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CHAPTER I
INTRODUCTION

Thin solid films can be formed by the arrangement of individual atoms on the
substrates. The thickness of thin films, as referred to the definition, is less than 1 um.
Nowadays, thin films are widely used in electronic devices, decorative parts, optical
coating, hard coating and wear resistance films [1]. The properties of thin films are
different from bulk materials because of the atomic growth process. In the aim of
modern science and technology, it focuses on the creation new material which having
novel and functional properties. These outstanding properties result from the small
size of structural element in the range of 1-50 nm. This material is called
“nanomaterial” [2]. In this work, we concentrate on synthesis and characterizations of
novel nanomaterial with unique properties for a wide range in metal carbide and metal
nitride thin film as functional materials for modern science and technology.

Transition metal nitride (MNx form) coatings become interesting because of
their outstanding mechanical and tribological properties: high hardness (20-25 GPa,
approximately), good adhesion to metal substrate, good corrosion and wear resistance
[3]. All these properties make metal nitride thin films have been used for
mechanically and chemically protective layers for industrial applications for many
years. The cubic-base structural chromium nitride is a more recent and one of
interesting choice of such layers due to its well-matched properties to some industrial
requirements, especially those for hard coating and tribological applications.
Chromium nitride (CrN) film has a high hardness, high wear- and corrosion-
resistance, and it also has a low friction-coefficient [4-5]. Adding one more metal
element to the structure, Cr-based ternary nitride films have been reported that these
films have improvements over the properties seen with binary compound CrN films
[6-8]. However, there is an apparent lack of important information about the
properties of Cr-Zr-N films derived from various growth parameters which are the
keys to engineer the desired properties of the material. In this work, we explored the
roles of nitrogen partial pressures and post-process annealing temperature on the
structural, mechanical and electrical properties of the resultant Cr-Zr-N. We also

demonstrate and discuss in the effect of low-energy ion bombardment during the film



growth with dual dc magnetron sputtering technique, for an improvement of the
mechanical properties of this Cr-Zr-N ternary nitride thin films.

On the other points of view, transition metal carbide (MCy form) is another
interesting material because of high hardness and high melting point for compound
with covalent bond, good electronic and thermal conductivity for compound with
metallic bond. Most of metal carbide shows NaCl face center cubic (FCC) structure,
which is ionic bond. One reason that makes metal carbide attractive is the
combination of outstanding properties in a mixture of metallic, covalent and ionic
component [9]. It is widely useful for complementary metal-oxide-semiconductor
devices (CMOS) as metal gate. In CMOS technology, metal gate and high-dielectric
constant (k) are required to replace poly-crystalline silicon (poly-Si) and silicon
dioxide (SiO;), respectively. These changes are aim to eliminate polysilicon
depletion, Fermi level pinning effects, gate resistance effects [10-12], leakage current
and power consumption lost [13]. To obtain the greater capacitance for the maximum
drive current, a dielectric with a higher permittivity (x~ 20) than SiO, dielectric (k~
3.9) can be used. Hafnium oxide (HfO;) and Hafnium silicate (HfSiOy) are two of
most promising candidates for this task. The selection of metal gate based on Hf-
compound is a best choice for materials that have effective work function near the
conduction and valence band edge of Si [12]. The effective work function (¢mesr) of
n-metal gate is 4.1 eV. Metal carbide is one choice for the negative metal-oxide
semiconductor (NMOS) electrode because of low vacuum work function [8].
Nitrogen-free tantalum carbide (TaC) also emerged as a promising gate electrode of
high-k metal oxide semiconductor field effect transistor (MOSFETS) because of high
mobility and thermal stability [12, 14]. This nitrogen-free metal gate is interested
because nitrogen in metal gate can make the work function in metal carbide increase
[12, 15]. We expect that the lower effective work function (¢m efr) can be obtained by
introducing yttrium (YY) atoms with low work function of 3.1 eV into tantalum carbide
(TaC) matric. In this work, we have systematically investigated the effect of Y
content in tantalum yttrium carbide (TaC);.xYx gate electrodes on structural
properties, resistivity and flat band voltage (Vi) control for Hf-based high-k MOS
capacitors. It has been found the first time that (TaC)1.xYx can be a candidate for n-

metal gate electrode in gate last process.



This thesis is divided into five chapters. In the following chapter, chapter 2,
theoretical background is described. In chapter 3, some of characterization techniques
that been used in this work, are described. Chapter 4 highlights about the
experimental results and important discussions. The final chapter of this thesis,

chapter 5, is the conclusions.



CHAPTER II
THEORETICAL BACKGROUND

2.1 Transition Metal Carbides and Nitrides

Transition metal nitride and carbide show the outstanding properties: high
hardness, high melting point (TaC has the highest melting point), high electrical and
thermal conductivity. Most of binary transition nitride (MNy form) and carbide (MCx
form) materials are FCC, which crystal structure is shown as in Fig. 2.1. The chemical
stability of both transition metal carbide and nitride is also high. They are difficult to
be attacked by acid (except oxidizing acid and hydrofluoric acid). Transition metal
carbide (MCy form) and nitride (MNx form) are considered as the family of
interstitial alloys or compounds. Non-metal atoms are randomly situated in the

interstitial site.

O Metal atoms

. Non-metal atoms

Figure 2.1: The face center cubic structure.

The properties of transition metal carbide and nitride using in this work are shown in
Table 2.1.



Table 2.1: The properties of transition metal nitride and carbide for technical

applications [16].

Compound | Lattice Density | Micro- | Melting Young’s | Electrical
Parameter | (g cm™) | hardness | Poing Modulus | resistivity
(nm) (GPa) (°C) (GPa) (u€2 cm)
TaC 0.4455 14.48 16 3,985 290 15
CrN 0.4148 6.14 13 1,770 450 640
Decomposes
ZrN 0.4570 7.32 15 3,000 460 24

Transition metal nitride (MNy form) and carbide (MCy form) contain the
mixture of metallic, covalent and ionic component. The metallic component shows
good electrical conductivities. Atomic orbital of atoms are combined to form bonding
in covalent bond. The ionic can be formed by transferring the charges from the metal
atom to non-metal atom. For preparation of the transition metal carbide and nitride,
the thin films are grown by physical vapor deposition (PVD). The transition metal
atoms are reacted with reactive gas ions from the plasma at low pressure then be

sputtered from the target and forming thin film layer on the substrate.

2.2 Plasma

In general, plasma, consisting equal number of electrons and ions, are neutral.
Plasma can be generated by external power supply. After a high voltage is applied to a
metal electrode within a chamber, the primary electrons can be produced from the
ionization of background gas. The ions in plasma move to bombard the negative
cathode, whereas the electrons are accelerated across the sheath, a region with low
electron density, into the plasma. If the electrons have enough energy, the ionization
of neutral gas atoms can be occurred after collision between gas and electron. There

are various collision processes that can occur within the plasma to generating and



sustaining plasma. If we consider energy conservation, there are 2 kinds of collisions:
elastic and inelastic collision. In case of elastic collision, momentum and energy are
conservation during the collision. Little energy can transfer from energetic electrons
to the atoms or ions. On the other hands, in case of inelastic collision, energy can be
lost during the collision. There are many inelastic processes in the plasma. One

important process is ionization

e+Ar—>Ar+2e” (2.1)

This reaction creates another electron and ion. A second reaction is the excitation of

atoms or ions into an excited state.

e +Ar—Ar +e (2.2)

An energy decay and emission of photon can be produced in this process. The lifetime
of excited state is very short (in order nanosecond). However, excited inert gases have
enough time to collide with ground state atoms. This phenomenon may cause

excitation or even ionization.

A"+B>A+B’ (excitation) (2.3)
A"+B—>A+B*+e (ionization) (2.4)

where A and B are arbitary species

Because plasma is conductive, the perturbation from electric field (E ) is very
weak. A force of moving charge in electric field can be ignored. In contrast, the
perturbation from magnetic field (B ) is strong.

A force of moving charge in magnetic field is

F —quxB (2.5)

where q is the charge on the particle

v is the velocity



If the charged particle move at right angle to the magnetic field, the particle will move

in an orbital path the radius of this orbit (r) is
r=mv,/qB (2.6)

where m is the mass of the particle

v, is the component of the velocity perpendicular to the magnetic field.

In general, the orbit of ion is larger than that of electron. The orbit of ion is
always ignored because it is always much larger than the chamber. As the charged
particle moves in electric field and magnetic field, the particle will drift cyclical
motion. The direction is perpendicular to both electric field and magnetic field. This is
shown in Fig. 2.2. This drift is known as E x B
The drift velocity of charged particle in magnetic and electric field is

v=E/B (2.7
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Figure 2.2: The motion of an electron in magnetic and electric field [17].



Because orbit of ion is larger, electron motion is only considered in this case.
A spiral path of electron makes the path length of the electron increase many times
comparing with straight line. This phenomenon makes the probability of collision
between electron and other species increase and the density of ion and electron
increase. In the case of circular planar magnetron in sputtering system used in the
work, it consists of an array of magnets or electromagnetics and cooling water at the
back of magnetron. Magnetron consists of 2 poles. The first pole is at the center of the
magnetron. The second pole is an annular ring at the edge of the cathode. The
magnetic field direction in a parabolic shape starts from the center pole to outer ring
pole. The E x Bdrift forms a close path and is parallel to the surface of cathode, as
shown in Fig. 2.3. As the ions bombard the cathode, the secondary electrons will be
emitted from cathode. These electrons are trapped near the cathode and form a
drifting, circulating current. It causes an increase in ionization and much denser

plasma [17].

B Field
E x B Drift Path

\ Cathode

Figure 2.3: A circular planar magnetron cathode, showing the shape of magnetic field
and the resulting drift path [17].

2.3 Sputtering

Sputtering is one of process for the deposition thin film. The target, the source
of coating material, and substrate are placed into a vacuum chamber. The pressure is
in the chamber in the range of 5x10™ to 5x10°" Torr. Generally, an inert gas, such as
argon (Ar), is used in the process because of its inertness, its heavy mass and its low
cost. After energetic particles especially ions of a heavy inert gas bombard the target,



the sputtered material is ejected from target surface in atomic form due to the
momentum exchange. The substrates are in front of the target to receive the flux of
sputtered atoms. Alloys and compound almost every element can be sputtered while
the composition is kept constant. We can consider the sputtering deposition in both
physical and chemical sputtering. In case of physical sputtering, energetic particles
bombard the target atoms and transfer kinetic energy. If the surface of those atoms
acquires enough energy to overcome the local binding force, they will be ejected from
the target surface. In case of reactive sputtering, there are reaction between reactive
ion and surface target to form an unstable compound. We can describe the atomic
collision by using a simple binary hard sphere elastic collision, as shown in Fig. 2.4.

The incident ion of mass M, and velocity v,impact on the target particle M, . After

elastic collision between bombarding ion and target, the target particle is moved
deeper in the target by momentum exchange. If the bombarding ion and target
particles are identical mass, the momentum transfer to the target is the maximum
value. If the mass of the ions is less than that of the target particle, the bombarding
particles will be reflected [18].

Incident ion @ V.

A
M, - M
=G
v i t
Target atom @ v, =0

| 2M,

1 = V.
E t (M+M )|
v

Figure 2.4: The momentum exchange process during sputtering [19].

In general, many phenomena can occur after the ion bombards the surface
target, as shown in Fig. 2.5. This is known as collision cascade. There are 3 kinds of
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materials that are emitted from the target after ion bombardment. The first is reflected
ions and neutrals. The second is the secondary electron (electron from the target). The
third is the ejected target atoms from the series of collisions. Moreover, ion
implantation, the buried ions in the target, can occur. The last phenomenon is
rearrangement in the target material. It includes missing atoms (vacancy), interstitial

(atoms out of position) or a change in stoichiometry in target [19].

Incident ion Reflected ions & Neutrals Secondary electrons

\ / Sputtered atoms

Surface
¥

Structural

changes

possible

Bombarding ions may be implanted

— —

Collision May terminate Result in the ejection
sequence: Within the target of a target atom

(sputtering)

Figure 2.5: Interactions of ions with surfaces [19].

In reactive sputtering, compound thin film can be grown from metallic target
by introducing reactive gas (N2, O,) and inert gas (Ar) in the vacuum system. In
plasma atmosphere, the compound can form on the surface target from the reaction
between ion of reactive gas and target. This phenomenon makes the deposition rate
decrease because the binding energy of compound is higher than that of the metal
target and the mass of reactive gas is less effective than Ar gas. If the partial pressure
of reactive gas in the system increases, the coverage area of compound on target tends
to increase. The deposited film changes abruptly from a metal to a nearly full-

stoichiometric compound [18].
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The bias sputtering is the specific process applying a negative voltage to the
substrate. The positive ions are introduced to bombard the substrate during the
sputtering deposition. In case of low energy ion bombardment (< 200 eV), the
impurity species, having high sputtering yield, can be removed or otherwise the
composition can change by ion bombardment. Moreover, the surface mobility of
adatoms and grain size can be affected by low energy ion bombardment. The
sputtering yield is an average number of target atoms ejected per incident particles.
The diffusion of adatoms results from ion bombardment because adatoms gain energy
from the ions. In case of high energy ion bombardment, the structure of films can be
modified [18].

The energy of ions moving to bombard the substrate during growth film is

very important parameter. The maximum ion energy is calculated from
E =6V, -V,| (2.8)
where Vs substrate voltage
V, is plasma potential
V,can be extracted from “knee” in I-V graph. The floating potential can be

determined when the current is zero. In this work, Langmiur’s probe has been used to
determine the plasma parameters. There are two kinds of probes: flat probe and wire

probe. Flat probe is used for measurement ion flux (J. =) and floating potential. Wire

ion
probe is suitable for measurement the plasma potential. Negative voltage is applied to
the flat probe for measurement the ion current. In contrast, positive voltage is applied
to wire probe for measurement the electron current at the same position as the

substrate [20].
2.4 Thin Film Process

There are 3 main steps for thin films deposition. The first step is the
production of atomics, molecule or ionic species. The second step is the transportation
these species to the substrate through the medium and the third step is the formation
of a thin solid film on substrate. The following process for condensation on the
substrate can be described: As the incident flux of film species impact the substrate,
they transfer sufficient energy to the substrate. These species are absorped on the
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surface substrate known as “adatom”. Adatoms can diffuse over the surface substrate
because they still remain energy after impacting. Adatoms can also interact among
themselves and form bigger clusters. If the clusters or the nuclei are unstable
thermodynamic, they tend to leave the surface in time, depending on the interface
between film and substrate materials and the substrate temperature. There is no
desorption if the cluster collides with other absorbed species. This phenomenon make
the cluster grow in size and more stable. The clusters become stable after they reach
the critical size. The nucleation steps include the formation of stable, chemisorbed and

critical-sized nuclei. This process is shown in Fig. 2.6.

