionIn general, the cantilever with smaller dimensions is
more sensitive temallchanges. It leads to developmehtNEMS but the fabrication of such
device is stilldifficult and cannot be utilized for commercial fabricatj@0]. Cantilevers are
sensitiveto physical, chemical and biological effects which cause the cantilever bending or
change in vibration frequeng$1].

One of the principal of the sensing mechanism of cantilever is static mode. Cantilever bend
due to externahfluence which can be chemical or physietiect(seeFigure 4). These effects

take place on the surface of téver with active layer which can adsorb various types of
molecules. Adsorption of molecules on the active layer results in production of compressive
stresdue to the increase of mass aadhtilever deflects downA good example can be a thin
polymer cating on the surface of cantilever which can swell after absorption of molecules from
surrounding environment. Such change of surface resutswynwarddeflection of cantilever,

as well. This type of cantilever sensing can dsoused for molecular detgon in liquid or
biochemical environmen{12,13]. Another possibility of measurement is detection of
contractions of adsorbed material on cantilever surface which cause upward gdding

Deflection

=

Added
mass

Figure 4. Schematic view of cantilever in static mode.
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Deflection of cantilger in static mode is usually evalted by using one of the threetection
principles namelyoptical,piezoresistivand capacitiveCommon case of optical detection uses

laser and position sensing photodeteatointerferometewhich monitor the displacement of
cantilever Piezoresistive method is based on piezoresistive materiehvidrims piezoresistor
embedded in cantilevavlaximal sensitivity can be reached when piezorezistor is located close

to one of the surface of cantilever. Since the strain is caused by the deflection of cantilever, then
the resistance of piezoresistdrargesand it can be measuredapacitive evaluation is often

used for devices with gap between two electrodes.ebidn of cantilever omembrane
changes distance between these electrodes which results in change of capacity value that can be
measured13,15,16].

Another principal of sensing mechanism of cantilevelyizamic mode. Cantilever is driven at

its resonance frequency in this mode. Whey quantityof mass is added or removed from
oscillating cantileve its resonance frequency changes. In general, increasing mass of
microstructure causes downshifting ofaeance frequencfseeFigure 5). Changes of mass

can be directly derived from shifts in resonance frequency using simple electrical titsuit.
possible to determine exact amount of mass from frequdnityfsnass was addedhcknown
position of microstructurgl?7]. Cantilever can be consideredaasicrobalance witlability to
detectmasslower thanone picogranj12]. In some cases, the detection limit can be in tens of
attogramg189].

Added
mass

g

f,<f,

Figure 5. Schematic view of cantilever in dynamic mode.

One of the often used group of devices working in dynamic mode are piezoalantiiever
resonators. These devices are commonly @sethass sensinfll9]. They can beutilized as

well asactuatorg20]. Methods mentioned above tinis chapter caalsobe used for detection

of changes in resonance frequency and phlsat determination method is impedance
measurementMicrocantilever is excited by tracking generator of the spectrum analyzer in
demanded frequency randgmpedance isneasured as a functiaf the frequencyAdvantage

of this method is thate excitation electrical signal is directly used also for detection at the
same time. This measurement gives a possibility to determine the electrical parameters of
resonator suchs capacitance, conductance, phaseléiese parameters depend on actuating
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voltage and fquency. Significant changes of these parameters mostly acfrequencies
corresponding to the resonant mefi&l]. Since thegravimetric sensomavince high sensitivity

and relativey easy handling, many researches are dedicated to their functionalization with
various modern matials. One of these materials ap@phene and other 2D materials such as
silicene, germanenestanene, phosphorene, arsenene arttnoneng22-24]. Properties of

these materials can be utilized for various sensors or can be modified by several electrical or
mechanicakffects[25,26].

The graphene as a unique material is used to sense physical and chemical properties of
materials.Severaltypes of nanosensors employigggohene wergeported for gas andapor
sensingGraphene is often employed in applications suadfesistive sensoi®7], FETs[2§],

surface acoustic wave (SAW) sers[#9], quartz crystal microbalance (QCMgnsorg30],

MEMS or NEMS gravimeti sensor$31], MEMS or NEMSinfrared (R) detectord32] and
semiconductomodified hybrid sensor§33].

A AIN

Graphene nanoplate

Releasing
window

Top electrode
(graphene)

Bottom
<-——  interdigitated
Aluminum |8 7 electrode (Pt)

A nitride
Platinum e

Probing pad (Au)

Figure 6: Graphene-AIN NEMS resonant infrared detector: A) Schematic view;
B) Colored scanning electron microscope image of fabricated device [32].

A single layer ofcarbon atomn thesp? hybridizationarranged in a honeycomb lattice called
grapheng(seeFigure 7) was proposed by Wallace in 19484] and prepared by Geim and
Novoselov in 200435]. It was an extensively studied material with humerous interesting
propertieg 36-38]. This material has unique features such as exceptional thermal, mechanical,
and optical properties. As a monoatomic layer, it also possesses unusual mechanical flexibility
and ambipolar electrical charge transg8f.
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Figure 7. Graphene honeycomb structure [39].

Nowadays sensors basedn carbon nanotulse (CNTs) or grapheneevince the highest
resolution of all nanosensorslanosensordasedon graphenejive a possibility to detect

individual moleculeshat adsorb odesorlfrom the surfaceGraphen&s excepti onal s
waspr omoted by Andre Gei m: AGraphene has the
cannot be beaten, you cannot g40t Evenyatom ofs en s i t

the graphenean be considered as a surface atom, ttiere is a possibility of interaction with
one nolecule of the target substar{@d]. Free electron concentration of graphene changes with
attaching or detaching moleculeéSuchmolecules change electrical conductivity based on fact
whethertheyaredonois or accepta. The detection of the concentration of adsorbed molecules
is feasible through this change of the conductivity.

Electronic properés such as electrical charge mobility of graphene can be greatly influenced
by induced strain. Graphene stretching results in changes of the bond length between
neighboring atoms in its lattice. This has a strong effect on the electronic and transport
properties of graphene. This influence is not yet completely understood and ihierasting
avenue with manyptions[41]. Measurement of graphene properties dsirection of the
controlled induced strain can be used for determination of the strain influence on the electrical
graphene properties. Electron mobility is the most essential part of any electronic device and
altering it means that we can tailor the devmarameters. The electrical conductivity and
mechanical strength of graphene in th@liane direction are much higher than those in the out
plane direction. Thus, the anisotropy in physical properties can be obtained by the orientation
of grapheng42].

