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Chapter 1

General Introduction

"Society 5.0" is the vision for the next stage in the evolution of human society (Fig. 1),
following its previous stages as a hunter-gatherer society (Society 1.0), agrarian society (Society 2.0),
industrial society (Society 3.0), and information society (Society 4.0). ! Society 5.0 is focused on
achieving both economic development and solving social issues by utilizing a system of highly
integrated virtual space with real space toward achieving sustainable development goals (SDGs),
which are the common goals of the international community. 2 To achieve Society 5.0, semiconductor

technology will become even more critical as a fundamental technology.

What is
Society 5.0

Figure 1. Schematic of Society 5.0.1

Semiconductors are an important technology that supports various components of a digital
society, such as the Internet of Things (loT), artificial intelligence (Al), Beyond 5G/6G,
supercomputers, big data, robotics technology, and autonomous driving technology. Thus, research
toward a device that can process a huge amount of data with high speed and low power consumption
is being actively conducted. Recently, because of the influence of the world situation, semiconductors
have become an extremely important strategic technology of national security . Accordingly, from
the perspective of economic security, governments of various countries have provided industrial
support to accelerate the development of semiconductors. Capital investment by device manufacturers
has also been increasing. As a result, miniaturization of semiconductor devices is now required for

further improvement of device performance, energy savings, and cost reduction. That is,
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semiconductor manufacturing technology is an indispensable fundamental technology for the further
evolution of semiconductor devices.

History of transistors

An understanding of transistors is indispensable for understanding semiconductor
technology. A transistor can amplify or switch electrical signals and power in an electronic circuit.
The first point-contact transistor has developed by John Bardeen and Walter Houser Brattain at AT&T
Bell Laboratories in 1947. William Bradford Shockley developed the bipolar transistor in 1948.
Bardeen, Brattain, and Shockley were awarded the Nobel Prize in Physics for their research on
semiconductors and the discovery of the transistor effect. Integrated circuits (ICs) were subsequently
invented, enabling large numbers of transistors, capacitors, and resistors to be combined on the same
substrate. Moreover, the integration density was dramatically increased; large-scale integrated circuits
(LSls) including 1,000-100,000 components or more on a chip were developed alongside advances in
manufacturing technology. ICs and LSlIs have become important components in electrical appliances.
In 1965, Gordon Moore predicted that the number of transistors in a dense IC would double
approximately every 2 years on the basis of his analysis of historical trends in the computer
manufacturing industry (Fig. 2) 4. This proposition is known as Moore's law and is widely accepted in
the semiconductor and computer industries.

HE
FUNCTION
DoNELOT

LOGz OF
NUMBER OF COMPONENTS

f INTEGRATED

O =f B~ 0w 0 = R

p

Figure 2. Original graph from "Cramming more components onto integrated circuits." 4

In 1974, Robert H. Dennard advocated guiding principles to take advantage of these
improvements in terms of metal oxide semiconductor field-effect transistor (MOSFET) device design,

circuit design, and chip design °. These principles have served as the basic reference for the
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semiconductor industry over several decades. In the 1980s, very-large-scale integration (VLSI) of
100,000-10,000,000 components on a chip was developed. In the 1990s, ultra-large-scale integration
(ULSI) of more than 10,000,000 components on a chip appeared. These developments led to a
dramatic increase in computing power. In the 2000s, systems-on-chips (SoCs) integrating various
components such as a central processing unit (CPU), graphics, memory, storage, interfaces, and
sensors were fabricated. SoCs enabled the manufacture of substantially smaller computers that
consumed less power. Because of the development of SoCs, mobile computing devices were widely
adopted worldwide. In 2022, the number of transistors reached 20 billion in the second-generation 5
nm technology for the Apple M2 chip. Researchers have continually innovated to realize numerous
technical advances. The number of transistors is expected to further increase with future technological

innovations (Fig. 3).
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Intel internal analysis of Intel products.
Future projection: sed on products still in design.
Future transistor counts are projections and are inherently uncertain.

Figure 3. The number of transistors per device according to Moore's law: past, present, future. ¢

CMOS technology and high-K materials

The complementary metal oxide semiconductor (CMOS) field-effect transistor is the most
important electronic device. CMOSs use complementary and symmetrical pairs of a p-channel MOS
(PMOS) and an n-channel MOS (NMOS). Device scaling is achieved through reductions of the gate
length, gate dielectric, source—drain junction depth, and other components of a MOSFET and through
reduction the device area by shortening the switching time to increase performance and lower
manufacturing costs. The scaling of CMOS transistors has led to the silicon dioxide (SiO>) layer used

as a gate dielectric becoming so thin that its leakage current is increased. However, as the SiO> film
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used as the gate insulator gets thinner, the gate leakage current due to direct electron tunneling through
the SiO- film becomes very high, exceeding 1 A/cm? at 1 V, making device operation difficult (Fig.
4). Therefore, it is necessary to search for materials that can replace SiO,.

4
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Figure 4. Leakage current vs voltage for SiO; layers of various thickness. ’

FETs are capacitance-operated devices, and the source—drain current of a FET depends on
its gate capacitance. The gate capacitance C is expressed as follows when considering a parallel plate

capacitor that neglects quantum mechanical and depletion effects from the Si substrate and gate:

KA
C== (1)
t
where g, is the free-space electric permittivity (= 8.85 x 10712 F/m), K is the relative permittivity,
A is the area, and t is the thickness of the oxide. The tunneling current decreases exponentially with

increasing distance. Thus, the solution to the tunneling problem is to replace SiO; with a physically
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thicker layer of a new material with a higher K. This approach maintains the same capacitance but
reduces the tunneling currents. These new gate oxides are called "high-K oxides" 8. The relationship
between the electric permittivity and bandgap of typical high-K oxides is shown in Fig. 5.

10
9 Si0O 4
: b * Al,O4
S | Mg(jt
2 7t * PBO
g | ZrSiO ee . 210,
O 6 HfSi0, 203 « HfO,
o L * . ‘G L O
E 5 L " * Sro - xa‘z 3
m SizNg . ~4BaO
4F Taz05 el
3 _ "TiO»-»
2 |- i i | i | i I i
0 10 20 30 40 50 60
K

Figure 5. Static dielectric constant vs bandgap for candidate gate oxides.’

Although the magnitude of the relative permittivity is important in terms of capacitance, the
magnitude of the bandgap is also important in terms of suppressing gate leakage current in FETS.
Unfortunately, high-K materials have a smaller bandgap than SiO», resulting in a lower barrier height
of tunneling. Therefore, ZrO,, HfO,, La20s3, Y203, and similar materials have been actively studied as
stable compounds on Si substrates with both high electric permittivity and a large bandgap *°. In 2007,
Intel announced HK+MG technology that uses HfO» deposited by atomic layer deposition (ALD), and
this high-dielectric material was adopted for CMOS devices (Fig. 6) **.
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Jan. 2007

Leap ahead 6

Figure 6. Structure of a standard transistor and a high-k + metal gate transistor. !

In the case of 32-45 nm technology nodes, only the planar structure shown above was
practically used for MOSFETSs in CMOS LSIs. However, for the 2X nm and smaller technology nodes,
fin field effect transistor (FinFET) structures (Fig. 7) are the mainstream structures in LSls that use
bulk Si substrates 2. In addition, gate-all-around (GAA) FETs, which are even more resistant to short
channel effects than FinFETS, are emerging at technology nodes of 7 nm and smaller. In the future, 1
nm technology nodes are expected to move to the complementary FET structure, representing a further
advancement. Therefore, deposition technologies that can correctly form high-K gate dielectrics in

three-dimensional and denser structures are needed.
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EvVOLUTION OF A CMOS DEVICE ARCHITECTURE

N3 node N2 Node N1 Node
PP:44-48, MP: 21-24 PP:40-44, MP: 16-21 PP: 36-40, MP: 12-16

FinFET Forksheet

| Ryckaert et al IEDM 2019

Forksheet (42PP), 5T ->4

V' N/P Separation - \V Area Scaling CFET

2020 Symposia on VLS| Technology and Circuits

Figure 7. Evolution of the CMOS device architecture. '> Where the PP is poly pitch (nm), MP is

densest metal pitch (nm), T is track cell.

Memory technology and high-K materials

Memory is a device for storing information in a computer. Memory is categorized into
volatile memory and nonvolatile memory depending on the operating principle of the semiconductor
device. ¥ Volatile memory can maintain stored data only while power is distributed, whereas
nonvolatile memory retains data even when the power is turned off. The former includes dynamic
random access memory (DRAM) and static random access memory (SRAM). The latter includes read
only memory (ROM) such as mask ROM, programmable ROM (PROM), erasable programmable
ROM (EPROM), and electrically erasable programmable ROM (EEPROM). Flash memory,
magnetoresistive random access memory (MRAM), and ferroelectric random access memory
(FeRAM) are also classified as nonvolatile memory. High-K dielectrics have become increasingly
important because of the scaling of memory devices. Below, we share examples of high-K materials

for memory devices.

DRAM

Substantial effort has been devoted over the past two decades to incorporating high-K
dielectrics into DRAM storage capacitors. A DRAM memory cell consists of a single MOSFET and

a cell capacitor, as shown in Figs. 8 and 9. %4
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MOSFET
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Figure 8. General DRAM cell structure. 4
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Figure 9. Schematic and high-resolution TEM image of a DRAM MIM capacitor. '3

The amount of charge (Qs) stored in a DRAM cell capacitor is expressed by the equation.

)
QS = CSV o8 t_V (2)

ox

where ¢ is the relative permittivity of the capacitor dielectric film, S is the total area where a capacitor
can be formed, tox is the thickness of the capacitor dielectric film, and V is the voltage applied to the
capacitor. As clear from equation (2), Qs can be increased four ways: 1) increasing the voltage (V)
applied to the capacitor; 2) increasing the capacitor area (S); 3) reducing the thickness of the capacitor

insulating film (tox); and 4) increasing the relative dielectric constant (¢) of the capacitor dielectric film.

As DRAMs increase in capacity, the voltage V applied to capacitors becomes difficult to
increase because lower voltages are being used to reduce power consumption. Therefore, the capacitor
structure was first changed from planar to three-dimensional to increase the capacitor area S. However,

as memory cell miniaturization progresses, ensuring an adequate Cs by simply making the capacitor
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structure three-dimensional becomes difficult. In addition, when a thermally oxidized silicon film (i.e.,
a SiOy film) is used as the capacitor insulator film, how thin the film can be made encounters a lower
limit because an excessively thin film increases the leakage current due to direct tunneling.
Accordingly, research was conducted on the use of high-K films as capacitor dielectric films.
Si02/SiN/SiO, (ONO), Ta,0s, and Al,O3 have been used as capacitor insulating films 6. A
combination of a HfO- film and Al,Os film with a large bandgap, which had been developed for gate
insulating films, was also introduced as a capacitor dielectric film to improve the dielectric constant.
Recently, ZrO,-Al,03-ZrO; (ZAZ) capacitor structures consisting of ZrO,, which has a higher
dielectric constant than HfO,, and an ultra-thin (~0.5 nm) layer of Al,O3 have been used °. These
capacitor dielectric films must be deposited uniformly in a three-dimensional cylinder or pillar
structure to increase the capacitor area S (Fig. 10). To achieve the required structure, these capacitor
dielectric films are deposited by the ALD method.

" et TE
® [

=N

_4; / & | | =
[ O S
'\.

et . V7. /77,
. fapan:
pdaSalal

Figure 10. Schematics of double-sided cup-type (a) and pillar-type (b) DRAM capacitor designs. !
Where the pink layer is high-K dielectric film. The TE is top electrode. The BE is bottom electrode.

FeRAM

FeRAM is a nonvolatile RAM that has unique characteristics such as data retention when
power is turned off, like ROM and Flash memory, and a fast read—write access, similar to DRAM. The
memory cell of FERAM is composed of a capacitor and a transistor (Fig. 11).'® The 1 transistor and 1
capacitor (1T-1C) FeRAM cell architecture is especially similar to the DRAM cell structure. Unlike
DRAM, FeRAM employs the polarization characteristic of ferroelectrics as a memory element of the
capacitor dielectric. Ferroelectrics are characterized by spontaneous polarization, the direction of
which can be changed by an external electric field. The polarization shows a hysteresis loop in the
dependence of polarization P on electric field E (Fig. 12). ' FeRAM can store data in the cell using
this characteristic. In a DRAM cell, the data periodically require refreshing because of discharging of

the capacitor, whereas FERAM maintains the data without any external power supply. Hence, FeERAM
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is expected to lower the power consumption of computer devices.

BL
WL

PL

Figure 11. Schematic layout of a FeRAM 1T-1C cell. '® Where the BL is bit-line. The WL is word-
line. The PL is plate-line. The C is capacitor.

Polarization

----- Saturation polarization

Non-remanent polarization

Remanent polarization

3
Electric field

Figure 12. Typical polarization vs electric field (P—E) hysteresis loop of a ferroelectric. '°

Perovskite-based materials such as SrBi2Ta,O9 (SBT) and Pb(ZrTi1-x)O3 (PZT) have been
demonstrated as ferroelectric materials for FeRAM. 2% 2 However, FERAM using perovskite-based
materials has problems with low memory density and high manufacturing cost because of a low
affinity with CMOS technology and the minimum thickness required for ferroelectricity. Since T. S.
Boescke first reported ferroelectricity in Si-doped HfO> thin films in 2011, HfO,-based materials have

been attracting attention as ferroelectric materials for use in FeRAM 22, HfO, has already been
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established as a high-K dielectric material in the CMOS technology; thus, HfO>-based materials
deposited by ALD are one of the most important materials in FERAM and have been extensively

studied in recent years. 23-28

Deposition technologies of high-K materials

The scaling of semiconductor devices has been achieved through advances in manufacturing
technology, such as oxidation, deposition, photolithography, etching, resist stripping, cleaning, and
many other processes. This thesis describes thin-film deposition technology. In general, high-K films
are deposited by physical vapor deposition (PVD) and chemical vapor deposition (CVD). PVD and
CVD show high film growth rates; thus, the film can be deposited with high productivity. However,
the step coverage is insufficient in principle; thus, depositing a high-K film on a complex structure
having a high aspect ratio is difficult. ALD based on self-limiting surface reactions is promising for
depositing high-K films with good coverage and high purity and without pinholes. Typical deposition
conditions and the film-forming characteristics of the PVD, CVD, and ALD methods are compared in
Table 1. % The advantages of ALD over PVD and CVD are precise uniformity control and high
conformality; thus, ALD is more suitable than PVD and CVD for advanced semiconductor

manufacturing processes (Fig. 13).3°

Table 1. Comparison of the deposition properties for PVD, CVD, and ALD. ?

