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Abstract

The aggressive scaling of MOS devices is quickly reaching the
fundamental and electric “limits of convention SiO, as the gate insulator.
When the gate length scales down below 100nm, the gate thickness will
scale down below 1.2 nm, the Si105 gate dielectric will face severe
challenges, the most critical influence 1s that too thin Si0O, gate dielectric
will let a lot of carriers direct tunnel to form large leakage current.
Therefore, high dielectric constant gate oxide with large physical thickness
while identical equivalent oxide thickness (equivalent capacity value) have
been used to replace SiO, in order to reduce gate leakage current. HfO, and
71O, dielectric are the most suitable materials for future MOSFET gate
oxide applications.

In this study, we fabricated Ti-HfO,-ZrO,-Si MIS capacitor as our
analysis device. First, we compared the electrical characteristics with PDA
treatment and without on ZrO, layer. Then, we compared the electrical

characteristics with fluorination treatment and without on Si surface.



Second, the HfO, thin films were treated in different source gas (N,, N,O,
and NHj;) for different time, and we selected the best conditions among
these conditions. Final, the various surface treatments such as without
treatment, PDA treatment, fluorination, and nitridation are compared and
studied. In this thesis, after PDA and plasma treatment, the results show
higher capacitance, lower leakage current density, and lower hysteresis
voltage. It might be that PDA can effectively improve gate dielectric
quality, the fluorine could suppress the formation of interfacial layer
between the ZrO,/Si interface, the nitrogen also can repair defects at bulk

dielectric to decrease the leakage current.
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Chapter 1
Introduction

1.1 Background

The semiconductor device has a fairly long history, since that first IC (integrated
circuit), circuit design has become more sophisticated, and the integrated circuit more
complex. MOS transistors can be made quite small, occupying a small silicon area on
IC chip, and their manufacturing process is relatively simple, compared with bipolar
junction transistor (BJT) manufacturing process. Furthermore, digital logic and memory
functions can be implemented with circuits that use MOSFETs only (that is, no resistors
or diodes are needed). This is the reason why mest very-large-scale integrated (VLSI)
circuits are made at the present time using ¢omplementary metal-oxide-semiconductor
(CMOS) technology, including microprocessor and memory chips. CMOS technology
has also been applied extensively in the“design of analog integrated circuits and in
integrated circuits that combine beth analog and digital circuits. Since the 1980s,
devices have been scaled such that performance doubled as the cost was cut in half
every 2-5 years. This is the famous “Moore’s law”.

According to the recent prediction which was made by the Semiconductor
Industry Association (SIA) in International Technology Roadmap for Semiconductors
(ITRS) [1-3], the IC technology will continue its historical rate of advancement with
Moore’s law for at least a couple of decades. "Moore’s Law”, proposed by Gordon
Moore in 1965, which states that “ The number of transistors and resistors on a chip
doubles every 18 months ™, so it is needed to pursue better performance with lower cost.
As the scaling rule keeps going, the dimension of gate oxide for complementary metal
oxide semiconductor (CMOS) has decreased dramatically for the past decade. For more

than 30 years, SiO, films have been the preferred material for gate dielectric in
1



MOS-based structures. A traditional Si-based MOS structure is obtained by growing a
layer of silicon dioxide (SiO;) on top of silicon substrate and depositing a layer of metal
or polycrystalline silicon. Silicon dioxide is a good candidate for gate because it has
many advantages in IC technology. For example, it has good stability, high-quality Si/
SiO; interface, and outstanding isolation properties. SiO; is an almost perfect insulator
with a resistivity in excess of 10'°Qcm. The insulating films of SiO, grown on silicon
are smooth and coherent with no holes in a thickness range down to single atomic layers.
The interface with silicon is abrupt and there are very few electrically active defects at
the interface.

However, as the conventional gate dielectric scales down to 1.0 nm~1.5 nm, the
viability of SiO, will face several challenges like a large leakage current occurs through
the ultra-thin oxide by direct, tunneling mechanism: [4].This phenomenon increases
standby power consumption and loss of inversion charge which degrade the reliability
and performance of device Seriously. In“order to suppress the leakage current and
maintain excellent performance of device, replace the conventional SiO,-based
dielectric by high-k dielectric as a gate insulator is necessary. Using the material with
high dielectric constant (high-k), the physical thickness of the dielectric in the devices
can be increased without the reduction of capacitance density. Since the leakage current
is related to the physical thickness, the increasing thickness of high-k dielectric can
reduce the leakage current of the devices. Although high-k dielectrics often exhibits
smaller band gap, weaker bond, and higher defect density than SiO,, the high-k
dielectrics with the same effective oxide thickness (EOT) with SiO; still shows lower
leakage current than SiO, by several orders. [5-6] That is the reason why high-k
dielectrics have drawn much attention for future gate dielectrics.

Although reduced leakage current density has been observed in some devices

with high-k gate dielectrics, there are still several problems to be solved, including
2



thermal stability, interface quality between high-k gate dielectrics and Si-substrate,
mobility degradation, reliability, charge trapping, and fabrication integrity with IC

technology.

1.2 Scaling down of gate dielectric thickness

For the improvement of the performance and circuit density of CMOS, scaling
down gate length and insulator layer thickness is a trend for silicon process.
The most important parameter is the current between source and drain (Id) which

the device could be driven.

1
Lasat = 5 ucox%(vG-vT)2 (1.1)

u is the channel carrier mobility, Cox 1s the capacitance if gate oxide dielectric, W
is the width of the transistor channel, L-is the length of the transistor channel, Vg is the
gate-to-source applied voltage, Vr is the threshold voltage. From the formula, we know
that with reduced threshold voltage, smaller effective channel length, and increased gate
capacitance as well as gate-to-source-voltage,-the device can achieve better current
driving ability. Of course, it can also have higher device density, which means a better
performance and much more transistors on the chip.

As shown in Fig. 1-1 [7] and Fig. 1-2 [8], according to the International
Technology Roadmap for Semiconductors (ITRS), the equivalent oxide thickness (EOT)
of gate dielectric should be less than 1.0 nm for 65 nm technology node. The gate direct
tunneling leakage current through the SiO, was so high (above 1 A-cm™ at 1.5 nm) that
power dissipation increased to undesirable values [9-11]. In order to solve the problem
of gate leakage current of SiO,, It was essential to replace SiO; as a gate oxide dielectric.

The relationship between dielectrics constant and thickness is followed:
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A
Cg = kS()? (1 3)

From (1.2)(1.3) the direct way to reduce the leakage current is to make the oxide
thickness thicker, which can repress the direct tunneling current. High-k gate materials
can maintain the same EOT with thicker physical thickness, and is therefore expected
drastically reduced direct-tunneling current. From Fig. 1-3, the increased physical
thickness significant reduces the probability of tunneling across the insulator, and hence,
reduces the amount of off-state leakage current density. [12]

Although reduced leakage current density has been observed in some devices
with high-k gate dielectrics, there:are still several problems to be solved, including
thermal stability, interface quality between high-k gate dielectrics and Si-substrate,
mobility degradation, reliability, charge trapping, and fabrication integrity with IC

technology.

1.3 The problem of poly-silicon-asthe gate electrode

The traditional poly-silicon gate electrode would face two major problems due to
shrink the channel length (1) Under Continuing to shrink the gate oxide layer in the
p-MOSFET, boron within the p-type poly-Si gate electrode would penetrate the gate
oxide with doping process or subsequent annealing process, resulting in the initial offset
voltage [13-14] as well as reducing the reliability of the gate oxide; (2) After the gate
voltage was applied, since poly-silicon was the same as the characteristics of the
semiconductor silicon substrate, it would produce depletion effect which was called
poly-depletion [15-16]. Thereby the capacitance value of the gate oxide and carriers in
the channel would decrease, affecting the operation of the CMOS device.

Mid-gap metals were regarded as the good materials due to the ability to screen
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phonon scattering in the high-k gate dielectric from coupling to the channel under
inversion conditions, resulting in improved channel electron mobility [17-18]. Recently,
metal-gate/high-k gate dielectric process technologies became one of the most important

researches in the semiconductor industry.

1.4 The choice of High-k materials

Table 1-1 illustrates Material requirement of high-k dielectrics. For most high-k
materials, the higher dielectric constant comes at the expense of narrow band gap. The
lower barrier height for tunneling current tends to compensate the benefit of the higher
dielectric constant. Even though there are many materials with significantly high-k
values, many of them are not suitable for gate dielectric applications since they do not
satisfy all of these necessary conditions.

An ideal gate dielectric should meet the following requirements below:

Physical properties :

a. Suitable high k value (12~60)

A suitable k value is indispensable. Those-with not enough high-k value could not
satisfy to lower the leakage by increasing physical thickness. The k value tended to vary
inversely with the band gap, a very large k was undesirable in CMOS design because
they caused undesirable large fringing fields at the source and drain electrodes. So we
chose the k value within 25 to 30 which satisfied the requirement of leakage current.

b. Wide bandgap with conduction band offset > 1eV

It is found that most of the high-k materials do not have wide enough bandgap. In
contact with silicon and gate electrode, the bandgap is closely related to the barrier
height for carrier transport. Low bandgap will lead to intolerably high gate leakage
(leakage current ~exp(-/\ Ec)). The high-k gate dielectrics that satisfied this criterion

were ZrO,, HfO,, ALOs, Y,03, La,0O3 and various lanthanides and their silicates and



aluminates.