Uniaxial strain on graphene was experimentally studied by bending of graphene on a
deformable substraigeeFigure 8) and using Raman eptroscopy to probe its phonon modes
[43,44]. The uniaxial strain moves the relative positions of the Dirac cameg¢bas a significant
influence in the intervalley doublkesonane processes (D and 2D peaks).

12



- ( Tgﬁégggﬁggaphene

o v,
. e
Flexible substrate

Figure 8: Schematic of uniaxial straining of graphene on a flexible substrate.

The biaxial strain is more suited to study the stedfacts on the doubleesonance processes
due to mimicking the realistic experimental conditions where the graphenepsrted by a
planar substratdBiaxial strain in the graphene can be intentionally induced and controlled by
three commonly used metths

1. The graphene is clamped across a hole in a substrate and it is mechanically stretched by
pushing the graphene into the hole using an atomic force microscopy (AFM) tip
(seeFigure 9) [49] or electrostatally [46].

AFM tip
Graphene

Sio,
Si substrate

Figure 9: Schematic of suspended graphene membrane nanoindentation.

2. The graphene is placed on a material with different thecoedtficient of expansioand
it is subject of émperature changeausing graphene to streteeFigure 10) [47].

% >
Graphene
- SiO,
= ) —
Cooling Heating

Figure 10: Schematic of thermal expansion and contraction of graphene on thermally
heated or cooled SiO2 substrate.
3. The graphene can be transferred onto a piezoelectric substrate which is controllably
shrank or elongated by applying a bias voltage. It results in graphene having a uniform
biaxial strain(seeFigure 11) [48].

Figure 11: Schematic of the electro-mechanical device for in-plane biaxial strain inducing
to the graphene.
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Graphene is known as an excellent material capable to sustain reversible elastic tensile strain as
large as 296[49].

This feature can be used to control of graphene electrical properties either statically or
dynamically by integrating them with resonators. It can lead to the rapmicationsof
graphend49]. These resonators basedMEMS or NEMS can be made of various materials.
They cansignificantly impactthe final structural properties, such as residual stress, stiffness,
strain, resonance frequency, and quality factlectrically controlled esonators allow
adjustmenbf forced vibrations frequen@nd its amplitudeThe structure should be fabricated

by planar technology as it is a standard MEMS/NEMS proc@dé& planar process
compatibility offers themonolithic integration of a sensing part and readout circ[5.
Biocompatibility would further increase its attractiveness as it can be udeshlith cardo
measue anddetectcells, enzyres, amino acids, deoxyribonucleic acid (DNA), ribonucleic acid
(RNA), etc [5]].

Resonators based on piezoelectric matesiath as AINcan be prepareoly plana technology

and they can be also biocompatibdN has desirable properties, such as good mechanical
stiffness, high elasticity, and low thermal coefficient of expandtsrerystal orientatiorand

low misorientation of individual crystallitesan be inproved by Ti underlayer. These features
are the most important factors influencing the quality of thin film and the value of AIN
piezoelectric coefficientslhe key piezoelectriccoefficientdss achievable with cmmon PVD
techniques is usuallyp to6 p C LIMhich issufficient for MEMS/NEMS application$52].

14



2 Aims of doctoral thesis

This doctoral thesiswill be focused ondesign andfabrication of structure allowing
characterization of graphene monolayer properties under precisely specified conditions
Strucure will be realized as tunable MEMS piezoelectric resonator with Hall Bar/FET
structure. The entire structure will be fabricated on @& wafer substrate using
CMOS-compatible processesThis structure allow modulation of graphene electionic
properties|t can be achieved by controlling of gate voltage of FET structureneatianical
strain induced by piezoelectric resonaR®nposedinique geometry decouples the electric field
effects on the graphene monolayer from the piezoelectric resoiaton. devie gives a
possibility how tomodulate the frequency of forced vibrations and the displacement without
directly applying an electric field on the graphene, contrariety to gragieesesl sensors on
membranes. The strain from resonator displacement and ghedaelectric field between the
sensing electrodes and the gate electrode will chidwegelectrical properties of graphefiéis
approacHeads to tuning ofensing properties of the graphene monolayerKgpee 12).

B Sensing electrodes Gate

A Hall bar/FET structure
Piezoelectric resonator

~

Si wafer with ]
structural layer Source/Drain

Figure 12: Fundamental concept and principle of proposed structure (not to scale): A) Complete
structure that allows modification of 2D material using electrical field and mechanical strain; B) Detall
of mechanically stretchable part with Hall Bar/FET structure shows position where 2D material will be

situated.

The piezoelectric resonator will be fabricated oBi aafer covered with the lowtress Si@

Ti serves aa bottom electrode aradso asanexcellentseed layer fodeposition opiezoelectric

AIN layer. Top electrode is madae Al. These materiglwere chosebecause of their significant
properties and CMOS compatibilityhich are suitable for desired application. Tt for
graphene monolayg@ropertiesmodulation includingyate, source, drain, and sensing electrodes
will be realized with CMOSompatible materials and processir@gate electrode will be
fabricated from Al due to its good mechanical and electrical prope@ggs. insulating layer
will be made of lowstress Si@ Sensing electrodes must be fabricated of material that is
compatible with XeF etching process. Thus, Au cannot be used and must be replaced with
other materials that guarantee good electrical contact to graphisngossible to use Pt or Ni,
etc. The whole structure will be released by removal of bsiky a dryisotropic Xek etching
method
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3 Crystallography of underlayer for piezoelectric thin film

3.1 Motivation of the article

One of the most important step device design ands fabricationis to sdect the ideal
underlayer fopiezoelectridayer. It must fulfill certain necessitiegery importantis alsogood
conductivity becauset must serve as bottom electrodeThe similar lattice parameters
crystallographic orientation, misorientation oflividual crystallites and surface roughness are
no lesscrucialfor consequent growth of AIN piezoelectric layer. The next important is CMOS
and biocompatiility of materials which allowwider integration to other devices or systems
realized insilicontedhnology.

| chose theTi because it meets above mentioned criteria. | realized this depositiorragimg
frequency inductiveoupled plasma RFICP) Kaufman ionbeam source which is not
conventional method in comparison to magnetron sputtering or evapotathniquesThis
machine was also the only one available instrument which allows toitgpogiims in welk
controlled conditionslt brings the opportunity how to fabricate high quality layers but the
optimization is more problematic then for pravsty mentioed techniques. | started the
optimization process which was focused on preparafigdQi) preferentially oriented Ti thin
films on SiQ which is the most used material for MEMS applications where the Si bulk etching
is realized using XefFvayor.

