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The effects of the plasma treatment and the annealing

process on the thermal stability of HfOz2 dielectrics

Student : Chun-Kai Tang Advisor : Dr. Ta-Hui Wang

Industrial Technology R & D Master Program of
Electrical and Computer Engineering College
National Chiao Tung University

ABSTRACT

As CMOS devices are scaled-aggressively:inta:nanometer regime, SiO2 gate
dielectric is approaching its physical and electrical limits. The primary issue is the
intolerably huge leakage current'caused by the-direct tunneling of carriers through the
ultrathin oxide. To substantially suppress the leakage current, high-k materials are
recently employed by exploiting the increased physical thickness at the same
equivalent oxide thickness (EOT).

The aggressive scaling of MOS devices is quickly reaching the fundamental
limits of SiO; as the gate insulator. When the gate oxide thickness scales down below
1.2 nm for 100 nm-node CMOS technology and beyond and the SiO, will face severe
challenges such as the direct-tunneling current. Therefore, high dielectric constant
gate oxides with large physical thickness while identical equivalent oxide thickness
(EOT) have been used to replace SiO, in order to reduce gate leakage current. HfO,
dielectric is a most suitable material for future MOSFET gate oxide applications. In

this study, we analysis the Al/ Ti/ HfO, /Si MOS structure. First, we deposited HfO2



and on Si wafers individually by metal-organic CVD (MOCVD) system. Then, the
films received different post-deposition-annealing temperature. After PDA, we had
additional plasma treatment and post-nitridation annealing 600°C 60 sec (PNA). Next,
we treated the films with high temperature 800°C, 850°C and 900°C 30 sec.

The electrical characteristics of the film were discussed by C-V and I-V curves. The
reliability of the film with nitridation or not were discussed by hystersis effect,
SILC( Stress Induce Leakage Current), CVS(Constant Voltage Stress) test and
measure at different temperature. We could find that that the film with nitridation
could sustain high thermal stress, and its capacitance did not decrease. It might be that
nitrogen could suppress the formation of interfacial layer between the high-k/Si

interface.
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Chapter 1

Introduction

1.1 Motivation to Study High-k Dielectrics

In the scaling of CMOS, reducing the thickness of gate stack with lower leakage
current plays an important role. Although the leakage current of the devices with the
same gate dielectric reduces with the scaling gate length and width, that leakage
current density increases with the sealing of gate dielectrics exponentially. Therefore,
the gate leakage current increases.as the device.size decreases. The larger leakage
current will not only cause the higher-power consumption but also degrade the
reliability of the devices. [1]-[2]

In terms of the first order current-voltage relation, the driving current of a

MOSFET can be given as
1 W .
Id::?.r =:Cg-u.-1 _{:IZGE _I:r} {11}
2 L,
|
C, =xg,— (1.2)
" I

Where Vas is the applied gate to source, Lefr is the effective channel length, W

is the channel width, V/ is the threshold voltage, un is the mobility for electrons, Cg is



the gate capacitance, k is the dielectric constant, g is the permittivity of free space

and tinv 18 the electrical film thickness. 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. However, a large Vas will degrade the reliability
while too small V; will result in statistical fluctuation in thermal energy at a typical
operation circumstance of up to 100°C. So a bigger Cg and shorter Leff will be needed
to maintain device performance.

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 currentis 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 SiO2, the high k dielectrics.with.the same effective oxide thickness (EOT)
with Si02 still shows lower leakage current than SiO2 by several orders. [3]-[4]

That is the reason why high-k dielectrics have drawn much attention for future
gate dielectrics. According to the ITRS (International Technology Roadmap for
Semiconductor) of SIA as shown in Fig. 1-1 [5]-[6], the thickness of gate oxide have
to be below 10 A after 2007. Moreover, the gate length and bias voltage reduces by 11
% every year while the drive current has to be maintained. Therefore, the continual
scaling of gate dielectric is an inevitable trend in proceeding CMOS technology.

However, the operation frequency of the device below the generation of 100 nm
will be over GHz [7] and the electrical characteristic of high-k dielectrics at that
frequency plays an important role for the use of high-speed devices. Even some high

-k dielectrics show good electrical characteristics at low frequency, the performance

2



of those at RF region could possibly degrade. Therefore, it is important to find out the
high k dielectric that exhibits superior characteristics at both high and low frequency.
Recently, some high-k dielectrics have been widely studied and the
characteristics and issues of those materials have also been reported. The high-k
dielectrics show good performances are always accompanied by another drawbacks.
Finding out the most suitable high-k dielectric for the use of device and altering the
device structure or process to meet the requirement of the high-speed device are

significant tasks to implant high-k dielectrics to the next VLSI generation.

1.2 Scaling of the Gate Oxide Thickness

The scaling down of the device'dimension. is an inevitable tendency with each
new generation in semiconductor industry..It can increase the output of the product
and reduce the cost. The MOS device plays a very important role in the development
of the integrated circuit. It largely applies in the commercial products such as dynamic
random access memory (DRAM) . [8].

The major factors of the MOS devices, which extensively apply on integrated
circuit, are the stability and high efficient electrical characteristics. The characteristics
of the MOS device are dominantly affected by the quality of the insulator layer. Then
the quality of the insulator layer will be major concern. Current trends in MOS
technology are towards higher chip packing density, more complex devices with more
process levels, and larger substrate. Development of high-density MOS dynamic
random access memory (DRAM) devices with small cell areas has been accomplished
by reducing the thickness of the SiO2 storage capacitors to maintain the required
charge storage level. But the shrinkage of the oxide thickness causes the increase of

the direct tunneling through the gate dielectric and degrades gate oxide reliability with



nonlinear scaling of the power supply because of a higher electric field across the gate
oxide.

Figure 1.1 shows the possible conduction mechanism of the leakage current
passing through the oxide. As can be seem from this figure, the probability of the

direct tunneling process occurrence is in proportion to the oxide thickness.

1.3 Roadmap of the Gate Dielectric

Figure 1.2 shows the roadmap of the advance gate dielectric in the future. For the
0.18 um technology the material used to act as the gate dielectric still is silicon
dioxide ( SiO2 ) with a thickness lower than 4 nm. For the next generation, the
equivalent oxide thickness decreases to below 3 nm. Then the conduction of the
leakage current passing through _the.,silicon dioxide changes from the
Fowler-Nordheim tunneling to the direct tunnéling..Then the direct tunneling leakage
current can be many orders-of-magnitude larger than F-N tunneling leakage current.
For suppressing the leakage curtent the'increase of the physical thickness of the gate
dielectric with still keeping the same”equivalent oxide thickness seems to be a good
method. It means that the gate dielectric must have higher relative dielectric constant
than that of the pure silicon dioxide. If people still want to use the silicon dioxide as
the base of the gate dielectric, the nitridation of the silicon dioxide seems to be a good
method. Then the silicon oxynitride ( SiOxNy) will possess higher relative dielectric
constant than silicon dioxide. For the next generation, the staked nitride ( Si3N4/SiO2)
will be the appropriate candidate to conform to the requirement of leakage current
suppression. When the equivalent oxide thickness decrease to about 1.2 nm, the
material with the high relative dielectric constant (high-k) will be the only choice. In
this thesis, the researches are mainly divided into two sections. First section is focus

on the improvement of the oxide quality. For fitting in with the future requirement,



the second section is researching the material with high relative dielectric constant to

substitute for the silicon dioxide.

1.4 The Need to Use High-k Materials

1.4.1 Motivation to Study High-k Dielectrics

Over the past 30 years, SiO2 has served its role as a perfect gate dielectric, and
has been scaled down from a thickness of 100nm to 1.2nm at 90nm process
technology node today, in order to gain a large Cg and a higher density. In 1999,
Schulz in Nature predicted that, in order,to keep up with the roadmap goal, in 2012
the thickness of gate oxide is slatéd to scale down t6.1nm, which represents only five
silicon atoms thick ( see Fig=1-3) [9]. Thus the-direct tunneling current which
depends strongly on film physical thickness-will increase to an unacceptable range,

resulting in a high power dissipation and heat ‘we can see the machine from(1.3).