¢. Thermodynamic stability in direct contact with silicon

Direct growth of high-k gate dielectric on silicon substrate was usually
accompanied by extensive inter-diffusion or chemical reactions that degrade the
properties of the gate dielectric, the underlying silicon, or both [19]. The high-k gate
dielectric must not react with Si to form either SiO, or a silicide due to the resulting
Si0, layer would increase the EOT and the silicide was metallic and would short out the
field effect.

d. Film morphology (amorphous) and stable process compatibility

In the VLSI process, the thermal budget is an important issue since high
temperature changes dielectric phase.Once the gate dielectric material has transformed
to polycrystalline from amorphous phase, the large grain boundaries would serve as
leakage path, and induce large leakage current.

e. Gate material compatibility

Materials such as metal -gate, and metals” have been considered for better
controllability and better performance.
Electrical properties :

(a) Low interface state density (Dit< 5x10'%cm*-eV™"), and SiO»-like mobility.

The carriers in the channel flowed within the gate dielectric /Si substrate interface.
Hence, this interface must be of the highest electrical quality, in terms of less roughness
and the absence of interface defects. In high-k, there are so many sources that would
reduce mobility, such as fixed charge, remote phonon, interfacial dipoles, remote
surface roughness, surface roughness and phase separation crystallization.

(b) Tiny<Inm.

(c) J<10°A/em’@ VDD.

(d) Vep and hysteresis <20mV.




(e) No C-V dispersion.

(f) Reliability issue.

We must also take the electrical reliabilities into account. For example, hysteresis,
hot-carrier stress (HCS), constant voltage stress (CVS), stress-induced leakage current
(SILC), time dependent dielectric breakdown (TDDB), positive bias temperature
instability (PBTI), negative bias temperature instability (NBTI) and the charge trapping

problem.

1.5 Why choose ZrO, and HfO,

The high-k gate dielectric must not react with Si to form either SiO; or a silicide
due to the resulting SiO, layer would increase the EOT and the silicide was metallic and
would short out the field effect. Thus, the suitable high-k gate dielectrics left us ZrO,,
HfO,, ALLOs;, Y,03, Lay0s3, Sc;0; and some lanthanides such as Pr,Os;, Gd,O; and
Luy0;. Unfortunately, many  high-k materials such as SrTiOs;, TiO,, Ta,0Os and
BaSrTiOs are thermally unstable when directly contacted with silicon [20] and need an
additional barrier layer which may add process.complexity and impose thickness scaling
limit. Also, materials with too low or too high dielectric constant may not be adequate
choice for alternative gate dielectric application.

Among the medium-k materials compatible with silicon, oxides of Zr and Hf are
attracting much attention recently. Especially, Hf forms the most stable oxide with the
highest heat of formation(/A\AHf=271Kcal/mol) the periodic table (i.e. Ti, Zr, Hf). Unlike
other silicides, the silicide of Hf can be easily oxidized [21]. From the requirements of
high-k gate dielectric which had mentioned previously, ZrO,, HfO,, Al,03, Y,03, La,03
were the desirable candidates using for high-k gate dielectric. La,O3; had a slightly
higher k than HfO, but was more hygroscopic. Table 1-2 shows that some important

properties of selected high-k gate dielectrics [22]. Al,O; had the disadvantage of a



rather low k value. Y,03 had lower k value than HfO, and poor thermal stability due to
heavily reactive with Si. Thus, ZrO, and HfO, are both generally believed to be two
good materials for high-k gate dielectric. However, it was found that ZrO, was slightly
reactive with Si and can form ZrSis. For this reason, HfO, was presently the preferred
high-k gate dielectric over ZrO,. Table 1-3 shows that several properties of HfO, and
ZrO,. HfO; is very resistive to impurity diffusion and intermixing at the interface
because of its high density (9.68 g/cm’) [23]. In addition, HfO, is the first high-k
material showing compatibility with polysilicon gate process [24]. Therefore, among
the high-k dielectrics being studied , HfO, appears promising due to its relatively high
dielectric constant (~25) as compared to SizN4 and Al,O3 [25], its relatively high free
energy of reaction with Si (47.6Kcal/mole at 727°C) as compared to TiO, and Ta,Os
[26], and its relatively large bandgap (~5.8eV) [27]. These properties make HfO; to be

one of the most promising candidates for alternative gate dielectric application.

1.6 Challenges of high-k material

Although high-k material is expected to-replace SiO, ideally, there are many
problems to use high-k material practically. The issues for choosing a high-k material
may include:

(1) Low dielectric constant interfacial layer between substrate and high-k material
(2) Degradation of carrier mobility

(3) Shift of threshold voltage

(4) Thermal stability

(5) Boron penetration prevention

(6) Poly interface and poly gate electrode

(7) Compatibility with traditional CMOS process.



1.7 Current conduction mechanisms

The current conduction mechanisms identified in Hf-based gate dielectrics are
generally attributed to a Schottky emission (SE), the Frenkel-Poole (FP) emission, or
Fowler-Nordheim (FN) tunneling. The schematic of the current conduction mechanism

in gate oxide band states is shown in Fig. 1-4.

1.7.1 Schottky Emission (SE)

The thermionic emission models range in various levels of physical complexity.
The J-E relation for Schottky emission (SE) was given by the Schottky-Richardson

relation as [28]

p
JseAT? exp [S2F] (1.4)
where B is given by
_ |9
BSE RN (1.5)
And
A = Crpexp [F] (1.6)

where ¢, is the dynamic dielectric constant, g is the permittivity of the free space, k is
the Boltzmann constant, T is the absolute temperature.Crp is the Richardson constant,

and qo is the barrier height.

1.7.2 Frenkel-Poole (FP) emission

The Poole—Frenkel (PF) effect was due to the thermal excitation of charge carriers
from Coulombic traps in the bulk of a dielectric or semiconductor, enhanced by the
application of an electric field.

The general expression for the PF current density, was given by [28]



—(qog—BVE
J = CeEexp[— 22— (1.7)

And B is given by

p= |- (1.8)

where C, is a trap density related constant and q¢y is the ionization potential in eV,
which is the energy required for the trapped electron to escape the influence of the

positive nucleus of the trapping center when no field is applied. BVE is the trap barrier
height reduced by the applied electric field E. & is the factor and vary between 1 and 2,

¢,1s the dynamic dielectric constant:and €,1s the permittivity of the free space.

1.7.3 Fowler-Nordheim (FN) tunneling

According to the FN model, the current density which flowed through a thin

dielectric layer when an electric field E-was applied reads [29] :

| = AE2exp (=) (1.9)
where
. 81'[\/§m*(p3/2
p=mZnet (2.0
and
_ _mq®
A= 8thm*o (21)

where m is the electron mass, m* is the effective electron mass in the gate oxide, h the

Planck’s constant and q¢ is the cathode barrier height.
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1.8 Thesis organization

In this thesis, following chapters were primarily organized :

In chapter 2, we indicated our motivation for using plasma fluorination and
plasma nitridation.

In chapter 3, we described the details of our experiment. Dual electron gun
evaporation system was used to deposit ZrO,/HfO, stack dielectric and
plasma-enhanced chemical vapor deposition (PECVD) system was used to plasma
fluorination and high-density plasma source of HDPCVD was used to plasma
nitridation.

In chapter 4, we discuss the electrical characteristics of ZrO,/HfO, stack insulator
by Metal Insulator Semiconductor (MIS) capacitors.

In chapter 5, we make the conclusions for this thesis and provide some

suggestions for future work.
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Chapter 2
Motivation

2.1 Plasma fluorination

The MOS devices have properties with the result that there is often Nj; or Dj; in
the interface, imperfect bonding of interface usually makes the characteristic of the
device deteriorate. For example, charge will be trapped by the defects of the interface, it
produces flat band voltage shift and also reduces the carrier mobility. Another
shortcoming is that these dangling bonds will easily bond with oxygen atoms in the
following high temperature environment. The extra chemical reaction will let the
interfacial oxide growth, and it will reduce the C value because of the lower dielectric
constant. In addition, the quality of interfacial layer formed by oxidation is worse and
there still will be the more problems of charge trapping.

HfO, was a good gate dielectric due to its high diclectric constant [30-35], wide
energy bandgap (~5.68 eV), and high stability with the Si surface. Unfortunately, they
suffered from a high density of charge traps which caused flat-band voltage shift,
threshold voltage instability, Coulombic scattering of carriers in the channel and
hysteresis problems [36].

On the other hand, the unavoidable formation of interfacial layer (IL) was another
critical issue, limiting the reduction of the effective oxide thickness. The reasons for this
unwanted layer were the presence of excess oxygen during the film growth that initially
oxidized the Si surface and Si diffusion into the film producing a silicate layer [37].
Because the quality of interfacial layer formed by oxidation was worse, it caused the
problem of charge trapping. Plasma fluorination and plasma nitridation were considered
to be effective methods for melioration of properties of HfO, gate dielectric.