3.2 Conclusion on the article

In this part of my research, | optimized the sputtering process to achieve (001) preferentially
orientedTi on SiIGQ which was important for preparation of consequently depozdéd
piezeelectric layer.The optimizedlayer with demanded crystallographic orientatioad also

smoother surface thal nm which is excellent and the value &% Af misoientation of

individual crystallites was also gooldis also wel-known that the deposition &iN requires

higher deposition temperatures up &800A C . Ther ef or dahe influendgerofv e st i ¢
increased temperature in vacuum furnacerve that there are no changes after thermal
treatment.The residual stress which have to be controlled in MEMS applicatieass,not

solved in this paper btthe following paper was aimed ito

3.3 Contribution

| performedall depositios and thermal treatentprocesss | did X-ray diffraction KRD)
measuremenia BraggBrentano setupnd AFMsurface roughnessalysesl also contributed
to the analysis of the results and to the writing of the manuscript.

3.4 Article 1

The aticle Preparation of (001) preferentially oriented titanium thin films by ion -beam
sputtering deposition on thermal silicon dioxidg53] was published idournal of materials
science(2014 IF 2.31) inDecember 2015
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Abstract We propose the ion-beam sputtering deposition
providing Ti thin films of desired crystallographic orien-
tation and smooth surface morphology not obtainable with
conventional deposition techniques such as magnetron
sputtering and vacuum evaporation. The sputtering was
provided by argon broad ion beams generated by a Kauf-
man ion-beam source. In order to achieve the optimal
properties of thin film, we investigated the Ti thin films
deposited on an amorphous thermal silicon dioxide using
X-ray diffraction, and atomic force microscopy. We have
optimized deposition conditions for growing of thin films
with the only (001) preferential orientation of film crys-
tallites, and achieved ultra-low surface roughness of
0.55 nm. The deposited films have been found to be
stable upon annealing up to 300 °C which is often essential
for envisaging subsequent deposition of piezoelectric AIN
thin films.
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Introduction

Titanium has been a frequently used material in micro-
electronics and MEMS technology. Titanium thin films
have been used as sensing electrodes, buffer, or adhesive
layers. The advantages of titanium thin films are good
electric conductivity, extraordinary chemical resistivity,
thermal stability, high hardness, high melting point, and
lower number of crystallographic imperfections [1-5].
Crystallographic orientation of titanium thin films has to be
controlled during the deposition process to obtain specific
properties (e.g., mechanical, chemical) suitable for an
eventually required application [6, 7]. Some of recent
MEMS devices use the piezoelectric effect for energy
harvesting or sensing purposes [8]. Titanium has been often
utilized in MEMS technology as a compatible material for
fabrication of thin conductive underlying electrodes on
which the piezoelectric layers are deposited [6].

The crystallographic orientation of titanium thin films is
crucial for properties of consequently deposited piezo-
electric layers [9]. Obviously, the properties of these layers
(AIN, ZnQ), namely electromechanical properties, are
significantly affected by the crystallographic orientation,
surface morphology, and the roughness layers beneath [10].
There have been many papers published investigating the
degree of orientation which is strongly dependent on the
texture and roughness of underlying material [11, 12].
Titanium thin films have been usually deposited by the
physical vapor deposition (PVD) particularly magnetron
sputtering [13] or e-beam evaporation [4]. Obviously, dif-
ferent deposition parameters result in various film proper-
ties. Considering the surface roughness, low process
pressure during deposition (i.e., <5 x 107> mbar) usually
results in a smooth film surface (i.e., R, <10 nm). At
higher deposition pressure (i.e., <I4 x 107* mbar), the
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titanium RMS surface roughness of 45 nm was achieved.
Consequently, a negative effect on the piezoelectric coef-
ficients of AIN layers deposited on Ti thin film due to a
porous surface was observed [10]. The magnetron sput-
tering is the most frequent method for titanium thin films
deposition [14]. Titanium thin films deposited by the
magnetron sputtering generally possess (100), (001), and
(101) crystallographic orientations of crystallites parallel to
the surface [1]. Without a special modification of the
magnetron sputtering process (closed-field unbalanced
magnetron sputtering, pulsed magnetron sputtering), the
number of various and independent deposition parameters
capable of optimizing deposited layers is limited [15, 16].
Due to the lack of the process control parameters, it is often
an issue to achieve thin films of desired properties for
specific application.

In this paper, we report on a deposition of Ti thin film
with the (001) preferential crystallite orientation growth on
amorphous thermal silicon dioxide using a 3-grid radio
frequency inductive-coupled plasma (RFICP) Kaufman
ion-beam source. As generally known, the Kaufman ion-
beam source provides more efficient control and opti-
mization of the deposition process compared to the con-
ventional deposition method [17, 18]. Here, ion-beam flux,
energy, and ion-beam geometry, can be controlled inde-
pendently. We have studied the influence of deposition
parameters on properties of Ti thin films especially on their
preferential crystallographic orientation and topography.

Experimental details
Deposition process

The deposition of titanium layers was done on substrates
(20 x 20) mm diced from 4-inch P-type silicon wafer with
the (100) crystallographic orientation and the resistivity of
6-12 Q cm covered with thermal silicon dioxide (ON
Semiconductor). The thickness of silicon dioxide was
approximately 1 um. Before the sputtering process, we
cleaned all substrates in the standard piranha solution
(96 % H,>SO,4 + 30 % H,0, in the 3:1 ratio) for 5 min,
rinsed in deionized water (18.7 MQ ¢m), and dried them
by compressed nitrogen.