Deposition Re-evaporation

Metastable Critical size
T cluster cluster

e @@ = 00 = 000

accomodation

Surface diffusion

a) Nucleation

b) Layer growth

@ ¥y

¢) Island Growth

Figure 2.6: The schematic representation of nucleation process (a) the formation of

layer growth (b) and the island growth (c) [21].
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The number and size of critical nuclei increase until the saturation nucleation
density. The nucleation density and average nucleus size depend on many parameters
such as the energy of the impinge species, the rate of impingement, the activation
energies of absorption and desorption, thermal diffusion, the temperature, topography
and chemical nature of the substrate. The grown nuclei are called islands. The small
islands start to coalescence with each other to reduce the surface area. This stage is
called coalescence. The growth of larger island changes to form continuous film. For
the growth process, there are 3 modes, as shown in Fig. 2.7: island, layer type and
mixed type. Island growth or Volmer-Weber type can be occurred when the binding
energy between adatoms is more than the binding energy between adatoms and
substrate. This type can be occurred for metal film on insulator or contaminated
substrate such as metal film on SiO,. Layer by layer or Frank-van der Merwe type
can be occurred when the binding energy between adatoms is less than or equal the
binding energy between adatoms and substrate. This type can be found in case of
metal film on metal substrate (Cd on W), metal film on semiconductor substrate (Fe
on GaAS) and semiconductor film on semiconductor substrate (Si;.xGex on Si). The
mixed type or Stranski and Krastanow is combination of first two. After layer grows
on the substrate, the island will be formed. This type is driven by the elastic strain

energy (E

strain )

o[- S0Ph (2.9)

strain [

E

where a, is the lattice constant of film

a, is the lattice constant of substrate

h is the thickness of film

In this case, the lattice constant of film is larger than that of substrate. The
strain energy has more effect than the surface energy which is the energy requirement
to form island growth. The different islands are random crystallographic orientation
and topography. During coalescence process, the islands contact each other. This
phenomenon make grain boundary and various point and line defect occur into the

films because of the mismatch of crystallographic and geometry.
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There are 3 types structure of film depending on grain orientation. If the
orientation of grain is random, the films show polycrystalline. However, if the grain
size is approximate 1 nm, the films show amorphous. If the film has high deposition
rate (in unit of atoms) or low deposition temperature, the adatoms do not have enough
time to diffuse on the substrate. They are buried by the subsequently deposited atoms.
Therefore, the amorphous film can be formed. In contrast, the films show single

crystalline if the orientation grain parallel to each other [1, 21].

Island structure

Substrate

a) Volmer-Weber type

Uniform film

/

Substrate

b)Frank-van der Merwe type
Island structure

Uniform film

/

/.
Substrate

c) Stranski-Krastanov type

Figure 2.7: There modes of thin films growth process.
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2.5 Evolution of Microstructure

There are 3 processes affecting the evolution of microstructure: surface
diffusion, bulk diffusion and atomic shadowing. At elevated temperature, bulk
diffusion can be occurred. Bulk diffusion is the process that adatoms incorporated into
the coating. The adatoms can readjust the position within the lattice. A geometric
interaction between the roughness of the growing surface and arriving atoms is called
shadowing effect. The shadowing effect can be eliminated by surface diffusion at

higher temperature. The different range of T /T (where T is the substrate temperature
in absolute temperature and T, is the coating melting point in absolute temperature) is

the basis of structure zone model. The model for sputtering in the absence of ion
bombardment is shown in Fig. 2.8.

The zone 1 structure can be occurred at low T /T (less than 0.3) when the

adatoms is not enough energy to diffuse on surface and overcome the shadowing
effect. The zone 1 presents the impurity such as oxygen. The roughness in zone 1lis
high because of tapered crystals or domed tops. The direction of domed tops is related
the direction of arriving flux. The roughness can result from the shape of initial
growth nuclei, preferential nucleation, substrate roughness and preferential growth.
Due to the limited surface diffusion, it leads to porosity and form the column. The
size of column can be very small and amorphous can be formed. The transition
structure, zone T, shows the dense fibrous grain at higher substrate temperature. The
adatoms have enough energy to overcome the roughness from substrate and initial
nucleation. It makes films grow with smooth and high density. Grain coarsening can
be occurred in the coalescence of small islands process.

However, the grain boundary cannot move during continuous film process.
The crystalline is nearly random due to incomplete orientation selection. There are
competition grain growths among neighboring grains especially (111) and (200)
plane. The columnar structure can be developed to larger grain. This zone results from
energetic particle bombardment. These particles occurring from magnetron source are
ions and energetic neutrals. There are 2 ways that the neutral particle can be
originated from the target. One is that positive ions neutralized and reflected from the
target surface. Another way is that sputtered negative ions are accelerated and the
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neutralized in the gas. The zone 2 is found when 0.3 < T/T, < 0.5. Adatoms have
high surface diffusion than zone 1. The grain size in this region is increased as
T/T, increase. There is dense intercrystalline boundary between the columnar,
platelet and whisker grain. The zone 3 can be occurred at high relative temperature
T/T,> 0.5. The bulk diffusion is dominated in this region. The structure can be
columnar or equiaxed. Grain boundary can move in coalescence and growth film

process. The recrystalline, the transformation of grain size distribution, can be

occurred. The grain size becomes larger size [18, 21, 22].
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Figure 2.8: The structure zone model representation the effect of substrate

temperature and argon working pressure on the structure of metal coating [18].

The grain size relates to the kinetic energy of adatoms to move on the surface.
When the adatoms have high kinetic energy, the grain size tends to increase. The
grain size can be also modified after deposition by annealing. As the annealing
temperature increase, the grain size trends to increase due to high activation energy

process of thermal diffusion.



17

The roughness of films depends on the nucleation barrier of the substrate. In
case of low nucleation barrier and high nucleation density, the size of critical nucleus
is small; therefore, the films become fined grain and smooth. In contrast, if the size of
critical nucleus is large due to the large nucleation barrier, the film becomes coarse-
grain rough film. When the adatoms have enough energy to move on the surface, the
roughness will decrease.

The adhesion between films and substrate depends on the chemical nature,
cleanness, and the surface substrate. The higher value of Kkinetic energy of incident
species, adsorption energy of the deposited film and initial nucleation density make
the adhesion of film be better. The contamination on the substrate may cause either an
increase or a decrease in adhesion. It depends on either an increase or a decrease in
the absorption energy, respectively. The adhesion can be improved by using fined-
grain substrate or pre-coat with suitable material.

The lattice constant of thin film is different from the lattice constant of bulk. It
can be either an increase or a decrease value. It depends on either negative value or

positive value of surface energy [1].

2.6 Hard Coating Material

Hard coating materials can be used for increasing the tool life, reducing
the manufacture cost, improving the quality of product in many applications such as
dies, cutting tool and mold. The hardness of materials is very important properties of
hard coating. The hardness can be defined as the resistance of plastic deformation.
The hardness of hard materials is between 20 to 40 GPa. If the hardness is above 40
GPa, the materials is defined as “superhard material” If the hardness is above 80 GPa,
the materials is defined as “ultra-hard materials”. In metal and alloy films, the
mobility of dislocation is eliminated when the grain size is decreased. The obstruction
of dislocation mobility affects an increase in the hardness of materials. The relation

between the hardness and grain size according to Hall-Petch [23] is shown in (2.10)

(2.10)

where H is the hardness
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H, is the intrinsic hardness of single crystal

d is the grain size

k is the materials constant

The grain size affects the hardness when the grain size is more than
approximately 10 nm. If the grain size is less than 10 nm, there are a lot of defect in
the grain boundary, causing the fast diffuse atoms in this region. In this case, the
hardness can be decreased because of the grain boundary sliding. Most hard coating
can be found in the binary transition metal nitride, carbide and boride compound such
as TiN, CrN, TaC and BN. The outstanding bond in hard coating is covalent bond but
there is still ionic and metal bond in nitride and carbide compound. For harder
materials have higher cohesive energy, shorter bond length and higher degree of
covalent bond. For the hardest material, the hardness of diamond is around 70-100
GPa. It consists of pure covalent bonding.

The hardness of binary compound can be improved by an addition an element
in binary compound. It’s called “ternary compound”. Some atoms can be substituted
by another atom with different size. This phenomenon makes the strain occur in the
crystal and cause an increase in hardness. The adhesion is also importance properties
of hard coating. The adhesion is defined as the condition that the substrate and film
can be held together. This adhesion of films can be tested by perform a scratch test.
The adhesion between film and substrate can be improved by preparing the cleaning
surface of substrate, using the interlayer. The increase in roughness of substrate can
also improve the adhesion [22, 24-25].

2.7 Metal Oxide Semiconductor Technology

A metal gate and high-k dielectric can be deposited into the metal oxide
semiconductor field effect transistor (MOSFET) process using a gate-first or gate-last
approach. The difference between 2 approaches is the step of deposition either before
or after the source/drain activation anneal. The procedure of gate-last process or the
replacement gate process is shown in Fig. 2.9. The source and drain are fabricated by
a high temperature process, following by the final process - the gate fabrication. A
“dummy” SiO,/polysilicon gate stack is deposited. This process follows source/drain
implant, source/drain high-temperature rapid thermal anneal (RTA) and source/drain
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silicide formation. After that an additional dielectric layer is deposited and resurfaced
by chemical-mechanical polish (CMP), stopping at the top of dummy gate. After
CMP process, the dummy gate is removed and then final high-k and metal gate are
deposited. The metal gate between the gate stack is removed by CMP and stopped at
the top of high-k layer. Finally, the contact and metal layer complete the process. The
gate-last process was then annealed in a low temperature process after high-k and
metal stack are formed. The properties of dielectric and metal gate will be similar the

intrinsic value in the gate last process [26].
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Figure 2.9: Schematic process of gate-last process [26].
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2.8 Ideal Metal Oxide Semiconductor

The cross section of MOS capacitor is shown in Fig. 2.10. It consist of
conducting gate electrode (metal or heavily doped polysilicon), oxide layer and

T V
Gate electrode l
Oxide

semiconductor substrate.

Semiconductor

—_—

Figure 2.10: The schematic representation the MOS structure [27, 28].

where d is the thickness of insulator and V is the applied voltage
The capacitance of oxide layer depend on the thickness and area of the film

ke, A (2.11)

where C is the capacitance
&, IS the permittivity of free space

Alis the capacitor area
d is the dielectric of oxide film

k is the dielectric constant
SiO;, is commonly used in MOS gate electrode as an oxide layer. The energy-

band diagram of ideal MOS structure without applied voltage is shown in Fig. 2.11. In
ideal MQS, there is no current flow in the structure when the resistivity is infinite
Moreover, the difference work function between the metal and semiconductor is zero
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The band is flat when the voltage is not applied. This is called “The flat-band
condition” [27].
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Figure 2.11: The energy band diagram of ideal MOS without bias voltage in p-type
semiconductor [27].
where 1y is the electron affinities of semiconductor

xi 1S the electron affinities of oxide layer

wep and ¢p is the Fermi potential with respect to the midgap and bandedge,
respectively

Egq is the energy band gap of semiconductor

dm Is the metal work function

When an ideal MOS capacitor is biased with positive or negative voltage, the
energy band will bend as shown in Fig.2.12. For the p-type semiconductor, the
valence band edge (E,) bends upward and is closer to the Fermi level when a negative
voltage is applied to the metal plate. In the ideal case, there is no current flow in the
structure; therefore, the Fermi level remains flat in the semiconductor. The band
bending causes the accumulation of holes (majority carrier) near the semiconductor
surface. It’s called “accumulation”. The bands bend downward and the holes are
depleted if a small positive voltage is applied. It’s called “depletion”. The bands bend
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even more downward if the larger positive voltage is applied. In this case, the intrinsic
level E; is the crosses over the Fermi level Eg. In this case, the number of electrons
(minority carrier) is larger than that of holes. This case is called “inversion”. The total
capacitance, C, in the system is the series combination of oxide capacitance and

semiconductor depletion-layer

it 1 (2.12)
CcC C, G,
where C, is the oxide capacitance

C,, is the semiconductor depletion layer capacitance

For the thickness of oxide layer (d), the constant capacitance is C,, relating the
maximum capacitance in the system. The semiconductor capacitance depend not only

the bias voltage but also the measurement frequency.
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Figure 2.12: The energy-band of MOS structure after applying the bias voltage in case

of a) accumulation b) depletion c) inversion [27].
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In basic MOS capacitor, it consists of the single crystal silicon, monolayer of
SiOy incomplete oxide silicon, a thin amorphous SiO, and metal gate, as shown in
Fig. 2.13. There are 4 kinds of charges in MOS capacitors 1) trapped charges Qi
which are at the interface between Si-SiO,. These charges can be produced by excess

silicon, broken Si-H, excess oxygen and impurity. 2) Fixed charges, which are near

the interface. These charges cannot move under electric field (E ) 3) Oxided trapped

charges can be created inside oxide layer 4) Mobile ionic charges Q, are mobile

within the oxide. The oxide charges, including the fixed charged, the oxide trapped
charges and the mobile ionic charges don’t depend on the bias. They make the
flatband voltage shift as shown in Fig. 2.14.

The voltage shift value depends on the location of charges. If the location is
closer to the interface between oxide-semiconductor, it makes the more shift of
voltage. As the positive charges appear inside the oxide layer, it added positive gate
bias for the semiconductor. A more negative gate bias is applied for the same original
semiconductor band bending. The fixed oxide positive charge, Qs, located near the
interface between Si-SiO; interface. The thickness of oxide films or the concentration
of impurities in the Si doesn’t affect the density of fixed charge. The number of fixed
charge depends on the oxidation, annealing condition and silicon surface orientation.
The excess silicon (trivalent) or the loss of an electron from excess oxygen near the
Si-SiO, interface is the origin of fixed charge. Mobile ionic charges can move inside

the oxide layer, depending on the bias condition. It also causes the voltage shift.