(1.3)

4

We can see from Fig. 1-4, Lo et al. find that the gate oxide can be scaled down to
2nm before exceeding the limit of 1A/cm? from the viewpoint of allowable stand-by
power dissipation. Below 2nm, however, the oxide tunneling current will quickly
becomes problematic. For easily sensing the seriousness of leakage problem: as Si02
thickness is reduced, leakage current increases exponentially (~10%/2A)[10] On the

other hand, we can take the view of Roadmap of gate dielectric. Fig. 1-5



shows the high-performance logic scaling-up of gate leakage current density
limit and of simulated gate leakage due to direct tunneling. In 2006, the EOT
( Effective Oxide Thickness ) is about 1.1 nm and the leakage current density of the
oxynitride is below the leakage limit line. However, after 2008, the EOT is below 1.0
nm and the oxynitride is incapable of meeting the limit on the gate leakage current
density. Fig. 1-6 shows the low operating power (LOP) scaling-up of gate leakage
current density limit and simulated gate leakage due to direct tunneling. In 2006, the
EOT is only 1.3 nm but the leakage current density of the oxynitride is still below the
limit line because the application of high-performance logic could endure larger gate
leakage current. However, after 2010, the oxynitride couldn’t be used for
high-performance logic anymore. Fig. 1-7 shows the Low Standby Power scaling-up
of gate leakage current density limit and simulated gate leakage due to direct
tunneling. About this case we can notice that.the oxynitride couldn’t be used for Low
Standby Power device anymore after 2007.-Table /1=1 is the roadmap of 2006 ITRS
update (International Technology . Roadmap for Semiconductor) for the
high-performance logic technology.
After 2008, the requirement of EOT even reduces to less than 1 nm. It would be a big
challenge because the leakage current is too large to be acceptable for SiO2 under
such a thin thickness Because the leakage current is related to the physical thickness
of the gate oxide from (1.3), we can notice that if we make the gate dielectric thicker
and still maintain the same Cg value, the leakage current problem would be solved.
This is mean that there will be a new material to replace traditional SiO2 gate

dielectric. In order to maintain the same Cg value, (1.2) can be rewritten as follows:



_ ;‘r}zz'gu‘u—k f = k?u’gh—ir {
high-k — I ag 39 eq

ox

(1.4)

where the teq term represents the theoretical thickness of SiO2. So by increasing
the gate dielectric constant, the same equivalent oxide thickness can be obtained with
a thicker physical thickness, which can reduce the gate leakage current (i.e., direct
tunneling), without sacrificing the performance. Consequently, SiO2 gate dielectric

needs to be replaced by the material with high dielectric constant.

1.4.2 The advantages of High-k dielectric

High-k gate materials can.maintain the 'same EOT with thicker physical
thickness, and is therefore expeeted.drastically reduced direct-tunneling current. From
Figl-8, the increased physical thickness-significant reduces the probability of
tunneling across the insulator, and hence, reduces the amount of off-state leakage
current density. [11]

The relationship between dielectrics constant and thickness is followed:

EOT — kﬂ‘f x tﬁfg’l—k
high—k
(1.5)

A suitable replacement gate dielectric with a high permittivity (k) must exhibit low
leakage current, have the ability to be integrated into a CMOS process flow, and

exhibit at least the same equivalent capacitance, performance, and reliability of SiOs.



1.4.3 The choice of High-k materials

There are many potential candidates for replacing SiO2, such as HfO,,
Z10,, Al,O3, Ta,0s and so on. Which one will emerge as the winner for replacing the
silicon dioxide? Since over the past three decades, SiO2 has served as an ideal gate
dielectric, its several advantages, such as being amorphous phase through the whole
integration processing, high quality interface, and good thermal stability, can indeed
serve as a good guide of choosing high-k material. So, 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 (1.3) to'lower the leakage by increasing physical thickness.
While those with too high-k. value;-in general, would suffer from thermal
stability issues and larger fringing field.

b. Thermodynamic stability in direct contact with silicon

Preserve capacitance of gate stack after processing.

¢. 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)) [12].

d. Gate material compatibility

Materials such as metal gate, and metals have been considered for better

controllability and better performance.



e. 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.

Electrical Properties

(a)Low interface state density (Dit< 5x10'%cm®-eV™"), and SiO2-like mobility, The

interface would affect the carrier mobility in the channel, and from (1.2),
mobility degradation is related to poor current drivability. 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. And most of them can be

avoided by improving ‘process technology.
(b) Vep and hysteresis <20mV,
(¢) Tiny<Inm,
(d) J<10°A/em’*@ VDD,
(e) Reliability issue.

(f) No C-V dispersion,

To serve as a new gate dielectric, we must also take into consideration
electrical reliabilities, such as stress-induced leakage current (SILC), time

dependent dielectric breakdown (TDDB), hot carrier aging, bias temperature

instability and charge trapping issues [13].



1.4.4 Why choose HfO,

There are many kinds of high-k materials, including Al,O3, Y,0s3, Ta,0s, TiO,, ZrO,
and HfO, etc. Table 1-2 lists basic characteristics of several high-k dielectrics.
Unfortunately, many high-k materials such as Ta,Os, TiO,, SrTiO;, and BaSrTiOs are
thermally unstable when directly contacted with silicon [14] 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. Ultra high-K materials such as STO
or BST may cause fringing field induced barrier lowering effect [15]. Materials with
relatively low dielectric constant such as A1,0; and Y,0O3 do not provide sufficient
advantages over SiO, or Si3N4 [16]. Among,the medium-k materials compatible with
silicon, oxides of Zr and Hf ar¢:attracting much attention recently. Especially, Hf
forms the most stable oxide with the highest heat of formation (AHf = 271 Kcal/mol)
among the elements in IVA group of the periodic table (i.e. Ti, Zr, Hf). Unlike other
silicides, the silicide of Hf can be easily oxidized [17]. HfO, possesses a dielectric
constant of up to 25 [18], a large bandgap of 5.7 eV with sufficient band offset of
larger than 1.5 eV [19], and well thermal stability in contact with silicon [20]. HfO; is
very resistive to impurity diffusion and intermixing at the interface because of it’s
high density (9.68 g/cm’) [21]. In addition, HfO, is the first high-k material showing
compatibility with polysilicon gate process [22]. These properties make HfO, to be
one of the most promising candidates for alternative gate dielectric application.
Although inadequate mobility of HfO, MOSFETs is among the biggest concerns,
various techniques have been explored to enhance the mobility. Introduction of
strained silicon substrate [23], for example, drastically improved the mobility by

changing the band structure of the substrate rather than changing the dielectric itself.
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However, the characteristics and mechanism of HfO, are not totally understood.

1.5 Plasma Nitridation

According to traditional view of improving SiO, device performance, we could
find that nitridation is a common method to improve the interface. [24] Property with
the result that there is often N or Dj in the interface, imperfect bonding of interface
usually makes the characteristic of the device deteriorate. Such as charge will be
trapped by the defects of the interface, it produce flat band voltage shift and also
reduce mobility. Another shortcoming is that these dangling bonds will easily bond
with oxygen atom 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 it would cause the problemr of charge trapping. 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. Consequently, nitridation treatment is a
workable solution to improve interface quality. As we note before, the question about
using high-K materials to replace SiO, is that there are too many defects in the
interface to cause reliability degradation. Therefore, when we use high-K materials, it
is consider that nitridation treatment is a more suitable way to improve reliability and
thermal stability of device. These kind of treatment have already used in some
relevant references. [25] [26] Among them, someone take nitridation treatment at high
temperature, others take so-called plasma nitridation . According to [27], 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.
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The 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.

1.6 Thesis Organization

Following chapters in the thesis are primarily organized as follow :

In chapter 2, we make a description of experimental details. Metal-Organic
Deposition system is used to deposit hafnium-based materials on silicon surface.
In chapter 3, we discuss the characteristics of HfO, or insulator by
Metal-Insulator-Semiconductor (MIS) capacitors.