The deposition process was done using the ion-beam
sputtering apparatus (Bestec) equipped with RFICP Kauf-
man ion-beam source (Kaufman & Robinson—KRI®) with
the molybdenum 3-grid dished focused ion optics (4 ¢m in
diameter and with 45° ellipse pattern) providing an Ar ion
beam bombarding the Ti target under an incidence angle of
45°. The 99.9996 % pure argon gas was used during the
deposition process. Titanium of 99.995 % purity (Porexi)

f Springer

was sputtered from a (100 x 100) mm target. Reduction of
the ion-beam space charge was provided by KRI LFN 2000
charge neutralizer (KRI™). Before each deposition process,
the sputtering chamber was evacuated to pressure of
5 x 1077 mbar using a turbomolecular HiPace 1200 tur-
bopump (Pfeiffer Vacuum) with the pumping speed of
1200 I/s for argon backed by TriScroll® 300 series dry
scroll vacuum pump (Agilent Technologies). The sche-
matic illustration of the apparatus setup including all sig-
nificant dimensions and angles is shown in Fig. 1.

The operation parameters of the deposition process are
beam voltage (BV) determining energy of the ion beam at
the target, acceleration voltage (AV) controlling the
extraction and the optical parameters of the beam, beam
current (BC) equal to the ion-beam current at the target,
radio frequency power (RFP) supplied to the discharge,
argon flow rate, and substrate temperature. During all
deposition experiments, the substrate was rotating with the
speed of 5 rpm. A particular setup of the major parame-
ters for individual deposition experiments is listed in
Tables 1 and 2. In all deposition experiments, the sub-
strate was not heated up and its temperature was affected
only by the energy of sputtered material. The substrate
temperature did not exceed the value of 100 °C. The
Inficon SQM-242 card with a quartz crystal sensor was
used to monitor the deposition parameters as thickness and
rate of deposition.

I y Kaufman

A

100 mm
.~ Substrate

ion source

Material
beam

\
v
v

151 mm

Fig. 1 Schematic of sputtering apparatus geometry with Kaufman
ion-beam source



J Mater Sci (2016) 51:3329-3336

3331

Table 1 Ion-beam source experimental setup (BV, AV, BC, RFP, Ar flow) and deposition pressure and rate

Sample no. BV (V) AV (V) BC (mA) RFP (W) Ar flow (sccm) Process pressure (mbar) Deposition rate (1-:5/5}
1-1 200 —100 6.0 74 22 2.1 x 107* 0.04-0.06
1-2 400 —80 13.0 73 24 22 x 107 0.15-0.18
1-3 500 —100 18.0 86 2.6 23 x 107 0.24-0.26
1-4 600 —120 23.0 94 2.8 24 x 107* 0.32-0.34
1-5 700 —140 29.0 107 3.0 25 % 107° 0.42-0.44
1-6 800 —160 36.0 118 33 26 x 107 0.56-0.58
1-7 900 —180 43.0 130 3.6 27 x 107 0.70-0.72
1-8 1000 —200 50.0 140 3.9 29 x 107* 0.84-0.86
1-9 1200 —240 65.0 168 4.4 3.1 x 107* 1.18-1.20
1-10 1200 —600 82.0 188 53 3.5 x 107 1.49-1.51

Table 2 Ion-beam source setup deposition pressure and rate in experiments on optimization of the film structure with respect to the (001)

preferential crystallographic orientation

Sample no. BV (V) AV (V) BC (mA) RFP (W) Ar flow (sccm) Deposition pressure (mbar) Deposition rate {/;x/s)
2-1 200 —100 6.0 73 2.1 1.9 x 107 0.04-0.06
2-2 200 —120 6.0 74 2.1 1.9 x 107* 0.04-0.07
2-3 200 —140 7.0 73 2.1 1.9 x 107* 0.05-0.07
2-4 200 —160 7.0 74 2.1 1.9 x 107 0.05-0.07
2-5 200 —180 8.0 74 22 2.0 x 107* 0.06-0.07
2-6 200 —200 8.0 73 22 2.0 x 107 0.07-0.08
2-7 200 —220 9.0 74 2.2 2.0 x 107 0.07-0.09
2-8 200 —240 9.0 74 22 2.0 x 107 0.07-0.09

Diagnostic methods

X-ray diffraction (XRD) technique was used for crystal-
lography analysis. These analysis were done with X-ray
diffractometer (SmartLab, Rigaku) containing a linear
D/teX Ultra detector and working in the Bragg—Brentano
(BB) focusing geometry. Pole figures were measured using
parallel beam setup with multilayer parabolic mirror as a
collimator and a scintillation detector. The surface rough-
ness (Rrms) of deposited layers was investigated by
Atomic Force Microscopy (AFM, Dimension Icon, Bruker)
in the ScanAsyst®-Air mode using the corresponding probe
(ScanAsyst-Air) with the cantilever spring constant of
0.4 N m ' and tip radius of 2 nm.

Annealing procedure

The deposited samples were exposed to an annealing pro-
cedure using the annealing oven (Vakuum Praha). The
annealing procedure was done for three temperatures 100,
200, and 300 °C at the pressure of 5 x 1077 mbar. The
annealing protocol was set with following parameters:
heating rate 5 °C per minute; peak temperature was held
for 60 min; cooling rate 5 °C per minute.

Results and discussion

In the first series of experiments, we set the absolute values of
BV and AV in the ratio 5:1 to reduce the flux of electrons
according to the rule of electron-backstreaming limit experi-
mentally determined by the manufacturer [ 19]. The higher ratios
of BV and AV cause flowing of electrons (secondary electrons,
neutralizing electrons) through ion optics into the ion source
affecting the discharge. Utilizing the feedback control, we set
BCappropriately to BV and AV according to a recommendation
in the KRI® datasheet. These values of the ion-beam current
were optimum ones at which a direct impingement of beam ions
into the accelerator and decelerator grids were suppressed.

The first sample (Sample 1-1) was deposited using
higher AV because it was not possible to keep
stable plasma discharge, and the last one (Sample 1-10)
was deposited at maximum possible voltage settings of ion-
beam source. In Table 1, different settings of deposition
parameters together with the resultant deposition pressure
and deposition rate are listed.