Oxide trapped Metal Mobile ionic
charge (Qor) B p |~ charge (Qn)
\ a
AT+t sio,
Fixed oxide — - - -
charge (Qf) [~~~ Tttt

+ + + + + 4| sio

Interface-trapped charge

Qi)
Si

Figure 2.13: The basic classification of charges in MOS capacitor [27].
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Figure 2.14: High frequency C-V curve on p-semiconductor shifted the voltage axis

due to (a) the positive oxide charges (b) the negative oxide charges [27].

The work function difference between p-type semiconductor and metal gate is shown

below

E
¢ms :¢m_(z+2_g+!r//8p) (213)
!

If the work function difference (¢,) is not zero, C-V curve will be shifted by the

same amount in gate bias, as shown in Fig.2.14.
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The net flat band voltage is

_Qf+Qm+Qot
C

VFB = ¢ms (2.14)

_Qf +Qm +Qot
C

AV = (2.15)

0

where Q; is fixed charge
Q,, is the effective net charge of mobile ionic ion per unit area

Q,: Is the effective net charge of the oxide trapped charge per unit area at the

Si-SiO; interface.

AV s the voltage shift due to the oxide charge
The flat-band voltage is the applied voltage to MOS structure. It makes no band
bending in the semiconductor, as shown in Fig. 2.15. There is no field in three
materials. In this case, the work function of metal is less than that of semiconductor.
The flat band condition can be occurred after applying the negative gate voltage
—(bs-dm) = dms, called flat band voltage with respect to the Fermi level of p-type
substrate [28].
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Figure 2.15: The energy-band diagram of a MOS capacitor at flat-band [28].

For ideal MOS, there is no conduction of insulator. If there is enough
high temperature or high electric field, the electric field in insulator or oxide layer can
be occurred. The electric field can be estimated in the oxide film after applying bias

voltage (V) as shown
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(2.16)

where E and E,are the electric field in the oxide film and semiconductor
g..and g, are the permittivity in the semiconductor and oxide film,

respectively.

The tunneling effect is the most common conduction mechanism under high
electric field. The electron wave function can pass through the oxide film from metal
to semiconductor. This phenomenon depends on the applied voltage causing the gate
leakage [27-29].

To improve the performance, the drain current needs to be increased in
MOSFET structure. One method is an increase in the capacitance. For increasing the
capacitance, the dimension of oxide layer is reduced to 1 nm. It makes the leakage
current in CMOS as the SiO; is a oxide layer. An alternative way for reduction the
thickness of oxide layer is to use a gate insulator with a higher dielectric constant
more than 3.9. This solution can reduce the leak current and improve the reliability of
the device. By using equivalent oxide thickness concept (EOT), the capacitance per
unit area is kept constant as the same as SiO, gate dielectric.

k..
EOT = %t (2.17)

X

where kg, is the dielectric constant of SiO; (3.9)
k, is the high dielectric constant of alternative oxide layer

t, is the physical thickness of alternative oxide

Therefore, the thickness of high-k dielectric material can be grown thicker
than SiO, whereas the EOT is kept constant. For example, the thickness of the
alternative oxide films with a dielectric constant 16 can be approximately fourth times
as thick as SiO, film. The requirements for new high dielectric constant material are:
the dielectric constant should be in the range of 10 to 30 to maintain a higher
capacitance. The band gap should be more than 5 eV to avoid the leakage current.
Moreover, thermal stability is importance. Oxygen diffusion coefficient has to be low

value to prevent the formation of interfacial layer. Hafnium oxide (HfO,) (k~20) and
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Hafnium silicate (HfSiOy4) (k~16) are one choice for high-k dielectric. They don’t
react with Si and metal gate. Hf-based are mass production in both Intel and IBM
company.

Another way to improve the capacitance is using the metal gate instead of
polycrystalline silicon electrode in CMOS technology. If the ionized impurity in
polycrystalline silicon is not high enough, the depletion of polycrystalline silicon can
be occurred near the oxide layer. This phenomenon makes the total capacitance
decrease. Metal gate is suitable to be used for avoiding the gate depletion because
metal gate has high carrier concentration. The selection of metal gate is based on the
the desired effective work function for negative metal oxide semiconductor (NMOS)
and positive metal oxide semiconductor (PMQOS). The effective work function has to
be near the conduction band edge (4.1 eV) and valance band edge (5.2 eV) of silicon,
respectively [12, 30-31]. The diagram of modern MOS structure is shown in Fig. 2.16.

Figure 2.16: Schematics of SiO,/ high-k/metal gate stack.

Threshold voltage is the voltage applied to gate to form the inversion layer or
channel in Si substrate. The formation of inversion layer after applied voltage in Si
allows the electron flow from the source to drain. It’s called “drain current”. Low
value of threshold voltage (~0.2 V) is essential for high performance in CMOS
technology. The SiO, layer is importance layer to permit the low trap density
(dangling bond) and this layer enhances the electron mobility. Metal gate need to
thermal stable after annealing at high temperature to maintain the stable gate stack
[30-31].
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Dipole can be occurred in the interface between HfO, and SiO, due to the
fixed charge in the oxide layer. This dipole causes the mobility reduction in inversion
layer [33-34], as shown in Fig. 2.17.

Ec

Ev

Figure 2.17: The energy band diagram of Si/SiO,/HfO,/Metal gate with the dipole at
the SiO,/HfOinterface [32].



CHAPTER Il
CHARACTERIZATION METHOD

3.1 X — Ray Diffraction

X — Ray diffraction (XRD) is a non-destructive technique for analysis crystal
structure, lattice parameter, crystallizes size. The basic schematic diagram of X-ray
diffraction is shown in Fig. 3.1. According to Bragg’s law, a monochromatic X-ray
with specific wavelength (A= 1.5406 A) is incident on the lattice plane inside the
sample at an angle theta (8) and then, the beam is diffracted toward the detector. The
constructive wave interference can occur if the path difference between the ray
scattered from the top plane and bottom plane is equal to2dsiné, as shown in Fig.
3.2.

2dsin6=nA, (3.1)
when d is a spacing between atomic planes in the crystal,

A is wavelength of x- ray beam,

0 is the Bragg angle for an incident angle as same as a diffracted angle.

X-ray tub

Detector

Figure 3.1: The x-ray spectrometer [34].
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The sample is fixed while the x-ray tube and detector move in the same direction. The
result shows the relationship between the intensity of the diffracted x- ray and the
Bragg’s diffraction angle (20). The crystal structure and the preferred orientation can

be determined by this mode of measurement [35-36].

Incident X-rays Diffracted X-rays
1 2
0 0
Crystal 7y
plane d
Crystal dsin0 \\K/ dsin® v

plane

Figure 3.2: Diffraction of X- ray from parallel planes in the crystal followed by Bragg
Law [36].

For the cubic structure with lattice parametera , the relation between

interplanar spacing d,, of planes labeled by Miller indices (hkl) and the lattice

parameter (a) is

__a
vh? +k? +1?

where d is the distance between adjacent plane in the set (hkl)

dhkl = (3.2)

h,k,I are the integer number

In the case of powder and columnar structure thin film, the grain size or column width

can be estimated from Scherrer’s formular, showing in

(o 0.91 (3.3)
Bcosé@

where t is the grain size
B is the width, in radian, the full width at half maximum of FWHM
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3.2 Atomic Force Microscope

Atomic force microscope (AFM) is useful technique for the image and surface
information. The limitation factor of AFM is that the roughness of surface sample
cannot be high value. The resolution of image is eliminated by the shape and size of
the tip. The equipment consists of the Si tip locating at the end of cantilever. The
force of cantilever (F) is proportional the deflection of the end of cantilever(x),
obeying Hook’s law (F=kx). While the tip scans over the surface, there is van der
waals force between the sample surface and a tip on cantilever. In this work, the non-

contact mode - “Tapping mode™”

is used because of less damage from the contact
between the sample and tip. A Si tip slightly taps on the sample surface during
scanning with a feedback loop. Fig. 3.3 shows the major component of AFM. The
sample is scanned on the piezoceramic material such as lead zirconium titanate (PZT),
changing the shape after applying voltage. The piezoceramic material can move in 3
axes: X, y and z. The deflection of cantilever can be measured by using the laser signal
reflected from cantilever to a photodetector. Then, the deflection is used to determine
how the feedback loops to control the constant deflection cantilever and force. The
signal is transformed to be a surface image. In this mode, the oscillation amplitude of
the cantilever is constant. It makes the interaction between tip and surface is constant.
Almost all samples, including insulators, semiconductors and conductor can use AFM
to obtain images. The root mean square (RMS) surface roughness can be obtained

from AFM analysis [37].



33

Photodiode
Detector
1 Laser Diode
3
V)
v \—)Z\Sample
| Feedback 2R
Control g
XY

Scan
Voltage v

v

To Data Acquisition and Display

Figure 3.3: The schematic representation of the major components of an atomic force

microscope [37].

RMS roughness is a standard deviation of the surface height within a given area [38].

N

Z (Zi - Zave)2

where Z,e is the average surface height within the given area,
Z; is the current surface height,
N is the number of point within a given area.
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3.3 Scanning Electron Microscopy with Energy Dispersive

X-ray Analysis

In Scanning Electron Microscope (SEM) with electron probe microanalyzer, a
primary electron beam bombards a specimen in the vacuum. Many signals are
produced as a result of interaction between the primary electrons and the specimen
such as secondary electrons, backscattered electrons, transmitted electrons, X- ray,
cathodoluminescence and Auger electrons, as shown in Fig. 3.4. These signals can be
used for investigation many properties of samples such as composition, surface
topography and crystallography. The signal of secondary electrons and backscattered
electrons are interested to obtain the topography. The secondary electrons can be
occurred near the beam’s impact area. In the electron probe microanalyzer (EPMA) or
the electron microscope, the characteristic x-ray emitting after electron bombardment
are interesting to obtain the composition information. As in Fig. 3.5, it shows the
process after incident electron bombardment. Although SEM lacks of 3 dimensional
sections, the information of SEM is better resolution than light optical instrument.
Moreover, the elemental analysis information of SEM cannot be obtained from light
microscope. The modern SEM, it can have a resolution in the nanometer range as
close to transmission electron microscopy (TEM). However, this kind of SEM has
more advantage than TEM that the specimens don’t need to be thin enough to transmit
electron. In some cases, SEM is better to obtain topography than AFM, where probe
interaction is hard to control. The resolution in the vertical direction is much poorer
than AFM.

The diagram of SEM consist of the electron column (electron gun and two or
more electron lenses in vacuum system, as shown in Fig. 3.6. Electrons are generated
from electron gun and they are accelerated in the range up to 40 keV. Electron lenses
can be used for reduction the beam diameter of electron to generate a sharp image at
high magnification and focus on specimen. When electron beam interact with the
surface of specimen in 1 um depth, signal can be generated to form an image
requiring a scanning point by point. The interaction between electron beam and
surface of specimen can be divided into 2 classes: elastic and inelastic scattering. In
elastic scattering, there is no losing energy. The electron backscattering forming the

image in SEM can be occurred in this case. In contrast, the energy can transfer from
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electron beam to the atoms of the specimen in inelastic scattering leading to generate
secondary electron, auger, x-ray, cathodolumines (long wavelength electromagnetic
radiation in the visible ultraviolet and infrared), lattice vibration (phonon) and

electron oscillation in metal (Plasmon) [39-40].

Primary electron beam

Cathodoluminescence Backscattered electrons
X-rays Secondary electrons
Specimen > Charge-collection
current

Elastically scattered

electrons
Inelastically
scattered electrons v
Unscattered
(transmitted)
electrons

Figure 3.4: Photon and charged particle emission from an electron-bombarded surface
[39].
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Figure 3.5: Schematic illustration of the process after incident electron bombardment
[40].
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Figure 3.6: Schematic representation the major component of scanning electron

microscope [41].

In this work, the chemical composition of the specimens is determined by X-
ray spectroscopy (EDS or EDX). The concentration of each element affect the
intensity generated for each element in the specimen. However, it’s difficult to
calculate the composition specimen directly from the intensity because absorption and
x-ray fluorescence phenomena can be occurred. There are many factors relating to the
atomic species, atomic number (Z;), x-ray absorption (A;) and x-ray fluorescence (F;).

For calculation the weight fraction of the element i, the common formula is

S zaF (3.5)
0] L)
where C, is the weight fraction of the element i

C,;,Is the weight fraction of I in the standard
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—is the basic experimental measurement that underlies all quantitative x-ray
(i)

microanalysis [40].

3.4 Transmission Electron Microscopy

The transmission electron microscope (TEM) is a powerful tool for the
microstructural characterization. Although the diffraction pattern in x-ray method is
more quantitative than electron diffraction pattern, the electron can focus easily more
than x-ray diffraction. As seen from Fig. 3.7, it shows the ray diagram for making
image in conventional TEM. The back focal plane consists of the diffraction pattern
of sample. The objective aperture, a tiny hole in a plate, located at back focal plane to
select the ray. If the objective aperture is located to pass only the transmitted electron
(un-diffracted), a bright field image (BF) can be formed. If the aperture is located to
pass only some diffracted electron, a dark field image (DF) can be formed [36].
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Figure 3.7: Schematic represent the bright field (BF) mode (a) and dark-field (DF)
mode (b) [36].

In case of electron diffraction pattern, the fluorescence screen is positioned normal to

the incident beam. The rings of reflection from reflecting plane in polycrystalline
recorded as shown in Fig. 3.8
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=

Figure 3.8: Selected-area electron diffraction pattern in polycrystalline [42].

When an electron beam passes the polycrystalline material, a random distribution of
orientation, diffraction pattern will be produced from the superposition of single spot
pattern. From Bragg’s law condition, the total deflection angle is 20. The radius of a

specific ring (R) relate the distance from material to screen (L) as shown

R=Ltan20 ~ L260 (3.6)
From Bragg’s law equation
2L
d=2"2 3.7
>R (3.7)

where d is the spacing between atomic planes in the crystal

A is the wavelength of electron beam

For cubic structure

Let h®> +k*+1% = N? (3.8)
We can write the relation between the distance from the center spot to the reflection
of interests and d-spacing

d?> N? R?
1 2 2

The forbidden and allowed reflection in cubic structure is shown in Table 3.1.
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Table 3.1: Allowed and forbidden reflection in cubic crystal [42].

h?+k?+12 Primitive cubic Face centered cubic | Body centered
cubic

1 100 - -
2 110 - 110
3 111 111 -
4 200 200 200
5 210 - -
6 211 - 211
7 - - i
8 220 220 220
9 221/300 - -
10 310 - 310
11 311 311 -
12 222 222 222
13 320 - -
14 321 - 321
15 - - -
16 400 400 400
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3.5 Nanoindentation

Nanoindentation is a method for investigation the mechanical properties such
as elastic modulus and hardness from the reading of indenter load and depth of

penetration. We use Berkovich indenter tip in this work.