Deposition

conditions PVD CVD ALD
Vacuum requirement <1072 Torr 107~ 10° Torr 1074 -1 Torr
Deposition thickness 3 nm-= 10 um 10 nm~=3 pm 0.1-40 nm
range

Uniformity control nm nim 0.1 nm
Deposition rate 10— 1000 nm/min 10—1000 nm/min =< 0.2 nm/cycle;

=2 1.0 nm/min typical

Conformality

Contamination/
Particles

5% at 4:1 aspect
riafio
[ndirect only
(flaking)

(e 100% at 4:1
aspect ratio
Particles can exist
due to gas phase
reactions

100G at 15:1
aspect ratio
Low: no gas phase
chemistry
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Target atom

Figure 13. Schematic of film deposition techniques. 3

Mechanism of ALD

ALD generally consists of four steps, as schematically illustrated in Figure 14. 3! In
preparation for the ALD process, the substrate is placed into an ALD chamber under high vacuum and
heated at 100400 °C. An initial precursor vapor is introduced into the chamber after the substrate
temperature has stabilized. The precursor molecules (Reactant A) adsorb onto and form a chemically
bound monolayer on the substrate surface via chemisorption (Step 1). Excessive ALD precursor
molecules also reach the surface and are bound only by physisorption. The physisorption is sufficiently
weak to allow the remaining precursor to be pumped away under high vacuum. This self-limiting
reaction is the reason for ALD saturation. The chamber is then purged with inert gas to remove any
excess precursor (Step 2). Next, Reactant B is introduced into the process chamber to react with the
adsorbed monolayer to generate the desired compound on the substrate surface (Step 3). Finally, the
byproducts of this reaction are purged with inert gas and pumped away (Step 4). The four-step cycle

is repeated until the desired thickness is achieved.
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———»  ALD reaction cycle
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Figure 14. Schematic of one ALD reaction cycle. 3!
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For ALD processing, the optimal temperature range for each ALD precursor needs to be
determined. The optimum temperature range for ideal ALD behavior, which is known as the "ALD
window," is known to exist between nonideal regions (Fig. 15). At lower temperatures, the growth per
cycle (GPC) increases when the ALD precursors can condense on the surface. Alternatively, the GPC
decreases if the surface reactions lack sufficient thermal energy to proceed to completion. At higher
temperatures, the GPC increases when the surface species can decompose and allow the adsorption of
additional reactants. This behavior is similar to CVD by unimolecular decomposition. If the surface
species desorb from the substrate surface because of thermal energy, the GPC will decrease at higher
temperatures. Therefore, the selection of a suitable ALD precursor having a desirable ALD window is
critical to attaining the target film. However, because of complications in the manufacturing process
due to device scaling, conventional ALD precursors are no longer suitable for future semiconductor

device manufacturing. The development of new ALD precursors is urgently needed.

Growth | Condensation Decomposition

Per
Cycle /
#

ALD Window

Incomplete Reaction Desorption or Loss of
Surface Species

Temperature
Figure 15. Schematic of possible behavior for the ALD growth per cycle versus temperature,

showing the "ALD window." 3

Global market of ALD precursors

ALD was originally called atomic layer epitaxy (ALE) and was developed by Tuomo
Suntola and Jorma Antson in the 1970s for fabricating polycrystalline luminescent ZnS:Mn and
amorphous AL,Os insulator films for electroluminescent flat-panel displays. 3! Since the 2000s, interest
in ALD for scaling down microelectronic devices has greatly increased, as reflected by the number of
scientific publications related to ALD (Fig. 16). Accordingly, a huge number of ALD processes and
precursors have been developed. Today, the world market for ALD precursors is worth approximately
US$640M. The forecast compound annual growth rate (CAGR) of the ALD precursor market is
expected to be approximately 10% from 2020 to 2024 33, Therefore, ALD precursors should not only
enable the deposition of target films but should also have industrially preferred properties in

anticipation of their use in mass production processes.
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Figure 16. Number of publications related to ALD per year between 1992 and 2022. The search was

performed with Web of Science. The search phrase was "atomic layer deposition" in the title.

ALD precursors

ALD precursors are volatile metal complexes having self-limiting adsorption and reaction
steps. Numerous types of compounds are widely used as ALD precursors. Figure 17 summarizes the
most common ALD precursors used for high-K films. Metal halides, especially chlorides, have been
used to deposit Al,Os, TiO2, ZrO,, HfO,, and other films. 3*37 These precursors have a wide ALD
window because of their high thermal stability. However, most metal halide complexes are solids and
cause halide contamination in the resultant film. In general, halide contaminants in films reduce the
reliability of semiconductor devices. Metal alkyls such as trimethylaluminum (AlMes) exhibit high
volatility and are small molecules; they therefore exhibit almost ideal ALD behavior. ¥ However,
safety is an important concern, especially for mass-production, because metal alkyls tend to be
pyrophoric. Metal alkylamide precursors are commonly used as ALD precursors for TiO2, ZrO,, and
HfO,, among other metal oxides. 3% 4° These precursors exhibit high volatility as well as low melting
points. However, the ALD window of metal alkylamide precursors is limited to the region below
300 °C because they have relatively weak metal (M)-N bonds. Alkoxide precursors require a relatively
high temperature for the ALD reaction because of the relatively stable M—O bonding. 4! Alkoxide
precursors also have a narrow ALD window because of their low reactivity at low temperatures and
tendency to thermally decompose at high temperature. * B-Diketonates are common precursors for
CVD but are not suitable for ALD. B-Diketonates require a strong oxidant such as Oj for the reaction
because they have two stable MO bonds to the ligand. ** In addition, B-diketonates are generally solid

precursors at room temperature and exhibit low volatility. Amidinate precursors consist of amides
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chelated to a metal center through two M—N bonds. Like alkylamide precursors, they exhibit high
reactivity. The structure of amidinates makes them good ALD precursor candidates, especially for the
deposition of La,Os3 and Y»0; films. 44 However, the GPC with amidinates is lower than that with
alkylamide precursors because of amidinates' bulky structure. Metal cyclopentadienyls are candidates
for advanced ALD precursor structures because cyclopentadienyl (Cp) ligands are good electron
donors and metal cyclopentadienyls bound to good metal electron acceptors are relatively stable. 4347
48 However, cyclopentadiene used as a ligand is a highly flammable compound and must be cooled to
restrain its dimerization, which is an exothermic reaction. # Cyclopentadiene is prepared by cracking
dicyclopentadiene and should be used without delay for safety. This point is a major concern for using
cyclopentadiene in mass production.

Heteroleptic precursors that combine the aforementioned ligands, such as
cyclopentadienyltris(dimethylamino)zirconium(IV) (CpZr(NMe»);) have been developed as
precursors with improved properties. *-°2 Heteroleptic precursors having the characteristics of both
ligand types (i.e., cyclopentadienyl and dimethylamino ligands) are expected to be used in advanced
semiconductor manufacturing processes. However, the synthetic route and isolation process of the
target heteroleptic precursors make their production difficult. In addition, the disproportionation
reaction must be suppressed. As a result, the cost of heteroleptic precursors is generally higher than
that of homoleptic precursors. Therefore, we consider that heteroleptic precursors are not always the
best precursors for industrial use.

As described above, numerous studies on ALD precursors have been reported. However,
there has been little research on optimizing the molecular structure of ALD precursors for easy
precursor manufacturing and long-term stability in the film production process. Therefore, many of
the precursors used for mass production processes still suffer various problems. The constraints of
manufacturing processes that use ALD precursors should be eliminated for future CMOS device

production.
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Figure 17. Summary of the most common ALD precursors for high-K films. M and R in the chemical

structures represent a metal and an alkyl group, respectively.

Purpose of this study

The purpose of this study is to evaluate the ALD processes, film characteristics, and electric
properties of deposited films prepared via novel liquid ALD precursors for industrial use. In particular,
this paper deals with novel liquid ALD precursors that have a homoleptic structure for the ALD of
high-K films such as Y,03, HfO,, ZrO,, and HfiZr;—<O, (HZO). We propose that the following

characteristics are especially necessary for an industrially preferred precursor.

1. Liquid at room temperature

The melting point of precursors should be lowered to overcome several problems, such as a
difficult purification process of precursor manufacturing, clogging of precursor delivery lines, and the
generation of particles on the wafer. A complicated precursor canister is necessary to maintain a
constant temperature for stable vapor generation of a solid precursor. 33 If the precursor is a liquid at
room temperature, then a liquid delivery system can be used to generate a large amount of vapor,

thereby improving productivity for a batch process by enabling faster saturation.

2. Halide free

To prevent halide contamination of the deposited films, the ALD precursor should not
contain halide atoms. In addition, halides generate corrosive byproducts as a result of the ALD reaction.
34,55 Thus, etching of the deposited films, corrosion of the ALD equipment, and the additional cost of

processing waste-gas using scrubbers are major problems.

3. High volatility and high decomposition temperature
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In principle, the vapor of the ALD precursor should be generated by heating for the ALD
process. The available temperature range of the ALD precursor should be expanded by reducing the

temperature at which volatilization occurs and increasing the thermal decomposition temperature. 32

4. Reactivity with a co-reactant

If the reactivity decreases, film contamination increases as a result of an incomplete reaction.
In addition, a higher deposition temperature will be needed for the ALD reaction. As a result, the ALD
window between the reaction temperature and the thermal decomposition temperature becomes

narrower. Therefore, high reactivity is important for an ALD precursor. 32

5. Homoleptic molecular structure

A heteroleptic structure can improve several precursor properties. However, the synthetic
route and purification process for heteroleptic precursors are complicated. In addition, the
disproportionation reaction must be suppressed. As a result, the cost of heteroleptic precursors is

higher than that of homoleptic precursors.

6. Film growth rate per ALD cycle

A higher film growth rate is critical for achieving high film productivity for industrial
applications. However, the requirement of precise film thickness control to within 1 A increases for
cutting-edge semiconductor manufacturing methods with high film growth rates. Increasing the

number of ALD precursor options depending on the application is critical.

7. Long-term thermal stability at the source temperature over a few months
ALD precursors are heated for an extended time to generate the vapor. Long-term thermal
stability at the source temperature for more than few months is critical for industrial use. When a long-

life precursor is used, the film can be continuously produced without stopping the production line.

Organization of present paper

This thesis is composed of six chapters. In chapter 1, we discuss general information about
the study.

In chapter 2, we present the ALD of Y03 films using a novel liquid homoleptic yttrium
precursor: tris(sec-butylcyclopentadienyl)yttrium(III) [Y(*BuCp)s] (Fig. 18).
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Figure 18. Chemical structure of ALD precursor Y (*BuCp)s.

In chapter 3, we present the ALD of HfO; films using the novel liquid homoleptic hafnium
precursor tetrakis(1-(V,N-dimethylamino)-2-propoxy)hafnium [Hf(dmap)s] (Fig. 19).
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Figure 19. Chemical structure of ALD precursor Hf(dmap)a.

In chapter 4, we present the ALD of a ZrO, film using the novel liquid homoleptic zirconium

precursor tetrakis(1-(V,N-dimethylamino)-2-propoxy)zirconium [Zr(dmap)4] (Fig. 20).
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Figure 20. Chemical structure of ALD precursor Zr(dmap)a.

In chapter 5, we present the ALD of a HZO film using a mixture of Hf(dmap)4 and Zr(dmap)4
named "FER-1" as an ALD precursor.

In chapter 6, we summarize our study.
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Chapter 2

Atomic Layer Deposition of Y,03; Films Using Liquid Yttrium Precursor
Tris(sec-butylcyclopentadienyl)yttrium and Water

ABSTRACT

Atomic layer deposition (ALD) of Y,Oj3 thin films was studied using a novel homoleptic
yttrium ALD precursor: tris(sec-butylcyclopentadienyl)yttrium [Y(*BuCp)s]. Y(*BuCp)s is a liquid at
room temperature. The thermogravimetry curve for Y(*BuCp); is clean, with no indication of
decomposition or residue formation. Thermogravimetry—differential thermal analysis measurements
showed that Y(*BuCp)s is stable for 18 weeks at 190 °C. Y(*BuCp); has a homoleptic structure. Thus,
a reduction in manufacturing costs is expected compared with those associated with heteroleptic
precursors because additional chemical synthesis steps are usually necessary to produce heteroleptic
compounds. In addition, ALD of Y203 was demonstrated using Y (*BuCp)s and water as a co-reactant.
The deposition temperature was varied from 200 to 350 °C. The growth rate was 1.7 A/cycle. In
addition, neither carbon nor nitrogen contamination was detected in the Y,0O; films by X-ray
photoelectron spectroscopy. Furthermore, smooth films were confirmed by X-ray secondary-electron
microscopy. The root-mean-square roughness was measured to be 0.660 nm by atomic force
microscopy. Metal-insulator—semiconductor (MIS) Pt—Y>0;—Si devices were fabricated to evaluate
the electrical properties of the Y2O; films. An electric breakdown field of —6.5 MV/cm and a leakage
current density of ~3.2 x 1073 A/cm? at 1 MV/cm were determined. The permittivity of Y203 was
estimated to be 11.5 at 100 kHz. Therefore, compared with conventional solid precursors, Y(*BuCp)3

is suitable for use in ALD manufacturing processes.
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INTRODUCTION

Yttrium oxide (Y203) is well known to exhibit attractive properties, including a high melting
point (~2410 °C), high dielectric constant (~15), wide bandgap (~5.5 €V), and high refractive index. !
It has been used in several industrial applications such as ceramics, dielectric insulators,
superconductors, optical films, 2 protective films, * and buffer layers. In the energy field, thin-film solid
oxide fuel cells (TF-SOFCs) are promising as next-generation high-efficiency energy sources. * 3 To
fabricate TF-SOFCs, defect-free yttria-stabilized zirconia (YSZ) and yttria-doped ceria (YDC)
electrolyte films with thicknesses less than 100 nm are required. ®® In microelectronics, Y203 is
promising as a next-generation gate insulating film material. Recent studies have revealed that the
dielectric constant (k) and crystal stability of materials such as ZrO,, HfO», and La>O3 are improved
by doping with Y,0s. %!2 These Y,0s-containing thin films are mainly deposited by physical vapor
deposition (PVD), > ' 12 chemical vapor deposition (CVD), * or atomic layer deposition (ALD) * ¢
13 processes.

The importance of the ALD process has recently increased because of its ability to prepare
thin films with a uniform smooth surface. !> 4 However, almost all conventional yttrium ALD
precursors are poorly suited for industrial use because they are solids at room temperature. As an
example, tris(2,2,6,6,-tetramethyl-3,5-heptanedione)yttrium [Y(thd)s] is the most commonly used
yttrium ALD precursor. However, Y (thd)s is difficult to use in mass production processes because it is
a solid and has a high melting point of 176 °C. The ALD growth rate [i.e., growth per cycle (GPC)]
for Y(thd)s is 0.2 A/cycle. 'S As an example, a film thickness greater than 100 nm is typically required
for protective films; thus, a higher GPC is desirable. > When Y(thd)s is used in the ALD process, its
GPC is low; hence, productivity is too low for thicker films to be obtained.

Several yttrium ALD precursors have been studied thus far. One such example is tris(NV,N'-
diisopropylacetamidinate) [Y(Pr,amd)s]. '¢ It exhibits a relatively high ALD growth rate of 0.8
Alcycle; however, its melting point is greater than 220 °C. Cyclopentadienyl-type ALD precursors
have also been reported. Tris(cyclopentadienyl) yttrium [Y(Cp)s] and tris(methylcyclopentadienyl)
yttrium [Y(MeCp)s] have high ALD growth rates of 1.5-1.8 and 1.2-1.3 A/cycle, respectively. 7
However, their melting points are 296 and 124 °C, respectively.

Ideally, the melting point of yttrium ALD precursors should be lowered to overcome several
problems, including clogging of supply lines, particle formation, and complex purification processes.
Alkyl-Cp-type yttrium precursors [ Y (RCp)s], which have comparatively low melting points, have also

been recently developed. !3-20

Tris(ethylcyclopentadienyl)  yttrium [Y(EtCp)s], tris(n-
propylcyclopentadienyl) yttrium [Y ("PrCp)s], and tris(isopropylcyclopentadienyl) yttrium [Y (PrCp)s]
have melting points of 48, 66, and 55 °C, respectively. Tris(n-butylcyclopentadienyl) yttrium
[Y("BuCp)s] is a liquid precursor at room temperature, and a crystalline Y203 film has been prepared

by ALD using [Y("BuCp)s]. 2! However, with increasing alkyl chain lengths, the vapor pressure was

33



found to worsen compared with that for precursors with shorter chain lengths.

Another approach to improving several precursor properties is to develop heteroleptic
precursors. The liquid yttrium ALD precursor (‘PrCp).Y(‘Pr-amd), which has a high vapor pressure
and a growth rate of 0.6 A/cycle, has been reported. 2> However, the synthetic routes for producing
such heteroleptic precursors are usually complicated. In addition, the disproportionation reaction of
the precursors must be suppressed. As a result, the cost of heteroleptic precursors is greater than that
of homoleptic precursors.