In chapter 4, we discuss the reliability of HfO, ot insulator by
Metal-Insulator-Semiconductor (MIS)-capacitors and the effects of
Post-Metallization-Annealing.

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

suggestions for future work.
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Chapter 2

Experiments of Al/Ti/HfO,/Si MIS Capacitor

2.1 The methods to prepare High-k thin film

There are many methods to prepare high-k thin films, such as chemical vapor
deposition (i.e. MOCVD, ALCVD, PECVD etc.) [28]-[30] and physical vapor
deposition (i.e. Sputtering, PLD etc.) [31][32]. MOCVD, ALCVD and Sputtering are
the typical methods for preparing*HfO, films."We will compare the MOCVD and

sputter methods below.

2.1.1 MOCVD

MOCVD (metal-organic CVD) is a widely used technology for depositing a
variety of thin films, including metal oxide and metal silicate films, for high-k gate
dielectric applications. The basic steps in MOCVD deposition method are as follows:
1. MO precursor in company with N2 process gas and O2 process gas are injected
into the reactor.

2. The sources are mixed inside the reactor and transferred to the deposition process
chamber.

3. At the deposition process chamber, high temperature results in the decomposition
of sources and other gas-phase reactions, forming the film precursors that are

useful for film growth and byproducts.
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4. The film precursors transport to the growth surface.

5. The film precursors absorb on the growth surface.

6. The film precursors diffuse to the growth site.

7. At the surface, film atoms incorporate into the growing film through surface
reaction.

8. The byproducts of the surface reactions desorb from the surface.

9. The byproducts transport to the main gas flow region away from the deposition
area toward the reaction. Then the wafer exits.

From fig. 2-1, it is apparent that 1 nm EOT can be achieved with MOCVD metal
oxide films when a metal electrode is used. However, most of the devices with
MOCVD HfO2 and HfSixOy when a poly-Si gate is used have EOT greater than 2 nm.
Unlike metal electrode, using poly=Si electrode requires the high-k gate stack to go
through a 1000°C/10 sec S/D -activation 'anneal .step. This step not only results in
chemical and structural changes-in the high-K-film, but also affects interfaces between
the high-k film/substrate and the high=k/poly-Si electrode. All devices fabricated with
MOCVD ZrO2 and ZrSiO films using poly-Si gate electrode were too leaky to give
any meaningful C-V results. In general, using poly-Si gate electrode results in around
0.7 to 1 nm higher EOT for gate stacks fabricated with HfO2 and HfSixOy gate
dielectric films. This additional interfacial oxide thickness is too large to be
acceptable. In view of this, the MOCVD is not a good tool for high-k material
deposition with poly-Si gate. However, the MOCVD has very good throughput and
can process a 25-wafer lot in ~2 hours (roughly 4X better than ALCVD). Thus, from
a throughput perspective, the MOCVD has a distinct advantage over the ALCVD

[33].
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2.1.2 DC Magnetron Sputtering

The usual HfO2 film with DC magnetron sputtering method is reactively
sputtered from an Hf target in an Ar + O2 ambient onto Si substrate. The advantages
of the DC magnetron sputtering are simple and cheap. In addition, the HfO2 film
prepared by CVD system easily contains organic impurities and/or oxygen vacancies
inside. This will cause leakage current through Frenkel-Pool effect or trap assisted
tunneling [34].

Less contaminants are produced by the process of the sputtering because there is
no other unnecessary chemicals. However, the uniformity of the DC sputtering is
worse than that of the ALCVD and the MOCVD in 12 inch diameter Si wafer. Further,
sputtering in an O2 ambient easily produces SiO2 interfacial layer. Therefore, we
decide to sputter Hf in an Ar ambient only: "After pure Hafnium has been deposited on
Si substrate, we put the wafet into furnace system. with O2 ambient at some low
temperature for oxidation. At some low temperature (< 500°C), Si will not react with

02 to form the SiO2. Then, the HfO2 film is prepared without SiO2 interfacial layer.

2.2 Rapid Thermal Annealing system

METAL RTA-AG 610 was a single-wafer lamp-heated and computer-
controlled rapid thermal processing (RTP) system. Water and compressed dry air
(CDA) cooling system were 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 were distinguished into five groups, and the
relative percentage of lamp intensity can be adjusted individually for each group to
achieve uniform temperature distribution. Temperature was obtained from pyrometer

and precise controlled by computer. Two gas lines were used in the system which can

15



be switched between Ar and N».

Before RTA process started, one minute N2 gas purge was performed to
minimize the water vapor introduced during wafer loading and also swept unwanted
particles induced during process. A fast heating rate of 100°C/sec was chosen in this
work. When anneal was complete, chamber temperature was quickly cooled down
from 900°C to 500°C by N, purge 60 seconds. Then, the chamber was slowly cooled
down to 280°C without N2 purge to avoid creaking of films. After five minutes later,
wafers can be taken out from the chamber. Films’ creak can be avoided by

two-steps-cooling method.

2.3 Plasma treatment system

When the PDA (Post-Deposition-Annealing) ‘was finished, some samples were
subjected to an additional plasma treatment in order to improve the electrical
properties of gate dielectric. There=were -various source gas (N, NHs, N,O) and
process time (30 sec, 60 sec, 90 sec, 120sec) as the experiment conditions. Parallel
plate high-density plasma reactor employing an ICP source was a single-wafer treated
and computer-controlled system.

Fig. 2.2 illustrates ICP system that was used in this experiment. 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
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reduce plasma damage.

2.4 MIS Capacitors Fabrication Process

In this thesis, Al/Ti/HfO,/Si capacitor were fabricated to study ultra thin HfO,
gate dielectrics. Figure 2-3 shows the fabrication flow of this experiment. The starting
wafer was four inch <100> orientated p-type wafer. It was one side polished and its
resistivity was 5~10 ohm-cm.

After standard initial RCA cleaning, wafers were put into chamber and grew
HfO, layer with atomic layer deposition system. After the thin films were prepared,
some samples were annealed after deposition (post-deposition anneal) and then
subjected to an additional plasma treatment at the substrate temperature of 300°C
while the pressure was 100 mTorr and the plasma power was 200W. The plasma
treatment conditions were in pure Nz , NHs and N,O for 30 sec, 60 sec, 90 sec and
120 sec respectively and the flow rate were-100-sccm. After nitridation, we also
annealed these samples to reduce the plasma“damage. Finally, pure aluminum films
were thermally evaporated on the top side of wafers. Mask defined the top electrode.
Then, we used wet etching to etch undefined Al and HfO, films. After patterning,
backside native oxide was stripped with diluted HF solution, and Al was deposited as

bottom electrode. The detailed fabrication process flow was listed as follows.

1. Initial RCA cleaning.

2. MOCVD(metal-organic CVD) deposition 60A HfO, thin film.

3. Post-deposition anneal with 600°C for HfO,.
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4. Plasma treatment with N, » NH; > N,O plasma for 30 sec, 60 sec, 90 sec, 120 sec

respectively.

5. Post-nitridation annealing with 600°C -30sec.

6. Thermally evaporate 400 A titanium above the HfO, films.

7. Thermally evaporate 4000 A aluminum as the top electrode.

8. Mask: define top electrode and then wet etch undefined Ti,Al and HfO; films.

9. Strip backside native oxide and coat 4000 A: aluminum as bottom electrode.

After the Al/ Ti/ HfO, /Si MIS‘capacitors'were prepared, we used semiconductor

parameter analyzer (HP4156A) and C-V measurement (HP4284) to analysis electric

characteristics (i.e. I-V, C-V, EOT, leakage current density etc.). Then we tested their

reliability, including stress induced leakage current (SILC), constant current

stress(CCS), constant voltage stress (CVS), Hysteresis effect.
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Chapter 3
Electrical Characteristics of Al/Ti/HfO, MIS

Capacitors

3.1 Electrical Characteristics with different post-deposition
annealing (PDA) temperature

3.1.1 Capacitance-Voltage Characteristics for HfO,

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
accumulation region to inversion: region to ebtain’the curve at the frequency of 50
kHz from -2V to 1V. There are three kinds of plasma treatment with different source
gas (i.e. N2, NH3 and N20 ) and they were freated for different process time ( i.e. 30
sec, 60sec, 90sec, and 120sec). Primarily, the effects of different PDA (post
deposition annealing) will be discussed.