Figure 3.9: The Berkovich indenter tip [43].

The hardness is defined as

H=" (3.10)
AP
A, = 24.5h (3.11)

where A is the projected area of the contact

P is the maximum load or force
h, is plastic depth

The purpose of nanoindentation testing is to determine the hardness and modulus
from the indenter load and depth of penetration. The relation between load and depth
is shown in Fig. 3.10. An indirect measurement of the contact can be estimated from
the depth of penetration. When the indenter is removed from material, the plastic
deformation can be occurred. The definition of hardness is the resistance to the
penetration by the harder material or the resistance of deformation [44].
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Figure 3.10: Load versus displacement for load and unload [45].

where

maximum load

P is the maximum load
h is the total depth at the maximum load
hy is the residual depth after unloading

he is the elastic displacement during unload

43

hais the depth from the edge of the contact to the surface at the

The reduced modulus can be determined from the slope of the unloading curve at the

maximum load.

1 [z oP

"2V Aoh

(3.12)

The reduced modulus (E, ) combines the modulus of indenter ( E; ) and the modulus

of specimen (E,)
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1), a-vd)
E E, E

r I S

(3.13)

where v, is the Poisson’s ratio of diamond indenter (0.07)
v, Is the Poisson’s ratio of specimen between 0 to 0.5
E; is the modulus of diamond indenter (1140 GPa)

The Poisson’s ratio resists a change in a volume and shape. For example, the
Poisson’s ratio of rubber is around 0.45 to 0.5 [46], whereas the Poisson’s ratio of
steel is 0.29 [47]. The slope of the unload curve shows the stiffness, the resistance of

an elastic body to deformation after applied force.
3.6 Nanoscratch

The indenter scratches on the surface of the sample. The friction coefficient
with a ramped or constant normal force can be determined by dividing the lateral
force by the normal force. Either a change in friction coefficient or critical load (the
minimum normal force which failure occur) can be investigated as the scratch
resistance. It depends on the shape of indenter, the duration and rate of load.
However, the adhesion is not a well-develop process because it depends on the type of

film/substrate system [45].

Applied
lead
ing

Eianmond

o—

Coraled samagde pacerme o

Fig 3.11: Scratch test diagram [48].
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3.7 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) for measurement the energy of
electron emitted from a material. The notation of photoelectron can be described in
quantum numbers: n, I, s, j. The first notation, n, the principal quantum number
describes the electron shell. This takes value of 1, 2, 3 etc. The second, I, the orbital
angular momentum describes the sub-shell. The value of | start from 0 to n-1 (0= s
orbital, 1=p orbital, 2=d orbital, 3=f orbital). The third, s, spin quantum number
describes the spin of electron. There are two directions counter-clockwise (s = -%2)
and clockwise (s = %2).The forth, j, total angular momentum quantum number
calculates from I+s. In spectroscopists’ notation, the subscript number refers to the j
value, as shown in Table 3.2. When the specimen is bombarded with an x-ray photon,
electrons from a core level are ejected. The energy of the emitted photoelectron is
analyzed by the electron spectrometer. The binding energy of electron (Eg) can be

calculated from

E,=hv—E -W (3.14)

where hv is the photon energy

E, is kinetic energy of electron

W is spectrometer work function
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Table 3.2: The relationship between quantum numbers, spectroscopists’ notation and
X-ray notation [49].

Quantum numbers Spectroscopists’ | X-ray

n L S J notation notation
1 0 +1/2,-1/2 | 1/2 ) K

2 0 +1/2,-1/2 | 1/2 251/ L,

2 1 +1/2 1/2 2112 L,

2 1 -1/2 3/2 2p32 Ls

3 0 +1/2,-1/2 | 1/2 3S1/2 M,

3 1 +1/2 1/2 3pus M

3 1 -1/2 312 3pan2 M

3 2 +1/2 3/2 3d32 My

3 2 -1/2 52 3ds)2 Ms

The process of photoemission is shown in Fig. 3.12. The electron from K shell is

ejected from atom if the binding energy is less than the x-ray photon energy.

Ejected K electron

‘ (1s electron)

Vacuum \
Fermi \ (JJ\

Valence band S S S S S S S

Los Incident
Figure 3. X-ray
h
L (hv)
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3.8 van der Pauw Method

The van der Pauw method is a technique used for investigation the sheet
resistance, a measurement of resistance of uniform thickness films. The thickness of
samples has to less than the width and length to reduce the error in calculation. Four
ohmic cantacts, infinitely small region for current- voltage measurement, are
constructed on the boundary of samples or as close as possible, as show in Fig. 3.13.
[50].

T

2 4
Figure 3.13: Schematic representation the four ohmic contacts for I-V measurement.

_p_ T R,
R===—R__F(== 3.15
d In2 ** (Rl) (3.15)

where R is the sheet resistance (Q/square)
p is the resistivity (€2m)

d is the thickness of films (m)

There are special conditions for measurement the specific resistivity. The
contacts need to be sufficient small at the circumference of the samples. In addition,
the thickness of sample has to be a homogeneous and there is no isolate hole on the
surface. Contact 1, 2, 3, 4 fixed on the boundary of sample. The resistance R34 iS
defined as the potential difference V,-V3 between the contact 4 and 3 per unit current
through the contact 1 and 2. The direction of current start from the contact 1 to the
contact 2. Similarity, the resistance Ry3, 41 are defined.

The specific resistance can be written in the form
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d +Rys.4) ., R
— (R12,34 23,41 f ( 12,34 )
In 2 2 R23,4l

P (3.16)

where  fis a function of the ratio —2* and satisfies the relation, as shown in Fig.

23,41

3.14.
-R
Ri23 = oz — f arccos h{w} (3.17)
R12,34 + R23,4l 2
O] _“E_ 1
f o os— ] N
- T1T 11
06 — 1 H-\"'J"--.._ _ i
0.4 il T 11
— | i
0.2
|
42 50 2 5 10t 2 > v
R12,34
" R23,4l

Figure 3.14: The function f used for determine the resistivity of sample, plotted as a

function of Rios [50].

23,41

3.9 Capacitance-Voltage Measurement

Capacitance-voltage (C-V) measurement is used on MOS to determine
semiconductor parameters such as oxide charge, oxide thickness. Fig. 3.15 shows the
MOS structure. A simple MOS structure consists of metal plate on the top layer,
silicon oxide insulator in the middle layer and semiconductor substrate.

The high frequency DC voltage is applied to capacitor while the capacitance is
measured. The frequency of AC signal from 10 kHz to 10 MHz is commonly used for

measurement. The C-V measurement can be divided into 3 regions: accumulation,
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depletion and inversion, as shown in Fig. 3.16. When negative DC bias was applied to
capacitor, the majority carriers (hole) in the substrate are attracted to accumulate near
the oxide layer. This phenomenon can be explained that the carriers cannot pass
through the insulate layer. For p-type CMOS, the negative bias voltage is enough to
keep constant capacitance and flat slope in accumulation region. As the voltage
increases toward positive, the positive gate repels the majority carrier (holes) far away
from the interface between oxide layer and semiconductor substrate. The depletion
region can be formed beneath the oxide layer. It creates another insulator layer
because of the absent of free-moving charge. As a result, there are 2 capacitances in
the series: oxide layer and depletion layer. When the voltage becomes more positive,
the depletion zone penetrates deeply in the semiconductor. Therefore, the capacitance
tends to decrease in depletion region. The slope in this region tends to negative. As
the voltage become more positive, the minority carriers (electrons) are attracted.
These electrons are accumulated at the interface between oxide layer and
semiconductor. This region is called “inversion region” because of inversion of
carriers [51-52].

Metal
Silicon Dioxide
— C-meter
— YOO OO (Ac sigal)

p-type

Figure 3.15: C-V measurement for the MOS structure formed on a P-type substrate
[51].
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The flat band voltage (Vs) can be extracted from C-V measurement. An external
voltage of Vy, is applied to MOS structure to make the disappear of band bending.
This condition is called flat band condition. The semiconductor band becomes flat

after flat band voltage is applied [51-52].

Capacitance (F)

A

Accumulation Depletion Inversion

> Voltage (V)

Figure 3.16: The high frequency C-V curve in 3 region: accumulation, depletion and

inversion [51].



CHAPTER IV
EXPERIMENTAL DETAILS AND RESULTS DISCUSSION

Part I: Transition Metal Nitride

Ar gas N gas

Pressure Gauge

Cr Targe

Power supply

(V1 11) Power supply

(-V2, 1)

%

Figure 4.1: Schematic of dual magnetron sputtering system for growth of Cr-Zr-N

films

4.1 Thin Films Synthesis

To synthesis the ternary alloy nitride compound, two pure metallic targets
(99.95%) of Cr and Zr, were used in this work. The base pressure of the sputtering
system was at 5x10™ mbar. Both Ar and N gases were introduced to a chamber, as
the sputtered gas, for plasma, to grow Cr-Zr-N. The nitrogen partial pressure
N2/Ar+N, was varied from 0 to 100% to study the optimized condition. The plasma
glow discharge can be occurred in the chamber after the voltage is applied through the
magnetron. If there is enough energy to ionization, Ar* and N," ions will be produced.
As N," ions move to bombard the targets, the surface atoms react with ions.
Consequently, CrN and ZrN are formed on each surface target. At the same time, the

targets are bombarded by Ar®. It makes the sputtering process occur. Then, ternary
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nitride films deposited on the substrate. During the formation of films, the discharge
current of each target was constantly controlled at 0.5 A. All films were grown
without an extra heat source, except the transferred energy from the collision of
adatoms and plasma species at the substrate surface. In the first part, we studied the
effects of nitrogen partial pressure, post-annealing temperature, magnetron current
and bias voltage on the structural properties, as well as, the resistivity and mechanical

properties of Cr-Zr-N films.

4.2 Effect of Nitrogen Partial Pressure

The results show that Cr-Zr-N film grown at 20% nitrogen partial pressure has
the best mechanical properties in hardness and modulus. The details on experimental
setup are shown in paper 1 (see appendix B). For optimization, Cr-Zr-N film grown at
20% nitrogen partial consists of the maximum amount of nitrogen, bonding with
metallic atoms. The higher nitrogen partial pressure can cause more interstitial
nitrogen atoms in films. It causes an increase in the sheet resistance as the nitrogen
partial increases. In contrast, Cr-Zr-N films grown at lower nitrogen partial pressure
than 15% show amorphous structure, no long range order. The nitrogen composition
in Cr-Zr-N films tends to increase in the range between 0 to 20 % nitrogen partial
pressure, as can be seen from Fig. 4.2. At over 20 % nitrogen partial pressure, the
nitrogen composition is almost constant due to the saturated incorporation of nitrogen
atoms in the films.

Generally in the reactive sputtering process, the nitrogen ions react with
surface target. More nitrogen partial pressure makes more the coverage of nitride
compound on surface target. As both nitrogen ions and argon ions move to bombard
the coverage area of nitride compound on surface target, the deposition rate tends to
decrease with an increase in the nitrogen partial pressure. The maximum roughness is
7.9 nm at 20% nitrogen partial pressure because there is competition among
orientation of (111), (200) and (220) domains, as seen in the Fig. 4.3 (see also in
paper no.1) [53].
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Figure 4.2: Elemental concentrations of Cr-Zr-N films formed with different nitrogen
partial pressures [53].

Si Si

1N 100%

i e ) \M 0%

N ]/ 60%
o _ \M 50%
TR B ‘I Pl 40°5
\ ; / .‘\""w 30%
I W 24%
‘ 20%
15%
12%
6%
0%

Intensity(a.u.)

20 30 40 50 60 70 80

Figure 4.3: Representative XRD spectra of Cr-Zr-N films grown at different nitrogen
partial pressures [53].
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4.3 Effect of Annealing Temperature

The stoichiometric Cr-Zr-N films grown at 20% nitrogen partial pressure were
annealed under an Ar flow at vacuum pressure at 300 °C, 500 °C and 700 °C,
respectively. The details on experimental setup are shown in paper 1 (see appendix
B).The results shows that the hardness of Cr-Zr-N films tends to increase after
annealing. The maximum hardness was found at 35.1+4.7 GPa after annealing at
700 °C. There is no phase separation after annealing. This shows that Cr-Zr-N thin
film material grown at 20 % nitrogen partial pressure has thermal stability until
700 °C. After annealing, nitrogen atoms tend to out diffuse from interstitial site. This
phenomenon causes the diffraction peaks shift toward the higher diffraction angles,
indicating lower lattice constant [53].

4.4 Effect of Magnetron Current

Magnetron current of Cr and Zr targets was varied to control the composition
of films. The magnetron current related to the composition in films. The nitrogen
partial pressure was kept constant at 20%. As the magnetron current of current
increases, a number of ions impinging to the target also increase. This phenomenon
makes an increase in the sputtered atoms from the surface target.

For the variation of magnetron current of Zr target, the magnetron current of
the Zr target was varied from 0 - 1.5 A, whereas the magnetron current of Cr target
was kept constant at 0.5 A (165 W).

The elemental concentrations of Cr, Zr and N in the as-deposited films on
silicon (100) substrates, deposited from different currents of the Zr target, are
summarized in Table 4.1. The concentration of N in the films is almost constant,
whereas the concentration of Zr increases almost linearly with increases in the

magnetron current of Zr. This is due to an increase in the sputtering rate S, which
corresponds to the target-current |, and target-voltage V, linearly. Therefore, the

deposition rate tends to increase with an increase in power of target, as shown in Fig.