Given the above considerations, from the perspectives of manufacturing cost,
disproportionation reaction, melting point, and vapor pressure, we expected homoleptic alkyl-Cp-type
yttrium precursors [Y(RCp)s] to be promising as a basic structure; we therefore modified its alkyl
chain structure. In the present study, the yttrium precursor tris(sec-butylcyclopentadienyl)yttrium(III)
[Y(*BuCp)3] (Table 1), which is a liquid at room temperature, was developed. We carried out ALD

testing using the [Y(*BuCp)s] precursor with water as a co-reactant.

Table 1 Composition of ALD precursors for yttrium oxide film.

Name Y(thd); Y(Pr-AMD); Y(MeCp)z (PrCp).Y(Pr-AMD) Y(*BuCp)s
Reference 15 16 17 22 This work
 § - P
Structure V_O""'}Y 0., ﬁ{w‘(wt}_ e , oy
AR KNK < (e
A
State Solid Solid Solid ¥ Liquid v' Liquid
Ligand v" Homoleptic v Homoleptic v Homoleptic Heteroleptic v" Homoleptic

EXPERIMENTAL
Characterization of Y(*BuCp); precursor

The 'H-NMR data for Y(*BuCp); were obtained using a JEOL ECA-400.
Thermogravimetric analysis (TGA) was carried out at 10 Torr in an Ar-filled glovebox using a Rigaku
ThermoPlus2 TG8120. Thermal decomposition temperature was measured by differential scanning

calorimetry (DSC) with a Bruker AXS DSC 3100.

ALD testing of Y(*BuCp); precursor with water

Y205 films were deposited using a commercial ALD apparatus (NCD Lucida D100)
equipped with a cross-flow ALD reactor; water was used as the co-reactant. Prior to deposition,
Si(100) substrates were cut to 25 mm x 25 mm and subsequently cleaned with 0.5% HF solution for
1 min to remove the native oxide layer. The cleaned wafers were dried using N» gas and immediately

loaded into the ALD chamber. Before the ALD process, the wafer was heated for 30 min to stabilize
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its temperature. The Y(*BuCp); was provided by ADEKA (CAS no. 847153-22-4, product name: Y-
5000). The Y(*BuCp); precursor was added to a stainless steel canister and heated at 175 °C. The
precursor supply method was vapor drawing using Ar carrier gas at 50 sccm. The chamber pressure

was controlled at ~0.75 Torr by Ar process gas.

Characterization of deposited Y,O; films

Yttrium deposition was measured by X-ray fluorescence (XRF) analysis using a Rigaku
ZSX Primus IVi. The stoichiometry and elemental bonding states in the films were characterized by
X-ray photoelectron spectroscopy (XPS) using a Thermo Fisher Scientific K-Alpha. The film
morphology and thickness were studied by field-emission scanning electron microscopy (FE-SEM)
and atomic force microscopy (AFM) with a Hitachi High-Tech S-4800 and a Bruker Multimode 8,
respectively. The scanning mode in AFM measurement is “Peak Force Tapping”. The tip for AFM is
Bruker SCANASYST-AIR. The film thickness and the crystallinity were evaluated by X-ray
reflectivity (XRR) and X-ray diffraction (XRD) measurements using a Rigaku Ultima I'V.

Electric characterization of Y,Os3 films

The electric properties of the obtained Y203 films were evaluated by preparing metal—
insulator—semiconductor (MIS) structures of Pt/Y,03/p-Si. The deposition temperature of the Y,03
layer was 300 °C. The Pt electrodes were deposited onto the Y203 films through a shadow mask at
room temperature by DC magnetron sputtering using a Sanyu Electron SC-701MC. The thicknesses
of the Pt electrode, Y203 layer, and p-Si substrate were 100 nm, 19.4 nm, and 0.5 mm, respectively.
Capacitance—voltage (C—V) curves for the MIS structure were recorded using a precision LCR meter
(Agilent, 4980A). The current—voltage (/-V) curves were also acquired (Keithley, Sourcemeter 2450).

The probe station was coaxial probe.

RESULTS AND DISCUSSION
Chemical identification of Y(*BuCp)s precursor

The synthesized Y(*BuCp)s was confirmed by 'H-NMR measurement. Figure 1 shows the
"TH-NMR spectrum of Y(*BuCp)s. The signal of each proton on the cyclopentadienyl ring appeared at
6.011 and 5.866 ppm as a multiplet. The coupling to the proton on the tertiary carbon atom showed as
a hexaplet at 2.489 ppm. The methyl group on the sec-butyl group showed as a multiplet at 0.982 ppm.
The ethyl group on the sec-butyl group showed as a multiplet at 1.391 ppm (2 H) and a triplet at 0.819
ppm (3 H). Each peak was overlapped or a multiplet because the sec-butyl Cp ligand has a stereocenter
on the alpha carbon. On the basis of the 'H NMR analysis results, Y(*BuCp)s was considered a chiral

compound.
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Fig. 1 'TH-NMR spectrum of Y(*BuCp)s.

Figure 2 shows the vapor pressure variations with temperature of the Y (*BuCp); precursor.
The vapor pressure of Y(*BuCp); was 0.1 Torr at 149 °C. The vapor pressure of Y("BuCp)s has been
reported to be 0.1 Torr at 150 °C. 2° Thus, the introduction of a branched alkyl structure slightly

improved the vapor pressure.
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Fig. 2 Vapor pressure variations of Y(*BuCp)s with temperature.

Figure 3(a) shows the TGA curves for Y(*BuCp)s and conventional precursors such as the
solid precursor Y (EtCp)s and the liquid precursor Y("BuCp)s. The curve for Y(*BuCp)s is clean, with
no indication of decomposition or residue formation at 10 Torr. The 50% volatile temperature (TGi2)

was 197 °C. The TG, for Y(EtCp); was 186 °C; it thus exhibits greater volatility than Y(*BuCp);
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even though it is a solid. Compared with Y ("BuCp)s, Y (*BuCp)s exhibits greater volatility. The TG,
for Y("BuCp)s was 219 °C because of its linear and alkyl chain structure. For hydrocarbon molecules
with the same molecular weight, a compound with a branched structure will exhibit a lower boiling
point than one with a linear structure. >* A branched alkyl chain of the precursor is critical for achieving
greater volatility. With the introduction of a sec-butyl group, the volatility of the Y(*BuCp); precursor
was improved and became similar to that of the Y(EtCp)s precursor.

Figure 3(b) shows DSC thermograms for the Y(*BuCp); and conventional precursors. A
thermal decomposition peak was not observed at a temperature less than 400 °C for any of the
precursors. These results indicate that the Y(RCp); base structure exhibits high thermal stability.
Y(*BuCp); and Y("BuCp)s were liquid precursors; melting was therefore not observed in the
investigated temperature range. Y(*BuCp); has three chiral centers; thus, four types of diastereomers
are possible, excluding enantiomers, because it contains eight stereoisomer structures (i.e., RRR, SRR,
RRS, SRS, RSR, SSR, RSS, and SSS). In general, stereoisomer mixtures have lower melting points
than single-structure compounds because of poor crystallization of the molecule. ?* Y(*BuCp); is
expected to have a lower melting point than Y ("BuCp)s. That is, Y(*BuCp); is expected to remain a

liquid over a wide temperature range.
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Fig. 3 (a) TGA curves for Y(*BuCp); and conventional precursors Y (EtCp)s; and Y("BuCp)s (b) DSC
thermograms of Y (*BuCp); and conventional precursors Y (EtCp); and Y("BuCp)3

Long-term thermal stability of Y(*BuCp); precursor

An ALD precursor is heated to a high temperature during the ALD process. Long-term
thermal stability at the vaporization temperature for more than a few months is critical for ALDs used
industrially, where long-life precursors enable films to be continuously produced without stopping the
production line. The DSC results indicate that Y(RCp)s-type complexes exhibit high thermal stability.
We therefore evaluated the long-term thermal stability of Y(*BuCp)s as a novel compound. Figure 4

(a) shows TGA curves recorded during the long-term thermal stability test. The Y (*BuCp); was heated
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at 190 °C, which is the temperature at which it vaporizes at 1 Torr, and periodically characterized by
TGA and 'H-NMR. The results show very clean TG curves before and after the sample was heated at
190 °C for 18 weeks.

Figure 4 (b) presents 'H-NMR spectra acquired during the long-term thermal stability test.
The spectrum of Y(*BuCp); did not change before or after it was heated at 190 °C for 18 weeks.

Therefore, Y(*BuCp); was confirmed to exhibit excellent long-term thermal stability for at least 18

weeks.
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Fig. 4 (a) TGA curves recorded during long-term thermal stability test of Y(*BuCp)s at 190 °C for 18
weeks. (b) "TH-NMR spectra of Y(*BuCp)s acquired during long-term thermal stability test at 190 °C

for 18 weeks.
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ALD testing of Y(*BuCp); precursor with water

The ALD sequence involves dosing and purging steps for the metal complex, and the use of
a co-reactant. The dosing and purging times should be optimized to enable the fabrication of ultra-thin,
conformal films with high uniformity. Experiments to determine the optimal dosing and purging times
were carried out for ALD of Y03 using the Y(*BuCp)s precursor with water as a co-reactant. To
remove the moisture in the ALD chamber, various water purge times were investigated at 250 °C.
Figure 5 (a) shows that a higher growth rate was achieved at 10 and 30 s, although a constant growth
rate was observed when the purge time was longer than 60 s. The results show that adsorption of
Y(*BuCp); was affected by remaining moisture when the water purge time was shorter than 30 s in
our ALD reactor. Therefore, the deposition was carried out using a water purge time of 60 s.

Figure 5 (b) shows that saturation occurred when the Y(*BuCp); supply time on the Si
substrate was varied at 250 °C. The results show that self-limited film growth occurred. The Y (*BuCp)3
was confirmed to be saturated when the supply time was 30 s or longer. Under our experimental
conditions, the saturation time was long compared with those for conventional precursors. '7 13 21
Y (*BuCp)s exhibits volatility similar to that of Y(RCp)s; we therefore considered that this difference
was caused by our experimental conditions. To reduce the saturation time, the partial pressure of
Y (*BuCp); should be increased in the ALD chamber to improve precursor adsorption onto the substrate.
For further improvement, a higher precursor heating temperature and bubbling of the precursor supply
are promising. The saturated film growth rate was ~1.7 A/cycle at 250 °C.

The Y (*BuCp); purge time was also optimized. Figure 5 (c) shows the Y(*BuCp)s purge time
dependence of the film growth rate at 250 °C. A constant growth rate was observed when the purge
time was 15 s or longer. Small variations in the growth rate were confirmed at shorter purge times
because of incomplete purging of the metal precursor. Because carbon contamination originating from
the ligand was a concern in this range of short purge times, a purge time of at least 15 s was considered
necessary.

On the basis of the above results, the standard pulsing ALD sequence was designed as
follows: 30 s supply of metal precursor with carrier gas, followed by 15 s Ar purge, 0.2 s pulse of
water, and finally 60 s purge with Ar gas. We used this standard sequence to evaluate the ALD behavior
of Y(*BuCp)s.

Figure 5 (d) shows the film thickness as a function of the number of ALD cycles. The film
thickness was measured by XRR. The thickness increased linearly with increasing number of ALD
cycles at 250 and 300 °C. These results indicate that the film grew at a constant rate; thus, Y(*BuCp)3
demonstrated excellent thickness control characteristics. The results thus far verify the linear
dependence and the saturation behavior; we therefore concluded that Y(*BuCp)s exhibits an ALD-type
growth mode.

ALD behavior of Y(*BuCp)s at 250 °C was confirmed; we therefore next investigated the
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deposition temperature dependence in the range 200-350 °C. Figure 5 (e) shows the growth rate at
various deposition temperatures. In this experiment, Y,O3 films were deposited by ALD onto Si
substrates for 50 cycles. The growth rate reached 1.5 A/cycle at 250 °C. The maximal growth rate at
300 °C was found to be 1.8 A/cycle. The growth rate was 1.3—1.8 A/cycle in the temperature range
200-350 °C. These values are similar to those reported for thermal ALD of Y,Os3 using
cyclopentadienyl yttrium precursors such as Y(Cp)s, Y(MeCp)s3, Y (EtCp)s, Y (iPrCp)s, and Y ("BuCp)s.
17,18, 21,25 The growth rate decreased with increasing deposition temperature beyond 300 °C. The
yttrium intensity detected by XRF also decreased when the deposition temperature was greater than
300 °C because Y(*BuCp); was desorbed as a result of the greater thermal energy at higher
temperatures during the ALD process. According to the DSC measurement results, the thermal
decomposition temperature of Y(*BuCp)s is greater than 400 °C. Thus, we deduced that the decrease
in the growth rate was not a result of thermal decomposition but rather desorption at higher

temperatures.
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Fig. 5 (a) Growth rate for Y,0Os films as function of water purge time at 250 °C. (b) Saturation of Y203
film growth rate with increasing Y(*BuCp)s supply time at 250 °C. (c) Y203 film growth rate as
function of the Y(*BuCp); purge time at 250 °C. (d) Film thickness as function of number of ALD

cycles at 250. (e) Growth rate for Y03 films as function of deposition temperature.

We compared the growth rate achieved using Y(*BuCp)s as a precursor with those achieved
using conventional precursors. Y(thd); showed a low growth rate of 0.2 A/cycle with O3 as a co-
reactant. ' Y("Pr,amd); enabled Y»0; film growth at 0.8 A/cycle. ! The heteroleptic precursor
(‘PrCp).Y (‘Pr-amd) showed a growth rate of 0.6 A/cycle. ' We concluded that Y(*BuCp); enables a

higher growth rate than the conventional precursors, thereby enabling greater productivity of Y203
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films.

Film properties of Y(*BuCp); precursor with water

The film concentration and impurities in the films were measured by XPS analysis. Figure
6 (a-c) shows XPS depth profiles for films deposited at (a) 200 °C, (b) 250 °C, and (c) 300 °C. The
results confirm that high-purity Y>0O3 was deposited at all three investigated temperatures. The oxygen
concentration slightly increased with increasing deposition temperature. For the above films, the Y/O
ratio was found to be 0.74, 0.71, and 0.69, respectively, indicating the formation of hydroxylated or
reduced Y»0s-, at low deposition temperatures.

Figure 6 (d-f) shows the Y 3d, O 1s, and C 1s regions of the XPS spectra of the deposited
films. The Y main peaks (d) appeared at 156.8 and 158.8 eV. The O 1s spectra (e) of the Y203 films
show a Y-O peak at ~529.5 eV. The peak at 200 °C was shifted to lower energy because of an
insufficient oxidation reaction due to the low deposition temperature. No peak attributable to Y-OH

was observed in the spectra of any of the films. In addition, neither C (f) nor N impurities were detected

in any of the films.
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Fig. 6 XPS depth profiles for Y,03 films deposited at (a) 200 °C, (b) 250 °C, and (c) 300 °C. XPS
spectra of Y03 films deposited at (d) 200 °C, (e) 250 °C, and (f) 300 °C.

Figure 7 (a) shows FE-SEM images of the Y»O; films deposited onto p-type Si(100)
substrates. Continuous films with a smooth surface and a thickness of 23.1 nm were deposited at
200 °C. Isolated particles were not detected on the surface.

Figure 7 (b) shows a three-dimensional AFM image of a Y03 film deposited onto a p-type
Si(100) substrate at 200 °C. The film thickness was 23.1 nm, and the scanned area was 1.0 um x 1.0
um. The imaging results indicate that the film had a smooth surface. The root mean square (RMS)
roughness determined by AFM measurement was 0.66 nm, which is lower than the roughness values
of Y,0s films deposited using conventional precursors. 1617

Figure 7 (c) shows that the 23.1-nm-thick Y03 film on a Si substrate was crystalline, as
indicated by XRD measurements. The results confirmed that the as-deposited Y;Os3 film was
crystallized without annealing. Peaks associated with (222), (400), (332), (431), (440), and (622)
planes were observed, indicating that the crystal phase is mainly cubic. 2> 27 A monoclinic-rich film
can be deposited at high temperatures. In addition, the structure of the film is affected by the oxygen
partial pressure, deposition pressure, and the substrate. The XRD pattern showed no additional peaks
caused by impurities.