Fig. 3-1 exhibits the capacitance-voltage (C-V) characteristics of HfO, gate
dielectric anneal with different temperature for 30 sec. The capacitors of PDA (600°C,
800°C) show higher capacitance than the original sample. In addition, the capacitor of
PDA (800°C) exhibits the worse C-V curve, because HfO, could not sustain the high

temperature anneal over 600°C. The best PDA temperature is about 600°C .

3.1.2 Current-Voltage Characteristics for HfO,

The leakage current of our MIS capacitors were analyzed from the current

-voltage (I-V) characteristics measured by an HP4156A semiconductor parameter
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analyzer.

Fig. 3-2 exhibits the J-V characteristics of HfO, gate dielectrics anneal with
different temperature for 30 sec from OV to -2V. We observed that with suitable
temperature annealing, the leakage current density can be decreased, because PDA
could make the thin film dense. The leakage current density of the sample

(PDA-800°C) is larger owing to the crystallization-induced leakage current.

3.2 Electrical Characteristics with different plasma

treatment for different process time

There are three kinds of plasma treatment with different source gas (i.e. N, NH3,
N,0O) and they were treated for-different process time (i.e. 30 sec, 60 sec, 90 sec and
120 sec). First, the relationship- of 'difference process time in one kind of plasma

treatment will be discussed. Then we compare‘the effect of different source gas.

3.2.1 Capacitance-Voltage Characteristics for HfO,

Fig 3-3 shows the capacitance-voltage (C-V) characteristics of HfO, gate
dielectrics treated with N, plasma treatment for different process time. The capacitor
treated for 60 sec shows the maximum capacitance among these conditions of process
time. Furthermore, the capacitor treated for 60 sec and 90 sec both show the good
capacitance values which are larger than the capacitor which was not treated by N,
plasma.

Fig. 3-4 shows the capacitance-voltage (C-V) characteristics of HfO, gate

dielectrics treated with NH; plasma treatment for different process time. Just like the
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samples of NHj plasma treatment. The improvement of capacitance could be seen. At
this condition, the capacitance treated with NH; plasma for 90 sec shows the largest
value. By the way, all the samples which use NH; plasma have larger capacitance
than the sample without treatment. It is indicated that NH;3 plasma treatment is also a
practicable method to improve the capacitance-voltage characteristics of HfO, gate

dielectrics.

Fig. 3-5 shows the capacitance-voltage (C-V) characteristics of HfO, gate
dielectrics treated with N,O plasma treatment for different process time. Just like the
samples of N plasma treatment. The improvement of capacitance could be seen. At
this condition, the capacitance treated with N,O plasma for 90 sec shows the largest
value. By the way, all the samples which use ' N,O plasma have larger capacitance
than the sample without treatment. It is indicated that N,O plasma treatment is also a
practicable method to improve-the capacitance-voltage characteristics of HfO, gate

dielectrics.

3.2.2 Current-Voltage Characteristics for HfO,

Fig. 3-6 shows the J-V characteristics of p-type HfO, capacitors treated by N,
plasma with different process time from 0 V to -2 V. We observed that the gate
leakage current density is suppressed while treatment conditions are 60 sec and 120
sec. It is indicated that N, plasma treatment supply an effective barrier against the
leakage current. The film after N, plasma treatment became dense and strong, so the
leakage current could be effectively decreased, especially for capacitor which treated
with N, plasma 60 sec and it also has the lowest leakage and largest capacitance value

from Fig. 3-3. Gate leakage current density of no treatment insulator at VG = -1 V is
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about 1x10° A/cm® From Fig.3-3, however, gate leakage current density of the
capacitor treated for 60 sec N, plasma at VG = -1 V is about 1x10™ A/cm?. It has less
gate leakage than no treatment insulator about 1 order. Furthermore, we notices that
the capacitor treated with N, plasma for 30 sec has high leakage current, it is might be
that the N, plasma is too little time to react with the film and caused by plasma
damage.

Fig. 3-7 shows the J-V characteristics of p-type HfO, capacitors treated by
NH; plasma with different process time from 0V to -2V. After NH; plasma treatment,
we could see the reduction of leakage current in contrast of no treatment samples.
However, the sample of plasma treated for 90 sec got the small gate leakage current
and a good C-V curve from Fig 3-4. Relative to the case of N, plasma, we could see
that the level of leakage current increasing obviously mitigate. It is possibly due to the
additional oxidation layer formed, by oxygen-radical, The interfacial oxidation layer
will let the dielectric thicker to preventfrom.gate leakage.

Fig. 3-8 shows the J-V characteristics of p-type HfO, capacitors treated by
N,O plasma with different process time from 0V to -2V. After N,O plasma treatment,
we could see the reduction of leakage current in contrast of no treatment samples.
However, the sample of plasma treated for 90 sec got the small gate leakage current
and a good C-V curve from Fig 3-5. Relative to the case of N, plasma, we could see
that the level of leakage current increasing obviously mitigate. It is possibly due to the
additional oxidation layer formed by oxygen radical. The interfacial oxidation layer

will let the dielectric thicker to prevent from gate leakage.

Fig.3-9 and Fig.3-10 shows the -capacitance-voltage (C-V) and J-V
characteristics of HfO, gate dielectrics treated with N, plasma treatment for 60 sec,

NH; plasma treatment for 90 sec and N,O plasma treatment for 90 sec. It is indicated

22



that the capacitance treated with NH; plasma treatment for 90 sec shows the most
excellent value (i.e. 42% increasing about capacitance). Among these samples, the
reason why the sample treated with N,O plasma has lower capacitance than N,
plasma treatment is complex. It is may be the growing of interfacial oxide made the
capacitance value smaller and this interfacial layer also made the gate leakage current

smaller.

3.3 Electrical Characteristics with different steps for PDA

and post-plasma treatment:anneal

3.3.1 Capacitance-Voltageand Current-Voltage

Characteristics for HfO5

Fig 3-11, Fig 3-12 shows the the C-V and J-V characteristics of HfO, gate
dielectrics treated with the same PDA temperature annealing and different PDA
temperature annealing. As show in Fig. 3-11, the sample without nitridation can not
sustain the high temperature annealing, so nitridation can improve the thermal
stability of high-k film. In addition, we observe that the C-V curve of the sample
without PDA and treated by N, plasma directly is distorted at high negative bias
voltages owing to the crystallization, we could see that after post deposition anneal,
nitridation could effectively improve the thermal stability of the thin film. From Fig.
3-12, we can find the same result, the sample with nitridation after PDA can

effectively decrease gate leakage current. It is good evidence to show that the thin
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film treated by N, plasma after post-deposition anneal can make the thin film sustain
high thermal stress.

The sample with PDA 600°C 30sec and PNA 600°C 60sec has the better C-V
curve and lower leakage current. Fig 3-13, Fig 3-14 shows the capacitance-voltage
(C-V) and J-V characteristics of HfO, gate dielectrics after the same PDA temperature
and the same PNA temperature. After N2 plasma nitridation and 800°C, 850°C, 900°C
30 sec thermal treatment. We can find the better C-V curve and lower leakage current.
The best condition is “PDA 600°C 30sec + N2 plasma treatment + PNA 600°C 60sec
+800°C 30 sec thermal treatment.”