HfO, gate dielectric with fluorine incorporation exhibited better reliability and
12



performance [36-40]: (a) Fluorine was believed to form stronger Hf-F and Si—F bonds
than Hf-H and Si—H bonds, leading to improvement of the reliability of HfO,/SiO,, (b)
The interfacial layer (IL) between HfO, film and Si substrate could effectively be
suppressed by a pre-deposition CF4 plasma treatment, (¢c) The charge trapping effect
could greatly be eliminated for the HfO, gate dielectric by the post-deposition CF,4
plasma treatment, (d) The thermal stability of HfO, gate dielectric could be much
improved by fluorine ion implantation on the silicon surface.

An inner-interface trapping model was presented to explain the hysteresis [39], as
shown in Fig. 2-1. It shows that the voltage was swept from accumulation to inversion,
the C-V curve shifted negatively, in contrary to the C-V curve shifted positively when
the voltage was swept from inversion to accumulation. The positive and negative carrier
trappings caused the C-V curve to have a hysteresis loop. After CF4 plasma treatment,
Fluorine passivated the dangling bond and accumulated at the interfacial layer, as
shown in Fig. 2-2. It appeared that fluorine incorporation improved the interface quality

and resulted in less hysteresis.

2.2 Plasma nitridation

Nitridation was also a common method to improve the properties of HfO, gate
dielectric. Nitrogen incorporation into Hf-based high-k dielectrics has been intensively
studied. According to traditional view of improving SiO, device performance, we could
find that nitridation is a common method to improve the interface [41]. Property with
the result that there is often Nj or Dj in the interface, imperfect bonding of interface
usually makes the characteristic of the device deteriorate.

In order to solve these problems, nitridation treatment could let the atom of
nitrogen bond with these dangling bonds and fix it while entering the interface layer,

and then improve the stability and reliability of interface.
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The driving force of this reaction is total energy stabilization with charge
compensation. In this charge compensation, charge transfer arises from two electrons of
the induced V, gap state falling into the two vacant N states at the top of the valence
band as shown in Fig. 2-3. As a result, a large amount of N induces a large amount of
V,. The key point is the increase in V,—V, interactions with the increase in the amount
of V,. A large amount of N induces the deterioration of the CB offset owing to V,—V,
interaction as shown in Fig. 2-4 [42]. If we use N doped HfO,, the deterioration of the
VB offset is inevitable. If V, can move easily, total energy is stabilized by local
crystallization around V, owing to disturbance by the movement of V,, because the
crystal state is lower in energy than the amorphous state. A pair of Fy and N can
passivate the V, with no excess charges as shown in Fig. 2-5. The main passivation
energy comes from one excess electron transfer of CB bottom of F to VB top of N; as
shown in Fig. 2-5. The amount of N is not needed large, because F fills up V.
Moreover, CB lowering owing to VsV, interaction can be avoided. Defects formation
in HfO, should be affected \by its crystal structure. But the fact that the CB of HfO, is
composed of Hf 5d states, and the VB is composed of O 2p states is not affected by its
crystal structure. The stabilization mechanism by the electron transfer is not affected by
its crystal structure. That is to say, fluorines can fill up oxygen vacancies in HfO, by
exothermic reaction, but induce distribution of the positive charges in HfO, [43]. The
most important point is that we should fill up V, by fluorine (F;), and Fs donates an
excess electron to other acceptor type dopant. This passivation process completely
eliminates V, with no excess charges in gate oxide. The amount of N is not needed large,
because F; fills up all oxygen vacancies [43]. According to [44], we could understand
that the effect of plasma nitridation is better than thermal nitridation. The reason is that
high-k materials could not sustain high thermal stress. As long as the temperature

reaches certain degree, we would see the phenomenon of crystallization. The
14



crystallization of dielectric would increase leakage current substantially, because it
offers the path of leakage current. On the other hand, the meaning of plasma nitridation
is to activate the source gas first. The high activation energy of radical will provide
better mend which is better than nitridation at high temperature. For all these reasons,

we adopt plasma nitridation in present experience.

2.3 Dual plasma treatment

In this thesis, we tended to employ CF4 plasma for pre-deposition of ZrO,
treatment in order to eliminate the low dielectric constant interfacial layer and improved
the quality of silicon substrate surface. In the next step, we used the NHs, N,O and N,
plasma for post-deposition of HfO, treatment because of the capability of nitrogen
incorporated HfO, gate dielectric to reduce oxygen vacancies and increase the
crystallization temperature of HfO».

The method that .combined pre-deposition plasma fluorination and

post-deposition plasma nitridation was called dual plasma treatment.
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Chapter 3
Experimental of Ti/HfO,/ZrO,/Si MIS capacitors

3.1 PECVD system for plasma treatment

Plasma-enhanced chemical vapor deposition (PECVD) is a process used to
deposit thin films on a substrate. After creation of the plasma of the reacting gases,
chemical reactions are induced into the process. The plasma is generally created by AC
(RF) frequency or DC glow discharge between two electrodes. The chamber space
between two electrodes is filled with the reacting gases.

Plasma is any neutral gas which is partially ionized and contains the positive
charges (ions), negative charges (electrons) and neutral particles. Density of the charged
particles is high enough to produce Coulomb interaction. This phenomenon induces the
charged particles to reveal behaviors of fluid, resultingin the properties of the plasma.

In generally, the plasma is at neutral state, that is, the density of negative charged
particles and the density of positively charged particles are the same. When some
particles undergo external force, other particles will be affected. Thus the plasma has a
good electrical conductivity and thermal conductivity.

Plasma is generated by electrons which are accelerated by electric field to very
high kinetic energy and then impact with gas atoms or molecules to produce ionic
reaction. The gas atoms or molecules which are impacted by electrons dissociate as a
positive charged ion and an electron. The results of this dissociation will produce two
free electrons, they will be accelerated again and the impact of other gas molecules or
atoms so that it can produce four free electrons. By the continuous reaction, gases
within the zone of reactive chamber are ionized.

Plasma treatment had two advantages which were different from the traditional

thermal ones :
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(1) When using plasma process for the chemical reactions, electrons impacted the gas
molecules and produced the high reactive species, leading to the reactions which
occur difficultly in the thermodynamics could be generated.

(2) Traditional thermal chemical reactions usually needed high thermal energy to
control the conditions of reaction. Therefore the high temperature was required but
this was not what we want due to the high-k materials could not sustain high thermal
stress. Plasma process could effectively induce chemical reactions without high
temperature, so we tended to use plasma fluorination.

We used the SAMCOs PD-220N PECVD system for our plasma treatment. Fig.

3-1 shows the Schematic illustration of the PECVD system. This is a diode-type plasma

system. The process gas and carrier gas (inert gas) flowed into chamber. Here we used

CF, as the process gases. RF power source was applied at the top electrode and the

bottom electrode connects to ground. The process gases got energy from the RF power

source and then generated the plasma. Wafer was placed on the bottom electrode and
the charged particles within plasma.accelerated toward to the bottom electrode due to
potential difference between top electrode” and bottom electrode. Thus plasma

fluorination was completed during the plasma process.

3.2 Electron beam evaporation system

Fig. 3-2(a) shows a schematic illustration of a simple vacuum evaporator. It is
mainly constituted by an evaporator chamber and a vacuum system which provides the
required degree of vacuum. In the evaporator chamber, the solid materials used to
deposit are called evaporation sources. They will be placed in the crucible manufactured
from refractory. The crucible constituted by the conductive materials connects directly
to DC power outside the chamber. When appropriate current flowing into the crucible,

heat generated due to the resistance effect of the crucible. Source placed inside the
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crucible will be heated until it is close to the melting point. At this time, solid sources
will evaporate and become vapor. Therefore, we can deposit thin film which we want
onto the wafer.

In general, electron beam evaporation (EBE) system was popular for the
applications of semiconductor industry. The basic structure is the same as Fig. 3-2 (a).
The major distinction is that EBE system heats the evaporation source by electron beam,

as shown in Fig. 3-2 (b).
3.2.1 Dual electron gun evaporation system

A Dual electron gun evaporation system is used for electron beam evaporations.
This system provides the capability for the evaporation of high melting point materials.
The source has two crucibles, which enable multiple evaporations to be performed. The

electron beam gun (e-gun) is within a high vacuum chamber.

3.3 Rapid thermal annealing (RTA) system

Metal RTA-AG610 is asingleswafer lamp-heated and computer-controlled
rapid thermal processing (RTP) system. Genetic RTP reactor is shown in Fig. 3-3.
Water and compressed dry air (CDA) cooling system are used to cool down the quartz
chamber. High intensity visible radiation heating and cold-heating chamber walls allow
fast wafer heating and cooling rate. The tungsten halogen lamps are distinguished into
five groups, and the relative percentage of lamp intensity can be adjusted individually
for each group to achieve uniform temperature distribution. Temperature is obtained
from pyrometer and precise controlled by computer. Two gas lines are used in the
system which can be switched between A; and N,. Before RTA process starts, one
minute N, gas purge is performed to minimize the water vapor introduced during wafer
loading and also sweep unwanted particles induced during process. A fast heating rate

of 150°C/s was chosen in this work. When anneal was complete, chamber temperature
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was quickly cooled down from 600°C to 400°C by 30 seconds N, purge. Then, the
chamber was slowly cooled down to 300°C without N, purge to avoid creaking of films.
After five minutes later, wafers were taken out from the chamber. Films’ creak could be

avoided by two-steps-cooling method.