These film characterization results confirm that the Y(*BuCp)3 precursor can easily provide

a high-quality Y03 film.
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Fig. 7 (a) FE-SEM image of Y03 film deposited onto Si substrate at 200 °C. (b) Three-dimensional
AFM image of Y03 film deposited onto Si substrate at 200 °C. (c) XRD pattern for Y,O3 film on Si

substrate. The reflections were indexed on the basis of PDF card no. 151761.

Electric properties of Y03 films

Figure 8 (a) shows C-V curves for a Pt/Y,03/p-Si MIS capacitor. The thickness and
deposition temperature of the Y>3 layer were 19.4 nm and 300 °C, respectively, and the area of the
Pt top electrode was 0.0154 mm?. The measurement was conducted at 25 °C and a frequency of 100
kHz. The voltage range was from 3 V to —3 V. The sweep rate was 0.48 V/s. When a negative bias was
applied, the capacitance value was 80 pF. From these results, the dielectric constant for the Y>O3 layer
was estimated to be 11.5, which is similar to previously reported values of ~10 (Y(Cp)z and Y(MeCp)s).
17.28 However, when a positive bias was applied to the MIS capacitor, the capacitance substantially
decreased because of the formation of a depletion layer in the p-Si.

Figure 8 (b) shows leakage current density vs. electric field curves for the Pt/Y20:/p-Si MIS
capacitor. The voltage range was from 0 V to —20 V. The sweep rate and compliance current were 0.48
V/s and 100 mA, respectively. The leakage current density at 1 MV/cm and breakdown electric field
were approximately 3.2x107% A/cm? and 6.5 MV/cm, respectively. These values are comparable to

those for a previously reported MIS capacitor fabricated using a Y203 layer prepared from solid or
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heteroleptic ALD precursors. '7-2° Thus, these results indicate that a Y203 layer with high electronic

performance could be attained even when a liquid homoleptic ALD precursor was used.
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Fig. 8 (a) C—V curves for Pt/Y203/p-Si capacitor. The deposition temperature for the Y>O3 layer was
300 °C. (b) Leakage current density vs. electric field curves for Pt/Y»03/p-Si capacitor. The deposition
temperature for the Y>Os layer was 300 °C.

SUMMARY AND CONCLUSIONS

We have demonstrated ALD of Y»0s3 films using a newly developed yttrium precursor,
Y(*BuCp)s. Y(*BuCp); is a liquid at room temperature and exhibits high volatility because of its
branched alkyl chain structure. In addition, a lower melting point is expected because of its
stereoisomerism. This molecular design imparted the precursor with industrially preferred properties.
Y(*BuCp); also exhibits high thermal stability, exhibiting a lifetime of at least 18 weeks at 190 °C.
This evaluation is ongoing, so the lifetime might be longer than 18 weeks. In addition, like the
conventional Y(RCp); precursor, Y(*BuCp)s exhibits a high growth rate and a wide ALD window. The
deposited Y20; films exhibit high purity, high crystallinity, and a smooth surface. The Y03 films
prepared from Y(*BuCp); also exhibit high electronic performance. Therefore, we conclude that

Y (*BuCp); is an attractive Y203 precursor for industrial use.
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Chapter 3

Atomic Layer Deposition of HfO, Films Using Novel Cl-Free Hafnium
Precursor Tetrakis(1-(N,N-dimethylamino)-2-propoxy)hafnium, Hf(dmap),

ABSTRACT

Atomic layer deposition (ALD) of HfO> thin films was studied using a novel homoleptic
hafnium ALD precursor: tetrakis(1-(V,N-dimethylamino)-2-propoxy)hafnium [Hf(dmap)s]. This
precursor is a liquid at room temperature and has been shown by differential scanning calorimetry
(DSC) analysis to be stable at temperatures as high as 371 °C. Compared with the conventional Hf
precursor tetrakis(ethylmethylamido)hafnium(IV) (TEMAH), Hf(dmap)s exhibits a substantially
greater decomposition temperature because of its alkoxide structure. Hf(dmap)as is a volatile compound
that shows a very clean thermogravimetry curve without decomposition or residue formation at 10
Torr. We carried out ALD of HfO, using Hf(dmap)s with O3 or H,O as an oxidant. As the wafer
temperature was increased from 250 to 400 °C, the film growth rate slightly increased from 0.35
Alcycle to 0.55 A/cycle. Therefore, Hf(dmap)s can be used for ALD at higher deposition temperatures
than TEMAH. However, the film growth rate was lowered by the sterically hindered ligand structure
of the precursor. We evaluated the saturation behavior of the growth rate in experiments where the
Hf(dmap)4 supply time was varied from 5 to 30 s. As a result, a constant film growth rate was observed
because of ALD saturation when the precursor supply time was 10 s or longer in the temperature range
350-400 °C. This result indicates that Hf(dmap)s was not decomposed and behaved as an ALD
precursor at 400 °C. We concluded that Hf(dmap)s is a promising precursor for high-temperature ALD.
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INTRODUCTION

Hafnium(IV) oxide (HfO,) is well known as an attractive compound for use in
semiconductor devices because of its high dielectric constant (~25), wide bandgap energy (~5.7 eV),
high refractive index, and good chemical stability. !* It has been used in various industrial applications,
including as a gate dielectric material in CMOS devices and a capacitor dielectric material in DRAM
devices. * In addition, HfO; is attracting attention as a nonvolatile memory material for ferroelectric
random-access memory (FeERAM) and resistive random-access memory (ReRAM). 37 In general,
HfO, films are deposited by physical vapor deposition (PVD) or chemical vapor deposition (CVD). ¥
10 PVD and CVD exhibit high film growth rates, enabling high productivity. However, step coverage
with PVD and CVD is insufficient in principle, which makes the deposition HfO; films on nanosized
three-dimensional structures difficult. Hence, atomic layer deposition (ALD) processes have been used
to deposit HfO, films that exhibit good coverage and high purity and are free of pinholes. '> 1> To
obtain high-quality HfO> films, high-temperature processing is important to control the crystal phase
of HfO». Therefore, the ALD of HfO, requires a precursor with a wide deposition temperature range.

Numerous precursors have been developed for ALD of HfO,, including halides, alkylamides,
alkoxides, and B-diketonates. As an example of a halide-type precursor, hafnium(IV) chloride (HfCls)
is widely used in industrial applications because of its high thermal stability. However, it has chlorine
atoms in its structure and therefore generates corrosive byproducts and contaminants in the resultant
HfO> film. In addition, it is a solid precursor that exhibits low volatility and is therefore difficult to
use in ALD. '* Amide-type precursors such as tetrakis(dimethylamido)hafnium(IV) (TDMAH) and
tetrakis(ethylmethylamido)hathium(IV) (TEMAH) have shown good ALD behavior at temperatures
near 250 °C. However, they exhibit low thermal stability and are therefore difficult to use at
temperatures greater than 300 °C because of thermal decomposition. '* 15 Cyclopentadienyl (Cp)
precursors tend to exhibit ALD behavior at high temperatures, and numerous Cp-containing precursors
have been reported. Dimethylbis(cyclopentadienyl)hafnium(IV) (Cp.HfMe,) shows self-limiting
ALD growth with a growth rate of 0.42 A/cycle at 350 °C; however, it is a solid. '® 7 Niinisto et al.
studied four novel cyclopentadienyl precursors—(CpMe)HfMe:, Cp2Hf(OMe),,
(CpMe)Hf(OMe)Me, and (CpMe),Hf(OMe),—and found that (CpMe)Hf(OMe)Me is a liquid
precursor. The growth rate using (CpMe),Hf(OMe)Me was ~0.5 A/cycle at substrate temperatures
from 350 to 500 °C. '® Cyclopentadienyl-alkylamido precursors cyclopentadienyl tris(dimethylamino)
hafnium  (CpHf(NMez);) and  methylcyclopentadienyl  tris(dimethylamino)  hafhium
((CpMe)Hf(NMe»)3) have also been reported. These precursors show higher growth rates (~0.75
Alcycle at 250-350 °C) compared with (CpMe)Hf(OMe)Me. '° A novel cyclopentadienyl-alkylamido
precursor having a crosslinked structure between Cp and the alkylamine ligand has recently been
reported. (n5:m1- Cp(CH2).NMe)Hf(NEtMe). (MAP-Hf01, Mecaro Co. Ltd.) shows greater thermal
stability than CpHf(NMe,); and a growth rate of ~0.65 A/cycle from 200 to 400 °C.2° However, the
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manufacturing steps for chemically synthesizing and purifying cyclopentadienyl precursors having
such a heteroleptic structure are complicated. Thus, heteroleptic precursor manufacturing costs have
been gradually rising compared with those of homoleptic precursors. In addition, the ligands in
heteroleptic precursors undergo thermal decomposition or ligand redistribution reactions upon long
time heating in the precursor container for precursor vapor supply into the ALD chamber, to generate
the eliminated ligands and the reaction by-products. 2! It is thus plausible that these compound afford
mixtures of heteroleptic Hf(IV) precursors by ligand redistribution reactions. Given these facts, we
consider that heteroleptic precursor is not always the best structure. Therefore, a new hafnium
precursor that exhibits high thermal stability, a low melting point, and a one kind of ligand in the
molecule is necessary.

Several alkoxide precursors have been investigated as homoleptic-structured ALD
precursors. HfO; films having good electrical properties were obtained by atomic layer controlled
chemical vapor deposition (ALCVD) using hafnium(IV) tert-butoxide (Hf(OrBu)s). 2! However,
Hf(O7Bu)s contains an unsaturated four-coordinate metal center and the ferz-butoxide ligand is easily
decomposed by trace moisture under inert gas. > Therefore, an alkoxide precursor having an
unsaturated four-coordinate metal center is difficult to handle and use in ALD processes. In efforts to
attain more stable complexes, researchers found that the bidentate donor-functionalized alkoxide
ligand 1-methoxy-2-methyl-2-propanolate (OCMe;CH2OMe, mmyp) increases the coordination
number of highly positively charged central metal atoms and inhibits oligomerization in metal
alkoxides; Hf(mmp)4 produced monoclinic-phase HfO, films by ALD in the temperature range 275—
425 °C, although thermal decomposition did not lead to perfect saturation. 3

In the present study, to achieve high temperature ALD greater than 300 °C using Cl-free
structure, we focused on an aminoalkoxide structure combined with both an alkoxide and amine as a
novel liquid hafnium precursor. We have previously synthesized numerous Hf aminoalkoxide
compounds and identified good candidates for use as ALD precursors. >* In this paper, we report an
example of a Hf aminoalkoxide precursor, tetrakis(1-(V,N-dimethylamino)-2-propoxy)hafnium

[Hf(dmap)4] (Table 1).

Table 1 Composition of ALD precursors for hafnium oxide film.
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Name HfCl, TEMAH CpHf(NMe,), Hf(mmp), Hf(dmap),
Reference 13 15 19 23 This work
Hf Hf
Structure CI—EfI—CI Hf*[N/—] @-Hf{N/} ¢ OMe ¢ \N/
C'I \ 4 \ 3 )v/ 4 )\/ N 4
State Solid v" Liquid ¥ Liquid v Liquid ¥ Liquid
Contamination Cl v None v None v None v None
Ligand v" Homoleptic ¥v" Homoleptic Heteroleptic | v* Homoleptic ¥v" Homoleptic
Temperature v' 250-500 °C <300 °C ¥v" 200-350 °C v’ 275-425°C | v 300-400 °C
Saturation v Good v Good v" Good Poor v" Good
EXPERIMENTAL

Volatility and thermal stability testing
Thermogravimetric analysis (TGA) of Hf(dmap)4 was carried out at 10 Torr in an Ar-filled
glovebox using a Rigaku ThermoPlus2 TG8120. The thermal decomposition temperature was

measured using sealed pans by differential scanning calorimetry (DSC) with a Bruker AXS DSC 3100.

ALD testing of Hf(dmap). precursor with oxidants

HfO, films were deposited using a cross-flow ALD reactor (Arradiance GEMStar XT) with
water or O3 as a co-reactant. Prior to deposition, Si(100) substrates were cut into 25 mm x 25 mm
squares and cleaned with 0.5% hydrofluoric acid (HF) solution for 1 min to remove the native oxide
layer. The cleaned wafer was then dried under N, gas and immediately loaded into the ALD chamber.
Before the ALD process, the wafer was heated for 30 min to stabilize its temperature. The Hf(dmap)
was provided by ADEKA Corp. [product name: ADEKA ORCERA Hf(dmap)4]. The Hf(dmap)s
precursor was added to a stainless canister and heated at 150 °C. The precursor supply method was
vapor drawing using Ar carrier gas at 50 sccm. The chamber pressure was controlled at ~0.20 Torr by
Ar process gas. The ALD cycles were performed in the following sequences. O3 ALD: Hf(dmap)s
(supply time: 5-30 s)/Ar purge (15 s)/O3 (10 s)/Ar purge (15 s). H O ALD: Hf(dmap)4 (supply time:
5-30 s)/Ar purge (15 s)/H20 (0.1 s)/Ar purge (45 s).

Characterization of deposited HfO; films

Hafnium deposition was measured by X-ray fluorescence (XRF) with a Rigaku ZSX Primus
I'Vi. The stoichiometry and elemental bonding states in the films were studied by X-ray photoelectron
spectroscopy (XPS) using a Thermo Fisher Scientific K-Alpha. The film thickness and the morphology
were evaluated by field-emission scanning electron microscopy (FE-SEM) and atomic force
microscopy (AFM), respectively, which were conducted with a Hitachi High-Tech S-4800 and a
Bruker Multimode 8, respectively. The crystallinity was characterized by X-ray diffraction (XRD)
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using a Rigaku Ultima IV.

Electric characterization of HfO, films

The electric properties of the HfO, films were evaluated using metal-insulator—
semiconductor (MIS) structures of Pt/HfO,/p-Si. The thicknesses of the Pt electrode and p-Si substrate
were 100 nm and 0.5 mm, respectively. Capacitance—voltage (C—V) curves for the MIS structure were
measured using a precision LCR meter (Agilent, 4980A). The current—voltage (/~V) curves were also
evaluated (Keithley, Sourcemeter 2450). HfO, films were annealed in vacuum at 600 °C under Ar flow

for 1 min using an infrared-lamp heating system (ADVANCE RIKO, RTP-6).

RESULTS AND DISCUSSION
Volatility and thermal stability of Hf(dmap)4 precursor

Figure 1 shows the vapor pressure variations with temperature of the Hf(dmap)a. The vapor
pressure of the Hf(dmap)4 reached 1.0 Torr at 153 °C, and that of the HfCl4 reached 1.0 Torr at 190 °C.
Thus, Hf(dmap)4 exhibits greater volatility than HfCla.

0.1

Vapor pressure, Torr

0.01 1 1 1 1 1
80 100 120 140 160 180 200

Temperature, °C

Fig. 1 Variation of the vapor pressure of Hf(dmap)4 as a function of temperature.

Figure 2 (a) shows the TGA curves of Hf(dmap)4 and conventional precursors, including the
solid precursor HfCl4 and the liquid precursor TEMAH. The TGA curve of Hf(dmap) is clean, with a
single step without decomposition or residue formation at 10 Torr. The 50% volatile temperature
(TGi2) was 172 °C. Compared with the HfCl4, the Hf(dmap)s exhibited greater volatility. The TG,
of HfCl; was 184 °C, and that of TEMAH was 100 °C, indicating that it is more volatile than
Hf(dmap)a.