Fig 3-15, Fig 3-16 shows the capacitance-voltage (C-V) and J-V characteristics
of HfO, gate dielectrics after NH;3 plasma nitridation and 800°C, 850°C, 900°C 30 sec
thermal treatment. The capacitors with PDA"600°C and after plasma treatment
annealing 600°C certainly has the better C-V curve-and lower leakage current. But,
the capacitance value decreased at hegative-bias, this was caused by the additional
interfacial layer during the thermal process..However, it is particularly noteworthy
that nitridatuon can let the HfO, gate dielectric sustain high temperature (800°C)
thermal treatment. The best condition is “PDA 600°C 30sec + NHj; plasma treatment
+ PNA 600°C 60sec + 800°C 30 sec thermal treatment.” Compare to Fig 3-1, the
film without nitridation will breakdown after high temperature (over 800°C) thermal
treatment.

Fig 3-17, Fig 3-18 shows the capacitance-voltage (C-V) and J-V characteristics
of HfO, gate dielectrics after N,O plasma nitridation and 800°C, 850°C, 900°C 30 sec
thermal treatment. The capacitor with PDA 600°C and after plasma treatment
annealing 600°C certainly has the better C-V curve and lower leakage current. But,
the capacitance value decreased at negative bias, this was caused by the additional

interfacial layer during the thermal process. However, it is particularly noteworthy
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that nitridatuon can let the HfO, gate dielectric sustain high temperature (800°C)
thermal treatment. The best condition is “PDA 600°C 30sec + N,O plasma treatment
+ PNA 600°C 60sec + 800°C 30 sec thermal treatment.” Compare to Fig 3-1, the
film without nitridation will breakdown after high temperature (over 800°C) thermal

treatment.
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Chapter 4

Reliability of Al /Ti /HfO, /Si MIS Capacitors

4.1 Hysteresis

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 lack of retrace ‘ability of the magnetization curve is
the property called hysteresis and it is related to.the existence of magnetic domains in
the material. Once the magnetic domains are reoriented, it takes some energy to turn
them back again [38]. The hysteresis phenomenon is similar in the C-V curve of the
MIS capacitor device. When we apply a voltage in opposite direction, it will not fit
the original C-V curve measured previously. It is due to the traps of interface which
would trap charges to influence the flat band voltage and C-V curve. [39]

Fig. 4-1 shows the hysteresis of p-type HfO, gate dielectric which was deposited
by sputter system without plasma treatment. Fig. 4-2 shows the hysteresis of p-type
HfO, gate dielectric which was deposited by metal-organic deposition system without
plasma treatment. We see that, the hysteresis of the thin film deposited by MOCVD is
smaller than the thin film deposited by sputter system. It is a good way to use

MOCVD to deposit HfO, dielectric, because its interfacial trap density is smaller than
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the sample deposited by sputter system.

Fig. 4-3 shows the hysteresis of p-type HfO, gate dielectrics (MOCVD) with
PDA 600°C-30 sec * N, plasma treatment 60 sec ~ PNA 600°C -60 sec and 800°C -30
sec. The hysteresis is also small after 800°C annealing, so nitridation could decrease
the trap density and let the thin film sustain high thermal stress.

Fig. 4-4 shows the hysteresis of p-type HfO, gate dielectrics (MOCVD) with
PDA 600°C-30 sec ~ NHj plasma treatment 90 sec ~ PNA 600°C-60 sec and 800°C
-30 sec. The hysteresis is also small after 800°C annealing, so nitridation could
decrease the trap density and let the thin film sustain high thermal stress.

Fig. 4-5 shows the hysteresis of p-type HfO, gate dielectrics (MOCVD) with
PDA 600°C-30 sec ~ N,O plasma treatment 90 sec ~ PNA 600°C-60 sec and 800°C
-30 sec. The hysteresis is also small after 800°C annealing, so nitridation could
decrease the trap density and let-the.thin film sustain high thermal stress.

As a consequence, the plasma-freatment can' improve the reliability of gate
oxide. The limit of hysteresis for transistor in-the future generation is about 10 mV or
less than it under high frequency C-V measurement. It seems we could use
metal-organic deposition to deposit the HfO, thin film to decrease hysteresis of HfO,

device.

4.2 Stress Induced Leakage Current (SILC)

In order to investigate the reliability of MIS capacitor device, the stress induced
leakage current (SILC) is a common and simple experiment. The additional stress
would induced trap density in the bulk or interfacial layer. The trap density would
introduce another leakage path. Fig. 4-6 shows the SILC curve of p-type HfO, gate

dielectrics treated with N, plasma for PDA 600°C-30 sec and PNA 600°C-60 sec.
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First, we used constant voltage (2V) for 60 sec, but SILC did not increase. Therefore,
we use constant voltage (3V) for 180 sec to stress the thin film. After the stress of
constant voltage (3V) for 180 sec, the gate leakage current become larger then before.
The degree of leakage current degradation can be judged for the reliability of MIS
capacitor. From Fig. 4-6, it shows the film after high temperature treatment, the
quality would become worse, but it was better than the sample without nitridation.
Second, it is considered that the SILC of sample (600 ‘C-30 sec + N, plasma
treatment 60 sec + 600°C-60 sec + 800°C-30 sec) which has the best C-V curve and
the lowest leakage shows a small degradation. On the other hand, it is also can be
noticed that the SILC of other samples is large.

Fig. 4-7 display the SILC curve of p-type HfO, gate dielectrics treated with NHj
plasma treatment for PDA 600°C=-30 sec and PNA 600°C-60 sec. First > we use
constant voltage (2V) for 60 see to.stress the thin film, but we found that the thin film
could not sustain the gate voltage stress;the-SILC of all the samples were very large,
so we use (3V) for 180 sec to replace the original ones. In Fig. 4-7, it was indicated
that the SILC of the sample (600 °C- 30 sec + NHj plasma treatment 90sec+ 600°C
-60 sec + 800°C - 30 sec) was the smallest. The leakage current of other samples after
stress were larger than original ones. So, nitridation can decrease the SILC
degradation effectively.

Fig. 4-8 display the SILC curve of p-type HfO, gate dielectrics treated with N,O
plasma treatment for PDA 600°C-30 sec and PNA 600°C-60 sec. First ° we use
constant voltage (2V) for 60 sec to stress the thin film, but we found that the thin film
could not sustain the gate voltage stress, the SILC of all the samples were very large,
so we use (3V) for 180 sec to replace the original ones. In Fig. 4-8, it was indicated
that the SILC of the sample (600 C- 30 sec + N,O plasma treatment 90sec+ 600°C

-60 sec + 800°C - 30 sec) was the smallest. The leakage current of other samples after
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stress were larger than original ones. So, nitridation can decrease the SILC

degradation effectively.

4.3 Constant Voltage Stress (CVYS)

To study the reliability of thin films, we can stress the samples with a constant
voltage or a constant current, which are useful methods. The mechanism of CVS is
the charge trapped by the interfacial trap density which is caused by stress for a long
time. In addition, the increasing interface trap density would cause new leakage path
to add leakage current. In our experiments, we use constant voltage stress (CVS) to
test the reliability of the thin film. Fig. 4-9 shows gate current shift of p-type HfO,
gate dielectrics treated with N, plasma  treatment 60 sec for different annealing
process during CVS with V, =3 V. Itiindicated that the thin film with N, plasma
treatment 60 sec which current shift was smaller than the original one. The sample
with N, plasma treatment 60 sec after .the -800°C ‘annealing also had smaller current
shift.

Fig. 4-10 shows gate current shift of p-type HfO, gate dielectrics treated with
NHj3 plasma treatment 90 sec for different annealing process during CVS with V, =3
V. It indicated that the thin film with NH; plasma treatment 90 sec which current shift
was smaller than the original one. The sample with NH; plasma treatment 90 sec after

the 800°C annealing also had smaller current shift.

Fig. 4-11 shows gate current shift of p-type HfO, gate dielectrics treated with
N,O plasma treatment 90 sec for different annealing process during CVS with V, =3
V. It indicated that the thin film with N,O plasma treatment 90 sec which current shift

was smaller than the original one. The sample with N,O plasma treatment 90 sec after
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the 800°C annealing also had smaller current shift. It had similar behavior like the
previous experiment. The gate leakage shift level of the samples with or not
nitridation different about 2 orders, so nitridation process could decrease the trap
density effectively. It might be a good way to incorporate N atoms in the thin film to

improve the reliability of the gate dielectrics.