3.4 Inductively coupled plasma (ICP) system

The high-density plasma source of HDPCVD is come from inductively coupled
plasma(ICP) system. The inductive coils shown in Fig. 3-4[45] serve just like the initial
coils of a transformer. When an RF current flows in the coils, it generates a changing
magnetic field. The inductively coupled electric field accelerates electrons and causes
ionization collisions. Since the electric field is in the angular direction, electrons are
accelerated in the angular direction, which allows electrons to travel a long distance
without collisions with the chamber wall or electrode.[46] 13.56 MHz RF power was
coupled to the top electrode-through a matching network. After the sample load to
reactor, the system was pumped down to keep the chamber clean enough. Subsequently,
the source gas was become radical by the plasma system, as the chamber pressure was
100 mTorr and the substrate temperature was 300°C so that to achieve the goal of low
temperature process. The power of working plasma was kept constant at 200W and the
flow rate of source gas was 100 sccm. While the process of plasma treatment was

finished, these samples were brought to thermal treatment to reduce plasma damage.

3.5 Experiment Details

3.5.1 Post deposition annealing (PDA) effect on ZrO,

MIS capacitors with Ti/HfO,/ZrO,/Si structure was fabricated on (100) oriented
p-type silicon wafers which were one side polished and their resistivity was 0.1 to 1
ohm-cm. Fig. 3-5, Fig. 3-6, and Fig.3-7 shows that flowchart of fabrication of MIS

capacitors in our experiment.
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Prior to the growth of HfO,/ZrO, stack dielectrics, the native oxide was cleaned
by the conventional RCA cleaning and diluted HF etching in sequence for the removal
of particles and native oxides. After standard initial RCA clean, a 1nm ZrO; thin film
was grown on Si substrate by Dual E-gun evaporate deposition system. After that, some
samples were subjected to post deposition annealing (PDA) treatment in O, ambient at
500°C for 5 minute, and the others without PDA. Then, a 4nm HfO, thin film was
grown on Si substrate by Dual E-gun evaporate deposition system. After the thin films
were deposited, all samples were annealed in O, ambient for 5 minute at 500°C after
deposition (PDA, Post deposition anneal) again.

Finally, all samples were deposited 200nm thick Ti layer defined as shadow mask

by E-gun. The active region pad of etchicapacitors’area was 1.33x10™*/cm *.

3.5.2 Plasma treatment on-HK stack w/.er w/o ZrO, PDA

MIS capacitors with Ti/HfO,/ZrO,/Si structure was fabricated on (100) oriented
p-type silicon wafers which were one §ide polished and their resistivity was 0.1 to 1
ohm-cm. Fig. 3-8, Fig. 3-9, Fig. 3-10 and Fig..3<11 shows that flowchart of fabrication
of MIS capacitors in our experiment.

Prior to the growth of HfO,/ZrO, stack dielectrics, the native oxide was cleaned
by the conventional RCA cleaning and diluted HF etching in sequence for the removal
of particles and native oxides. After standard initial RCA clean, a 1nm ZrO; thin film
was grown on Si substrate by Dual E-gun evaporate deposition system. After that, some
samples were subjected to post deposition annealing (PDA) treatment in O, ambient at
500°C for 5 minute, and the others without PDA. Then, a 4nm HfO, thin film was
grown on Si substrate by Dual E-gun evaporate deposition system. After the thin films
were deposited, all samples were annealed in O, ambient for 5 minute at 500°C after

deposition (PDA, Post deposition anneal) again.
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The next step was using HDPCVD to add plasma N, treatment in order to
improve the electrical properties of dielectric. The deposition source N, flow rate was
100 sccm, ICP power was 200 W, bias was 0 W, process pressure was 100 mTorr, and
process time was 30 sec and 90 sec, temperature was 300°C. After nitridation, we also
annealed these samples to reduce the plasma damage (PNA, Post nitridation anneal).

Finally, all samples were deposited 200nm thick Ti layer defined as shadow mask

by E-gun. The active region pad of etch capacitors’area was 1.33x10™/cm *.

3.5.3 Post deposition annealing (PDA) effect on ZrQO, after

plasma fluorination pretreatment

MIS capacitors with Ti/HfO,/ZrO,/Si structure was fabricated on (100) oriented
p-type silicon wafers which were one side polished and their resistivity was 0.1 to 1
ohm-cm. Fig. 3-12, Fig. 3-13, Fig. 3-14, and Fig. 3-15 shows that flowchart of
fabrication of MIS capacitors‘in our experiment.

Prior to the growth of HfO,/ZrO, stack dielectrics, the native oxide was cleaned
by the conventional RCA cleaning and diluted HF etching in sequence for the removal
of particles and native oxides. After standard initial RCA clean, wafers are placed into
the chamber of PECVD. All samples were prepared in CF,; plasma. The reactive
pressure and flow rate of CF, was 67 Pa and 100 sccm, respectively. The substrate
temperature was increased to 300°C and the RF power was 20 W for CF4 plasma
exposure times of 10 seconds.

After CF4 plasma pre-deposition treatment, a Inm ZrO; thin film was grown on
Si substrate by Dual E-gun evaporate deposition system. After that, some samples were
subjected to post deposition annealing (PDA) treatment in O, ambient at 500°C for 5
minute, and the others without PDA. Then, a 4nm HfO, thin film was grown on Si

substrate by Dual E-gun evaporate deposition system. After the thin films were
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deposited, all samples were annealed in O, ambient for 5 minute at 500°C after
deposition (PDA, Post deposition anneal) again.
Finally, all samples were deposited 200nm thick Ti layer defined as shadow mask

by E-gun. The active region pad of etch capacitors’area was 1.33x10™/cm *.

3.5.4 Plasma treatment on HK stack w/ or w/o ZrO, PDA

after plasma fluorination pretreatment

MIS capacitors with Ti/HfO,/ZrO,/Si structure was fabricated on (100) oriented
p-type silicon wafers which were one side polished and their resistivity was 0.1 to 1
ohm-cm. Fig. 3-16, Fig. 3-17, Fig. 3-18, Fig. 3-19 and Fig. 3-20 shows that flowchart of
fabrication of MIS capacitors in our experiment.

Prior to the growth of HfO,/ZrO, stack dielectrics, the native oxide was cleaned
by the conventional RCA cleaning and diluted HF -etching in sequence for the removal
of particles and native oxides: After standard initial RCA"clean, wafers are placed into
the chamber of PECVD. All“samples were prepared in CF; plasma. The reactive
pressure and flow rate of CF4 was“67 Pa and 100 sccm, respectively. The substrate
temperature was increased to 300°C and the RF power was 20 W for CF; plasma
exposure times of 10 seconds.

After CF4 plasma pre-deposition treatment, a 10A ZrO, thin film was grown on Si
substrate by Dual E-gun evaporate deposition system. After that, some samples were
subjected to post deposition annealing (PDA) treatment in O, ambient at 500°C for 5
minute, and the others without PDA. Then, a 40A HfO, thin film was grown on Si
substrate by Dual E-gun evaporate deposition system. After the thin films were
deposited, all samples were annealed in O, ambient for 5 minute at 500°C after
deposition (PDA, Post deposition anneal) again.

The next step was using HDPCVD to add plasma nitridation in order to improve
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the electrical properties of dielectric. The plasma treatment conditions were in pure Ny,
N,O, and NHj for 60 seconds respectively and the flow rate were 100 sccm. After
nitridation, we also annealed these samples to reduce the plasma damage (PNA, Post
nitridation anneal).

Finally, all samples were deposited 2000A thick Ti layer defined as shadow mask

by E-gun. The active region pad of etch capacitors’area was 4x10™*/cm *.

3.6 The MIS capacitors measurement

In order to measure the C-V characteristics of our MIS capacitors, we used HP
4284A precision LCR meter in our experiments. We swept the gate bias from inversion
region to accumulation region to obtain the curve at the frequency of 50 kHz from -2V
to 1V. And the leakage current«of our MIS capacitors were analyzed from the
current-voltage (I-V) characteristics —measured by .an HP4156A semiconductor
parameter analyzer.

The hysteresis will also be discussed in-this experiment. The name of Hysteresis
was borrowed from electromagnetic, It-is means that when a ferromagnetic material is
magnetized in one direction, it will not relax back to zero magnetization when the
applied magnetizing field is removed. It must be driven back to zero by the additional
opposite direction magnetic field. If an alternating magnetic field is applied to the
material, its magnetization will trace out a loop called a hysteresis loop. The hysteresis
phenomenon is similar to the C-V curve in the MIS capacitor device. When we apply a
voltage in reverse, it will not fit the original C-V curve measured previously. It is due
to the interface traps which can trap charges to have impact on the flat band voltage and
C-V curve. The C-V characteristics for hysteresis extraction were measured by
sweeping the voltage from accumulation to inversion (-2V—1V) and then sweeping

back (1V—-2V) at a frequency of 50 kHz.
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Chapter 4

Results and Discussion

4.1 PDA treatment and without PDA treatment characteristics of
ZrO,/HfO, gate stake dielectrics

Fig. 4-1 and Fig. 4-2 shows the comparison of C-V curves of the samples with
and without PDA treatment on ZrO, film in O, ambient at 500°C for 5 minute. In
addition, Fig. 4-2 shows the C-V characteristics of Si surface (before ZrO, film
deposited) treated CF4 plasma and DC bias 20W for 10 sec.