Figure 2 (b) shows the DSC thermograms of Hf(dmap)4 and TEMAH. Hf(dmap) is a liquid
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precursor at room temperature; thus, no peaks are observed from room temperature to the thermal
decomposition temperature. A thermal decomposition peak was observed at temperatures greater than
371.2 °C in the thermogram of Hf(dmap)s. However, TEMAH’s thermal decomposition peak was
confirmed to appear at 280.7 °C or higher. These results indicate that Hf(dmap)s exhibits greater
thermal stability than TEMAH; thus, Hf(dmap)s can be used at temperatures greater than 300 °C in
the ALD process. TEMAH is difficult to use at temperatures greater than 300 °C because of its

tendency to thermally decompose. '4

10
ao b g/1exo Peak 308.7 °C
TEMAH
S o« HICl, 2o T wf
& S s P °C Peak 398.2 °C
§-50 r TEMAH E‘ 2 Onset 280.7 °C ea «, .
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@ 1
o | _ —
0 - — /
1 Onset 371.2 °C
-100
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Temperature, “C
Fig. 2 (a) TGA curve of Hf(damp)s and conventional precursors TEMAH and HfCl4 at 10 Torr. (b)
DSC thermograms of Hf(dmap)s and TEMAH.

ALD testing of the Hf(dmap). precursor

An evaluation of the optimal dosing time was carried out to study its effect on the growth
rate using Hf(dmap)s4 with O3 and water as co-reactants. The Hf(dmap)s dosing time was varied at
375 °C. Figure 3 (a) shows the thickness per cycle as a function of the Hf(dmap)s+ dose. The film
growth rate was converted from Hf intensity of XRF. The film growth rate increased as the Hf(dmap)4
dosing time was increased from 5 to 10 s. The Hf(dmap)4 growth rate saturated when the Hf precursor
dosing time was longer than 10 s. The Hf precursor half-reaction reached a self-limited state. The
saturated growth rate was 0.46+0.5 A/cycle (O3) and 0.37+0.3 A/cycle (H,0) at 375 °C.

The O3 dosing time was optimized. Figure 3 (b) shows a constant growth rate was observed
when the dosing time was 10 s or longer. Small variations in the growth rate were confirmed at shorter
dosing times because of incomplete oxidation of the metal precursor. Because carbon contamination
originating from the ligand was a concern in this range of short dosing times, a dosing time of at least
10 s was considered necessary.

The H>O dosing time was also optimized. Figure 3 (c) shows a constant growth rate was
observed when the dosing time was 0.1 s or longer. The Hf(dmap)s growth rate saturated when the

H>O dosing time was longer than 0.1 s.
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Figure 3 (d) shows the temperature dependence of the growth rate in a Hf(dmap)s + O3/H,O
ALD test process. When O3 was used as a co-reactant, the film growth rate increased slightly as the
deposition temperature was increased from 300 to 375 °C. When the deposition temperature was
increased to 400 °C, the film growth rate increased because thermal decomposition began. To confirm
the thermal decomposition temperature of Hf(dmap)s on the substrate during the ALD process, a
pyrolysis test was carried out without a co-reactant. For the pyrolysis test in the ALD chamber,
Hf(dmap)s vapor was supplied for 1000 s, which is the same dosing time as the ALD test condition,
which was 10 s for 100 times (1000 s in total). The film growth was not observed during the pyrolysis
test from 300 to 375 °C, indicating that Hf(dmap)s was not decomposed in this temperature range. At
400 °C, film growth started without a co-reactant, indicating that Hf(dmap)+ decomposed on the
substrate as a result of thermal energy without a co-reactant; thus, a Hf-containing oxide film was
detected. When H>O was used as a co-reactant in ALD, the film growth rate in the temperature range
300-375 °C was lower than when O3 was used. The film growth rate also increased at 400 °C because
of thermal decomposition.

Figure 3 (e) shows the film thickness as a function of the number of ALD cycles. The film
thickness was measured by X-ray reflectometry (XRR) and FE-SEM. The thickness increases linearly
with increasing number of ALD cycles at 375 °C. This result indicates that the film grew with a
constant growth rate; that is, Hf(dmap)s exhibits excellent thickness-control characteristics. The linear
dependence and saturation behavior were verified, and we therefore concluded that Hf(dmap)s

exhibited ALD-type growth behavior.
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Fig. 3 (a) Growth rate as a function of the Hf(dmap)s supply time at a substrate temperature of 375 °C
when O3 and H>O were used as co-reactants. (b) Growth rate as a function of the O3 dose time at a

substrate temperature of 375 °C. (¢) Growth rate as a function of the H,O dose time at a substrate
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temperature of 375 °C. (d) Temperature dependence of the growth rate of Hf(dmap)s+ + O3 or H,O
during ALD and the growth rate of Hf(dmap)s in a pyrolysis test. (e) Film thickness as a function of

the number of ALD cycles when O3 and H>O were used as co-reactants at 375 °C.

Characterization of HfO, films deposited by Hf(dmap)s precursor with O
and water co-reactants

The film concentration and impurities in the film were measured by XPS analysis. Table 2
shows the composition of the as-deposited HfO, films obtained at each deposition temperature (350,
375, and 400 °C) when O3 or H>O was used as a co-reactant. The corresponded XPS depth profiles
and high-resolution spectra are displayed in Figure 4. The film deposited at 350 °C using O3 as a co-
reactant contained 2.4+0.7 at% of carbide as an impurity. This carbide contamination was reduced
with increasing deposition temperature. At 400 °C, impurities were not detected in the film. The O/Hf
ratio was 1.69, which is lower than the stoichiometric O/Hf ratio. The Hf 4f5/2 and Hf 4£7/2 peaks of
HfO, corresponded to 19.4 eV and 17.7 eV. The noticeable and broadened shoulders appeared at the
lower binding energy side of Hf 4f7/2. The tailing is probably a result of oxygen deficiency and thus
this indicates that HfO» suboxides were also generated in the film. This lower O/Hf ratio is attributed
to Hf(dmap)4 having a bulky ligand, which likely reduced its reactivity. The lower O/Hf ratio can be
improved by process optimization such as a higher O3 partial pressure during the ALD process and
multi feeding and purge sequence to eliminate bulky ligands. The film deposited at 350 °C using H,O
as a co-reactant also contained 9.2+0.7 at% carbon and carbide, 1.9+£0.2 at% nitrogen, and 1.3+0.3
at% silicon as impurities. H>O is less reactive than Os; it therefore led to greater contamination
compared with that in the O3 ALD films. Using a higher deposition temperature can reduce the amount
of impurities. However, 3.7+0.5 at% carbide contamination remained even when the deposition
temperature was increased to 400 °C. The O/Hf ratio was 1.66, indicating that the H>O content was
insufficient. This situation can likely be improved by extending the H>O dosing time. For comparison,
TEMAH and HfCl4 ALD were conducted using H>O as a co-reactant. At 300 °C, TEMAH generated
a HfO; film that included 3.4+0.4 at% carbon contamination because of thermal decomposition of
TEMAH. When HfCly was used, 1.2+0.5 at% carbon, 6.0+0.9 at% silicon, and <0.2 at% chlorine
impurities were detected in the film deposited at 380 °C. Therefore, Hf(dmap)4 + O3 ALD can be used
to deposit high-purity HfO> films at 400 °C.

Table 2 Composition of as-deposited hafhium oxide films grown on silicon using a different co-

reactant, as characterized by XPS.

Precursor Reactant Tgowm, °C Hf, at% O, at% C,at% N, at% Si,at% Cl, at% O/Hfratio

Hf(dmap)s O3 350 35.4+0.5 61.7+£0.5 2.4+0.7 <0.2 <0.4 <0.1 1.74
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Hf(dmap)s O3 375 37.4+0.3 60.8+0.6 <0.5 <0.5 <0.8 <0.1 1.63
Hf(dmap)s O3 400 37.2+0.2 62.8+0.4 <0.4 <0.1 <0.4 <0.1 1.69
Hf(dmap)s H,O 350 33.1+0.4 54.6+1.1 9.2+0.7 1.9+0.2 1.3+0.3 <0.1 1.65
Hf(dmap)s H,O 375 36.3£0.6 59.6+1.0 4.1+0.4 <0.2 <0.1 <0.1 1.64
Hf(dmap)s H>O 400 36.3£0.2 60.1+0.4 3.7+0.5 <0.1 <0.1 <0.1 1.66
TEMAH H,O 300 33.940.2 62.6+0.3 3.4+0.4 <0.3 <0.2 <0.1 1.85
HfCl4 H>O 380 32.2+40.4 60.4+0.8 1.2+0.5 <0.1 6.0+09 <0.2 1.88
1. Hf(dmap), + O; ALD at 350 °C 2. Hf(dmap), + O; ALD at 375 °C
100 100
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7. TEMAH + H,O ALD at 300 °C
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Fig. 4 XPS spectra of HfO; films made by Hf(dmap)s + O3 or H;O ALD and conventional precursors
TEMAH and HCl4 + H,O ALD corresponding to Table 2.

Figure 5 shows XRD patterns of HfO; films with a thickness of 20-30 nm, deposited from
Hf(dmap)s with O3z (a) or H>O (b) as a co-reactant at temperatures ranging from 350 to 400 °C.
Crystalline peaks were not observed in the patterns of the films deposited at 350 °C with either O3 or
H>O; thus, the films were amorphous. Impurities likely influence the crystallinity. Crystalline peaks
were observed in the patterns of films deposited at temperatures greater than 375 °C. The intensity of
these reflections increased with increasing deposition temperature. The diffraction peaks matched
those of monoclinic HfO, (JCPDS card No. 34-104). At deposition temperatures greater than 375 °C,

crystalline HfO, films can be deposited using Hf(dmap)s and either co-reactant, without post-

annealing.
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Fig. 5 XRD patterns of HfO, films with thicknesses of 20-30 nm, deposited onto silicon using
Hf(dmap)4 + O3 (a) or H>O (b) as a co-reactant. The HfO, films’ thicknesses were 18.2 (a, 350 °C),
31.4 (a, 375 °C), 33.9 (a, 400 °C), 19.9 (b, 350 °C), 26.8 (b, 375 °C), and 33.8 nm (b, 400 °C).

Table 3 shows the rms roughness values and HfO; film thicknesses obtained by AFM and
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FE-SEM measurements. The corresponded AFM and FE-SEM images are displayed in Figure 6 and
7. For the films deposited at 350 °C, the O3 and H>O films exhibited low rms roughness values of
0.38+0.03 nm (O3) and 0.30+0.03 nm (H20). An amorphous HfO, film was deposited at 350 °C; thus,
a very smooth HfO; film was grown. At deposition temperatures greater than 375 °C, the rms values
increased to 1.37+0.07 nm (O3, 375 °C), 1.59+0.08 nm (O3, 400 °C), 0.90+0.05 nm (H20, 375 °C),
and 1.11£0.06 nm (H2O, 400 °C) because of crystallization of the HfO, films. To reduce film
contamination, higher deposition temperatures are necessary. However, a deposition temperature
greater than 375 °C led to a HfO, film having a rough surface because of crystallization. We therefore
investigated thinner film surfaces to restrain grain growth. HfO; films with a thickness of ~10 nm were
deposited at each deposition temperature of 350, 375, and 400 °C using O3 as a co-reactant. The rms
values were 0.20+0.03, 0.17+0.03, and 0.19+0.03 nm, respectively. These films exhibited very smooth
surfaces, and their XRD patterns did not show diffraction peaks. Therefore, these HfO> films were

amorphous.

Table 3 Rms roughness values and thicknesses of HfO> films.

Co-reactant Tgrowth, °C Thickness of HfO,, nm rms, nm

O3 350 18.2+1.2 0.38+0.03
0; 375 31.4+0.4 1.37+0.07
O3 400 33.9+1.7 1.59+0.08
0s 350 10.5+0.5 0.20+0.03
O3 375 10.4+0.5 0.17+£0.03
0; 400 10.6+0.5 0.19+0.03
H>O 350 19.9+1.0 0.30+0.03
H>O 375 26.8+1.3 0.90+0.05
H,O 400 33.8+1.7 1.11£0.06
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Fig. 6 AFM images of HfO; films made by Hf(dmap)4+ + O3 or H.O ALD.
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Fig. 7 FE-SEM images of HfO> films made by Hf(dmap)4 + O3 or H,O ALD.

Electric characterization of HfO, films deposited by Hf(dmap)4 precursor
with 03
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Figure 8 (a) shows C—V curves for the Pt/HfO,/p-Si MIS capacitors before and after the
capacitors were annealed at 600 °C for 1 min. The area of the top Pt electrode was 0.0154 mm?, and
the thickness and deposition temperature for the HfO» layer were 10.5 nm and 350 °C, respectively.
When a negative bias was applied, the capacitance values of both of the MIS capacitors were 0.26 nF.
The results indicate that the dielectric constant of the HfO, layers was ~19.4, which is similar to the
previously reported value ~21.4 (TEMAH). 25 However, when a positive bias was applied to the MIS
capacitors, the capacitance values substantially decreased because of the formation of a depletion layer
in the p-Si. A counterclockwise hysteresis was observed in the C—V curves, likely because holes were
trapped at the interface between the HfO, and the p-Si, resulting in a shift of the flatband voltage due
to the screening of the electric field. The hysteresis of the MIS capacitor was narrowed when the device
was annealed at 600 °C for 1 min.

Figure 8 (b) shows the leakage current density versus electric field curves for the Pt/HfO./p-
Si MIS capacitor. The leakage current density at 1 MV/cm and breakdown electric field were
approximately 1.7 x 1077 A/cm? and 6.4 MV/cm, respectively. These values are similar to or better
than those previously reported for MIS capacitors fabricated using a HfO, layer prepared from solid
or heteroleptic ALD precursors. 1315 20: 23,25 The leakage current density of the MIS capacitor at 1
MV/cm was 1.2 x 1077 A/cm? and did not substantially change upon annealing at 600 °C for 1 min.
Thus, these results indicate that a HfO, layer with high electronic performance could be attained even

when a liquid homoleptic ALD precursor [Hf(dmap)4] was used.
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Fig. 8 Electric characterization of as deposited (solid line) and annealed (dashed line) HfO> films (a)
C—V curves of the Pt/HfO»/p-Si MIS capacitor at a frequency of 100 kHz. The HfO, film deposition
temperature was at 350 °C. The MIS structure was Pt/HfO, (10.5 nm)/p-type Si/Pt. The post-annealing
was conducted at 600 °C for 1 min. (b) I~V curves of the Pt/HfO./p-Si MIS capacitors before and after
annealing at 600 °C for 1 min. The thickness and deposition temperature of the HfO, layer were 10

nm and 350 °C, respectively.
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SUMMARY AND CONCLUSIONS

We evaluated a newly developed hafnium precursor, Hf(dmap)s, which is a liquid at room
temperature and exhibits thermal stability to temperatures as high as 400 °C. These properties are a
great advantage of Hf(dmap)s compared with amide-type precursors such as TDMAH and TEMAH.
Hf(dmap)4 exhibits greater volatility (1.0 Torr at 153 °C) than HfCls. Even though Hf(dmap)4 exhibits
high thermal stability, there is no chlorine atom in the molecule. Thus, unlike HfCls, Hf(dmap)4 does
not generate corrosive byproducts or chlorine contaminants in the resultant film. Hf(dmap)s has a one
type of ligand in the molecule. Thus, a reduction of manufacturing costs is expected compared with
those associated with heteroleptic-structured precursors because additional chemical synthesis
manufacturing steps are usually necessary to make heteroleptic-structured compounds.