We used XRD in the BB setup with the 20 angle ranging
from 20° to 90° to perform the phase analysis of all
deposited layers. We detected diffraction peaks belonging
to (100), (101), and (001) crystallographic planes. For
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(001) crystallographic plane, second-order diffraction 002
was measured since the first-order diffraction is forbidden.
However, in the following text we will note it as (001). The
corresponding X-ray diffractogram is depicted in Fig. 2.
The diffractograms show also the slight peak at 26 of
68° to 70° which originates from the silicon substrate and
sometimes a very weak peak corresponding to the fourth-
order diffraction on the Ti (001) plane at 83°. The obtained
results show that crystallographic orientation of sputtered
layer depends mainly on ion energy which is given by BV.
In case of low ion-beam energies (200 eV and 400 eV,
samples 1-1 and 1-2, respectively), the required (001)
preferential crystallographic orientation of the crystallites
with a small contribution of (100) planes parallel to the
surface was obtained. On the other hand, the (100) plane
orientation was much more represented at higher ion-beam
energies, namely in the range of BV from 500 to 1000 V
(Samples 1-3 to 1-8). At the highest ion-beam energy (BV
of 1200 V, sample 1-9 and 1-10), the (101) plane orien-
tation was observed along with the (001) and (100) ones.

The second series of experiments was aimed at finding
the optimal deposition conditions in order to achieve the
only (001) preferential orientation of crystallites in the Ti
films parallel to the surface. We were changing AV (af-
fecting ion extraction and ion-beam formation, and thus the
ion-beam space charge as well) from —100 to —240 V at
the fixed BV of 200 V (i.e., at the constant ion-beam
energy of 200 eV). All deposition parameters are summa-
rized in Table 2. The obtained X-ray diffractograms for all
prepared samples are shown in Fig. 3.

As can be seen in Fig. 3, at an AV value of —220 V
(sample 2-7), it is clear that the preferential (001)

Fig. 2 X-ray diffractograms of
deposited thin films obtained
with different BV and AV; 3D
plot of diffractograms of all
samples prepared at deposition
parameters listed in Table 1
(left), three detailed
diffractograms showing the
samples with the most
distinguished crystallographic
orientations of the films (right)

Intensity (a.u.)
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orientation of thin film was achieved. The other settings of
the AV resulted in a minor peak in the diffractogram
proving the presence of (100) plane. This behavior was
probably attributed to distinct values of space charge
potential depending on the AV setting, and providing dif-
ferent energies of charge-exchange argon ions which are
leaving the beam and bombarding the substrate surface
[17]. In this way, these factors can assist in the growths of
thin films and modify their properties similarly to ion-beam-
assisted techniques [20]. These results of performed opti-
mizations showed the possibility of producing the titanium
layer with only one preferential (001) plane orientation. We
have determined the lattice parameters of the optimized thin
films; the ¢ lattice parameter was ascertained ¢ = 4.72 A
while the lattice parameter was determined by grazing
incidence diffraction a = 2.95 A. The tabulated values of
these parameters are a = 2.951 Aand ¢ = 4.695 A [21].

Carrying out identical experiments for four times, we
proved a good repeatability of the results. In all four cases,
we obtained the identical diffractograms of thin films
prepared in the independent experiments with the same
deposition parameters leading to the (001) preferential
orientation as sample 2-7.

Full width at half maximum (FWHM) of the diffraction
peak belonging to (001) planes was 0.4° for all samples
with good reproducibility. This width corresponds to the
average coherently diffracting domain of 22 nm calculated
using Scherrer formula [22]. This value is underestimating
the real average crystallite size since the internal strain is
neglected. The higher order diffractions were too weak to
be detected with sufficient statistics and further analysis
was not possible.
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Fig. 3 X-ray diffractograms of
thin films deposited at the fixed
BV of 200 V and different AVs;

3D plot of diffractograms of all
samples prepared at deposition
parameters listed in Table 2
(left), two detailed
diffractograms showing the
samples with most presented
(100) crystallographic
orientation (sample 2—4) and the
layer with only (001) orientation
(sample 2-7) (right)

Intensity (a.u.)

=0

Fig. 4 Pole figures of the
sample 2-7 with the optimized
preferential orientation; a (100)
plane angular (i.e., polar and
azimuthal) distribution, b (001)
plane angular distribution,

¢ (101) plane angular
distribution d azimuthally
averaged intensity profiles
extracted from the preceding
pole figures plotted as a function
of the crystallographic plane
inclination with respect to the
sample normal

Further, we performed the pole figure analysis of the
optimized sample (i.e., the sample 2-7) for the diffraction
angles belonging to (100), (001), and (101) diffraction
planes to determine their preferential orientation. The pole
figures shown in Fig. 4 are the stereographic projections of
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the diffracted intensity plotted with respect to the sample
coordinates, i.e., pole figure center corresponds to the
crystallographic planes parallel to the surface while the
edge of the circle corresponds to the planes being per-
pendicular to the surface. In the previously shown Bragg—
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Brentano scans, one can detect only crystallographic planes
parallel to the surface. The experimental results show the
(001) planes are predominantly oriented parallel to the
sample surface, while (100) planes are predominantly
perpendicular to the surface. The average misorientation of
individual crystallites determined from FWHM of the pole

without annealing
(001) after 100°C
after 200°C
. after 300°C
=]
E (001)
2> -
z
O B
: |
L/v 34 35 36 372£)m 40 41 42
L BN BN B B B N B B L N B L N
20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

20 (°)

Fig. 5 X-ray diffractograms obtained after each annealing step up to
300 °C for 1 h

0.0 nm

© 0.0nm

Fig. 6 Surface topography obtained by AFM; a the sample 2-7 with
the (001) preferential crystallographic orientation; b the sample 1-8
with the (100) and (001) crystallographic orientations; ¢ the sample

A Springer

figure peak is 5° (see Fig. 4b, d). Accordingly, the (100)
planes being perpendicular to (001) planes reveal their
maximum intensity at the edge of the pole figure as shown
in Fig. 4a, d. The weak maximum at the pole figure center
in Fig. 4a is caused by the fact that the diffraction peaks
belonging to (100) and (001) planes are partially overlap-
ping in the angle 20 and they are not completely separated
with used experimental resolution (see Fig. 4d). The angle
between the (101) and (001) crystallographic planes in the
Ti lattice is 61.3° which perfectly corresponds to the

Table 3 Measured Rryvs surface roughness of samples prepared with
different BV and AV settings

Sample no. BV (V) AV (V) Rgys (nm)
1-1 200 —100 0.72 + 0.08
2-7 200 —220 0.55 + 0.07
1-2 400 —80 0.73 & 0.09
1-4 600 —120 0.76 =+ 0.09
1-6 800 —160 0.76 + 0.12
1-8 1000 —200 0.75 + 0.09
1-9 1200 —240 0.66 & 0.08
1-10 1200 —600 0.67 + 0.08
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corresponding to the three shown AFM surface topography
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observed maximum in the pole Fig. 4c. All the three pole
figures have a perfect rotational symmetry which means the
orientation of the individual crystallites in the azimuthal
direction is random with no indication of any preferred
azimuthal direction. However, we expected such behavior
since the substrate was rotating during the Ti deposition
and therefore no unique azimuthal axis is present.