The characteristics of samples with PDA treatment were improved than samples
without treatment. Post deposition annealing could reduce the interface trap density
exhibited by more sharp C-V characteristics. The C-V curve of O,-treated PDA 500°C
capacitors was kink free and exhibited good interface properties.

Fig. 4-3 and Fig. 4-4 showed the leakage current density comparison of samples
with and without PDA treatment. In addition, Fig.'4-4 shows the J-V characteristics of
Si surface (before ZrO, film deposited) treated CF4 plasma and DC bias 20W for 10 sec.

It can be observed that the samples which treated by PDA treatment present the
smaller leakage current density than the leakage current density without PDA treatment.
Form leakage density current reveled that a suitable PDA temperature can further
improve the dielectric properties.

The hysteresis of C-V characteristics was shown in Fig. 4-5, Fig. 4-6, Fig.4-7, and
Fig. 4-8 for the samples with and without PDA treatment. The hysteresis phenomenon
of the C-V curves can be observed for all samples, which is caused by the existence of
negative charges trapped in the dielectric defect states when the capacitors are stressed.
The samples without PDA treatment revealed large hysteresis. Indicate O,-treated PDA

500°C sample exhibited almost hysteresis-free characteristics.
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Fig. 4-9 and Fig. 4-10 showed the C-V and the J-V characteristics of samples with
various process treatments such as PDA treatment and fluorination treatment. We
compared with these treatment and without on electrical characteristics.

In this chapter, we demonstrate that samples treated by PDA treatment and
fluorination treatment were the best choice and PDA process can effectively improve
gate dielectric quality.

4.2 Electrical characteristics for ZrO,/HfO, with nitridation plasma
treatment

The various surface treatments such as without treatment, nitridation, and PDA
treatment are compared and studied.
4.2.1Electrical characteristics for ZrO,/HfO, with N, plasma treatment

but without PDA treatment on ZrO,

Fig. 4-11 reveals the capacitance-voltage (C-V)characteristics of samples treated
in N, plasma for 30 sec and 90 sec: The-capacitor treated in N, for 90 sec shows the
maximum capacitance density among these samples with different process treatment. In
addition, the capacitors treated for 30 sec" also present the larger values than the
capacitors without whole plasma nitridation process.

This phenomenon indicates that the N, plasma treatment was workable to
improve the capacitance. The factor of improvement might be from that the nitrogen
incorporation in the HfO, dielectrics, which could enhance the electronic polarization as
well as the ionic polarization, so the dielectric constant of the HfO, thin films increases
just as Hf-silicate thin film and SiO; thin film.

The J-V characteristics of samples treated by N, plasma with 30 sec and 90 sec
from OV to -2V are described in Fig. 4-12. It can be observed that the samples which
treated in N, plasma all present the smaller leakage current density than the leakage

current density without whole plasma nitridation process. The gate leakage current
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density treated in N, for 90 sec shows the minimum current density among these
conditions. The lower leakage shows that the weak structure of interface must be fixed
by the plasma nitridaiton.

The hysteresis of C-V characteristics are shown in Figs. 4-13 and 4-14 for the
samples with 30 and 90 sec N, plasma treatment , respectively. The hysteresis
characteristic could be improved by various plasma nitridation process.

4.2.2 Electrical characteristics for HfO, with N, plasma treatment and

PDA treatment on ZrO,

Fig. 4-15 reveals the capacitance-voltage (C-V) characteristics of MIS capacitor
treated in N, plasma for 30 sec and 90 sec with PDA treatment. The capacitor treated in
N; for 90 sec with PDA treatment shows the maximum capacitance density among these
samples with different process.treatment. In addition, the capacitors treated for 30 sec
also present the larger values than the capacitors without whole plasma nitridation
process.

The J-V characteristics of MIS capacitor treatéd in N, plasma for 30 sec and 90
sec with PDA treatment from OV to -2V are described in Fig. 4-16. The gate leakage
current density treated in N, plasma 90 sec with PDA treatment shows the minimum
current density among these conditions.

The hysteresis of C-V characteristics are shown in Fig. 4-17, and Fig. 4-18 for the
samples with PDA treatment and with 30 and 90 sec N, plasma treatment , respectively.
The hysteresis characteristic could be improved by various plasma nitridation process.
4.2.3 Short summary

Fig. 4-19 and Fig. 4-20 shows the comparison of C-V curves of the samples with
and without PDA treatment on ZrO, film in O, ambient at 500°C for 5 minute.
Fig. 4-21 and Fig. 4-22 showed the leakage current density comparison of samples

with and without PDA treatment.
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Fig. 4-23 and Fig. 4-24 showed the C-V and the J-V characteristics of samples with
various process treatments such as PDA treatment, fluorination treatment, and
nitridation treatment. We compared with these treatment and without on electrical
characteristics.

In this chapter, we demonstrate that samples treated by PDA treatment and
nitridation treatment were the best choice.

4.3 Electrical characteristics for HfO, with CF, plasma treatment and

N, plasma treatment

There are four kinds of plasma treatment with different source gas (i.e. CF4, Na,
NHs;, and N,0) and they were treated for different process time (i.e. 10 sec, 20sec, 30sec,
40sec, and 120sec).
4.3.1 Electrical characteristics for HfO, with CF, plasma treatment

and N, plasma treatment but without PDA treatment

Fig. 4-25 reveals the capacitance-voltage (C-V) characteristics of MIS capacitor
treated in CF4 plasma for 10 sec and N, plasma for 30 sec and 90 sec. The capacitor
treated in CF4 for 10 sec and N, for 90 sec shows the maximum capacitance density
among these samples with different process times. In addition, other samples which
treated in CF,4 plasma and N, plasma all present the larger values than the capacitors
without whole plasma process. This phenomenon indicates that dual plasma treatment
was workable to improve the capacitance. The factor of improvement might be from
that the fluorine and nitrogen can repair defect and dangling bonds.

The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 second and
N, plasma for 30 sec and 90 sec from OV to -2V are described in Fig. 4-26. The gate
leakage current density treated N, plasma 90 sec shows the minimum current density
among these conditions. The lower leakage shows that the weak structure of interface

must be fixed by the plasma nitridaiton.
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The hysteresis of C-V characteristics are shown in Fig. 4-27, and Fig.4-28 for the
samples with fluorination and with 30 and 90 sec N, plasma treatment , respectively.
The hysteresis characteristic could be improved by various plasma nitridation process.
4.3.2 Electrical characteristics for HfO, with CF,4 plasma treatment, N,

plasma treatment and PDA treatment

Fig. 4-29 reveals the capacitance-voltage (C-V) characteristics of MIS capacitor
treated in CF,4 plasma for 10 sec and N, plasma for 30 sec and 90 sec with PDA
treatment. The capacitor treated in CF4 for 10 sec and N, for 90 sec with PDA treatment
shows the maximum capacitance density among these samples with different process
times. In addition, other samples which treated in CF4 plasma and N, plasma all present
the larger values than the capacitors without whole plasma process.

The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 sec and N,
plasma for 30 sec and 90 sec with PDA treatment from 0V to -2V are described in Fig.
4-30. The gate leakage current density treated in CF, plasma 10 sec and N, plasma 90
sec with PDA treatment shows the minimum current density among these conditions.

The hysteresis of C-V characteristics are shown in Fig. 4-31 and Fig. 4-32 for the
samples with fluorination, PDA treatment, and with 30 and 90 sec N, plasma treatment,
respectively. The hysteresis characteristic could be improved by various plasma
nitridation process.

4.3.3 Short summary

Fig. 4-33 and Fig. 4-34 shows the comparison of C-V curves of the samples with
and without PDA treatment on ZrO, film in O, ambient at 500°C for 5 minute.

Fig. 4-35 and Fig. 4-36 shows the comparison of C-V curves of the samples with
and without PDA treatment on ZrO, film in O, ambient at 500°C for 5 minute.

Fig. 4-37 and Fig. 4-38 showed the C-V and the J-V characteristics of samples

with various process treatments such as PDA treatment, fluorination treatment, and
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nitridation treatment. We compared with these treatment and without on electrical
characteristics.

In this chapter, we demonstrate that samples treated by PDA treatment,
fluorination, and nitridation treatment were the best choice.
4.4 Electrical characteristics for HfO, with CF, plasma treatment and

N,O plasma treatment

There are four kinds of plasma treatment with different source gas (i.e. CF4, Na,
NHs, and N,O) and they were treated for different process time (i.e. 10 sec, 20sec, 30sec,
40sec, and 120sec).
4.4.1 Electrical characteristics for HfO, with CF, plasma treatment

and N,O plasma treatment but without PDA treatment

Fig. 4-39 reveals the capacitance-voltage (C-V) characteristics of MIS capacitor
treated in CF,4 plasma for 10 sec and N>O plasma for-30 sec and 90 sec. The capacitor
treated in CF4 for 10 sec and N>O for 90-sec shows the maximum capacitance density
among these samples with different process times. In addition, other samples which
treated in CF4 plasma and N,O plasma all present the larger values than the capacitors
without whole plasma process. This phenomenon indicates that dual plasma treatment
was workable to improve the capacitance. The factor of improvement might be from
that the fluorine and nitrogen can repair defect and dangling bonds.

The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 second and
N,O plasma for 30 sec and 90 sec from OV to -2V are described in Fig. 4-40. The gate
leakage current density treated N,O plasma 90 sec shows the minimum current density
among these conditions. The lower leakage shows that the weak structure of interface
must be fixed by the plasma nitridaiton.