We demonstrated ALD of HfO, films using Hf(dmap)s+ with O3 or H>O as a co-reactant. The
ALD window was estimated to range from 300 to 375 °C. Thermal decomposition of Hf(dmap)4 was
observed at 400 °C on Si substrates by pyrolysis tests. The film growth rate was at 0.46 A/cycle (O3)
and 0.37 A/cycle (H20) at 375 °C. XPS analysis showed that a high-purity HfO, film was deposited
at temperatures greater than 375 °C when O3 was used as a co-reactant. The H,O co-reactant resulted
in a small amount of carbon contamination in the film. The HfO, film with a thickness of ~30 nm was
crystalized at deposition temperature greater than 375 °C without a post-annealing process. A thinner
HfO, film with a thickness of ~10 nm thickness exhibited a very smooth surface irrespective of the
deposition temperature. A HfO, layer with high electronic performance could be deposited at 350 °C
using O3 co-reactant even when a liquid ALD precursor [Hf(dmap)s] was used. Thus, these data
indicate that there is still room for improvement of the electronic performance deposited by Hf(dmap)4
greater than 375 °C. We deduce that these film properties were achieved by high temperature ALD
realized by excellent thermal stability of Hf(dmap)s. Therefore, we conclude that Hf(dmap)s is an
excellent candidate as a HfO, ALD precursor for use in the temperature range 300—400 °C.
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Chapter 4

Atomic Layer Deposition of ZrO, Films Using Novel Liquid Cl-Free
Zirconium Precursor Tetrakis(1-(N,N-dimethylamino)-2-
propoxy)zirconium, Zr(dmap)s

ABSTRACT

Atomic layer deposition (ALD) of ZrO; thin films were studied using a novel homoleptic zirconium
ALD precursor, tetrakis(1-(N,N-dimethylamino)-2-propoxy)zirconium [Zr(dmap)4]. This precursor is
a liquid at room temperature and was shown by differential scanning calorimetry (DSC) analysis to
exhibit high thermal stability at temperatures as high as 390 °C. Zr(dmap)4 is a volatile compound and
shows a clean thermogravimetry curve without decomposition or residue formation at 760 Torr. We
carried out ALD of ZrO; films using Zr(dmap)s as a precursor and O3 as an oxidant. The growth rate
of the ZrO» films was studied in the temperature range 300—400 °C. The film growth rate increased
from 0.18 to 0.53 A/cycle with increasing wafer temperature. This deposition behavior is usually
caused by thermal decomposition. To confirm the thermal decomposition of the precursor, the
saturation behavior of the growth rate was evaluated from 350 to 400 °C. The Zr(dmap)s supply time
was varied from 5 to 15 s, and a constant film growth rate as a result of ALD saturation was observed
in the temperature range 350-400 °C when the precursor supply time was 10 s or longer. This result
indicates that Zr(dmap)s was not decomposed and functioned as an ALD precursor at temperatures as
high as 400 °C. We speculate that the increase in the film growth rate with increasing deposition
temperature was likely caused by eliminated ligands. At lower deposition temperatures, eliminated
ligands might have inhibited the adsorption of precursor molecules. The inhibitory effect was
diminished with increasing wafer temperature because the ligands were desorbed from the substrate.

We concluded that Zr(dmap)s is a promising precursor for high-temperature ALD of ZrO> film.
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INTRODUCTION

Zirconium oxide (ZrOy) is as an attractive compound because of its high dielectric constant
(~25), wide bandgap energy (~5.8 e€V), high refractive index, and good chemical stability. -3 It has
been used in various industrial applications, including as a gate dielectric in complementary metal
oxide semiconductor (CMOS) devices and as a capacitor dielectric in dynamic random access memory
(DRAM) devices. 8 In addition, ZrO; is attracting attention as a ferroelectric and antiferroelectric
material for nonvolatile memory, pyroelectric energy harvesting, and electrocaloric cooling technology.
1 In general, ZrO, films are deposited by physical vapor deposition (PVD) or chemical vapor
deposition (CVD). % 1213 PVD and CVD are capable of high film growth rates, enabling films to be
deposited with high productivity. However, the step coverage is insufficient in principle, making the
deposition of thin conformal films on nanosized three-dimensional structures difficult. '* Hence,
atomic layer deposition (ALD) processes have been used to deposit ZrO> films that exhibit good
coverage and high purity and are free of pinholes. !> ¢ Therefore, the ALD technology for ZrO, film
deposition is critical; however, the commonly used ZrO, ALD precursors have some shortcomings.
Zirconium chloride (ZrCls) has high thermal stability and therefore enables ZrO; to be deposited over
wide temperature range when used as an ALD precursor. ' 17 However, ZrCls has chlorine atoms in
its molecular structure; it therefore generates corrosive byproducts and introduces chlorine
contaminants into the resultant film. In addition, it is a solid precursor that exhibits low volatility; thus,
ZrCls is difficult to use in industrial applications. Alkylamide-type precursors such as
tetrakis(dimethylamido)zirconium(IV) (TDMAZ) and tetrakis(ethylmethylamido)zirconium(IV)
(TEMAZ) are widely used for the ALD of ZrO; films because of their high volatility and high film
growth rate. 1322 However, TDMAZ and TEMAZ have low thermal stability, which makes them
difficult to use at temperatures greater than 300 °C. Cyclopentadienyl (Cp)-type heteroleptic
precursors tend to exhibit ALD behavior at high temperatures, and many such precursors have been
reported. 23?7 However, such heteroleptic structures require additional manufacturing steps for their
chemical synthesis. In addition, purification processes for mono-cyclopentadienyl precursors are
complicated because of synthesis byproducts such as metallocene compounds. Consequently, the
manufacturing cost of heteroleptic precursors is gradually rising compared with that of homoleptic
precursors. The development of new zirconium precursors that exhibit high thermal stability, a low
melting point, and a homoleptic structure is therefore needed.

We have sought novel ALD precursors that exhibit high thermal stability, a low melting
point, and a homoleptic molecular structure and have found a aminoalkoxide structure that satisfies
these requirements. The Hf aminoalkoxide precursor tetrakis(1-(V,N-dimethylamino)-2-
propoxy)hafnium [Hf(dmap)4] is a liquid at room temperature and has a ALD window corresponding
to 400 °C. ?® In this paper, we describe the thermal properties, ALD behavior, and ZrO> film growth

of conventional ALD precursors and a Zr aminoalkoxide precursor, tetrakis(1-(N,N-dimethylamino)-
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2-propoxy)zirconium [Zr(dmap)4] (Table 1).

Table 1 Composition of ALD precursors for zirconium oxide film.

Name ZrCl, TEMAZ CpZr(NMe;)s Cp.ZrMe, Zr(dmap),
Reference 16, 17 18 26 23 This work
Zr
Cl /
/ /
Structure Cl—Zr—cl ZrN @-Zr N 27 Q \N/
i \ \ N )\/ N
Cl 4 3 2 4
State Solid v" Liquid v Liquid v" Liquid v Liquid
Halide Cl v" None v' None v" None v" None
Ligand v" Homoleptic v" Homoleptic Heteroleptic Heteroleptic | v Homoleptic
Temperature | v' 250-500 °C <300 °C <300 °C v <350 °C v' 300-400 °C
EXPERIMENTAL

Volatility and thermal stability testing
Thermogravimetric analysis (TGA) of Zr(dmap)s+ was carried out at 10 Torr in an argon
glovebox using Rigaku ThermoPlus2 TG8120. The thermal decomposition temperature was measured

by differential scanning calorimetry (DSC) with a Bruker AXS DSC 3100.

ALD testing of the Zr(dmap)4 precursor with oxidants

ZrO; films were deposited in a cross-flow ALD reactor (NCD Lucida D100) using water or
O3 as a co-reactant. Prior to deposition, Si (100) substrates were cut to 25 mm x 25 mm and cleaned
in 0.5% HF solution for 1 min to remove the native oxide layer. The cleaned wafer was then dried with
N> gas and loaded into the ALD chamber immediately. Before the ALD process, the wafer was heated
for 30 min to stabilize its temperature. The Zr(dmap)s precursor was synthesized by the method
described in literature and provided by ADEKA [Product name: ADEKA ORCERA Zr(dmap)s].?° The
Zr(dmap)4 precursor was added to a stainless steel canister and heated at 150 °C. The precursor supply
method was vapor drawing using Ar carrier gas at 50 sccm. The chamber pressure was controlled at
~0.20 Torr by Ar process gas. The ALD cycles were performed in the following sequence. O3 ALD:
Zr(dmap)4 (supply time: 5-15 s)/Ar purge (15 s)/O3 (10 s)/Ar purge (15 s). H O ALD: Zr(dmap)s
(supply time: 515 s)/Ar purge (15 s)/H20 (0.1 s)/Ar purge (45 s).

Characterization of deposited ZrO, films

Zirconium deposition was measured by X-ray fluorescence (XRF) analysis with a Rigaku
ZSX Primus IVi. The stoichiometry and elemental bonding states in the films were characterized by
X-ray photoelectron spectroscopy (XPS) using a Thermo Fisher Scientific K-Alpha. The film

morphology and the thickness were evaluated by field-emission scanning electron microscopy (FE-
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SEM) and atomic force microscopy (AFM) conducted on a Hitachi High-Tech S-4800 and a Bruker
Multimode 8, respectively. The crystallinity was investigated by X-ray diffraction (XRD) analysis
using a Rigaku Ultima IV.

Electric characterization of ZrO; films

The electric properties of the obtained ZrO» films were evaluated by preparing metal—
insulator—semiconductor (MIS) structures of Pt/ZrO./p-Si. The deposition temperature of the ZrO,
layer was 350 °C. The Pt electrodes were deposited onto the ZrO» films through a shadow mask at
room temperature by DC magnetron sputtering using a Sanyu Electron SC-701MC. The thicknesses
of the Pt electrode and p-Si substrate were 100 nm and 0.5 mm, respectively. Capacitance—voltage (C—
V) curves for the MIS structure were acquired using a precision LCR meter (Agilent, 4980A). The
current—voltage (I-V) curves were also acquired (Keithley, Sourcemeter 2450).

The antiferroelectric properties of the ZrO; films were evaluated using MIM structures of
TiN/ZrO,/TiN/p-Si. The deposition temperature of the ZrO; layer was 340 °C. The TiN top electrodes
were deposited onto the ZrO» films through a shadow mask at room temperature by DC magnetron
sputtering using a Shibaura Mechatronics Corporation CFS-4EP-LL. The thicknesses of the TiN top
and bottom electrode and the p-Si substrate were 100 nm, 50 nm, and 0.5 mm, respectively. The
ferroelectric properties were measured using a ferroelectric tester (Radiant, Multiferroic I1). ZrO, films
were annealed in vacuum at 600 °C under Ar flow for 1 min using an infrared-lamp heating system

(ADVANCE RIKO, RTP-6).

RESULTS AND DISCUSSION
Volatility and thermal stability of the Zr(dmap)4 precursor

Figure 1(a) shows the TGA curves of the Zr(dmap)s precursor and the conventional
precursors TEMAZ and CpZr(NMeEt);. The TG curve of Zr(dmap)s shows a clean single-step,
without decomposition or residue formation at 760 Torr. The 50% volatile temperature (TG1/2) which
indicates the volatility of the ALD precursors was 250 °C. Compared with the TEMAZ and
CpZr(NMeEt)s, the Zr(dmap)s showed lower volatility because of its bulky ligand structure. The vapor
pressure of the Zr(dmap)s was 1.0 Torr at 153 °C. Figure 1(b) shows the DSC thermograms of the
Zr(dmap)s and the conventional precursors TEMAZ and CpZr(NMeEt)s;. Zr(dmap)s is a liquid
precursor at room temperature; thus, no peaks appeared in its thermogram in the temperature range
from room temperature to its thermal decomposition temperature. The thermal decomposition peak of
Zr(dmap)s was observed >390.0 °C. By contrast, the thermal decomposition peaks of the TEMAZ and
CpZr(NMeEt); precursors were confirmed to appear at >248.8 °C and >283.7 °C, respectively. These
data indicate that Zr(dmap)s exhibits greater thermal stability than TEMAZ and CpZr(NMeEt)3 and
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can therefore be used in ALD processes at temperatures greater than 300 °C.
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Fig. 1 Volatility and thermal stability of the Zr(dmap)4 precursor and two conventional Zr precursors:

(a) thermogravimetric analysis (TGA) curves and (b) differential scanning calorimetry (DSC)

thermograms.

ALD testing of the Zr(dmap)4 precursor

The optimal dosing time was evaluated to study its effect on the growth rate using Zr(dmap)4

with O3 as a co-reactant. The Zr(dmap)s dosing time was varied at temperatures ranging from 350 to

400 °C. Figure 2(a) shows the thickness per cycle as a function of the Zr(dmap)s dose. A constant film
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growth rate was observed in the temperature range 350-375 °C. This observation indicates that the Zr
precursor half-reaction reached a self-limiting state when the precursor was supplied for more than 5
s. The film growth rate increased as the Zr(dmap)s dosing time was increased from 5 to 10 s at 400 °C.
The Zr(dmap)s growth rate became saturated when the precursor dosing time was longer than 10 s.
The difference in saturation times at different temperatures is attributed mainly to the Zr(dmap)s
precursor being adsorbed onto the substrate at lower temperatures but also being dissociated from
substrate at higher temperatures. As a result, the saturation time increased at higher temperatures. The
saturated growth rate was 0.31, 0.40, and 0.53 A/cycle at 350, 375, and 400 °C, respectively. The film
growth rate of TEMAZ has been reported to be 0.96 A/cycle at 250 °C, and that of CpZr(NMeEt); has
been reported to be 0.9 A/cycle at 300 °C.?7-2° The Zr(dmap)4 precursor exhibits a lower film growth
rate than TEMAZ and CpZr(NMeEt); but enables ALD at temperatures greater than 350 °C.

Figure 2(b) shows the deposition-temperature dependence of the growth rate of ZrO, films
during the Zr(dmap)s + O3z ALD test. The film growth rate increased slightly as the deposition
temperature was increased from 300 to 400 °C. Precursor saturation was confirmed in a test of the
Zr(dmap)4+ dosing time; this result therefore indicates that the saturated growth rate of Zr(dmap)s
changed with the deposition temperature. To confirm the thermal decomposition temperature of the
Zr(dmap)4 on the substrate during the ALD process, a pyrolysis test was carried out without a co-
reactant. In the pyrolysis test using the ALD chamber, Zr(dmap)s vapor was supplied for 1000 s, which
is the same dosing time as the ALD test condition (10 s for 100 times, or 1000 s in total). Film growth
was not observed during the pyrolysis test from 300 to 350 °C, indicating that Zr(dmap)s was not
decomposed in this temperature range. At temperatures greater than 375 °C, film decomposition
started in the absence of a co-reactant, indicating that Zr(dmap)4 on the substrate was decomposed by
thermal energy; a Zr-containing oxide film was consequently detected. However, an ALD precursor
was not heated for 1000 s in the actual ALD sequence because of the co-reactant dose; we therefore
considered that thermal decomposition at temperatures greater than 375 °C did not substantially affect
the ALD behavior.

Figure 2(c) shows the film grown rate as a function of the ALD cycle number. The film
thickness was measured by X-ray reflectivity (XRR). The thickness increased linearly with increasing
number of ALD cycles at 350, 375, and 400 °C, indicating that the film grew at a constant rate; that is,
Zr(dmap)4 exhibits excellent thickness control characteristics. The results verified saturation behavior
and a linear dependence of the growth rate on the number of cycles. We therefore conclude that

Zr(dmap)s4 showed ALD-type growth behavior.
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Fig. 2 ALD behavior of the Zr(dmap)4 precursor using O3 as a co-reactant. (a) Growth rate as a function
of the Zr(dmap)s supply time at substrate temperatures of 350, 375, and 400 °C. (b) Temperature
dependence of the growth rate of Zr(dmap)4 films and a pyrolysis test. (c) Film thickness as a function

of the number of ALD cycles at 350, 375, and 400 °C.