Consequent deposition of some layers such as AIN or
Zn0 over a titanium film often requires process tempera-
tures up to 300 °C [8]. Considering this fact, we exposed
several samples (sample 2-7) with the optimized (001)
preferential crystallites orientation to an annealing process
in vacuum of 5 x 10”7 mbar. The annealing process was
supposed to simulate conditions similar to those needed for
deposition of these binary thin film compounds on a tita-
nium layer and thus to learn its possible thermal instability.
The consequent XRD analysis (see Fig. 5) shows no
obvious changes in the crystal lattice after three different
annealing processes which were carried out for three
maximum temperatures 100, 200, and 300 °C.

We used the AFM in the ScanAsyst® mode to determine
the surface topography and roughness of deposited thin
films. Figure 6a shows topography of the sample 2-7
containing titanium crystallites with the preferential ori-
entation (001) with surface roughness of only 0.55 nm.
Topography of the sample 1-8 containing crystallites with
both (100) and (001) crystallographic planes (see Fig. 2)
parallel to the surface is shown in Fig. 6b. This sample has
one of the highest surface roughnesses with a value of
0.75 nm. We attribute this fact to the equal distribution of
these two crystallographic orientations recognizable as
sharp peaks (001) combined with the rounded elongated
islands (100). Figure 6¢ shows the topography of the
sample 1-10 where the major contribution to the crystal-
lographic structure comes from the crystallographic ori-
entation 001 along with (100) and (101) planes. We
presume this fact is reflected in a surface roughness of the
value 0.67 nm which is lower compared to the previous
sample. The individual AFM profiles of these three sam-
ples (sample 2-7, 1-8, 1-10) are depicted in Fig. 6d.

The results of the AFM measurement are listed in
Table 3. The table contains the values of RMS surface
roughness including its standard deviations for each sample
with corresponding BV and AV. It is obvious that the
sample 2-7 possessing the (001) preferential orientation
has the lowest surface roughness.

Conclusion
We have presented the optimized deposition process of the

(001) preferentially oriented titanium thin film using the
Kaufman ion-beam source. The performed experiments

have shown that both the low energy and the low ion-beam
current are necessary for deposition of highly oriented Ti
thin films with the only (001) preferential orientation of
films crystallites parallel to the surface.

The crystallites with the (100) orientation parallel to the
surface were present in the thin films deposited at higher
ion-beam energies (BV of 400 V and higher), and those
with the (101) plane parallel to the surface in the films
deposited at the highest value of ion-beam energy (BV of
1200 V). The Rgrms roughness of all deposited films was
less than 1 nm according to the AFM measurements which
confirms an ultra-smooth character of surface. The lowest
value of surface roughness is only 0.55 nm. We have
shown that the surface roughness of thin films depends on
the preferential crystallographic orientation.

The observed behavior and properties of the Ti thin
films are attributed to specific deposition conditions pro-
vided by the Kaufman ion-beam source which generally
are not achievable with the conventional magnetron
sputtering.
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4 Residual stress in titanium removing

4.1 Motivation of the article

The mostimportant factor in MEMS fabrication the value ofesidual stress in thin filmf

the value is higher than 1 GRaan even cawascracking and buckling of the layer so it is very
important to control and reduce value of residual stress. Ti belongs to the groagedais
which naturally suffefrom compressive residual stremsd the controlling is moderatdere

plays a role thenain disadvantage of RFICP Kaufman ion beam source depositich is

higher kinetic energy of deposited material in comparison to magnetron sputtering or
evaporationHigh kinetic energy of sputtered mateigo increases the value of compressive
stress.

After the study of stress remoytie only possible way how to reduce it was the controlling of
deposition temperaturét was not possible to use secondary RFICP Kaufmabéam source

to direct substrate bombardment which provides continual clgaimne thdi is good oxygen
getter and there is also present ulo@ O. concentration in 7N Ar gas.cbntrolled the
deposition temperature in range framl00A C &t3@0A Co achieve the stregsee (001)
preferentially orientedi layer. This temperatures acceptable in terms of CMOS compatibility
because the lowegbssible value of upper limit&4 50 AC wh i Simetaliterfacev e n b
(e.0.4450A C f-AIBICUS3i475A C f -Alr etc.$ Increaseddmperature has significant
influence on residual stress aftbe deposition process is complered the sample is cooled
down due to thermal expansion.

4.2 Conclusion on the article

In this part of ny research, | found optimal deposition conditions where layer has no residual
stress and also thaystallographic quality of001) preferentially orientedi on SiQ was
improved. The misorientation was even the best for the dtessample withavatu of 4. 4 A.
This sample has the lowest roughness over all depoBitsdmplesl preparedduring my
research Value of lowest roughnessas of only 0.58im. Such a thin film is ideal for
consequent deposition BIN piezoelectric layerAs prepared Ti layetan be used for various
MEMS application where above mentioned properties are required.

4.3 Contribution

| performedall depositios. | alsodid XRD measurements in Braggrentano and Parallel beam
setupandall AFM analysesl also contributed to the analgf the results and to the writing
of the manuscript.