The hysteresis of C-V characteristics are shown in Fig. 4-41 and Fig.4-42 for the

samples with fluorination and with 30 and 90 sec N,O plasma treatment , respectively.
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The hysteresis characteristic could be improved by various plasma nitridation process.
4.4.2 Electrical characteristics for HfO, with CF, plasma treatment,

N,O plasma treatment and PDA treatment

Fig. 4-43 reveals the capacitance-voltage (C-V) characteristics of MIS capacitor
treated in CF4 plasma for 10 sec and N,O plasma for 30 sec and 90 sec with PDA
treatment. The capacitor treated in CF4 for 10 sec and N,O for 90 sec with PDA
treatment shows the maximum capacitance density among these samples with different
process times. In addition, other samples which treated in CF4 plasma and N,O plasma
all present the larger values than the capacitors without whole plasma process.

The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 sec and
N0 plasma for 30 sec and 90 sec with'PDA treatment from OV to -2V are described in
Fig. 4-44. The gate leakage current density treated in CF4 plasma 10 sec and N,O
plasma 90 sec with PDA treatment shows the ‘minimum current density among these
conditions.

The hysteresis of C-V characteristics are shown in Fig. 4-45, and Fig.4-46 for the
samples with fluorination, PDA treatment, and with 30 and 90 sec N,O plasma
treatment , respectively. The hysteresis characteristic could be improved by various
plasma nitridation process.

4.4.3 Short summary

Fig. 4-47 and Fig. 4-48 shows the comparison of C-V curves of the samples with
and without PDA treatment on ZrO, film in O, ambient at 500°C for 5 minute.

Fig. 4-49 and Fig. 4-50 shows the comparison of J-V curves of the samples with
and without PDA treatment on ZrO2 film in O, ambient at 500°C for 5 minute.

Fig. 4-51 and Fig. 4-52 showed the C-V and the J-V characteristics of samples
with various process treatments such as PDA treatment, fluorination treatment, and

nitridation treatment. We compared with these treatments and without on electrical
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characteristics.

In this chapter, we demonstrate that samples treated by PDA treatment,
fluorination, and nitridation treatment were the best choice.
4.5 Electrical characteristics for HfO, with CF,4 plasma treatment and

NH; plasma treatment

There are four kinds of plasma treatment with different source gas (i.e. CF4, Ny,
NHs;, and N,O) and they were treated for different process time (i.e. 10 sec, 20sec, 30sec,
40sec, and 120sec).
4.5.1 Electrical characteristics for HfO, with CF, plasma treatment

and NHj; plasma treatment but without PDA treatment

Fig. 4-53 reveals the capacitance-voltage (C-V) characteristics of MIS capacitor
treated in CF4 plasma for 10 sec.and NHj plasma for 30 sec and 90 sec. The capacitor
treated in CF4 for 10 sec and NHj for 90 sec shows the maximum capacitance density
among these samples with different process times. In addition, other samples which
treated in CF4 plasma and NHj3 plasma all present the larger values than the capacitors
without whole plasma process. This phenomenon indicates that dual plasma treatment
was workable to improve the capacitance. The factor of improvement might be from
that the fluorine and nitrogen can repair defect and dangling bonds.

The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 second and
NH; plasma for 30 sec and 90 sec from 0V to -2V are described in Fig. 4-54. The gate
leakage current density treated NH; plasma 90 sec shows the minimum current density
among these conditions. The lower leakage shows that the weak structure of interface
must be fixed by the plasma nitridaiton.

The hysteresis of C-V characteristics are shown in Fig. 4-55, and Fig.4-56 for the
samples with fluorination and with 30 and 90 sec NH; plasma treatment , respectively.

The hysteresis characteristic could be improved by various plasma nitridation process.
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4.5.2 Electrical characteristics for HfO, with CF, plasma treatment,

NH; plasma treatment and PDA treatment

Fig. 4-57 reveals the capacitance-voltage (C-V) characteristics of MIS capacitor
treated in CF4 plasma for 10 sec and NH; plasma for 30 sec and 90 sec with PDA
treatment. The capacitor treated in CF4 for 10 sec and NH; for 90 sec with PDA
treatment shows the maximum capacitance density among these samples with different
process times. In addition, other samples which treated in CF4 plasma and NH3 plasma
all present the larger values than the capacitors without whole plasma process.

The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 sec and
NH; plasma for 30 sec and 90 sec with PDA treatment from OV to -2V are described in
Fig. 4-58. The gate leakage current density treated in CF4 plasma 10 sec and NHj3;
plasma 90 sec with PDA treatment shows thé minimum current density among these
conditions.

The hysteresis of C-V characteristics are shown in Fig. 4-59, and Fig. 4-60 for the
samples with fluorination, PDA treatment, and. with 30 and 90 sec NH; plasma
treatment, respectively. The hysteresis characteristic could be improved by various
plasma nitridation process.

4.5.3 Short summary

Fig. 4-61 and Fig. 4-62 shows the comparison of C-V curves of the samples with
and without PDA treatment on ZrO, film in O, ambient at 500°C for 5 minute.

Fig. 4-63 and Fig. 4-64 shows the comparison of J-V curves of the samples with
and without PDA treatment on ZrO, film in O, ambient at 500°C for 5 minute.

Fig. 4-65 and Fig. 4-66 showed the C-V and the J-V characteristics of samples
with various process treatments such as PDA treatment, fluorination treatment, and
nitridation treatment. We compared with these treatment and without on electrical

characteristics.
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In this chapter, we demonstrate that samples treated by PDA treatment,
fluorination, and nitridation treatment were the best choice.

Fig. 4-67 shows the capacitance-voltage (C-V) characteristics of MIS capacitors
combined CF4 plasma treatment with N,, NH3, or N,O plasma treatment at optimal
condition. It is indicated that the capacitance treated in CF4 plasma for 10 sec and N,
plasma for 90 sec shows the most excellent value among these samples. The films with
the N, plasma treatments showed higher capacitances than those with the N,O plasma
treatments, because the N,O treatment caused increased growth of the interfacial silicate
layer. The samples treated in NHj3 plasma exhibited the highest interface trap density
compared with the samples treated by the other treatments. It was due to the hydrogen
related traps (-H, -OH, and N-H) formed on the surface of Si substrate. This suggests
that remote-plasma N, treatment 1s the optimal process to obtain an increased dielectric
constant.

The J-V characteristics_of MIS eapacitors combined CF, plasma treatment with
Nz, NH3, or N,O plasma treatment at optimal condition in Fig. 4-68. The gate leakage
current density treated in CF4 plasma 10 sec and N,O plasma 90 sec shows the
minimum current density among these conditions. The samples with nitridation and
PDA treatments demonstrated lower leakage current due to the Si-O and Si-N bonds
formation. The bonding strength comparisons as below: Si-O bond is 8.42 eV. Si-N
bond is 4.75 eV. Si-Si bond is 3.38 eV. Si-H bond is 3.18 eV. We understood that
bonding strength of Si-N and Si-O bonds are so stronger that the leakage current was
lower. The leakage current of samples without plasma treatment is large due to the poor

interfacial layer characteristic.
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Chapter 5
Conclusions and future work

5.1 Conclusions

In this thesis, various surface treatments such as PDA (post deposition annealing),
fluorination, and nitridation are present. It is evidence that the ZrO,(interfacial layer)
treated by PDA treatment at 500 °C for 5 min can effectively reduce leakage current,
hysteresis, and can improve capacitance value. After PDA treatments, the high K
dielectric quality was improved, and the reliability therefore superior.

The next chapters, characteristics of MIS capacitors that combine CF,4 plasma
treatment with N, NH3, or N,O plasma treatment have been investigated. Most of the
plasma treatment samples can promote the electrical characteristics and reliability until
the plasma damage or the growth of interfacial layer happened. Among these treatments,
the samples treated in CF4 plasma for 10-sec and N,, NH;, or N,O plasma for 90 sec
represent significantly great improvement, such as'good capacitance, reduced leakage
current and smaller C-V hysteresis. In addition, the N2O or NH; plasma treatment has the
lower leakage current than N; plasma for HfO2. The reason is that the samples using N20O
plasma treatment will introduce oxygen bonding to form additional interfacial layer so
that the capacitance will be lower. But, the thicker oxidation layer generates a good
resistance against leakage current. The bonding strength comparisons as below: Si-O
bond is 8.42 eV. Si-N bond is 4.75 eV. Si-Si bond is 3.38 eV. Si-H bond is 3.18 eV. We
understood that bonding strength of Si-N and Si-O bonds are so stronger that the
leakage current was lower. The samples treated in NH; plasma exhibited the highest
interface trap density compared with the samples treated by the other treatments. It was
due to the hydrogen related traps (-H, -OH, and N-H) formed on the surface of Si

substrate. Finally, in this thesis, the various surface treatments such as without treatment,
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PDA treatment, fluorination, and nitridation are compared and studied. We demonstrate
that samples treated by PDA treatment at 500 °C for 5 min, CF4 plasma pretreatment for

10 sec, and N; plasma treatment for 90 sec were the best choice.