Characterization of ZrO; films deposited using the Zr(dmap)4 precursor with
O; or water

The film purity in terms of stoichiometry and atomic-scale contamination levels were
measured using XPS. Table 2 shows the composition of as-deposited ZrO, films deposited onto the Si
substrate at 350, 375, and 400 °C using O3 or H>O as a co-reactant. The corresponded XPS depth
profiles and high-resolution spectra are displayed in Figure 3. Impurities were not detected in the film
deposited using O3 as a co-reactant. The film deposited at 350 °C using H>O as a co-reactant contained
3.9 at% carbon and carbide as impurities. This carbon contamination was reduced with increasing
deposition temperature, although the carbide content in the film remained at 2.4 at%. The carbide
content could likely be reduced by extending the H,O dosing time. The O/Zr ratio was similar to the
ideal O/Zr composition, indicating that Zr(dmap)s+ exhibits high reactivity even though it contains a

bulky ligand; thus, the oxidation reaction on the substrate proceeded completely, especially for O3
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ALD.

Table 2 Composition of zirconium oxide films grown on Si using Zr(dmap)4 with different co-reactants,

as measured by XPS.
Co-reactant Tgowm, °C Zr, at% O, at% C,at% N, at% Si, at% O/Zr ratio
(O 350 323 66.4 0.0 0.0 13 2.06
(OF 375 338 65.7 0.0 0.0 0.5 1.94
(OF 400 331 66.9 0.0 0.0 0.0 2.02
H;O 350 31.5 63.7 39 0.0 0.9 2.02
H.0 400 32.5 65.1 2.4 0.0 0.0 2.00
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Fig. 3 XPS spectra of ZrO; films made by Zr(dmap)s + O3 or H2O ALD corresponding to Table 2.

Figure 4 shows XRD patterns of 12.5-26.1 nm-thick ZrO; films deposited from Zr(dmap)4
using O3 (a) or H2O (b) as a co-reactant at temperatures ranging from 350 to 400 °C. Peaks were
observed in the patterns of all the samples, indicating that the films were crystalline. The intensity of
these reflections increased with increasing deposition temperature. The diffraction peaks matched
those of the ZrO» tetragonal phase (JCPDS card no. 80-0965). The commonly observed monoclinic
phase was not detected in studies where conventional precursors were used. '>27 Our results show that
crystalline ZrO» films can be deposited using Zr(dmap)s and either co-reactant at temperatures greater

than 350 °C, without a post-annealing process.
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Fig. 4 XRD patterns of 12.5-26.1 nm-thick ZrO, films deposited onto Si using Zr(dmap)s and (a) O3
or (b) H2O as a co-reactant. The thicknesses of the ZrO; films were 12.5 nm (a, 350 °C), 17.2 nm (a,
375 °C), 21.1 nm (a, 400 °C), 15.5 nm (b, 350 °C), and 26.1 nm (b, 400 °C).

Table 3 shows the thicknesses and the rms roughness values of the ZrO> films, as measured

by FE-SEM and AFM, respectively. The corresponded FE-SEM and AFM images are displayed in
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Figure 5 and 6. For the films deposited at 350 °C, both the film deposited with O3 as a co-reactant and
that deposited with H>O as a co-reactant show low rms values of 0.63 and 0.50 nm, respectively. When
the deposition temperature was increased, the rms values slightly increased to 0.94 nm (O3, 375 °C),
1.36 nm (O3, 400 °C), and 0.71 nm (H»0, 400 °C) because of crystallization of the ZrO, films. These
results indicate that smooth ZrO, films can be prepared using Zr(dmap)4 at temperatures greater than

350 °C.

Table 3 The rms roughness values and thicknesses of the ZrO; films, as determined by AFM and FE-
SEM.

Co-reactant Taowm, °C Thickness of ZrOz, nm rms, nm
0O; 350 12.5 0.63
03 375 17.2 0.94
0O; 400 21.1 1.36
H:O 350 15.5 0.50
H:O 400 26.1 0.71

" 0;,350 °C 0;, 375 °C

Thk.: 12.5'nm
Rms: 0.63 nm

5.0kV 2.1mm x130k SE(U)

Thk.:17.2 nm Thk.::21:1 nm
Rms: 0.94 nm

2.2mm x130k SE(U)

H,0, 350 °C

S ol

Thk:: 261 nm
Rms: 0:71 nm

kV 2.1mm x130k SE(U

Thk.:15.5 nm

Fig. 5 FE-SEM images of ZrO, films made by Zr(dmap)s + O3 or HO ALD corresponding to Table
3.
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Fig. 6 AFM images of ZrO; films made by Zr(dmap)s + O3 or HO ALD corresponding to Table 3.

Electric characterization of ZrO, films deposited using the Zr(dmap),
precursor with O3

Figure 7(a) shows capacitance—voltage (C—V) curves for the Pt/ZrO./p-Si MIS capacitors.
The size of top Pt electrode was 0.0154 mm?, and the thickness and deposition temperature for the
ZrO; layer were 10.5 nm and 350 °C, respectively. When a negative bias was applied, the capacitance
value of the MIS capacitor became 0.32 nF. From this result, the dielectric constant of the ZrO, layers
was roughly evaluated to be 23.6, which is similar to previously reported values ~26 (TEMAZ). 2! 2°
However, when a positive bias was applied to the MIS capacitors, the capacitance values decreased
substantially because of the formation of a depletion layer in the p-Si. A counterclockwise hysteresis
was observed in the C—V curves. This behavior is likely attributable to holes being trapped at the
interface between the ZrO, and p-Si, resulting in a shift of the flat-band voltage because of the
screening of the electric field.

Figure 7(b) shows the leakage current density versus electric field curves for the Pt/ZrO,/p-
Si MIS capacitor. The leakage current density at =1 MV/cm and the breakdown electric field were
approximately 5.2x1077 A/cm? and 5.2 MV/cm, respectively. These values are comparable to or better
than those of previously reported MIS capacitors fabricated using ZrO» layers prepared from
conventional ALD precursors, including solid or heteroleptic ALD precursors. 7212329 Thus, these
results indicate that a ZrO, layer with high electronic performance can be attained even when a liquid

homoleptic ALD precursor such as Zr(dmap)s is used.
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Fig. 7 Electric characterization of ZrO, films deposited at 350 °C. (a) C—V curves of a Pt/ZrO./p-Si
MIS capacitor at a frequency of 100 kHz. (b) I-V curves of a Pt/HfO»/p-Si MIS capacitor.

Figure 8 shows P—FE curves for the TiN/ ZrO»/TiN/p-Si MIM capacitors after the capacitors
were annealed at 600 °C for 1 min. The area of the top TiN electrode was 0.015 mm?, and the thickness
and deposition temperature for the ZrO; layer were 12.1 nm and 340 °C. A ZrO, film was deposited
at 340 °C using Zr(dmap)s with O3 as a co-reactant. The P—E curves of the ZrO> film exhibited double
loops and showed a small 2P; value of 6.0 pC/cm?, indicating that the film exhibited an
antiferroelectric nature which is similar to previously reported. ° These results show that the
antiferroelectric ZrO; films can be easily fabricated even when a liquid homoleptic ALD precursor

such as Zr(dmap)s is used.
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Fig. 8 Polarization versus electric field (P—E) curves for the ZrO; film.

SUMMARY AND CONCLUSIONS

We evaluated the newly developed zirconium precursor Zr(dmap)s, which is a liquid at room

temperature and exhibits high thermal stability at temperatures of nearly 400 °C. This thermal stability
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is a great advantage of Zr(dmap)s over amide-type precursors such as TEMAZ and CpZr(DMA);.
Compared with ZrCls, Zr(dmap)s exhibits greater volatility (1.0 Torr at 153 °C). Even though
Zr(dmap)s exhibits high thermal stability, it does not contain chlorine in its molecular structure,
thereby avoiding the generation of corrosive byproducts and chlorine contaminants in the film, unlike
ZrCly. Zr(dmap)s has a homoleptic structure. Thus, it is expected to be less expensive to manufacture
than heteroleptic precursors because heteroleptic precursors generally require additional
manufacturing steps for their chemical synthesis.

We demonstrated ALD of ZrO; films using Zr(dmap)s with O3 or H>O as a co-reactant. The
ALD window was estimated to range from 300 to 400 °C. The film growth rate when O3 was used as
a co-reactant was 0.31, 0.40, and 0.53 A/cycle at 350, 375, and 400 °C, respectively. XPS analysis
showed that high-purity ZrO, films could be deposited at temperatures greater than 350 °C when O3
was used as a co-reactant. The use of H,O as a co-reactant led to a small amount of carbon
contamination in the resultant film. The ZrO; films deposited at all of the investigated temperatures
were crystallized without a post-annealing process and exhibited a smooth surface. A ZrO, layer with
high electronic performance and an antiferroelectric nature could be deposited at temperatures greater
than 340 °C using O3 coreactant. Thus, these data indicate that there is still room for improvement of
the electronic performance of ZrO; film deposited by Zr(dmap)s greater than 375 °C. We deduce that
these film properties were achieved by high-temperature ALD realized by the excellent thermal
stability of Zr(dmap)s. Therefore, we concluded that Zr(dmap) is a strong candidate as a ZrO> ALD
precursor for the temperature range 300—400 °C.
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Chapter 5

Atomic Layer Deposition of Hafnium-Zirconium-Oxide Films Using a
Novel Liquid Cocktail Precursor Containing Hf(dmap)s and Zr(dmap)4

ABSTRACT

Hafnium-oxide-based films are attracting attention for use in ferroelectric devices because
of their high compatibility with complementary metal-oxide semiconductor (COMS) processes and
excellent ferroelectricity compared with that of perovskite-based films, even when the hafnium-oxide-
based films are less than 10 nm thick. In particular, Hf,Zr1—xO> (HZO) thin films exhibit high remanent
polarization values. In this paper, atomic layer deposition (ALD) of HZO thin films was studied using
a novel liquid homoleptic cocktail precursor known as FER-1, which is composed of tetrakis(1-(N,N-
dimethylamino)-2-propoxy)hafnium [Hf(dmap)4] and tetrakis(1-(N,N-dimethylamino)-2-
propoxy)zirconium [Zr(dmap)s] in a 1:1 mol% mixture. Among conventional ALD precursors, ZrO-
precursors exhibit lower thermal stability than HfO, precursors; thus, the deposition temperature is
limited by the Zr precursor processing temperature (320 °C). Both Hf(dmap)s and Zr(dmap)4+ have
been shown by differential scanning calorimetry analysis to be stable at temperatures as high as 371 °C.
These compounds have a similar vapor pressure, similar ALD window, and excellent mixture stability.
FER-1 is a volatile compound that shows a very clean thermogravimetry curve without decomposition
or residue formation at 10 Torr. We carried out ALD of HZO films using FER-1 and O3 as an oxidant.
ALD saturation was studied in the temperature range 260—400 °C and was observed at 360 °C. The
film growth rate was 0.48 A/cycle. The concentrations of Hf and Zr in the films were measured by X-
ray photoelectron spectroscopic analysis and found to be 50:50 at%, which is the same as the Hf/Zr
concentration ratio in the precursor mixture. These results indicate that film concentration can be
controlled by manipulating the precursor concentration. Metal—insulator—metal TiN-HfO,—TiN
devices were fabricated to evaluate the ferroelectric properties of the HZO films deposited by ALD.
The remanent polarization value of the ALD film deposited at 340 °C was 36.9 uC/cm?. We concluded
that FER-1 is a promising precursor for high-temperature ALD.
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INTRODUCTION

Hafnium(1V) oxide (HfO) is an attractive compound for use in semiconductor devices
because of its high dielectric constant (~25), wide bandgap energy (~5.7 V), high refractive index,
and good chemical stability. 1 It has been used in various industrial applications, including as a gate
dielectric material in complementary metal oxide semiconductor (CMOS) devices and as a capacitor
dielectric material in dynamic random access memory devices. 4 In addition, hafnium-oxide-based
films are well suited for use in CMOS fabrication processes and exhibit excellent ferroelectricity
compared with perovskite-based films such as SrBi>Ta>Og (SBT) and Pb(Zr«Tii—x)O3 (PZT), even
when the hafnium oxide films are less than 10 nm thick. > ¢ In particular, HfxZr; xO2 (HZO) thin
films exhibit high remanent polarization values and have attracted attention for use in ferroelectric
devices such as ferroelectric random access memory, ferroelectric field-effect transistors, and

ferroelectric tunnel junctions. ™-°

In general, both HfO, and ZrO; films are deposited by physical vapor deposition (PVD) or
chemical vapor deposition (CVD). %12 PVD and CVD exhibit high film growth rates, enabling high
productivity. However, step coverage with PVD and CVD is insufficient in principle, which makes
the deposition of HfO, and ZrO; films onto nanosized three-dimensional structures difficult. 4
Hence, atomic layer deposition (ALD) processes have been used to deposit HfO2 and ZrO; films that
exhibit good coverage and high purity and are free of pinholes. ** To obtain high-quality HfO, and

ZrO; films, high-temperature processing is important to control the crystal phase of HfO, and ZrO..
16

As ALD precursors for ferroelectric HZO film, tetrakis(dimethylamido)hafnium(lV)
(TDMAH), tetrakis(dimethylamido)zirconium(lV) (TDMAZ),
tetrakis(ethylmethylamido)hafnium(IV) (TEMAH), tetrakis(ethylmethylamido)zirconium(I1V)
(TEMAZ), cyclopentadienyl tris(dimethylamino)hafnium (CpHf(NMey)s), and
tris(dimethylamino)zirconium (CpZr(NMey)s) have been widely investigated. - 1"-22 However,
amide-type precursors such as TDMAH, TDMAZ, TEMAH, and TEMAZ exhibit low thermal
stability and are therefore difficult to use at temperatures greater than 300 °C because of thermal
decomposition. 123 Cyclopentadienyl (Cp) amide-type precursors tend to exhibit ALD behavior at
higher temperatures than amide-type precursors. However, CpZr(NMey)s is less thermally stable
than CpHf(NMe,)s; thus, the HZO film deposition temperature is limited to the CpZr(NMez)s
limitation temperature. 2* Therefore, the maximum ALD temperature that can be used in conjunction
with CpHf(NMe2)s and CpZr(NMey)s is 320 °C. %1 22

Table 1 Composition of ALD precursors for HZO films.
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Name TEMAZ TEMAH CpZr(NMe,); CpHf(NMe,); Zr(dmap), Hf(dmap),
Reference 16 This study This study
- . R @ @ /Zr\ /Hf\
Structure M PN SRS | SR j\/ N j\/ N
[ | N N 4 4
Ligand type | v Homoleptic | v* Homoleptic Heteroleptic Heteroleptic | ¥ Homoleptic | ¥ Homoleptic
Temperature | <300 °C <300 °C <300 C v’ 250-350 °C | v 300-375 °C | v 300-375 °C

ALD generally comprises four steps: precursor dose, precursor purge, co-reactant dose, and
co-reactant purge (Fig. 1(a)). The most common method of producing a HZO film by ALD is the
supercycle process combined with binary ALD processes involving Hf and Zr precursors. An ALD
sequence of an eight-step ternary process is needed to deposit a homogeneous film using two
precursors (Fig. 1(b)), which increases the total processing time and, thus, the manufacturing cost of
HZO films. In addition, supplying two precursors requires two supply lines in the ALD tool. The ALD
tool thus becomes larger and more complicated, resulting in higher processing and maintenance costs

and more complex device operation.
Binary ALD process Ternary ALD process

(a) 1 cycle = 4 steps (b) 1 cycle = 8 steps
—-

. Precursor 1 J Precursor 1
. Co-reactant
Time . ._ Co-reactant

Time

Dose

. Precursor 2

Dose

—_
O
~

1 cycle = 4 steps
ey

. Precursor 1 & 2
. Co-reactant

Time

Dose

Fig. 1 Schematic of the ALD sequence: (a) the binary ALD process with one precursor and one co-
reactant; (b) the ternary ALD process with two precursors and one co-reactant; and (c) the binary ALD

process with a cocktail precursor and one co-reactant.