4.4 Article 2
The aticle Stressfree deposition of [001] preferentially oriented titanium thin film by

Kaufman ion-beam source[54] was published inrhin Solid Films (2016 IF 1.879) in
September2017.
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We proposed a method to control and minimize residual stress in [001] preferentially oriented Ti thin films depos-
ited by a Kaufman ion-beam source using a substrate temperature during deposition (T) as the parameter. We de-
termined the residual stress, corresponding lattice parameters, and thickness of deposited films using X-ray
diffraction and X-ray reflectivity measurements. We showed that the Ti film deposited at T == 273 °C was stress-
free with corresponding lattice parameters aq and c, of (2.954 + 0.003) A and (4.695 + 0.001) A, respectively.
The stress-free sample has the superior crystallographic quality and pure [001] orientation. The Ti thin films
were oriented with the c-axis parallel to the surface normal. We also investigated root mean square of surface
roughness of deposited films by atomic force microscopy and it was in the range from =~ 0.58 nm to =~0.71 nm.
Such smooth and stress-free layers are suitable for microelectromechanical systems.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Ti is a commonly used material in planar technologies either for the
fabrication of integrated circuits, microelectromechanical systems
(MEMS) or microfluidic systems. Ti has a reasonably good electrical con-
ductivity, an excellent thermal stability, high hardness, high melting
point, high elasticity and a very low concentration of crystallographic im-
perfections [1]. Ti belongs to a group of biocompatible materials and is
also compatible with the complementary-metal-oxide-semiconductor
(CMOS) process; thus, it is capable of being used in fabrication lines ded-
icated to CMOS production and research [2]. Ti thin films are used in
MEMS applications such as cochlear implants [3], infrared bolometers
[4-6], flexible and wearable heartbeat sensors [ 7], piezoelectric energy
harvesters [8], microfluidic devices [9], and piezoelectric resonators
[10]. Layers used in MEMS technologies are typically required to have
minimal residual stress as this significantly affects the mechanical [11]
and electrical [12] properties of a final device. Once the stress level ex-
ceeds a certain limit it can even cause damage to the structural integrity
of the device [13].

* Corresponding author at: Central European Institute of Technology, Brno University of
Technology, Purkyinova 123, CZ-61200 Brno, Czech Republic.
E-mail address: imrich.gablech@ceitec.vutbr.cz (1. Gablech).

http://dx.doi.org/10.1016/j.tsf.2017.07.039
0040-6090/© 2017 Elsevier B.V. All rights reserved.

Ti thin films are usually deposited by processes such as physical vapor
deposition, including thermal and electron beam evaporation, pulsed
laser deposition, or sputtering, either magnetron or ion-beam based.
Each technique results in the formation of layers with different proper-
ties, such as crystallographic parameters, roughness, residual stress, elec-
trical sheet resistance, and thermal coefficient of resistance [14]. Control
of the Ti crystallographic orientation is of crucial significance as it directly
affects its properties and, together with surface roughness, it is important
for properties of layers subsequently deposited on top of the Ti layer,
such as AIN piezoelectric material [10,15,16]. The magnetron sputtering
technique allows residual stress control by modulating Ar gas pressure,
magnetron power, or substrate deposition temperature (T) [17]. Unfor-
tunately, these parameters cannot be set independently from each
other. The other extended technique employing the assisted ion-beam
source for concurrent substrate ion-beam bombardment during the
layer growth allows only limited control of residual stress [18].

Here, we report on the preparation of stress-free highly [001] orient-
ed Ti thin films deposited using a 3-grid radio frequency-inductively
coupled plasma (RFICP) Kaufman ion-beam source. The major advantage
of this ion-beam source type is a well-defined process control that allows
us, contrary to conventional deposition techniques, to set parameters
like ion-beam energy and atomic sputtering direction independently,
and also in one order magnitude lower operational pressure compared
with magnetron sputtering [1]. On the other hand, its disadvantage is a



58 1. Gablech et al. / Thin Selid Films 638 (2017) 57-62

rather more complex control of residual stress. In our work, we concen-
trated on the investigation of the control of residual stress by T and its in-
fluence on crystallography and surface roughness of a Ti layer deposited
on a plasma enhanced chemical vapor deposited (PECVD) SiO, layer.

2. Experimental details
2.1. Titanium deposition process

For all experiments, we used p-type Si wafers with diameter of
= 100 mm, crystallographic orientation of [100], thickness of ~375 pm,
and specific resistivity in the range from =6 {2 cm to ~ 12 ) cm covered
with PECVD SiO, with a thickness of =200 nm. These wafers were diced
into individual substrates with dimensions of =20 mm x ~20 mm.

The Ti layers were deposited by an ion-beam sputtering system in-
side a vacuum chamber with the RFICP Kaufman ion-beam source (Kauf-
man & Robinson—KRI®) with a =~ 4 cm diameter Mo 3-grid dished
focused ion optics with an =45° ellipse pattern. We used an Ar ion-
beam with purity of 99.99999% to provide the bombardment of an
~100 mm x =~ 100 mm Ti target with the purity of 99.995% under an in-
cidence angle of ~45°. Reduction of the ion-beam space charge was pro-
vided by a KRILFN 2000 charge neutralizer (KRI®). The vacuum chamber
was evacuated to the pressure of ~5-10~7 Pa before each deposition
process. The final Ti thickness (t;) of (80 + 1) nm was monitored in-
situ by quartz crystal microbalance method and subsequently verified
by X-ray reflectivity (XRR) measurement.

The deposition parameters were selected under conditions deter-
mined in our previously reported work [1]. We set the ion-beam energy
to =~200 eV, acceleration voltage to ~—220 V to control the extraction
and optical parameters of the ion-beam, ion-beam current to ~5 mA
at the target, radio frequency power to =70 W supplied to the plasma
discharge, Ar flow to ~2.2 sccm, and T was used as the parameter. We
performed a contact temperature measurement using a type K thermo-
couple during the sputter deposition process to investigate the T caused
by the combination of deposited material energy and the built-in sub-
strate heater. The lowest value of T was =~ 105 °C which is generated
only by the deposited material flux with no additional heating. We con-
trolled the T in the range from =105 °C to =~ 295 °C with an accuracy of
+ 3 °C. The pressure during the all depositions was constant with the
value of ~9-103 Pa.

2.2, X-ray scattering methods

We characterized the Ti layers by several X-ray diffraction (XRD)
methods (Fig. 1). We used a Rigaku SmartLab system with a Cu X-ray
tube.

We used the standard Bragg-Brentano setup (Fig. 1A) to determine
the lattice parameter (c) of the planes parallel to the surface. The lattice

A) Bragg-Brentano

parameter (a) in the perpendicular direction was measured in a grazing-
incidence setup (Fig. 1B) using a parabolic multilayer mirror as a mono-
chromator and parallel plate collimator with a divergence of =~0.15° and
=~0.11° in the incident and the scattered beam, respectively. We per-
formed this measurement at an angle of incidence («;) of 0.3°, which is
close to the critical angle of total external reflection of 0.298°. The
diffracted signal was integrated over the exit angle (o) from 0° up to
2°, We extracted values of lattice parameters by curve fitting using
Rigaku PDXL2 software.