5.2 Future work

Although the effect of the PDA treatment, plasma nitridation, and fluorination to
the electrical characteristics and reliabilities of ZrO,/HfO, stack dielectric thin films has
been examined in this research, there are still several issues that could investigated in
the future:

1. The reason of leakage current mechanism:

We must try to research the mechanism for leakage current with SE, FP, F-N
tunneling effect in Hf-based thin film further. Thetrefore, we can realize the mechanism
of leakage and effectively prevent leakage problem.

2. Material Analysis:

We can use some material analysis methods such-as TEM, SIMS, AFM to know
the thin film composition precisely. and-verify the phenomenon observed from C-V and
J-V curve, SILC, CVS etc.

3. Devices fabrication with the above results:

The optimum condition will be used to manufacture MOS device in the future.
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Table

Table 1-1: Material requirements of high-k dielectrics

Criteria

Requirements

EOT scalability <10A

Dielectric constant = 15

Negligible FIBL effect

Dielectric constant < 60

Leakage cuarent

< 1Alc lnz @ 1V

Bandgap = 5 eV

Barrier height > 1 eV

Thermal stability

No silicidation and

Hysteresis < 20 mv

Dispersion =1 %o/decade

Interface state density = 10" reVem?®

Mobility ~ 85 0 of SiO,
Reliability = 10 years

Table 1-2 Some important properties of selected high-k gate dielectrics[22].

High-K Dielectnc Leakage Thermal
material constant current stability,
reduction T ©
(wrt 5i0,) (MEIS data)
Zr0 23 <10" ~10" 900
HiO, 20 < 10" <10 950
Y .0, 15 % 10* 10" silicate formation
ALOD 10 ¥ 10% -10 1000

' Leakage current values were deduced from Al gated capacitors in accumulation at 1V above flatband. Thermal stability

data was obtamed with the help of MEIS on uncapped (i.e. vacuum/high-K/51) structures.
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Table 1-3 Material properties of HfO, and ZrO,.

Property HfO, Zr0y
Band gap (eV) 5.68 5.16
Dielectric constant 25 29
Barrier height to Si (eV) 1.6 L5
Heat of formation (Kcal/mol) 271 2619
AG for reduction 47.768 42.326
Dielectric strength (MV /cm) 2~4.3 ~1.0
Thermal expansion coefficient 5.3 7.01
(10"K™)
Lattice constant (A) (5.43 A for Si) 5.11 5.1
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Figure Captions
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In 1997, a gate oxide
was 25 silicon atoms thick

In 2012, a gate oxide will
be five silicon atoms thick

Fig. 1-1 International Technology Roadmap for Semiconductors (ITRS). Predictions of

the gate oxide (Si0,) thickness for future technology generations, which were

defined by the

critical device size [7].
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Fig. 1-2 The direct tunneling gate current vs. gate voltage with different gate oxide

thickness [8].
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Fig. 1-4 Current conduction mechanisms of high-k gate dielectric. (a) Schottky
Emission (SE), (b) Frenkel-Poole (FP) Emission, (c¢) Fowler-Nordheim (FN)

Tunneling.
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Fig. 2-1 Inner-interface trapping model of HfO, for (a) sweeping from accumulation

(Vg=-3V), (b) sweeping from inversion (Vg =0 V) [39].
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Fig. 2-2 After CF4 plasma treatment, inner-interface trapping model of HfO, for (a)

sweeping from accumulation (Vg = -3 V), (b) sweeping from inversion (Vg =0

V) [39].
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(a) N in HfO2 (b) N¥oNin HfO2 (c) Vo in HfO2

[
/
s NO+H /(:B

.
Eg(H02) e,

~

Energy

Acceptor Like ]

Fig, 2-3 Vo induction is from charge compensation in the case of N doping in HfO,. (a)
N-doped HfO, shows p-type semiconductor, if V, does not appear. Vacant
states appear at the top of VB.(b) Band gap recovery by NsVoNs complex
structure creation in the caseof a-small amount of N. (c) V,-related gap level
appears in HfO,. This level is occupied, and behaves as a donor to N-doped

HfO..

Eg(HfO2)

Interaction
Defect Levels —*  Dispersive Bands

=

VB Edge

D

Fig. 2-4 A large amount of N induces a large amount of Vo. The V-V, interactions
increase with the increase in amount of V,,.. CB offset is deteriorated by V,—V,

interactions. VB offset is deteriorated by Ns—Ns interactions via oxygen atoms.
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Figure 2-5 Schematic view of the density of states around the band gap of N-doped HfO,,
F- and N-doped HfO,, and F-doped HfO,. (a) N-doped HfO, shows p-type
semiconductor, if V, does not appear. Vacant states appear at top of VB. (b)

Band gap recovery by Fs—Ns pair. (¢) No related gap level appears in Fs in

HfO,.
Plasma Enhanced CVD System
Inert Process
Gas Gas
Heated Plate —

Fig. 3-1 Schematic illustration of the PECVD system.
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Fig. 3-2 (a) Schematic illustration of a simple vacuum evaporator, (b) The principle of

the electron gun operation.
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Fig. 3-3 Generic RTP reactor: axisymmetric geometry with five independent lamp rings,

quartz window and showerhead, and silicon guard ring.
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Fig. 3-4 Schematics of the ICP high density plasma system.[45]

Fig. 3-5 (a) RCA clean (b) E-gun = 1nm.ZrO; (¢) PDA ( w/ or w/o ) —in O, ambient,

500°C, 5min

Fig. 3-6 (d) E-gun — 4nm HfO, (e) PDA— in O; ambient, 500°C, Smin
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Fig. 3-7 (f) E-gun — 200nm Ti

Fig. 3-8 (a) RCA clean (b) E-gun — 1nm ZrO; (¢). PDA ( w/ or w/o ) —in O, ambient,

500°C, 5min

Fig. 3-9 (d) E-gun — 4nm HfO, (e) PDA— in O; ambient, 500°C, 5min

Fig. 3-10 (f) Plasma treatment with N, —200W, 30 and 90sec (g) RTA— in N, ambient,

500°C, 20sec
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Fig. 3-11 (h) E-gun — 200nm Ti

Fig. 3-12 (a) RCA clean (b) Plasma treatment with CF4; —20W, 10sec

./

Fig. 3-13 (¢) E-gun —1nm ZrO; (d) PDA ( w/ or w/o ) —in O, ambient, 500°C, S5min

Fig. 3-14 (e) E-gun — 4nm HfO, (f) PDA— in O, ambient, 500°C, Smin
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Fig. 3-15 (g) E-gun — 200nm Ti

Fig. 3-16 (a) RCA clean (b) Plasma treatment with CF4; —20W, 10sec

./

Fig. 3-17 (¢) E-gun —1nm ZrO, (d) PDA ( w/ or w/o ) —in O, ambient, 500°C, Smin

Fig. 3-18 (e) E-gun — 4nm HfO, (f) PDA— in O, ambient, 500°C, Smin
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Fig. 3-20 (h) E-gun — 200nm Ti
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Fig. 4-1 The comparison of C-V curves of the samples with and without PDA treatment

on ZrO, film in O, ambient at 500°C for 5 minute.
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Fig. 4-2 The comparison of C-V curves of the samples with and without PDA treatment

on ZrO; film after CF4 plasma pretreatment.
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Fig. 4-3 The leakage current density comparison of samples with and without PDA

treatment.
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Fig. 4-4 The leakage current density comparison of samples with and without PDA

treatment after CF4 plasma pretreatment
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Fig. 4-5 The hysteresis of C-V characteristics was shown for the samples without

treatment.
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Fig. 4-6 The hysteresis of C-V characteristics was shown for the samples with PDA

treatment.
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Fig. 4-7 The hysteresis of C-V characteristics was shown for the samples without PDA

treatment after CF4 plasma pretreatment.
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Fig. 4-8 The hysteresis of C-V characteristics was shown for the samples with PDA

treatment after CF4 plasma pretreatment.
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Fig. 4-9 The C-V characteristics of samples with various process treatments such as

PDA treatment and fluorination treatment.

0.01

1E-3

1E-4

1E-5

J (AICMA2)

—=&— NO treatment
1E-6 & —e— PDA 500°C 5min(ZrO2)
—4&— CF4 20w 10s
1E-7 F  —w— CF4 20w 10s+PDA 500°C 5min(ZrO2)

1E-8 L 1 L 1 L 1 L 1 . 1 .
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0

Voltage (V)

Fig. 4-10 The J-V characteristics of samples with various process treatments such as

PDA treatment and fluorination treatment.
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Fig. 4-11 The capacitance-voltage (C-V) characteristics of samples treated in N, plasma

for 30 sec and 90 sec.
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Fig. 4-12 The J-V characteristics of samples treated by N, plasma with 30 sec and 90

sec from OV to -2V are described
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Figs. 4-13 The hysteresis of C-V characteristics are shown for the samples with 30 sec

N, plasma treatment
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Figs. 4-14 The hysteresis of C-V characteristics are shown for the samples with 90 sec

N, plasma treatment
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Fig. 4-15 The capacitance-voltage (C-V) characteristics of MIS capacitor treated in N,

plasma for 30 sec and 90 see with PDA treatment.
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Fig. 4-16 The J-V characteristics of MIS capacitor treated in N, plasma for 30 sec and