4.4 Measured at High Temperature

As shown in fig 4-12 shows J-V characteristics of p-type HfO, with origin
sample, origin + 600°C 30 sec + N2 200W 60 sec + 600°C 30 sec two condition
measured at 25°C, and 125°C from -2 V to 0 V. At higher measurement temperature,
HfO, capacitor has larger gate leakage, current due to the higher energy of electrons.
Besides, gate leakage current at VG = -1V has.smaller increase from 25°C than from
125°C. This hints that gate leakage current-becomes to saturate at high measurement
temperature.

Fig 4-13 shows J-V characteristics of p-type HfO, with origin sample, origin +
600°C 30 sec + NH3 200W 90 sec + 600°C 30 sec two condition measured at 25C,
and 125°C from -2 V to 0 V. At higher measurement temperature, HfO, capacitor has
larger gate leakage current due to the higher energy of electrons. Besides, gate
leakage current at VG = -1V has smaller increase from 25°C than from 125°C.

Fig 4-14 shows J-V characteristics of p-type HfO, with origin sample, origin +
600°C 30sec + N20 200W 90sec + 600°C 30s two condition measured at 25°C, and
125°C from -2 V to 0 V. At higher measurement temperature, HfO, capacitor has
larger gate leakage current due to the higher energy of electrons. Besides, gate
leakage current at VG = -1V has smaller increase from 25°C than from 125C.

Fig 4-14 shows J-V characteristics of p-type HfO, with N2 60sec ,NH3 90 sec
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and N20 90 sec for the same annealing process time and temperature for two
condition measured at 25°C, and 125°C from-2 Vto 0 V.

This hints that gate leakage current becomes to saturate at high measurement
temperature. This hints that gate leakage current becomes to saturate at high
measurement temperature. We find that HfO, capacitor generates breakdown more
easily at higher measurement temperature. This is attributed to electrons have higher

energy at higher temperature and result in harder damage in HfO, film.
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Chapter 5

Conclusions and Future work

5.1 Conclusions

In this thesis, characteristics and reliability of HfO, gate dielectrics with the
post-deposition annealing (PDA) and the post plasma treatment (PNA) have been
investigated. These methods could be improved that the quality of HfO; thin film. The
plasma treatment conditions are N3, NH3 and N»O plasma for 30 sec, 60 sec, 90 sec
and 120 sec individually. After the post-deposition annealing (PDA), the plasma
treatment and the post plasma treatment (PNA), our experimental data revealed low
leakage current density and good. thermal - stability. We find several important
phenomena and they would be summarized as follows.

First, improvement in the electrical characteristics of Al/Ti/ HfO, /Si MIS
capacitors after post-deposition-annealing has been demonstrated in this work. The
HfO, thin film after PDA would become dense and we could find their capacitance
would increase and gate leakage current would decrease.

Second, all of the samples after plasma treatment can promote the electrical
characteristics and reliability until the plasma damage happened. Among these
treatments, the sample treated by N, plasma treatment for 60 sec, NH; plasma
treatment for 90 sec and N,O plasma treatment for 90 sec for HfO, represented a
fairly great improvement, such as good capacitance ( 40% increasing for HfO, ),

reduced leakage current ( about 1.5 order reduction for all samples ). It was showed
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that the interfacial layer could be suppressed and the weak structure of interface has
been repaired by N, plasma respectively. The sample treated by N, plasma also
showed excellence promotion about reliability issues, such as smaller hysteresis ( <
10 mV ), smaller SILC, better CVS curve, and larger Vgp. However, N,O plasma
treatment also can provide good effects on electrical characteristics. The samples
treated N,O plasma treatment would introduce oxygen bonding to form additional
interfacial layer, so the capacitance would be decreased. In addition, we compare the
HfO, thin films, one was deposited by sputter and the other was deposited by
MOCVD. The sample deposited by MOCVD had better C-V curve.

Finally, in this thesis, it has been indicated that the post-deposition annealing and
three kind of N,, NH; and N,O plasma could improve thermal stability of HfO, thin
film. Simultaneously, the reliability-of the film after nitridation also represented better
electronic characteristics. The -most suitable- way for post-deposition treatment by

plasma to improve electrical characteristics-on-MIS structure has been observed.

5.2 Future work

In this experiment, the HfOz2 film was deposited by MOCVD system. In the
future, the ALCVD ( Atomic Layer CVD ) system will become another important
deposition technology. Further experiment and analysis are required to clarify if the
same treatment condition is also suitable for ALCVD film. On the other hand, the
MOSFET will be fabricated by the same treatment condition to verify the effect on
device characteristics, such as mobility, subthreshold swing, and transonductance.

The interfacial layer between high-k/ Si would be increased by increasing
post-deposition-annealing temperature. In order to deeply realize the effect of the

plasma treatment, we could use some methods to analysis the interfacial layer by
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SIMS ( Secondary Ion Mass Spectrometer ) and TEM ( Transmission Electron
Microscope ) analysis to verify the phenomenon observed from CV and JV curve.
Furthermore, we might have to understand the mechanism of leakage current of thin
film and thick film individually. Finally, the mechanism of the generation of the

defects in the high-k bulk or interface still needs to be solved.

34



[1]

[2]

[3]

[4]

[5]

[6]

References

Wang Bin, J. S. Suehle, E. M. Vogel and J. B. Bernstein, "Time-dependent
breakdown of ultra-thin SiO2 gate dielectrics under pulsed biased stress,”

IEEE Electron Device Lett., 22, pp. 224-226, 2001.

J. H. Stathis, A. Vayshenker, P. R. Varekamp, E. Y. Wu, C. Montrose, J.
McKenna, D. J. DiMaria, L. -K. Han, E. Cartier, R. A. Wachnik and B. P.

Linder, “Breakdown measurements of ultra-thin Si02 at low voltage,” in

IEDM Tech. Dig., 2000, pp. 94-95.

M. Koyama, K. Suguro, M. Yoshiki, Y. Kamimuta, M. Koike, M. Ohse, C.
Hongo and A. Nishiyama, “Thermally stable ultra-thin nitrogen incorporated
ZrO2 gate dielectric prepated by low temperature oxidation of ZrN,” in IEDM

Tech. Dig., 2001, pp. 20.3.1-20.3.4.

E. P. Gusev, D. A. Buchanan, E. Cartier, A. Kumar, D. DiMaria, S. Guha, A.
Callegari, S. Zafar, P. C. Jamison, D. A. Neumayer, M. Copel, M. A.
Gribelyuk, H. Okorn-Schmidt, C. D Emic, P. Kozlowski, K. Chan, N.
Bojarczuk, L. -A. Ragnarsson and Rons, “Ultrathin high-K gate stacks for

advanced CMOS devices,” in IEDM Tech. Dig., 2001, pp. 20.1.1-20.1.4.

International Technology Roadmap for Semiconductor, 2001, pp. 38.75

S. Song, J. H. Yi, W. S. Kim, J. S. Lee, K. Fujihara, H. K. Kang, J. T. Moon

and M. Y. Lee, “CMOS device scaling beyond 100 nm,” in IEDM Tech. Dig.,

35



2000, pp. 235-238.

[7] International Technology Roadmap for Semiconductor, 1999.

[8] K. W.Kwon, C. S. Kang, S. O. Park, H. K. Kang, and S. T. Ahn, “Thermally

robust Ta205 capacitor for 256-Mbit DRAM”, IEEE Trans. Electron Devices,

43(6), p.919, 1996.

[9] Max Schulz, “The end of the road for silicon,” Nature, Vol. 399, pp. 729, 1999.

[10] S.-H. Lo, D. A. Buchanan, Y. Taur, W. Wang, “Quantum-Mechnical

Modeling of Electron Tunneling Current from the Inversion Layer of

Ultra-Thin Oxide nMOSEET’s,” IEEE Electron Device Lett., Vol. 18, pp.209,

199

[11] G D. Wilk, R. M. Wallace, et. al., “High-k gate dielectrics: current status and

materials properties consideration” J. Appl. Phys., Vol. 89, No. 10, pp.