4.4. The energy of ions bombarding the target depends on V, with an increase in ., the
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number of ions impinging on target so the sputtering rate increases. The power of Cr
was constant (165 W), whereas the power of the Zr target is proportional to the

magnetron current of the Zr target.
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Figure 4.4: Deposition rate of Cr-Zr-N films (=) and the power of Zr target (e) as a

function of the magnetron current of Zr.
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Figure 4.5: Representative XRD spectra of Cr-Zr-N films that were made with

different magnetron currents of Zr target.
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The representative x-ray diffraction (XRD) spectra of Cr-Zr-N films grown
with different current of Zr, plotted on a semi-log scale are shown in Fig. 4.5. All the
diffraction peaks shift towards the lower diffraction angles, indicating that the lattice
constant increases, as the Zr current increases. This phenomenon can be explained
that the zirconium atoms, substituted for the chromium atoms, have a larger radius
than the chromium atoms (0.159 vs. 0.125 nm, respectively). As the magnetron
current of Zr increases, the stoichiometric form of Cr-Zr-N changes from Zry3Crq7N
to Cro3Zro7N due to an increase in the concentration of zirconium in the films.
Moreover, the (111) plane tends to develop with increasing Zr currents, because the
magnetron Zr current affects the developmental texture. As the magnetron current of
Zr increases, the texture coefficient of the (111) plane tends to increase, due to a
decrease in the energy of ad-atoms to form films. The higher sputtering rate of the Zr
target increases the amount of zirconium nitride and nitrogen atoms sputtered to form
films material, leading to more collisions before deposition into the Si substrate.
Therefore, the ad-atoms have less energy to form films with an increase in current of
Zr.

Table 4.1: The properties of Cr-Zr-N films as a function of the magnetron current of
Zr.

Current of Elemental Roughness ~ Hardness Reduced Sheet
Zr composition (nm) (GPa) modulus resistance
(A) Cr Zr N (GPa) (Ohm/square)
(Atomic %)
0 36 0 64 4.6 10.9+0.3 140.3+158 764.4+17.38
0.5 34 11 55 7.9 30.0+4.6 3241+21.7 383+0.1
1 17 24 59 2.7 227+17 2338+139 8754+54

15 11 29 60 2.1 27.4+27 2494+107 683.7+75
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The surface morphology of Cr-Zr-N films, as evaluated by atomic
force microscope (AFM), is shown in Fig. 4.6, and RMS roughness for all films is

shown in Table 4.1.

(@) (b)

50 nm

0nm

(©) (d)

Figure 4.6: Representative AFM images of Cr-Zr-N films formed with different
magnetron Zr currents of (a) 0 A, (b) 0.5 A, (c) 1 Aand (d) 1.5 A.

The RMS roughness of Cr-Zr-N films was initially higher than that of CrN films
when formed at a Zr current of 0.5 A (Table 4.1), because of the substitution of Cr
atoms with Zr atoms. However, the roughness of Cr-Zr-N tends to decrease with
increasing magnetron currents of Zr which is in agreement with a previous report [7].
As the current of Zr increases, the film process is increased in the supersaturation.

This condition shows the high initial nucleation density and small size of critical
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nucleus. This phenomenon makes the smooth film and a decrease in the grain size [1].

The maximum roughness of Cr-Zr-N films is related to the maximum hardness
(see Table 4.1), where the hardness of Cr-Zr-N films is higher than that of CrN in the
same growth conditions. This can be due to the addition of zirconium in these films
forming a solid solution. However, an increase in the composition of zirconium in the
films does not significantly affect the hardness of films which instead depends on an
appropriate nearly stoichiometric composition of the film. If nitrogen in the film is
higher than the maximum stoichiometric level for metal nitride formation, the excess
nitrogen will situate in the interstitial sites. Moreover, excess zirconium atoms in
films, situating in interstitial site, lead to a decrease of the mean free path of
conductive electrons [54]. This would be expected to result in an increase in the sheet
resistance, as was indeed seen in this study where the sheet resistance increased as the

magnetron Zr current was increased (Table 4.1).

Table 4.2: Elemental concentrations, hardness and reduced modulus of Cr-Zr-N films

with varying magnetron current of Cr targets.

Current of | Elemental composition Stoichiometric form Hardness Reduced
Cr Cr Zr N O (GPa) modulus
A) (Atomic %) (GPa)
0.3 16 11 56 17 | Crg16Zrp11Nos+O017 | 359+ 2.2 277.6+£10.7
04 23 10 67 - Cro.23Zr0.10No67 270+ 34 2454 +£225
0.5 32 7 6L - Cro32Z1007Nos1 27.3+18 | 2704+17.1
06 |35 6 59 - CrosZroosNos 244+10 | 252.8+14.0
o.r |3 5 88 - CrosZloosNoss | 58124 | 2641+98
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Figure 4.7: Representative XRD spectra of Cr-Zr-N films that were made with

different magnetron currents of Cr target.

For the variation of magnetron current of Cr target, the magnetron current of
Cr was varied from 0.3 A to 0.7A, whereas the magnetron current of Zr was kept
constant at 0.8 A (350 W). In this study, the nitrogen partial pressure is kept constant
at 20% nitrogen partial pressure. The elemental composition of Cr tend to increase
when the magnetron current of Cr increase, as shown in Table 4.2. For XRD data as
shown in Fig. 4.7, all diffraction peaks shift towards the higher diffraction angles,
indicating a decrease in the lattice constant. This phenomenon can be explained as Cr
atoms which have a smaller radius, substituted for Zr atoms in the lattice. (111) and
(220) orientations can be developed after the composition of Cr in films increases.
However, the number of (200) orientation tends to decrease. The adatoms have low
energy to move on the surface of substrate due to no external energy source. As the
magnetron current of Cr increases, the deposition rate of films tends to increase. The
atomic shadowing effect can be occurred in this case because the adatoms have low
energy to diffuse on the surface. In coalescence process, (200) orientation can expand
on the surface slowly because of low diffusivity (more stable) [21]. Therefore, new
adatoms have more probability to be trapped on higher diffusivity planes, (111) and
(220). This phenomenon makes more (111) and (220) orientations as Cr atoms in

films increase. For mechanical properties as shown in Table 4.2, the hardness and
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modulus tend to decrease as the Cr composition in films increase. The maximum
hardness and reduced modulus are 35.9+2.2 GPa and 277.6+£10.7 GPa, respectively. It

relates to a change in preferred orientation peak. As the texture coefficient of (200),

200 decrease, the hardness tends to decrease. Among (111), (220 and
Z I200 + Illl + I220

(200), (200) plane is the maximum density [55]. As the number of (200) orientation
decrease, the density of films tends to decrease. Although the hardness and the density
are not directly related, vacancies or voids in films are associated with a change in the

dislocation density or configuration during plastic deformation [56].

4.5 Effect of Bias Voltage
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Figure 4.8: The relation between Log (1) and voltage Cr-Zr-N growth film at 20%

nitrogen partial pressure.

Fig. 4.8 shows the relation between Log (1) and voltage in the Cr-Zr-N growth
film at 20% nitrogen partial pressure. The knee shows the plasma potential (Vp). In
this study ternary Cr-Zr-N films were grown on both Si(100) substrates and 316L
stainless steel by dual unbalanced dc magnetron sputtering. Prior to growth Cr-Zr-N

films, the 75 nm of Cr interlayer was grown in Ar to increase the adhesive between
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the substrate and Cr-Zr-N film. The nitrogen partial pressure (N2/Ar+N,) during the
process was kept constant at 20% which is the optimized condition from our previous
study. During the growth, ion-assistance was used by applying the negative bias (Vs)
to the substrate for attract Cr-Zr-N growth film at 20% nitrogen partial pressure. The
ions from the plasma nearby move to bombardment the surface of substrate. The
maximum Kkinetic energy of ions (E;) can be calculated from the difference between

plasma potential (V) and Vs, Ei = eNS —Vp‘. From plasma characterization graph
shown in Fig. 4.9, the plasma potential at substrate was 8 V and the floating potential

was 0.5 V. The ion-to-metal atom flux ratio was equal to 3. The assisted ion energy
during growth Cr-Zr-N was varied from 38 eV to 128 eV.
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Figure 4.9: The plasma characteristic curve Cr-Zr-N growth film at 20% nitrogen

partial pressure.

The energetically positive ions, especially N*, ions can be occurred when
there is energy greater than its molecule binding energy of nitrogen (9.7 eV) [57].

There are 2 main cases of the interaction between ions and surface film. One is
that ions near the substrate move to bombard the surface atoms. The energy and
momentum of ions were transferred to adatoms after collision. It makes the mobility
of these adatoms increase, and these adatoms move on surface to find the equilibrium

lattice site [58]. Another is that, the ions move to deeper into films especially in
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vacant sites so, the density of films is increased due to a decrease in void [59-61].
These impinging ions are supersaturate N in the films. The deposition rate of Cr-Zr-N
films grown reduces with increasing energy of ions.

The elemental concentrations of Cr, Zr and N in the as-deposited films at
constant 20% nitrogen partial pressure with different ion energy on silicon (100)

substrates are shown in Table 4.3.

Table 4.3: The elemental composition of Cr-Zr-N on Si, hardness and reduced

modulus with difference ion energy.

Energy Elemental composition Stoichiometric form Hardness Reduced
Cr Zr N O (GPa) modulus
of ions (GPa)
(Atomic %)
(eV)
8 27 8 50 15 Cro27Zr0.08Nos0 +O0.15 22.9+0.6 200.8 +6.0
38 34 8 50 8 Cro.34Zr0,08No.50100.08 18.5+3.5 263.4 £30.2
68 28 9 & - Cro2sZro09No s 29.8+12.3 206.5 +61.9
98 28 9 & - Cro28Zr0.00No63 29.9+11.7 239.6 +48.2
128 4 8 68 - Cro24ZT0.08Noss 30.3+13.4 205.8 +67.5

The result indicates that the composition of nitrogen slightly depends on the
ion energy. The nitrogen content in the film increases with increasing ion energy; in
contrast, the composition of Cr in films is decreased with almost constant Zr
concentration. The elemental composition of nitrogen in films can be occurred either
the energetic neutral N atoms sputtered from both Cr and Zr targets and the nitrogen
ions near the substrate. The excess of nitrogen in films at higher negative bias voltage
can be occurred because the nitrogen ions near substrate incorporate in films at
interstitial site or grain boundary. The more stable excess nitrogen in films are bonded
with (200) orientation, a non-polar direction, than (111) plane, a polar direction in the
NaCl structure [62-63]. Moreover, Cr atoms tend to decrease due to the re-sputtering

effect because of the higher sputtering yield of Cr than that of Zr. In addition, the
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bond dissociation energy of metal nitride is higher than that of metal [64]. The Cr
atoms can be easier re-sputter than others.

The x-ray diffractrogram of films grown at different assisted ion energy is
shown in Fig. 4.10. The result demonstrated that the energy of assisted-ions play role

in preferred orientation and crystallinity, as other parameters kept constant. As the ion

energy increases, the texture coefficient of (200), calculated froml,,, / Z I, Start

to increase . For energy of ions less than 1000 eV, the (200) orientation is the
preferred orientation in all films because it has high density and shorter diffusion
length [65]. The capture of N on (200) plane to form nitride compound has more
strong bond than the bond between metal or nitrogen atoms. This phenomenon makes
the diffusion or the mean free path of cation decrease [66]. The low flux ion
irradiation in this work transfers the momentum and energy to adatoms. This result is
similar to an increase in the growth temperature [63]. In this case, the growth
temperature is higher than 0.5T,, (the melting point of film). Therefore, the bulk
diffusion can be occurred. This phenomenon can be explained that the atoms
incorporating in the films can readjust their position within the lattice to form the
minimum of surface energy (200) orientation [18, 67]. (200) orientation can survive
from ion bombardment because it is the opening channel. The ions can move into
deeper part in this plane. This can lower the sputtering yield and create lattice
distortion [66]. Moreover, the low flux of energetic ions affect the preferential
sputtering (220) orientation in the films. At the higher energy of ion bombardment,
the smaller grain size is the result of the reduction in the critical nuclei size due to an
increase in nucleation rate from interaction between ions and surface [68]. The

shadowing effect can be ignored because of the surface diffusion.
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Figure 4.10: X-ray diffraction pattern of Cr-Zr-N on Si with various ion energy.

Cr interlayer was grown between the substrate and films to improve the
adhesive and to reduce the mismatch of thermal expansion coefficient between the
substrate and films [69]. From XRD graph, as shown in Fig. 4.11, it shows body
center cubic (BCC) Cr (110) orientation and Cr7Zro3N (111) texture can be
developed by varying ion energy. Moreover, there is no signal related to the
crystalline CrN and ZrN, presenting the solid solution of films. As the energy of ion
bombardment increases, the energy transfers to adatoms also increase. In this reason,
CrZrN tends to form more (111) orientation, consisting of either nitrogen atoms or
metal atoms. The grain size of films on Cr layer is higher than that of Cr-Zr-N on Si.
From AFM result, as shown in Fig. 4.12, it shows that the roughness of films tends to
increase with increasing ion energy from 1.3 nm to 4.8 nm. The increase in the
roughness is due to the resputtering effect from higher ion energy bombardment at the
lowest substrate temperature. In the case of atomic packing, (110) is the most dense
atomic packing in BCC structure; whereas, (111) is the most dense atomic packing in
FCC structure [70]. This reason leads to the activation energy to form Cr-Zr-N(111)
on Cr(110) is the minimum [71]. In this work, it presents that the preferable

orientation of (111) doesn’t relate to the larger thickness of film (large compressive
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stress). The thickness of films decrease with increasing the energy of ions, however
the texture coefficient of (111) also starts to increase. This means the strain energy
doesn’t affect the development of (111) orientation. The roughness of Cr-Zr-N on
stainless steel is higher than that of Si because of the more roughness of stainless steel
substrate before growth films.

Fig. 4.13 shows the cross-sectional microstructure of Cr-Zr-N grown at -98 eV
in film without interlayer and film with interlayer of Cr-Zr-N on Si substrate. It shows
the dense columnar and the voids cannot be observed due to low flux irradiation. The
comparison between the diffraction pattern mode of Cr-Zr-N on Si and Cr-Zr-N/Cr on
Si shows the agreement in XRD result that the grain size in film with interlayer is
higher than that of film without interlayer. From XRD data, the lattice constant
increases because the ions move to bombard films and stay in interstitial site.
Moreover, it leads to less of the grain size and the roughness of films with an increase
in ion energy due to an increase in the nucleation density during ion bombardment.
During the nucleation growth, ion bombardment makes the dissociation of super-
critical islands into sub-critical sized islands at high adatom supersaturation [72]. This

makes the grain size decrease as an increase in ion energy.
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Figure 4.12: Representative AFM images of Cr-Zr-N films with interlayer on Si
formed with different energy of ions (a) 38 eV, (b) 68 eV, (c) 98 eV and (d) 128 eV.
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Figure 4.13: The cross-sectional microstructure of Cr-Zr-N grown at -98 eV a) film

without interlayer b) film with interlayer.