90 sec with PDA treatment from OV to -2V are described
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Fig. 4-17 The hysteresis of C-V characteristics are shown for the samples with PDA

treatment and with 30 sec N, plasma treatment
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Fig. 4-18 The hysteresis of C-V characteristics are shown for the samples with PDA

treatment and with 90 sec N, plasma treatment
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Fig. 4-19 The comparison of C-V curves of the samples with and without PDA

treatment with 30 sec. N, plasma treatment
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Fig. 4-20 The comparison of C-V curves of the samples with and without PDA

treatment with 90 sec N, plasma treatment
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Fig. 4-21 The leakage current density comparison of samples with and without PDA

treatment with 30 sec. N plasma treatment
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Fig. 4-22 The leakage current density comparison of samples with and without PDA

treatment with 90 sec N, plasma treatment
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Fig. 4-23 The C-V characteristics of samples with various process treatments such as

PDA treatment, fluorination treatment, and nitridation treatment are shown.
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Fig. 4-24 The J-V characteristics of samples with various process treatments such as

PDA treatment, fluorination treatment, and nitridation treatment are shown.
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Fig. 4-25 The capacitance-voltage (C-V) characteristics of MIS capacitor treated in CF4

plasma for 10 sec and N, plasma for 30 sec.and 90 sec.
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Fig. 4-26 The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 second

and N, plasma for 30 sec and 90 sec from OV to -2V are described
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Fig. 4-27 The hysteresis of C-V _characteristics are shown for the samples with

fluorination and with 30 sec N plasma treatment
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Fig. 4-28 The hysteresis of C-V characteristics are shown for the samples with

fluorination and with 90 sec N, plasma treatment
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Fig. 4-29 The capacitance-voltage (C-V) characteristics of MIS capacitor treated in CF4

plasma for 10 sec and N, plasma for 30 sec.and 90 sec with PDA treatment.
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Fig. 4-30 The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 sec and

N, plasma for 30 sec and 90 sec with PDA treatment from OV to -2V are

described.
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Fig. 4-31 The hysteresis of C-V characteristics are shown for the samples with

fluorination, PDA treatment, and with 30 'sec N, plasma treatment
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Fig. 4-32 The hysteresis of C-V characteristics are shown for the samples with

fluorination, PDA treatment, and with 30 sec N, plasma treatment
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Fig. 4-33 The comparison of C-V curves of the samples with and without PDA

treatment on ZrO; film with fluorination and 30 sec N, plasma treatment.
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Fig. 4-34 The comparison of C-V curves of the samples with and without PDA

treatment on ZrO; film with fluorination and 90 sec N, plasma treatment
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Fig. 4-35 The comparison of J-V curyes of the samples with and without PDA treatment

on ZrO; film with fluorination and 30 sec N plasma treatment.
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Fig. 4-36 The comparison of J-V curves of the samples with and without PDA treatment

on ZrO; film with fluorination and 90 sec N, plasma treatment.
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Fig. 4-37 The C-V characteristics of samples with various process treatments such as

PDA treatment, fluorination treatment, and nitridation treatment.
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Fig. 4-38 The J-V characteristics of samples with various process treatments such as

PDA treatment, fluorination treatment, and nitridation treatment.
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Fig. 4-39 The capacitance-voltage (C-V) characteristics of MIS capacitor treated in CF4

plasma for 10 sec and N,O plasma for 30 sec'and 90 sec.
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Fig. 4-40 The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 second

and N,O plasma for 30 sec and 90 sec from OV to -2V are described.

74



6| .
12x10 hysteresis = 25 mV
Lox10® | “*=seen, CF4 20w 10s+N20 200w 30s
L .."1\
8.0x107 | "‘\‘
S e —=—2VtolV
= . A —+—1Vto-2V
L% 6.0x107 - \\
O Loxw0"
hY
\
2.0x10”7 ‘%
&Y
O O m‘:'-'-"'.lIll'l'lll'l'l".ll
1 L 1 L 1 L 1 L 1 L 1 L 1
2.0 15 -1.0 05 0.0 0.5 1.0
Voltage (V)

Fig. 4-41 The hysteresis of C-V characteristics are shown for the samples with

fluorination and with 30«sec N;O plasma treatment
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Fig. 4-42 The hysteresis of C-V characteristics are shown for the samples with

fluorination and with 90 sec N,O plasma treatment
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Fig. 4-43 The capacitance-voltage (C-V) characteristics of MIS capacitor treated in CF4

plasma for 10 sec and N,O plasma for 30 sec and 90 sec with PDA treatment.
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Fig. 4-44 The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 sec and

N,O plasma for 30 sec and 90 sec with PDA treatment from OV to -2V are

described.
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Fig. 4-45 The hysteresis of C-V characteristics are shown for the samples with

fluorination, PDA treatment, and with 30'sec N,O plasma treatment
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Fig. 4-46 The hysteresis of C-V characteristics are shown for the samples with

fluorination, PDA treatment, and with 90 sec N,O plasma treatment
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Fig. 4-47 The comparison of C-V curves of the samples with and without PDA

treatment on ZrO, film with fluorination and with 30 sec N,O plasma

treatment
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Fig. 4-48 The comparison of C-V curves of the samples with and without PDA
treatment on ZrO, film with fluorination and with 90 sec N,O plasma

treatment
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Fig. 4-49 The comparison of J-V curves of the samples with and without PDA treatment

on ZrO; film with fluorination-and with 30 sec N,O plasma treatment
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Fig. 4-50 The comparison of C-V curves of the samples with and without PDA
treatment on ZrO, film with fluorination and with 90 sec N,O plasma

treatment
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Fig. 4-51 The C-V characteristics of samples with various process treatments such as

PDA treatment, fluorination treatment, and nitridation treatment are shown.
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Fig. 4-52 The J-V characteristics of samples with various process treatments such as

PDA treatment, fluorination treatment, and nitridation treatment are shown.

80



6

1.2x10°
—=— No treatment

—e— PDA 500°C 5min(Zr02)

—A— CF4 20w 10s

—w— CF4 20w 10s+PDA 500°C 5min(ZrO2)
—<4— CF4 20w 10s+NH3 200w 30s
—»— CF4 20w 10s+NH3 200w 90s

1.0x10°

8.0x10”

6.0x10”

C (FICM"2)

4.0x107

2.0x10”

0.0 . . . P
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Voltage (V)

Fig. 4-53 The capacitance-voltage (C-V) characteristics of MIS capacitor treated in CF4

plasma for 10 sec and NH; plasma for 30 sec and 90 sec.
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Fig. 4-54 The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 second

and NH; plasma for 30 sec and 90 sec from OV to -2V are described.
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Fig. 4-55 The hysteresis of C-V _characteristics are shown for the samples with

fluorination and with 30 sec NH3 plasma treatment
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Fig. 4-56 The hysteresis of C-V characteristics are shown for the samples with

fluorination and with 90 sec NH3 plasma treatment
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Fig. 4-57 The capacitance-voltage (C-V) characteristics of MIS capacitor treated in CF4

plasma for 10 sec and NH; plasma for 30 sec'and 90 sec with PDA treatment.
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Fig. 4-58 The J-V characteristics of MIS capacitor treated in CF4 plasma for 10 sec and

NH; plasma for 30 sec and 90 sec with PDA treatment from OV to -2V are

described.

83



1.2x10°
hysteresis = 24 mV
6 "l."

1.0x10° = "*a, CF4 20w 10s+PDA(Zr02)+NH3 200w 30s

8.0x107 |- \\
_ L)
g AL \\
3 oo Y ——-2Vto1lV
T \ —+—1Vto-2V
O 40x0" | N

o
"
l\.
2.0x107 u,
I\
e
0.0 | ""'lll------uluuullnnun
| L | L | L | L | L | L |
-2.0 15 -1.0 -0.5 0.0 0.5 1.0
Voltage (V)

Fig. 4-59 The hysteresis of C<V ‘characteristics.‘are shown for the samples with

fluorination, PDA treatment, and with 30 sec NH; plasma treatment.
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Fig. 4-60 The hysteresis of C-V characteristics are shown for the samples with

fluorination, PDA treatment, and with 90 sec NH; plasma treatment.
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Fig. 4-61 The comparison of C-V curves of the samples with and without PDA

treatment on ZrO, film with fluorination and 30 sec NH; plasma treatment

are shown.
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Fig. 4-62 The comparison of C-V curves of the samples with and without PDA
treatment on ZrO, film with fluorination and 90 sec NH; plasma treatment

are shown.
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Fig. 4-63 The comparison of J-V curves of the samples with and without PDA treatment

on ZrO; film with fluorination-and 30-sec NH; plasma treatment are shown.
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Fig. 4-64 The comparison of J-V curves of the samples with and without PDA treatment

on ZrO; film with fluorination and 90 sec NHj plasma treatment are shown.
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Fig. 4-65 The C-V characteristics of samples with various process treatments such as

PDA treatment, fluorination treatment, and nitridation treatment are shown.
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Fig. 4-66 The J-V characteristics of samples with various process treatments such as

PDA treatment, fluorination treatment, and nitridation treatment are shown.
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Fig. 4-67 The capacitance-voltage (C-V) characteristics of MIS capacitors combined
CF,4 plasma treatment with No, NHs, or N;O plasma treatment at optimal

condition are shown.
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Fig. 4-68 The J-V characteristics of MIS capacitors combined CF4 plasma treatment

with N,, NH3, or N>,O plasma treatment at optimal condition are shown.
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