5243,2001

[12] J. Robertson, J. Vac. Sci. Technol. B 18, pp1785, 2000.

[13] Robert M. Wallace, IRPS Tutorial, IRPS, 2004.

[14] K.J. Hubbard and D. G. Schlom, J. Mater. Res. 11, 2757 (1996).

[15] Baohong Cheng, Min Cao, Ramgopal Rao, Anand Inani, Paul Vande

36



[16]

[17]

[18]

[19]

[20]

[21]

[22]

Voorde,Wayne M. Greene, Johannes M. C. Stork, Zhiping Yu, Peter M.
Zeitzoft, Jason C.S. Woo, “The Impact of High-k Gate Dielectrics and Metal
Gate Electrodes on Sub-100 nm MOSFET’s”, IEEE Transactions on Electron

Devices, Vol. 46, No. 7, July 1999.

C. T. Liu, “Circuit Requirement and Integration Challenges of Thin Gate

Dielectrics for Ultra Small MOSFET’s” in IEDM Tech. Dig., p.747, 1998.

S. P. Muraka and C. C. Chang, Appl. Phys. Lett. 37,639 (1980).

M. Balog, M. Schieber,M. Michman, and S. Patai, “Chemical vapor deposition
and characterization of HfO2!films from organo-hafnium compounds,” Thin

Solid Films, vol. 41, pp. 247-259, 1977

J. Robertson, “Band offsets of wide-band-gap oxides and implications for
future electronic devices,” J. Vac. Sci. Technol. B, vol. 18, pp. 1785-1791,

2000.

K. J. Hubbard and D. G. Schlom, “Thermodynamic stability of binary oxides in

contact with silicon,” J. Mat. Res., vol. 11, pp. 2757-2776, 1996.

M. Balog et al. Thin Solid Films, ~01.41, 247 (1977).

K. Onishi, C. S. Kang, R. Choi, H.-J. Cho, S. Gopalan, R. Nieh, S. Krishnan,
and J. C. Lee, “Effects of high-temperature forming gas anneal on HfO2

MOSFET performance,” in VLSI Tech. Dig., 2002, pp. 22-23.

37



[23]

[24]

[25]

[26]

[27]

[28]

K. Rim, E. P. Gusev, C. D’Emic, T. Kanarsky, H. Chen, J. Chu, J. Ott, K. Chan,
D. Boyd, V. Mazzeo, B. H. Lee, A. Mocuta, J. Welser, S. L. Cohen, M. Ieong,
and H.-S. Wong, “Mobility enhancement in strained Si NMOSFETs with HfO2

gate dielectrics,” in VLSI Tech. Dig., 2002, pp. 12—13.

H.-H Tseng,Y. Jeon, P. Abramowitz, T.-Y. Luo, “Ultra-Thin Decoupled
Plasma Nitridation (DPN) Oxynitride Gate Dielectric for 80-nm Advanced
Technology “, IEEE Electron Device Letters, VOL. 23, NO. 12, December,
2002.

Seiji Inumiya, Katauyuki Sekine, Shoko Niwa, Akio Kaneko, Motoyuki Sato,”
Fabrication of HFSION Gate Dielectrics by Plasma Oxidation and Nitridation,

Optimized for 65 nm node Low Power EMOS Applications ”, VLSI, 2003.

Satoshi Kamiyama, Tomonori,” Improvement in the uniformity and the thermal

stability of Hf-silicate gate dielectric by plasma-nitridation”, IWGI, 2003.

Katsuyuki Sekine, Seiji Inumiya, Motoyuki Sato, Yoshitaka Tsunashima,
“Nitrogen Profile Control by Plasma Nitridation Technique for Poly-Si Gate
HfSiON CMOSFET with Excellent interface property and Ultra-low Leakage

Current”, IEDM 03-103

R. J. Carter, E. Cartier, M. Caymax, S. De Gendt, R. Degraeve, G.
Groeseneken, M.Heyns, T. Kauerauf, A. Kerber, S. Kubicek, G. Lujan, L.
Pantisano, W. Tsai, E. Young, “Electrical Characterisation of High-K Materials

Prepared by Atomic Layer CVD”, IWGI 2001, Tokyo.

38



[29]

[30]

[31]

[32]

[33]

[34]

Benjamin Chih-ming Lai, Nan-hui Kung, and Joseph Ya-min Lee, “A study on
the capacitance--voltage characteristics of metal-Ta205-silicon capacitors for

very large scale integration metal-oxide-semiconductor gate oxide applications”,

J. Appl. Phys. 85, 4087 1999,

Wai Shing Lau, Merinnage Tamara Chandima Perera, Premila Babu, Aik
Keong Ow, Taejoon Han, Nathan P. Sandler, Chih Hang Tung, Tan Tsu Sheng
and Paul K. Chu, “The Superiority of N20 Plasma Annealing over O2 Plasma
Annealing for Amorphous Tantalum Pentoxide (Ta205) Films”, Jpn. J. Appl.

Phys. Vol.37 pp.L435-1.437 1998.

Y. Chuo, D. Y. Shu, L. S«Lee, W. Y. Hsieh; M. —J. Tsai, A. Wang, S. B. Hung,
P.J. Tzeng, Y. W. Chou, “In-Line Inspection on Thickness of Sputtered HfO2

and Hf Metal Ultra-Thin Films by. Spectroscopic Ellipsometry”, 2004 IEEE.

Takeshi Yamaguchi, Hideki Satake, Noburu Fukushima, “Band Diagram and
Carrier Conduction Mechanisms in ZrO2 MIS Structures”, IEEE Transactions

on Electron Devices, Vol. 51, No. 5 May 2004.

International SEMATECH Confidential and Supplier Sensitive, “Status of
High-k Gate Dielectric Development and the Demonstration of High-k Devices

with Equivalent Oxide Thickness (EOT) of <= 1.0 nm”, 2002.

Wai Shing Lau, Thiam Siew Tan, Nathan P. Sandler, Barry S. Page,

“Characterization of Defect States Responsible for Leakage Current in

39



Tantalum Pentoxide Films for Very-High-Density Dynamic Random Access
Memory (DRAM) Applications”, Jpn. J. Appl. Phys., Vol.34, pp.757-761,

1995.

40



Table

Year of Production 2005 2008 2007 2008 2009 2010 2011 2012 2013
DEAM ¥ Pitch fnm) (contacted) a0 70 63 37 Jo 43 40 36 iz
MPUVASIC Metal 1 (M1) ¥ Pitch (nm)fcontacted) a0 78 68 Ja 32 43 40 36 iz
MPU Fhysical Gate Length (nm) 32 28 25 23 20 13 16 4 13

Equivalent physical oxids thickness for bulk
MPUASIC Tox (nm) for 1E20-doped poly-5i [4, 11 1 1
Al 42]

Equivalent physical oxids thickness for bulk
MPUVASIC Ty (nm) for 1. JE20-daped poly-5i [4, 1.2 1.1 1.1 |
Al A2]

WA

uw

Equivalent physical oxide thickness for bull
IS |MPUASIC Tox (nm) for 1. SE20-doped poly-5i [4, 1.2 1.1 1.1
Al 4]

[
|.=‘
-]

Equivalent physical oxide thickness for bull
WAS | MPUASIC T, (nm) for FE20-doped poly-Si [4, 1.3 1.2 1.2 4 .4
Al 42]

Equivalent physical oxids thickness for bulk
IS |MPUASIC Toy (nm) for 3E20-doped poly-5i [4, 1.3 1.2 1.2 1.2 1.1 .4
Al 42]

=
=

Equivalent physical oxids thickness for bulk
MPUASIC Top (nm) for metal gate [4, Al A2]

Equivalent physical oxide thickness for bull
MPUASIC Ty (nm) for metal gate [4, AI, A2]