We measured the t; in the XRR configuration using a two bounce Ge
(220) channel cut monochromator.

We determined the preferential orientation of the Ti lattice via the
pole figures measurement. We performed the measurement with the
parallel beam and the parallel plate collimator as in the grazing incidence
setup (Fig. 1B). The diffractometer with an in-plane arm allowed to map
the full half space above the sample's surface, The background of pole fig-
ure was measured 2° off the peak position.

We measured the curvature (Fig. 1C) of the Si substrate before (Rp)
and after (R) Ti deposition to determine the elastic stress of Ti layers.
The curvature radius was determined from the dependence of Bragg
angle (0) on the substrate position. Its slope is inversely proportional to
the curvature radius of crystallographic planes. The stress of a Ti layer
(o) can be calculated by the Stoney formula (Eq. (1)) for [001] oriented
Si[19]:

1 1 1
ol "~ 6 si+si (EWE> M

where h is the substrate thickness and s,; and 5,5 are the components of
the Si elastic compliance tensor. We used a four bounce Ge (220) Bartels-
type monochromator and measured the position of Si 004 diffraction
peak dependence on the sample position.

2.3. Surface roughness measurement method

We determined the root mean square of surface roughness (Rgws)
from surface scanning by atomic force microscope (AFM) Dimension
Icon by Bruker in the ScanAsyst®-Air mode. We used the ScanAsyst-Air
probe with a cantilever spring constant of =~0.4 N-m~" and tip radius
of ~2 nm.
3. Results and discussion
3.1. Crystallography and stress characterization

We performed phase analysis measurement using XRD in the Bragg-
Brentano setup with the 26 angle in the range from 30° to 85° for all

layers with T as the parameter. The interval from 60° to 78° was excluded

B) Grazing-incidence in-plane

e

C) Curvature measurement

[0

) I

©
~1/R

X

Fig. 1. Setup of the XRD experimental methods: A) Bragg-Brentano setup to measure the out-of-plane c lattice parameter; B) In-plane diffraction for a lattice parameter determination was
measured with the parallel plate collimator and analyzer shown in the figure; C) Curvature measurement determines average o in the layer. The angle of incidence with respect to the

mean surface is noted as .
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Fig. 2. A) X-ray diffractograms of deposited thin films obtained at different T. The range from 60° to 78" was excluded due to Si 400 diffraction with intensity of several orders of magnitude

higher than of the Ti peaks; B) RC-FWHM and T dependence on T.

to avoid the high intensity of Si 400 diffraction in this range. We detected
the diffraction peaks that belongs to the (100), (001) and (101) crystal-
lographic planes. We detected the 2nd order 002 and the 4th order 004
diffraction peaks since the 1st order diffraction is forbidden (Fig. 2A)
for the (001) crystallographic plane (Fig. 2A). We used XRD in the paral-
lel beam setup to determine the rocking curve (RC) width (Fig. 2B). We
calculated the minimal average crystallite size (T) using the Scherrer
equation [20] (Eq. (2)) from the full width at half maximum (FWHM)
of the 002 diffraction peak in the Bragg-Brentano setup (Fig. 2B):

K-\
"= cos®) @

where K is the Scherrer constant, \ is the X-ray wavelength, and 3 is the
line broadening at half the maximum intensity. The 004 diffraction peak
was not resolved at all samples, thus the inhomogeneous strain induced
peak widening could not be determined.

The Bragg-Brentano analysis results proved that the crystallites in all
deposited layers had the [001] preferential orientation. We also observed
a small contribution of the (100) plane belonging to the samples depos-
ited with T from =105 °C to =155 °C. Only one (001) crystallographic
plane was presented for samples deposited in the range from =180 °C
to =273 °C. The small contribution of the (101) plane was presented
for the highest T ~ 295 °C.

Tincreased from ~155 °C to =273 °C, resulting in increased diffrac-
tion peak intensity and decreased RC width. We observed the highest dif-
fraction intensity with the lowest FWHM value of ~0.27° and the lowest
RC width with FWHM =~ 4.4° at T~ 273 °C. Increasing T from ~ 105 °Cto
~295 °C also resulted in the increase of 7 from ~19 nm to ~31 nm.

The dependence of the lattice parameters on Tis shown in Fig. 3B. The
strain &; was calculated (Eq. (3)) using experimental and tabulated
values of the lattice parameters:

Qexp— 0o Cexp—Co
Ey=—— Ep=— 3
xx @ 2z c (3)
where x and z, respectively, are the in-plane and out-of-plane coordi-
nates, dexp, Cexp the experimental lattice parameters and ag, cp the tabu-
lated values of the unstrained lattice. Then assuming in-plane isotropy,
the in-plane and out-of-plane stress components can be calculated as

(Eq. (4)):
Oxx = (C11 +Ci2) - 6xx + Ci3 - €2,02 = 2013 - £ + (33 - €2 =0 (4)

where Gj; are the components of the Ti elastic stiffness tensor [21], the in-
plane 0, and the out-of-plane o,, stress components equal zero since
the surface is stress-free. However, the tabulated values of the lattice pa-
rameters vary in a relatively broad range and, therefore the uncertainty
of the calculated stress would be in the order of GPa and, therefore, not
acceptable for MEMS applications. Thus, we measured the oy via the cur-
vature of the substrate; the measured of dependence on T is plotted in
Fig. 3A. The o has the same qualitative dependence as the a and opposite
one as the c in agreement with the previous equations (Eq. (4)).

The Ti thin film deposited at T = 273 °C exhibits the zero residual o¢
value within the experimental precision of 0.1 GPa. Corresponding ap
and cy of this unstrained Ti film are (2.954 4 0.003) A and (4.695 +
0.001) A, respectively and their ratio c/a is (1.5891 + 0.0015). Using
these values of Ti lattice parameters, we calculated the average ampli-
tudes of 0 and 0, using formulas (Eq. (3)) and (Eq. (4)). We obtained
values which were in good agreement with the ones determined by the
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Fig. 3. A) Stress o dependence of measured o and calculated 0y, 0,,, and oy values (Eq. (4)) on T; B) Dependence of measured a and ¢ of deposited Ti thin films on T.
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