The reduction of the grain size also affects the mechanical properties. It makes

the hardness of films increase because of the increase in dislocation density.
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Moreover, grain boundary restricts the motion of dislocation. The less grain size
makes the higher hardness [72]. Table 4.3 shows the hardness and reduced modulus
of Cr-Zr-N films without interlayer with different ion energy. For Si substrate, the
hardness and reduced modulus of Cr-Zr-N film without interlayer increases with
increasing ion energy. Although Cr interlayer affects the smoothness of the film, Cr
interlayer makes the hardness and reduced modulus of Cr-Zr-N lower than that of
films without interlayer. The hardness of film with interlayer is almost constant,
approximately 25 GPa, whereas the reduced modulus of film with interlayer is about
240 GPa. Because the grain size of Cr interlayer is more 2 times than Si substrate, this
phenomenon makes the grain size of film with interlayer increase with an increase in
ion energy. The increase in grain size makes the hardness of films decrease [23]. For
consideration the hardness of substrate, the hardness of steel is lower than that of Si
[45]. The hardness and reduced modulus of Cr-Zr-N with interlayer on stainless steel
is still higher than that of Cr-Zr-N films with interlayer on Si, as shown in Fig.4.14.
The hardness of Cr-Zr-N films with interlayer on steel is in the range between 24 to
42 GPa, whereas the reduced modulus is in the range between and 217 to 349 GPa.
Consideration for the maximum depth which the hardness of substrate doesn’t affect
the hardness of films. The report shows that the maximum depth of single crystal
substrate is the lower than that of polycrystalline substrate [73]. In this work, the
indentation depth of film with interlayer is kept constant at 50 nm. Therefore, the
hardness of Cr-Zr-N/Cr on Si substrate may be affected from the Si substrate that
softer than films. So, this reason can describe that the hardness of Cr-Zr-N films with
interlayer on a single crystalline Si is lower than that of Cr-Zr-N films with interlayer
on polycrystalline stainless steel.

This reason, Cr (110), the densest plane in bcc, can be formed the preferred
orientation in Cr layer on all substrates at low ion energy. At low ion energy, 38 eV,
there are competition among Cro;ZrosN (111), (200) and (220) because of the
limitation of surface diffusion energy. The grain size can be formed at saturate
nucleation density at fist stage of formation films. There are many random
orientations [66]. It is possible to grow (200) plane more than (111) at higher ion
energy. Apart from the introduction of the Cr interlayer, the varying ion energy at low
ion flux affects the evolution of structure, the inhibition the columnar structure and

the higher roughness at higher ion energy bombardment.
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Part Il: Transition metal carbide
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Figure 4.15: Schematic of dual magnetron sputtering system for growth (TaC)1xYx

films.

In the synthesis part the transition metal carbide in this work, the TaC and Y
targets were used in the sputtering system. Inert Ar gas is introduced to the system as
the sputtered gas. The flow rate is kept constant 20 sccm. The schematic diagram of
the system is shown in Fig. 4.15. The composition of (TaC)1.xYx can be controlled by
varying the power of the magnetrons power supplies. The stoichiometric forms of the
compound, (TaC)1.xYx, were calculated from the deposition rate. The density of TaC
and Y target is 13.9 g/cm® and 4.472 g/cm?®, respectively. Therefore, the mol of TaC
and Y is 0.072 and 0.05 mol, respectively. TaC contains Ta 1 mol and C 1 mol. The
number of atoms of Ta and Y are 0.072x6.02x10%® and 0.05x6.02x10% in volume 1
cm?, respectively. Because the deposition rate of TaC and Y is individual, the percent
of Y in (TaC)1xYx can be calculated from
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Y  005R,
Ta+Y 0.05R, +0.072R,,

(4.1)

where R, is the deposition rate of Ta

R, is the deposition rate of Y.

Multiple (TaC):xYx -gated MOS capacitors were prepared as follows: A 3-
nm-thick SiO, film is formed on a p-type Si using a thermal process. 3.5-, 4.2-, and
4.9-nm-thick HfO,, and a 4.9-nm-thick HfSiOy film with 60at.% Hf were deposited
on top of SiO, film by a metal organic chemical vapor deposition (MOCVD) process.
Post-deposition annealing was then carried out at 1050°C in N, ambient. Typically, a
150-nm-thick (TaC)1-xYx film with several x values was deposited on HfO, or HfSiOx
film by horizontal magnetron sputtering method using TaC and Y targets. In order to
decrease the whole resistance of gate electrode, a 100-nm-thick Pt was deposited on
some Ta;xYxC films. Post-annealing was performed at 500 and 600°C for 30s in N,
after forming gas annealing (FGA) at 400°C in 3% H,. In this case, H, gas is used to
eliminate the dangling bond (Si’), existing at the interface between Si and SiO,. Each

hydrogen molecule can passivate Si” in the reaction [74].

H,+2Si” — 2Si—H (4.2)

The Vg value was estimated from capacitance-voltage (C-V)
characteristics at 500 kHz in room temperature using the program called MIRAI-
ACCEPT [75].

To examine the structural properties and electrical resistivity of the film, a
100-nm-thick (TaC);xYx film were also prepared on SiO, (100 nm)/p-Si. The
structure and chemical bond formation of the (TaC)1.<Yx film were studied by x-ray
diffraction (XRD) and x-ray photoelectron spectroscopy (XPS), respectively. The
electrical resistivity of the films was measured by two probe method. The C-V
measurements were performed to study the electrical properties of (TaC),Yx -gated

MOS capacitors using Keithley 4200 SCS semiconductor parameter analyzer.
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Figure 4.19: Multiple (TaC):.xYx-gated MOS capacitors (a) on HfO, layer (b) on

HfSiOy layer.

Table 4.4: The growth condition of (TaC):xYx and estimated composition by using

deposition rate.

Power of TaC | Power of Y | Elemental

(W) composition

(W)

100 0 TaC

300 30 (TaC)o.s3Yo.17

250 50 (TaC)o.71Yo0.20

220 70 (TaC)o.s0Yo0.40

150 70 (TaC)o.50Y0.50

100 100 (TaC)o32Yo0.68

0 100 Y
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The elemental composition of (TaC);xYx can be controlled by varying the
power of TaC and Y, which the results are shown in Table 4.4.

The (TaC)1xYx films consist of face center cubic (FCC) and disorder
crystalline structures in x < 0.4 and x > 0.5, respectively, after annealing at 600 °C by
XRD measurement as shown in Fig. 4.17. It seems that amorphous structure consists
of rich Y content because it makes no-long-range order of the position. The (111) and
(200) peaks of TaC shift toward the lower diffraction angle as x-value increases. It
means that the lattice constant increases with an increasing Y content in (TaC)1xYx
films. No phase separation occurs between TaC and Y because the solid solution can
be formed. This phenomenon indicates that Y atoms substitute some position of Ta
atoms in TaC.

The resistivity of (TaC)ixYx films is un-changed in the range x < 0.5 at
600 °C while the Y content at x = 0.68 increase with increasing annealing temperature
as shown in Fig.4.18. It can be explained that an excess of Y atoms in (TaC)o32Y0.6s
make more impurity point defect.
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Figure 4.17: X-ray diffraction patterns of (TaC)i<Yx thin films on SiO,/Si at various
composition of x=0, 0.17, 0.29, 0.40, 0.50, and 0.68, respectively. All samples were
annealed at 600°C [76].
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Figure 4.18: Resistivity of (TaC)1xYx films on SiO,/Si as a function of x value before
and after annealing at 500 and 600°C. Open circle and triangle represent TaC and Y

bulk data, respectively [76].

It is cleared that the C-V characteristics of (TaC)ixYx
[HfO,(4.9nm)/SiO2(3nm)/Si capacitors shift toward the negative direction with an
increasing of Y content in films, as shown in Fig. 4.19. The effective work function
(dmetr) value was determined by the EOTysoz thickness dependence of Vi, as shown
in Fig. 4.20.



76

1.2 - r . : : : :
—4—TaC 1
9 1.0 L 4 {Tac}o.saYo.ﬂ .
§ I —v—(TaC),, Y,
g 0.8 " —A— {Tac)uanYuan ]
- 60 0.
% ' o {Tac}o.soYo.so
o 0.6 ~ . —H- Y -
c | ,
§ o4 L% |
1.l X |
5 0.2} ' .' g
=2 L ]
0.0 , ' : ! -
-3 -2 -1 0 1 2

Figure 4.19: C-V characteristics of (TaC);xYx /HfO2 (4.9 nm) /SiO; (3 nm)/Si MOS
capacitors before annealing. X values in (TaC)1.xYx gate electrodes were varied from
0to 1 [76].

The ¢merr tends to decrease as Y content increases. It can be varied from
4.27 eV to 4.81 eV. We found that the ¢mesr Can be easily controlled by changing Y
content in (TaC)1xYx films. Fig. 4.21 shows XPS peak position of Ta4f , Cls and O1s
in as-deposited TaC film after sputtering 0 — 900 s. For Cls spectra, the absorbed
carbon peak (285.5 eV) disappears after sputtering for 300 s while Ta-C peak (282.9
eV) remains in all sputtering times. For Ta4f spectra, the peaks of TaC and Ta,Os
component were observed in the as-deposited film and the TaC peak becomes
stronger as sputtering time increases. However, Ta,Os component still remains after

sputtering for 900 s and it results in the high ¢m e Value (4.70 eV).
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Figure 4.20: Relationship between Vfb and EOT of HfO, for HfFO, MOS capacitors
with (TaC)1.xYx gate electrode before annealing process. The ¢mefr vValues were

estimated by extrapolating to y-axis [76].
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The flatband voltage (Vi) change of (TaC):xYx gate capacitors with HfO,
of 4.2 and 4.9 nm thicknesses are shown in Fig. 4.22. It is clear that the Vg, shifts
toward negative direction as x value increases regardless of annealing temperature of
500 and 600 °C. However, the x-value is limited less than 0.4 because of high
leakage current at 600 °C. In the case of HfSiOy, we found that the change in Vi, has
a similar behavior to in the case of HfO,, These phenomena indicate that Vs, shift is
not influenced by high-k material but it depends on Y content in (TaC):xYx. The Vi
shift is approximate 0.5 V and 0.2V after annealing at 500 and 600 °C, respectively,
as shown in Fig. 4.23.
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CHAPTER V
CONCLUSIONS

All transition metal nitride (chromium zirconium nitride) and transition metal
carbide (tantalum yttrium carbide) films in this work were grown by magnetron
sputtering system. We found that both of them could be high potential candidate
materials in future industry for protective coating layer and n-metal gate electrode in
gate-last process, respectively. As transition metal atoms substitute for another
transition metal atom, solid solution could be formed in both chromium zirconium
nitride and tantalum yttrium carbide thin films. There is no phase separation, even
after post-annealing. It means both of them have a good thermal stability after
annealing. For transition metal nitride, the structural properties, the resistivity and
mechanical properties of chromium zirconium nitride can be controlled by varying the
nitrogen partial pressure and the magnetron current. We found that 20% nitrogen
partial pressure is optimizing condition for growth of this nitride thin film. Post-
annealing of chromium zirconium nitride can help for an improvement of the
mechanical properties. The substitution of zirconium atoms at chromium atom sites
can be improved the hardness of films. The structural and mechanical properties of
chromium zirconium nitride can be developed by ion-assistance and introduction of
Cr interlayer between substrate and film. The development of structure occurred in 2
processes, the arrangement of atoms and the diffusion on surface. The (200) texture
can be developed because of the dominant thermodynamic energy transferring energy
and momentum from ions to surface. In contrast, (111) texture can be developed
because of the introduction of Cr interlayer and the dominant kinetic energy. The
increase in the Kkinetic energy of ions near the substrate moving to bombard the
surface films affects the increase in the hardness. The Cr interlayer affects the re-
arrangement of atoms on Cr layer in the way of low activation energy.

For transition metal carbide, we investigated the structural and electrical properties
as a function of yttrium content in tantalum yttrium carbide gate electrodes for MOS
capacitor with HfO, and HfSiOy dielectrics. We studied usefulness of (TaC)1xYx
films as n-metal gate electrode for hafnium oxide and hafnium silicate gate
dielectrics. Yttrium atoms substitute for tantalum atoms in tantalum carbide. We

observed that the structure of (TaC):1.xYx films was kept showing face center cubic
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and amorphous structure in x < 0.4 and x > 0.5, respectively, without phase separation
after annealing at 600 °C. The resistivity was almost constant in x < 0.5 even at
600 °C. For the first time we found that the flatband voltage can be controlled in the
wide range of 0.5V by changing yttrium content in (TaC);«Yx gate electrodes on

hafnium oxide and hafnium silicate capacitors at 500 °C.
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Nanostructured Cr-Zr-N thin films were grown on Si(100) substrates in a mixture of Ar and N3 plasma. The nitrogen partial pressure was
varied to produce and control the stoichiometric forms obtained. All the Cr-Zr-N films exhibited a nanostructure with an average grain size of

less than 10nm, as determined by X-ray diffractogram analys

and were formed in the solid-solution. As the contents of nitrogen in the film

increased, it lead to changes in the crystal texture and competitive growth. The maximum root mean square roughness was 7.87nm at a 20%
nitrogen partial pressure and the roughness tended to decrease as the grain size decreased. The nano-indentation showed that the films grown at a
20% nitrogen partial pressure and annealed at 700°C had the highest reduced modulus and hardness at 349.2 and 35.1 GPa. respectively. The
mechanical properties of films can be improved by a post-annealing heat treatment. With respect to the electrical properties of these films, the
sheet resistance, which is related to the defect level, tended to increase as the nitrogen partial pressure increased.