WAS ‘G_atc dielectvic feakagiarlﬂﬂ *C (Al ) bullk 1.80E+02|5.40E+02|8.00E+02 ER 1 20 DE+0 GO0E+0 DOE=D A0E+D
high-performance (B, BI, B2J

|§ |Gare dielecmic leakage ar 100 °C (lem”) bulk |4 gpE+02|5.40E+02|8.00E+0201.20E+0301.10E+03 R S e PR =2 s R 1] =200
high-performance [B, BI, B2J

Meral gate work fimetion for bulk MPUASIC
Ecv— dl (613 [C]

Metal gate work fimetion for bulk MPU/ASIC
Ecv— ¢l (el) [C]

<hZ L | 0 &)

) ) P
WAS g“‘f""irg"-”‘”g concentration fem”), farbulk |3 75r498l4 50E+18|5.40E+187.30E+18|8.60E+18|8.90E+18|8.60E+18[8.80E+18
lesign

. ) R
Is g“‘?"”if;f—”‘”g concentration fem”), for bulk |3 55F418|3.68E+18|4.19E+18|5.80E+18|7.30E+187.14E+18[8.08E+180.00E+ 18
lesign

Bulk FDSOI'DG — Long channel electron
mobility enhancement factor for MPUASIC [E]

1.7 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8

Drain extension Xj (nm) for bulk MPUASIC [F] 1" 9 7.5 7.5 : 5.8

Maximum allowable parasitic series resistance for

bulk NMOS MPUASTC % width ((2-um) [G] 180 170 il

Maximum drain extension sheet resistance for

bulk MPU/ASIC (NMOS) (£25q) [G] 653 674 (B

Extension lateral abrupmess for bull MPUASIC
fnm/decade} [HJ 35 31 28
Contact X; (nm) for bulle MPUASIC [T 35.2 30.8 27.5 25.3 22 19.8 17.6 15.4

Table 1-1 High-performance Logic Technology Requirements Roadmap.

(ITRS : 2006 updae )
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Material Dielectric Band Gap AEc (eV) Crystal
Constant (k) Eg (V) to S1 Structure (s)
810, 3.9 8.9 3.2 Amorphous
Si3Ny 7 5.1 2 Amorphous
AlLO; 8.7 2.8 Amorphous
Y,0; 15 5.6 2.3 Cubic
Hexagonal,
LayOs 30 4.3 2.3 =
Cubic
Ta,05 26 4.5 1-1.5 Orthorhombic
Tv.:trag.b.
T10- 80 35 1.2 (Rutile,
Anatase)
Mono.*,
HfO, 25 5.7 1.5 Tetrag’.,
Cubic
Mono.”,
ZrO, 25 7.8 1.4 Tetrag.”,
Cubic

"Mono. = Monoclinic.

"Tetra g. = Tetragonal.

Table 1-2 Characteristics of various high-k materials.
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Fig. 1-4 Measured and simulated Ig-V¢ characteristics under inversion condition for
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current. [10]
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Fig 2-2 The ICP plasma systemthat yvas used in this experiment.
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1. Standard RCA cleaning.

P-type silicon wafer

2. MOCVD HfO, 50A.

3. Post-Deposition-Annealing (600°C 30 sec for HfO,).
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4. Plasma treatment with N, ,NH; or N,O (30sec, 60 sec, 90 sec,120 sec)

HDP-CVD ICP Power

5. Post-Nitridation-Annealing (600 C=60sec)

6. Thermally evaporate 40 nm titanium.
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7. Thermally evaporate 400 nm aluminum as top electrode.

s,

8. Lithography : Define top electrode = Wet etch undefined Ti and Al.

A e I (0 e N 0 B Y L A A A AT AT AT A e
A e I (0 e N 0 B Y L A A A AT AT AT A e
A e I (0 e N 0 B Y L A A A AT AT AT A e
A e I (0 e N 0 B Y L A A A AT AT AT A e
A A s I A e N s [ B e N A A A AT AT AT ey

9. Thermally evaporate 400 nm aluminum as bottom electrode

A ey I s N st L & A A s e e s I A A A A AT AT e
A ey I s N st L & A A s e e s I A A A A AT AT e
A ey I s N st L & A A s e e s I A A A A AT AT e
A ey I s N st L & A A s e e s I A A A A AT AT e
A e I o o o et [ o e e e L At w a v s I A e AT A e A e

Fig. 2-3  The fabrication flow of the experiment.
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Figure-chapter 3
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Fig. 3-2 The J-V characteristics of HfO, gate dielectrics anneal with

different temperature for 30 sec from 0 Vto -2V
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Fig. 3-4 The capacitance-voltage (C-V) characteristics of HfO, gate

dielectrics treated with NH; plasma treatment for different process time.
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Fig. 3-8 The J-V characteristics of p-type HfO, capacitors treated by

N,O plasma with different process time from 0 V to -2 V.
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different PDA temperaturérannealing.

no treatment
600 C 30s+N, 200W 60s+600 C 60s

(:l_* 600'C 3DS+NH3 200W 90s+600 C 60s
£ ” —v— 600°C 30s+N,0O 200W 90s+600°C 60s
[>] ...

- ..
- gy
oy
S— .
& o, L
2 gy,
5 u
— N
~ I.
s "
n
%] ..
- | |
S

T
5

-2.0 -15 -1.0 -0.

Voltage (V)

Fig. 3-12  The J-V characteristics of HfO, gate dielectrics treated with

the same PDA temperature annealing and different PDA temperature annealing.
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Fig. 3-13 The capacitance-voltage (C-V) characteristics of HfO, gate
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Fig. 3-14 The J-V characteristics of HfO, gate dielectrics

after N2 nitridation and 800 °C, 850 °C, 900 °C 30 sec thermal treatment.
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Fig. 3-15 The capacitance-voltage (C-V) characteristics of HfO, gate dielectrics
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Fig. 3-16 The J-V characteristics of HfO, gate dielectrics

after NHj nitridation and 800 °C, 850 °C, 900 °C 30 sec thermal treatment
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Fig. 3-17 The capacitance-voltage (C-V) characteristics of HfO, gate dielectrics

after N,O nitridation and 8OOC , 85;0 °C, 9QO ‘C 30 sec thermal treatment.

£ 1 L . . L
by i N N
=l o . N

] \ -

L= |

—
NE
&~
<
~
@
=T}
- :
o 2 5
J a »— origin 22 [\ |
10 - 600C 30s :. [*1ad
3 & BOOC 30s+N,0 200W 90s+600C 60s 20 ap
- ~y— 600C 30s+N,0 200W 90s+800C 60s+800C 30s A® ~
107 - 2%, n
O 600C 305“‘“20 200W 90s+800C 60s+850C 30s A ... l
«— 600C 305+N20 200W 90s+800C 60s+900C 30s
1 1 A 1
-2.0 -15 -1.0 -05 0.0

Voltage (V)

Fig. 3-18 The J-V characteristics of HfO, gate dielectrics
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Fig. 4-1 The hysteresis of p-type. HfO5 gaté dielectrics (sputter) without plasma
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Fig. 4-2 The hysteresis of p-type HfO, gate dielectrics (MOCVD) without

plasma treatment.
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Fig. 4-3 The hysteresis of p-type HfO, gate dielectrics (MOCVD) with PDA
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Fig. 4-4 The hysteresis of p-type HfO, gate dielectrics (MOCVD) with PDA
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Fig. 4-9 Gate current shift of p-type HfO, gate dielectrics treated with N,
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Fig. 4-10 Gate current shift of p-type HfO, gate dielectrics treated with NH;

plasma treatment for the same annealing process during Vg =3V CVS for 180sec.
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plasma treatment for the same anriéaling process.during Vg =3V CVS for 180sec.
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Fig. 4-15 The J-V curve ‘-oif‘ p-typ'JQ ﬁfOZ gaife.dielectrics treated with N2

60sec ,NH3 90 sec and N20 90 sec for PDA 600°C -30 sec and

PNA 600°C-60 scc at 25°C and 125°C from -2 Vto 0 V.
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