[doi:10.2320/matertrans. M2010140]

(Received April 20, 2010; Accepted June 10, 2010; Published July 28, 2010)

Keywords: magnetron spuitering, nanostructure, hard coating, protective thin films

1. Introduction

Transition-metal-nitride thin films deposited by physical
vapor deposition (PVD) have been developed and used as
mechanically and chemically protective layers for industrial
applications for many vyears. The cubic-base structural
chromium nitride (CrN) is a more recent and interesting
choice of such layers due to its well-matched properties to
some industrial requirements, especially those that require a
hard coating and for tribological applications. This is largely
due to the fact that CrN films have a high hardness, high
wear- and corrosion-resistance, and also have a low friction-
coefficient.'” Adding one more metal element to form
Cr-based ternary nitride films has been reported to show
improved properties compared to the binary CrN com-
pound.*® However, in the case of Zn, as an example added
tertiary metal element, there is an apparent lack of important
information about the properties of the ternary Cr-Zr-N films
derived from various growth parameters, despite the fact
that these are the key variables for engineering the desired
properties of the material. In this work, we explored the
role of the nitrogen partial pressure during film formation,
and that of the post-process annealing temperature, on the
structural, mechanical and electrical properties of the re-
sultant Cr-Zr-N film.

2. Experimental Procedures

Ternary Cr-Zr-N films were grown by dual unbalanced
D.C. magnetron sputtering with horizontal magnetron

*1Graduate Smdent, Chulalongkorn University
*?Cnrresponding author, E-mail: Sukkaneste.t@chula.ac.th

sources on Si(100) substrates. All films were produced from
pure Cr and Zr targets in a defined mixture of Ar and Nj
plasma. The base pressure in this reactive sputtering system
was pumped down to 5 x 107> mbar. The partial pressure
of nitrogen (N;/Ar 4+ N;) during the process was varied to
produce various compositions of films. During the formation
of films, the discharge current of each target was controlled at
aconstant 0.5 A. All films were grown without an extra heat
source, except the transferred energy at the substrate surface
from the collision of adatoms and plasma species. In this
work, the substrate was at a floating potential. The thickness
of all the films obtained was in the range of 0.9-2.0 um,
depending on the nitrogen partial pressure used during their
growth.

The elemental composition of each film was measured
by energy dispersive spectroscopy (EDS) (Oxford INCA),
coupled to a scanning electron microscope (JEOL JSM-
6480LV), that was also used for scanning electron microcopy
(SEM). For the structural characterization of films, the
specimens were characterized by X-ray diffraction (XRD)
(Brukers D8 Discover) with Cu Ke (A4 = 0.15406nm) as
the X-ray source. The cross-sectional microstructure was
investigated by transmission electron microscopy (TEM)
(JEOL JEM-2010 200kV transmission electron microscope).
The surface topography was investigated by atomic force
microscopy (AFM) (Veeco Nanoscope-IV).

The hardness and reduced modulus were both measured
using a Micro Material Nano Test in the constant depth mode
with a Berkovich pyramidal indenter tip. To avoid the effect
of substrate, the depth of indentation was limited to less than
1/10 that of the film thickness, which in this case meant the
depth was taken at about 100 nm. The sheet-resistance of the
film material was evaluated by the van der Pauw method. The
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Fig. 1 Elemental concentrations of Cr-Zr-N films formed with different
nitrogen partial pressures. Elemental concentrations are shown for N
(triangles), Cr (squares) and Zr (circles).

stoichiometric Cr-Zr-N films grown at a 20% nitrogen partial
pressure were used for the study of the effect of the post-
growth annealing temperature under an Ar flow at vacuum
pressure for 1 h, and then cooled down. The ramping rate of
the annealing reaction was 5°C/min.

3. Results and Discussion

3.1 Effect of nitrogen partial pressure
3.1.1 Chemical composition

The elemental concentrations of Cr, Zr and N in the as-
deposited films on silicon (100) substrates derived under
different nitrogen partial pressures are shown in Fig. 1.
The nitrogen composition in the films increased essentially
linearly with increasing nitrogen partial pressure up to a
nitrogen partial pressure of 20%, and thereafter remained
almost constant and largely numerically and statistically
independent of the nitrogen partial pressure. This represents
the saturated condition for nitrogen atoms incorporation into
the film material. Moreover, at all nitrogen partial pressures,
there was a higher concentration of Cr than Zr, because Cr
has a higher sputtering yield compared to that for Zr.®’ By
increasing the nitrogen partial pressure, the reaction rate
between nitrogen and metal at the target surface increases,
which causes the sputtered nitrogen atoms and some of the
metal-nitrogen cluster particles from the surface target to also
increase.” In contrast, the relative proportion of sputtered
Zr and Cr atoms from the surface target that form films
decreases due to the increased coverage of nitrogen on the
surface, resulting in the formation of metal nitride on the
surface of the metallic target. The sputter yield for the nitride
material at the target surface is much lower than that for the
metal, which causes the deposition rate of films to decrease
as the percentage of nitrogen partial pressure increases (see
Fig. 2).
3.1.2 Structural properties

Figure 3 shows representative X-ray diffraction (XRD)
spectra of the Cr-Zr-N films grown under the different
nitrogen partial pressures, plotted on a semi-log scale. Since
the Cr-Zr-N ternary compound came from the combination of
CrN and ZrN materials, which alone both have a rock-salt

Nitrogen partial pressure (%)

Fig. 2 Deposition rate of Cr-Zr-N films as a function of the nitrogen partial
pressure.

Si si

(lllll (200)

Intensity(a.u.)

2-Theta

Fig. 3 Representative XRD spectra of Cr-Zr-N films grown at the indicated
ditferent nitrogen partial pressures.

NaCl type crystal structure, then the Cr-Zr-N also seems to
retain a NaCl-like crystal structure. The peak positions for
some major orientations of the Cr-Zr-N materials as a
function of the Zr/Cr ratio have been calculated and
presented elsewhere.” Here, according to EDS results, the
composition of the material becomes stable after a 20%
nitrogen partial pressure was applied and exhibits a pattern
similar to the Cry;Zrp:N form in the ICDD 03-065-9004
database, with a NaCl-like structure. The Cry7ZryaN(200)
form starts to develop from a nitrogen partial pressure of
15%, whilst the (200) plane is the preferable orientation
when formed over and above a 15% nitrogen partial
pressure because of the dominant surface energy. The
Cro7Z4rg3N(200) is more stable and has the lowest surface
energy.?) However, the lowest strain energy is found with
Crg77rg3N(111) and is the preferred orientation for CrN at
low temperature growth.” Accordingly, the development
of texture in the Cr-Zr-N films can be changed from that
of CrN alone by control of the ternary metal and nitrogen
partial pressure. This can be explained by re-nucleation,
due to the addition of zirconium in the films.'” Whilst the
formation (detection) of both the Cry;7ZrgzN(111) and the
Cro7ZrpaN(220) forms started to appear at a 20% nitrogen
partial pressure, as the nitrogen partial pressure increases
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Fig. 7 The sheet resistance of Cr-Zr-N films developed with different
nitrogen partial pressures.

the maximum amount of nitrogen completely bonded with
metallic atoms.'® However, that it then declines with further
increases in nitrogen partial pressures, rather than remains at
same saturation level, is due to the fact that higher partial
pressures of nitrogen lead to a larger excess of nitrogen in the
films located in the interstitial sites. This form of solid
solution has a high hardness because the Zr atoms. which
substitute for the Cr atoms in the face-center-cubic-structure,
are limited to the mobility of dislocation.

The strength of adhesion between each of the different Cr-
Zr-N films and the silicon (100) substrate was tested by nano-
scratch, where the critical load is determined by a sudden
change in the penetration depth in scratch tests. By this
method, a maximum critical load (L¢) of 2.1 N was obtained
with films produced at a 15% nitrogen partial pressure, and
decreased thereafter at higher nitrogen partial pressures (data
not shown). Thus, Cr-Zr-N films grown at a 15% nitrogen
partial pressure had the best adhesion to the silicon (100)
substrate. That the adhesion of films tended to decrease as the
nitrogen partial pressure was increased is because the
adatoms under these conditions have less energy to form
films.

3.1.5 The electrical properties

The observed relationship between the Cr-Zr-N sheet
resistance and the nitrogen partial pressure was almost linear
with the sheet resistance increasing markedly as the nitrogen
partial pressure increases (Fig. 7). The change in the sheet
resistance is inversely proportional to the mean free path of
conduction electrons, which relates to the microstructure and
defect of the films."” Therefore, a lower sheet resistance is
likely to mean that there are fewer defects in the film.
Initially, Cr-Zr-N films, grown at a low nitrogen partial
pressure, have a lower sheet resistance than Cr-Zr films
because the nitrogen atoms incorporate into the films and
bond with the Cr and Zr atoms. After saturation a higher
nitrogen content in the films then makes for more impurity
point defects, which can be found in the solid solution,
because the excess of either nitrogen or metal atoms can
situate on the interstitial site or grain-boundary.'®!'®" When
the partial pressure of nitrogen increases, there are many
grain-boundaries in the film because the adatoms do not have
enough energy to re-nucleate the crystallographic orienta-
tion. With more nitrogen incorporate in the film structure, the
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P }
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Fig. 8 Representative XRD spectra of Cr-Zr-N films grown at different
annealing temperatures.

material shows a ceramic-like property. Therefore, over-
stoichiometric films exhibit the highest sheet resistance than
the other films.

3.2 Effect of annealing temperature

Cr-Zr-N films grown at a 20% nitrogen partial pressure
were then annealed at 300, 500 or 700°C to investigate the
thermal stability of the films formed. With respect to the
elemental composition, these did not significantly change
after annealing (Table 1).

Figure 8 shows the typical XRD spectra of Cr-Zr-N films
grown at a 20% nitrogen partial pressure with different post-
annealing temperature treatment, plotted on a semi-log scale.
The (200) plane remains the preferred orientation in all
samples, and the diffraction peaks shift towards the higher
diffraction angles as the annealing temperature increases,
indicating that the lattice constant decreases as the annealing
temperature increases. This is presumably because nitrogen
atoms can diffuse from the grain boundary or the interstitial
site to empty lattice sites.”” Still, there is no phase separation
after annealing at 700°C, indicating the thermodynamic
stability of these films.

The hardness tends to increase as the annealing temper-
ature increases, reaching a maximum reduced modulus and
hardness of 349.2 and 35.1 GPa, respectively, after annealing
at 700°C for 1h (Table 1). The post-annealing treatment
makes the modification of grain boundary of the film
structure. Since the films were grown at low temperatures,
all of them exhibited typical fine columnar structure. The
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Fig. 9 Representative AFM images of Cr-Zr-N films; (a) as-deposited specimen, and specimens annealed at (b) 300°C, (¢} 300°C and

(d) 700rC.

post-annealing process can cause lattice vibration and
introduces grain boundary annihilation mechanism. This
results in an increasing of domain width and the changing in
crystal structure.

The wear resistance of the films can be found from the
ratio between the hardness and modulus.?"” and revealed that
Cr-Zr-N films grown at a 20% nitrogen partial pressure and
annealed at 500°C had the maximum value (highest wear
resistance). After annealing, the RMS roughness was not
changed (Fig. 9).

4. Conclusions

Chromium zirconium nitride films were grown at different
nitrogen partial pressures (0-100%) on silicon (100) sub-
strates. The nitrogen partial pressure was observed to play an
important role in the stoichiometry. microstructure, deposi-
tion rate, surface morphology, sheet-resistance and hardness
of the obtained Cr-Zr-N films due to the incorporation of
nitrogen into the films. This phenomenon leads to the
creation, and competitive growth, of the texture and surface
roughness of the films. The films developed from a random
oriented crystalline structure to a texture-crystalline structure
at nitrogen partial pressures of 15%. The solid solution
material was formed without any evidence of phase separa-
tion between the CrN and the ZrN. The hardness of the film
did not seem to significantly depend on the content of
nitrogen, but rather was related to the equilibrium site. The
Crpa2Zrg Nos7 film, grown at a 20% nitrogen partial
pressure and annealed at 700°C, had the highest hardness
and reduced modulus. The sheet resistance of Cr-Zr-N films
tended to increase with increasing nitrogen partial pressure.
The films had thermal stability up to 700°C.
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Abstract

The effect of varying the Yttrium () level in a (TaC),xYx gate electrode on the
structural and electrical properties, including the flatband voltage (Vfb), for a
Hafnium (Hf)-based high-k metal oxide semiconductor (MOS) capacitor was
evaluated. The composition of (TaC):.xYx was controlled by the power of the pure
TaC and Y target in the magnetron sputtering. The structure of the formed (TaC);.xY«
film was that of either a face center cubic (FCC) at all compositions of x <0.4 or
amorphous at x > 0.5, after annealing at temperatures below 600 °C. X-ray
photoelectron spectroscopy (XPS) analysis revealed that the TaC and (TaC)1xYx films
all contained about 10% oxygen. The resistivity of the (TaC)1.xYx films were invariant
for all compositions of x < 0.5, but increased with increasing annealing temperatures
up to 600 °C for compositions where x > 0.68. In the as-deposited case, the effective
work function, which is estimated from the relationship between Vfb and the
equivalent oxide thickness of the HfO, film, clearly changed from 4.8 to 4.3 eV as the
x value increased. The Vfb of HfO, and HfSiOy dielectrics could be controlled within
0.5 V after annealing at 500 °C by changing the composition (in terms of the x value)
of the (TaC)1xYx film. Based on the experimental data, it is clear that (TaC);«Yx
composites are candidate materials for n-metal gate electrodes in the gate last process.

1. Introduction
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In small scale (<45 nm) complementary metal-oxide-semiconductor devices
(CMOS) a metal gate electrode and high-dielectric constant (k) have been used to
replace poly-crystalline Si and SiO,, respectively. Recently, it has been reported that
CMOS fabricated by either the gate-first or gate-last process are being mass
produced® 2. The gate-last process features a lower temperature fabrication compared
to that of the gate-first process”. Hafnium (Hf)-based materials, including Hafnium
oxide (HfO,;) and Hafnium silicate (HfSiOy), are some of the most promising
candidates. To control the flatband voltage (Vfb), several approaches have been
demonstrated. Firstly, the effect of the capping that is deposited on the Hf-based high-
k dielectrics on the control of Vfb has been evaluated. Here, a capping layer of MgO,
SrO, Y,03; or La,O; materials was used in n-type MOS field-effect transistors
(NMOSFETs)*®. A second approach is to select metal materials that have a work
function near the conduction band edge (4.1 eV) of Si®. Metal carbides, such as TaC,
HfC and HfCN, with a sufficient thermal stability and a low effective work function
(om,eff), have been reported to be promising gate electrodes for NMOSFETs*'?.
Indeed, interest in nitrogen-free TaC based materials has especially increased because
of their high mobility® " '%. However, it is insufficient to meet the requirement for a
n-metal gate electrode because the ¢m,eff displays a wide range (4.2 — 4.9 V).
Therefore, we expect that a lower ¢m,eff could be obtained by introducing a Yttrium
(Y) atom with a low work function of 3.1 eV to TaC materials.

In this paper, we report on the systematic investigation of the effect of varying the
Y content in (TaC);xYx gate electrodes on the structural properties, resistivity and
Vb control for HfO, and HfSiOx MOS capacitors.

2. Experimental

Multiple (TaC)1xYx -gated MOS capacitors were prepared as follows: A 3-nm-
thick SiO, film was first formed on a p-type Si using a thermal process. Then, 3.5-,
4.2- and 4.9-nm-thick HfO,, and 4.9-nm-thick HfSiOy films, with 60 at.% Hf were
deposited on the SiO; film by a metalorganic chemical vapor deposition process.
Post-deposition annealing was then carried out at 1050 °C under a N, atmosphere at
ambient pressure. Typically, several 150-nm-thick (TaC)ixYx films of different
compositions, in terms of the x values, were each deposited on either the HfO, or
HfSiOx film by horizontal magnetron sputtering method using TaC and Y metal

targets. The elemental composition of each (TaC);xYx composite was controlled by
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varying the sputtering power of both the TaC and Y target. Then, in order to decrease
the whole resistance of the gate electrode, a 100-nm-thick Pt layer was deposited on
some (TaC)1xYx films. The annealing was performed at 500 and 600 °C for 30 s in N,
after forming gas annealing (FGA) at 400 °C in 3% H,. The Vfb value was estimated
from the capacitance-voltage (C-V) characteristics using the program MIRAI-
ACCEPT™,

To examine the structural properties and resistivity of each film, 100-nm-thick
(TaC)1xYx films of different compositions (in terms of the x value) were also
prepared on a SiO, (100 nm)/p-Si. The structure and chemical bond formation of the
(TaC)1xYx film were studied by x-ray diffraction (XRD) and x-ray photoelectron
spectroscopy (XPS), respectively, whilst the resistivity of each film was measured by
the two-probe method. C-V measurements were performed to study the electrical
properties of the (TaC);.xYx-gated MOS capacitors, using a Keithley 4200 SCS
semiconductor parameter analyzer.

3. Results and Discussion
3.1 Physical properties and resistivities of (TaC);Yx films

We examined the structural properties in (TaC);xYx films with various
compositions (x values). Fig. 1 shows the typical XRD patterns of (TaC);Yx films
on the SiO; (100 nm)/p-Si after annealing at 600 °C. The XRD peaks of 26 of 34.86°
and 40.46°, corresponding to the (111) and (200) phases, respectively, of the face
center cubic (FCC) structure of TaC, were observed in all compositions where x < 0.4.
The (TaC)1xYx films have a slight preference for the (111) orientation with the lowest
plane density due to the limited atom mobility during the film growth?. The grain
size, calculated by the Scherer formula, is less than 15 nm. In contrast, the films with
a composition where the x value is 0.5 and 0.68 show an amorphous structure. It
seems that the amorphous structure results from too high a Y content because it can
make no-long-range order of the position. The adatoms or the incident flux of film
species have a higher deposition rate (in unit of atoms) with an increase in Y content
in films, the adatoms do not have enough time to diffuse on the substrate and to
rearrange themselves in the crystal structure. They are buried by the subsequently
deposited atoms. Therefore, the amorphous films can be formed.

The (111) and (200) peaks of the TaC phase shifted towards a lower diffraction

angle as the x value in the composition increased, indicating an increase in the d-
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spacing in the crystal structure. This is likely to be due to the strain domain in the film
during the competitive growth stage. In fact, the lattice constant, which can be
estimated from XRD peaks, increases with an increasing proportion of Y atoms in the
(TaC)1xYx films, as shown in Fig. 2. Moreover, the lattice constant relates to an
increasing level of compressive stress in the films due to the formation of a solid
solution®®. No phase separation was observed in all compositions of the (TaC)1.xYx
films evaluated. This could be due to the solid solution being formed, in which the Y
atoms with a large ionic radius (0.090 nm) substitute for some of the positions of Ta
atoms (0.068 nm radius) in the TaC cubic structure. In addition, the as-deposited
(TaC)1xYx film was found to consist of the same FCC and amorphous structures
when x < 0.4 and x > 0.5, respectively.

To examine the chemical bond formation of the TaC film, the Ta4f, C1s and O1s
spectra for the as-deposited TaC films formed with varying sputtering times from 0 to
900s were examined and the results are shown in Fig. 3. With respect to the Ta4f
spectra (Fig. 3a), the 4f7/2 and 4f5/2 spin orbital splitting of the Ta-O, and Ta-C
bonds were found at 26.2 and 28.1, and 23.0 and 24.8 eV, respectively. The intensity
of the Ta-C bond increases as the sputtering time increases. However, it is clear that
the Ta-O bond still remains in the films after sputtering for 900 s. For the C1s spectra
(Fig. 3b), the absorbed carbon peak (285.4 eV) disappears entirely after sputtering for
300 s or longer. The peak at 282.8 eV, which corresponds to the Ta-C bond, appears
in all sputtering times. The O1s peak also clearly remains, even after a sputtering time
of 900 s (Fig. 3c). These indicate that the TaC films contain oxygen, and that the
oxygen content was estimated to be at around 10%, as derived by integration of the
area under the curve of the Ta-O bond.

The Y3d and O1s spectra of the (TaC)o.71Yo.29 films as a function of the sputtering
time are shown in Fig. 4. With respect to the Y3d spectra, the Yttrium compound
contains Y-Y (155 eV, 156.9 eV), Y-C (157.2 eV,159.1 eV) and Y-O (157.9 eV,
159.8 eV), with the Y-O bond remaining in the (TaC)o71Yo0.29 film after sputtering for
900 s, as determined from analysis of the Y3d and O1s spectra. In addition, the
oxygen content in the (TaC)1xYx films was almost the same at about 10%, regardless
of the composition, in terms of the x value, of the (TaC);Yx films.

The resistivity of the (TaC)ixYxfilms as a function of the Y content before

and after annealing at 500 and 600 °C are shown in Fig. 5. The as-deposited
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TaC and Y films show a higher resistivity than the bulk data**because of the
sputtering damage. Note that the resistivity of the (TaC),xY films is un-
changed in the range x < 0.5 at 600 °C while the (TaC).x Y film with x = 0.68
increases significantly with an increasing annealing temperature. This can be
explained as that an excess of Y atoms in (TaC)os:Yoes introduces more
impurity point defects*®- Since the mean free path of electron conduction is
inversely proportional to the resistivity'”, then an excess of Y atoms in the
interstitial site or grain boundary decreases the mean free path. Therefore, the

(TaC)o.32Y0.6s film shows the maximum resistivity.

3.2 Vib behaviors of (TaC)i.xYx-gated MOS capacitor with Hf-based high-k

Next the Vb behavior of the Hf-based high-k MOS capacitors as a function of the
composition (in terms of the x value) of the (TaC)1.xYx gate electrodes was evaluated.
The C-V characteristics of the (TaC)i1.xYx-gated MOS capacitors with varying x value
compositions on a HfO, (4.9 nm)/SiO, (3 nm) dielectric before annealing are shown
in Fig. 6. Note that the capacitance is normalized to the maximum capacitance for
ease of comparison. The C-V curves shift to a more negative value as the x value in
the (TaC)1.xY« gate electrodes increases, although that for (TaC)o.71Y0.29 does not shift
in a simple way because it has maximum fixed charges in the order of 10™ cm™ at the
HfO,/SiO, interface. Fig. 7 shows the relationship between the Vfb and equivalent
oxide thickness (EOT) of HfO, for the different (TaC);xYx-gated MOS capacitors
with HfO,. The Vfb shifts to more negative values with increasing x values for each
different HfO, film thickness. This indicates that the Y atoms with a low work
function occur with a negative Vfb shift with an increasing x value in the (TaC)1xYx
gate electrodes. All samples exhibited an apparent or potential linear relationship
between Vfb and EOT. The ¢mesr Values were determined from extrapolating the Vfb

versus EOT plots, based on the following equation:

Viy = (s ) =~ 22X EOT,, @

where ¢si, Qox, €ox, and EOTyro, are the Fermi-level of silicon substrate, the fixed
charges, the dielectric constant of SiO;, and the EOT of the HfO, film, respectively.

This equation assumes that all fixed charges are at the HfO,/SiO, interface™®. Note
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that the ¢mefr Values tend to decrease as the Y content increases and varies from 4.3 to
4.8 eV. The large value (4.7 eV) of the pure TaC gate is due to the influence of the
oxygen content (about 10%) in the TaC, as previously reported'?. Indeed, ¢m e can be
low if the oxygen is eliminated from the sputtering system. The maximum observed
dmers Value, 4.8 eV for (TaC)o71Yo029, may be due to the fixed charges at the
HfO,/SiO, interfaces.
The Vfb change of the (TaC):xYx -gated MOS capacitors with a 4.2 and 4.9

nm thick HfO; film are shown in Fig. 8. It is clear that the Vfb values shift towards a
negative direction as the x value increases regardless of the annealing temperature (at
500 and 600 °C). However, the x value is limited to less than 0.4 at 600 °C because of
a high leakage current at 600 °C. In the case of HfSiOy, the change in Vfb towards
more negative values with increasing x values and annealing temperature was also
noted and in a broadly similar manner to that seen in the case of with HfO,, as shown
in Fig. 9. The Vb shift is approximately 0.5 and 0.2 V after annealing at 500 and 600
°C, respectively. Thus, the Vb shift is not influenced by a high-k material but rather
it depends strongly on the x value of the (TaC)i.xYx composition. It has previously
been reported that the positive EWF shift can occur because of the dipole
in the HfO2/Si02 interface, whereas, the negative EWF can occur because of the
metal carbide potential offset™®. It has been well-known that bottom interface dipole
at high-k/SiO2 strongly affects Vb shift?>?). Actually, Y203 and La203 high-k
materials show negative Vfb shift while Al,O3 high-k material shows a positive Vfb
shift. In our case, Y atoms in (TaC);.xYx metal gate electrode don’t diffuse into HfO2
and HfSiOx films in low annealing temperature at 600 °C. The effect of the bottom
interface dipole doesn’t occur in this case. Therefore, the negative Vfb shift as a
function of Y content is due to the change of work function of gate (TaC)ixYx
electrode. Therefore, the experimental data suggest that (TaC);xYx composites are a
set of potential candidate materials for n-metal gate electrodes in the gate last process.
These data also indicate that the dmess can be easily controlled by changing the Y
content in the (TaC)1Yx films.
4. Conclusion

We investigated the structural and electrical properties as a function of the
composition in terms of the x value of (TaC).xY gate electrodes for MOS capacitors
with HfO, or HfSiOy dielectrics. The structure of the different (TaC)ixYx films
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maintained a FCC structure at all x < 0.4 compositions without phase separation after
annealing at 600 °C, indicating thermal stability until at least 600 °C. The resistivity
of (TaC)1xYx films remained relatively low for compositions with x < 0.5 even at 600
°C. Note that the V¢, can be controlled over a wide range of about 0.5 V at 500 °C by
changing the composition in terms of the x value in (TaC);xYx gate electrodes,
regardless of the presence of high-k materials, such as HfO, and HfSiOy dielectrics.
All (TaC)1Yx films contain 10% oxygen content and the ¢omes attributes to higher
value. These results suggest that (TaC);xYx composites with an x value below 0.5 are
one set of candidate materials for n-metal gate electrodes in the gate-last process.
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Figure captions

Fig. 1 Representative XRD patterns of (TaC)1xYx thin films on SiO/Si dielectric film
at various compositions of x = 0, 0.17, 0.29, 0.40, 0.50 and 0.68, respectively.
All samples were annealed at 600 °C.

Fig. 2 Lattice constant of different composition (TaC);.<Y« films as a function of the x
value before and after annealing at 500 and 600 °C. The open symbol
represents the bulk data for the FCC structure of TaC.

Fig. 3 Representative XPS spectra of (a) Ta4f, (b) C1s and (c) O1s in the as-deposited
TaC films on SiO,/Si with changing sputtering times.

Fig. 4 Representative XPS spectra of (a) Y3d and (b) Ol1s in the as-deposited
(TaC)o.71Yo.29 films on SiO,/Si with changing sputtering times.

Fig. 5 Resistivity of the different composition (TaC);xYx films on SiO,/Si as a
function of the x value before and after annealing at 500 and 600 °C. The open
circle and triangle represent the TaC and Y bulk data, respectively.

Fig. 6 Representative C-V characteristics of various (TaC)1xYx /HfO; (4.9 nm) /SiO;
(3 nm)/Si MOS capacitors before annealing. The x values in the (TaC)1xYx
gate electrodes were varied from 0 to 1.

Fig. 7 Relationship between the VVfb and EOT of HfO, for HfO, MOS capacitors with
a Ta1-xYxCix gate electrode of varying x values before the annealing process.
The ¢mefr Values were estimated by extrapolating to the y-axis.

Fig. 8 The change in Vfb of the (TaC):«Yx-gated MOS capacitors with a (a) 4.9 and
(b) 4.2 nm thick HfO, layer as a function of the x value. The annealing was
performed at 500 and 600 °C in a N, atmosphere after FGA at 400 °C in H,.

Fig. 9 The Vfb change of (TaC);.xYx-gated MOS capacitors with a 4.9 nm HfSiOy
layer as a function of the x value. Post-deposition annealing was performed at
500 and 600 °C under a N, atmosphere after FGA at 400 °C in H.
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Fig. 1 Representative XRD patterns of (TaC)1xYx thin films on SiO,/Si dielectric film
at various compositions of x = 0, 0.17, 0.29, 0.40, 0.50 and 0.68, respectively.
All samples were annealed at 600 °C.



0.456

0.454

©
~
[6)]
N

0.448

Lattice constant (nm)

0.444

0.450

0.446

ne

\

—Hl— As-deposited
—w— 500 °C
—4—600°C
—O— Bulk data TaC 7

0.0

0.1

0.2 0.3 0.4

x value

109

Fig. 2 Lattice constant of different composition (TaC);Yy films as a function of the x

value before and after annealing at 500 and 600 °C. The open symbol

represents the bulk data for the FCC structure of TaC.
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Paper 3: 2008. Low-temperature growth of chromium nitride thin films for wear
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plastics which would otherwise be damaged or
impaired by high temperature growth, such as the
induction of defects and stress, or degradation.
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