We have previously developed numerous Hf and Zr aminoalkoxide compounds and

identified good candidates for use as ALD precursors. 2> 2¢ The Hf aminoalkoxide precursor tetrakis(1-
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(N,N-dimethylamino)-2-propoxy)hafnium [Hf(dmap)4] and the Zr aminoalkoxide precursor tetrakis(1-
(N,N-dimethylamino)-2-propoxy)zirconium [Zr(dmap)s] are liquids at room temperature and have
been shown by differential scanning calorimetry (DSC) analysis to be stable at temperatures as high
as 371 °C or greater. 2’ In this paper, the ALD of HZO thin films was studied using a novel liquid
homoleptic cocktail precursor: a Hf(dmap)s and Zr(dmap)s 1:1 mol% mixture named FER-1. The
purpose of this study is to achieve high-temperature (>300 °C) ALD of a HZO film using a novel
cocktail precursor with high thermal stability and a binary ALD process to achieve greater productivity
and lower manufacturing costs. Similar thermal properties of the components and good mixture
stability are critical for a cocktail precursor. If ligands are eliminated by decomposition, the same
aminoalcohol-type byproduct will be generated because Hf(damp)4 and Zr(dmap), are homoleptic and
have the same ligands in their molecular structures. The Cp amide-type precursors are heteroleptic and
have both Cp and amide ligands in their molecular structures. When ligands are eliminated, Cp and
amide-type byproducts will be generated. These byproducts can lead to a disproportionation reaction
and Cp—Cp dimerization, 2® which is an exothermic reaction. Therefore, we believe that conventional

Cp amide-type precursors are not desirable for use in cocktail precursors.

EXPERIMENTAL
Volatility and thermal stability testing

Thermogravimetric analysis (TGA) of the cocktail precursor was carried out at 10 Torr in
an Ar-filled glovebox using a Rigaku ThermoPlus2 TG8120. The thermal decomposition temperature
was measured by differential scanning calorimetry (DSC; Bruker AXS DSC 3100). The 'H-NMR data
for the cocktail precursor were obtained using a JEOL ECA-400 spectrometer.

ALD testing of cocktail precursor with oxidants

HZO films were deposited using a cross-flow ALD reactor (SAMCO AD-230LP-H) with
O; as a co-reactant. Prior to deposition, Si(100) substrates were cut into 25 mm X 25 mm squares
and cleaned with 0.5% hydrofluoric acid (HF) solution for 1 min to remove the native oxide layer. The
cleaned wafer was then dried under N, gas and immediately loaded into the ALD chamber. Before the
ALD process, the wafer was heated for 30 min to stabilize its temperature. The cocktail precursor was
provided by ADEKA (ORCERA FER-1). The cocktail precursor was added to a stainless steel canister
and heated at 150 ° C. The precursor supply method was vapor drawing using Ar carrier gas at 50
sccm. The chamber pressure was maintained at ~0.20 Torr by control of the Ar process gas. The ALD
cycles were performed in the following sequence: O3 ALD: FER-1 (supply time: 5-30 s)/Ar purge (15
$)/O3 (10 s)/Ar purge (15 s). Several deposited HZO films were annealed in vacuum at 600 °C under
Ar flow for 1 min using an infrared-lamp heating system (ADVANCE RIKO, RTP-6).
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Characterization of deposited HZO films

The extent of Hf and Zr deposition was measured by X-ray fluorescence (XRF; Rigaku ZSX
Primus 1Vi). The stoichiometry and elemental bonding states in the films were studied by X-ray
photoelectron spectroscopy (XPS; Thermo Fisher Scientific K-Alpha). The film morphology and
thickness were evaluated by field-emission scanning electron microscopy (FE-SEM; Hitachi High-
Tech S-4800) and atomic force microscopy (AFM; Bruker Multimode 8), respectively. The
crystallinity was characterized by X-ray diffraction (XRD; Rigaku Ultima V).

Electric characterization of HZO films

The electric properties of the HZO films were evaluated using metal-insulator—
semiconductor (MIS) structures of Pt/HZO/p-Si. The thicknesses of the Pt electrode and p-Si substrate
were 100 nm and 0.5 mm, respectively. Capacitance—voltage (C—V) curves for the MIS structure were
recorded using a precision LCR meter (Agilent, 4980A). The current—voltage (/-V) curves were also
recorded (Keithley, Sourcemeter 2450).

The ferroelectric properties of the HZO films were evaluated using MIM structures of
TiN/HZO/TiN/p-Si. The thicknesses of the TiN top and bottom electrode and the p-Si substrate were
100 nm, 50 nm, and 0.5 mm, respectively. The ferroelectric properties were measured using a

ferroelectric tester (Radiant, Multiferroic II).

RESULTS AND DISCUSSION
Volatility and thermal stability of the cocktail precursor

Figure 1(a) shows the variation of the vapor pressure of the Hf(damp)s and Zr(dmap)s
precursors with temperature. The vapor pressure of the Hf(dmap)4 reached 1.0 Torr at 153 °C, and that
of the Zr(dmap)4 reached 1.0 Torr at 154 °C. This indicates that both precursors have the same vapor
pressure because both vapor pressure curves overlapped at around 153—-154 °C. When Hf(damp)4 and
Zr(dmap)4 are mixed, they can be volatized simultaneously because their vapor pressures are similar.
Figure 1(b) shows the TGA curves of Hf(dmap)4, Zr(dmap)s, and the cocktail precursor. The TGA
curves are clean, with a single step without decomposition or residue formation at 760 Torr. These
results indicate that no side reaction occurs as a result of mixing and heating the Hf(dmap)4 and

Zr(dmap)4 precursors. The 50% volatile temperature (TG1/2) was 249 °C at 760 Torr.
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Fig. 1 (a) Variation of the vapor pressure of Hf(dmap)s and Zr(dmap)s as a function of temperature.

(b) TGA curve of Hf(damp)s, Zr(dmap)s, and the cocktail precursor at 760 Torr.

Long-term thermal stability of the cocktail precursor

An ALD precursor is heated to a high temperature during the ALD process. Long-term
thermal stability at the vaporization temperature for more than a few months is critical for ALDs used
industrially, where long-life precursors enable films to be continuously produced without stopping the
production line. The TGA results indicate that Hf(dmap)s4, Zr(dmap)s, and the cocktail precursor
exhibit high thermal stability and high volatility. We therefore evaluated the long-term thermal stability
of the cocktail precursor as a novel compound. The cocktail precursor was placed in a stainless steel
canister and heated at the vaporization temperature (150 °C), which is the temperature at which it
vaporizes at 1 Torr, and then periodically characterized by TGA and "H-NMR. Figure 1(a) shows the
change in the TG residue of the cocktail precursor recorded during the long-term thermal stability test.
The TG residue was less than 1.0% until 8 weeks. At 12 weeks, the TG residue reached 1.4%,
indicating that thermal decomposition had started during the 12-week stability test at 150 °C. Figure
2(b) shows '"H-NMR spectra acquired during the long-term thermal stability test. The spectrum of the
cocktail precursor did not change before or after it was heated at 150 °C for 12 weeks. The extent of
thermal decomposition detected by TGA is very small; thus, the "TH-NMR spectra did not change
because of the detection limit of the NMR spectrometer. Therefore, the cocktail precursor was

confirmed to exhibit excellent long-term thermal stability for at least 12 weeks.
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Fig. 2 (a) TG residue change recorded during a long-term thermal stability test of the cocktail precursor
at 150 °C for 12 weeks. (b) '"H-NMR spectra of the cocktail precursor acquired during the long-term
thermal stability test at 150 °C for 12 weeks.

ALD testing of the cocktail precursor

An evaluation of the optimal dosing time was carried out to study its effect on the growth
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rate using the cocktail precursor with O3 as a co-reactant. The cocktail precursor dosing time was
varied at 360 °C. Figure 3(a) shows the thickness per cycle and the film density as functions of the
cocktail precursor dose. The film growth rate increased as the cocktail precursor dosing time was
increased from 5 to 10 s. The film density then decreased as the cocktail precursor dosing time was
increased from 5 to 10 s. The cocktail precursor growth rate and film density saturated when the Hf
precursor dosing time was longer than 10 s. The Hf precursor half-reaction reached a self-limited state.
The saturated growth rate and film density were 0.46 A/cycle and 7.45 g/cm?, respectively, at 360 °C.
The film densities of HfO, and ZrO, are 9.68 g/cm?® and 5.68 g/cm?, respectively. The density of the
HZO film was intermediate between those of the HfO, and ZrO films, indicating that the HZO film
had similar concentrations of Hf and Zr.

The O3 dosing time was also optimized. Figure 3(b) shows the Oz dosing time dependence
of the film growth rate and the film density at 360 °C. A constant growth rate was observed when the
dosing time was 300 ms or longer. Small variations in the growth rate were confirmed at shorter dosing
times because of incomplete oxidation of the metal precursor. Because carbon contamination
originating from the ligand was a concern in this range of short dosing times, a dosing time of at least
300 ms was considered necessary.

Figure 3(c) shows the temperature dependence of the growth rate in the cocktail precursor
+ O3 ALD test process. The film growth rate increased slightly as the deposition temperature was
increased from 300 to 360 °C. When the deposition temperature was increased to 400 °C, the film
growth rate increased because thermal decomposition began. However, the film density was almost
constant with increasing deposition temperature.

Figure 3(d) shows the film thickness as a function of the number of ALD cycles. The film
thickness, which was measured by X-ray reflectometry (XRR), increases linearly with increasing
number of ALD cycles at 360 °C. This result indicates that the film grew with a constant growth rate;
that is, the cocktail precursor exhibits excellent thickness-control characteristics. The linear
dependence and saturation behavior were verified, and we therefore concluded that the cocktail

precursor exhibited ALD-type growth behavior.
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Fig. 3 ALD behavior of the cocktail precursor when O3 is used as a co-reactant. (a) Growth rate and
density as a function of the cocktail precursor supply time at a substrate temperature of 360 °C. (b)
Growth rate and density as a function of the O3 supply time at a substrate temperature of 360 °C. (c)
Temperature dependence of the growth rate and density of the cocktail precursor. (d) Film thickness

as a function of the number of ALD cycles at 360 °C.

Characterization of HZO films deposited by the cocktail precursor with O3
as a co-reactant

The compositions of the films and the concentrations of impurities in the films were
measured by XPS analysis. Table 2 shows the composition of the as-deposited HZO films obtained at
each deposition temperature (340, 360, and 380 °C) when Os was used as a co-reactant. The
corresponded XPS depth profiles and high-resolution spectra are displayed in Figure 4. The film
deposited at 340 °C using O3 as a co-reactant contained 3.7 at% of carbide as an impurity. This carbide
contamination was reduced with increasing deposition temperature. At 380 °C, carbide was detected
at a concentration of 2.0 at% in the film. This situation can likely be improved by extending the O3
dosing time or increasing the Os partial pressure in the chamber. The Hf/Zr ratio was 1.00—1.05, which
is the same as the Hf/Zr ratio in the cocktail precursor. Thus, the Hf/Zr ratio in the film can be
controlled by manipulating the precursor Hf/Zr concentration. The crystal phase of HZO varies

depending on the Hf and Zr contents; the ferroelectric phase transition therefore depends on the Hf/Zr
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ratio. '® With the proposed cocktail precursor, a HZO film with a targeted composition can be stably

and easily deposited.

Table 2 Composition of as-deposited HZO films grown on silicon at different temperatures, as

characterized by XPS.
Tawown, °C  Hf, at% Zr, at% O, at% C, at% N, at% Hf/Zr ratio
340 18.0 18.0 60.3 3.7 0.0 1.00
360 174 17.1 63.0 2.5 0.0 1.02
380 18.7 17.8 61.5 2.0 0.0 1.05
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2. FER-1 + O3 ALD at 360 °C
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3. FER-1 + O;ALD at 380 °C
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Fig. 4 XPS spectra of HZO films made by FER-1 + O3 ALD corresponding to Table 2.

Figure 5 shows XRD patterns of HZO films with a thickness of 10 nm, deposited from the

cocktail with O3 as a co-reactant at temperatures ranging from 340 to 380 °C. Crystalline peaks are

observed in the patterns of the films deposited in this temperature range, and the intensity of these

reflections increased with increasing deposition temperature. The diffraction peaks at 26 = 30.5° match

the orthorhombic phase (111 orientation) and tetragonal phase (111 orientation) of the HZO films. At

deposition temperatures from 340 to 380 °C, crystalline HZO films can be deposited using the cocktail

precursor and O3 as a co-reactant, without post-annealing because of the high thermal stability of the

cocktail precursor.
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Fig. 5 XRD patterns of HZO films with thicknesses of 9.1 nm (340 °C), 10.6 nm (360 °C), and 10.0

nm (380 °C), deposited onto TiN using the cocktail precursor and O3 as a co-reactant.

Table 3 shows the root mean square (rms) roughness values and HZO film thicknesses
obtained from AFM measurements. The corresponded FE-SEM and AFM images are displayed in
Figure 6 and 7. The films deposited at 340 °C exhibited low rms roughness values of 0.36 nm. At
deposition temperatures greater than 360 °C, the rms values increased to 0.62 nm (360 °C) and 0.57
nm (380 °C) because of crystallization of the HZO films. These ~10 nm-thick films exhibited smooth

surfaces.

Table 3 Rms roughness values and thicknesses of HZO films.

Toowth, °C~ Thickness of HZO, nm rms, nm

340 9.1 0.36
360 10.6 0.62
380 10.0 0.57

0,, 340 °C Y B 05, 400 °C

Thk.: 9.1 nm Thk.: 10.6 nm Thk.: 10.0 nm
Rms: 0.36 nm Rms: 0.62 nm Rms: 0.57 nm

5.0kV 2.2mm x130k SE(U) Onm 5.0kV 2.1mm x130k SE(U) nm 5.0kV 2.1mm x130k SE(U)

Fig. 6 FE-SEM images of HZO films made by FER-1 + O3 ALD corresponding to Table 3.
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Fig. 7 AFM images of HZO films made by FER-1 + O3 ALD corresponding to Table 3.

Electric characterization of HZO films deposited using the cocktail precursor
with 03

Figure 8(a) shows C-V curves for the Pt/HZO/p-Si MIS capacitors before and after the
capacitors were annealed at 600 °C for 1 min. The area of the top Pt electrode was 0.0154 mm?, and
the thickness and deposition temperature for the HZO layer were 10.6 nm and 360 °C, respectively.

When a negative bias was applied, the capacitance value of both of the MIS capacitors was 0.28 nF.
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These results indicate that the dielectric constant of the HZO layers was ~20.8. However, when a
positive bias was applied to the MIS capacitors, the capacitance values substantially decreased because
of the formation of a depletion layer in the p-Si. A counterclockwise hysteresis was observed in the
C-V curves, likely because holes were trapped at the interface between the HZO and the p-Si, resulting
in a shift of the flatband voltage due to the screening of the electric field. The hysteresis of the MIS
capacitor was narrowed when the device was annealed at 600 °C for 1 min. When a negative bias was
applied, both of the MIS capacitors exhibited a capacitance value of 0.56 nF. The results show that the
dielectric constant of the HZO layers was ~40.9. This increase in the dielectric constant indicates that
the proportion of the tetragonal phase in the film increased as a result of thermal annealing.

Figure 8(b) shows the leakage current density versus electric field curves for the Pt/HZO/p-
Si MIS capacitors. The leakage current density at 1| MV/cm and the breakdown electric field were
approximately 3.6 x 1077 A/cm? and —7.4 MV/cm, respectively. These values are better than those
previously reported for MIS capacitors fabricated using a HZO layer prepared from amide ALD
precursors (4.8 x 1077 A/cm? and 6.4 MV/cm). * When the device was annealed at 600 °C for 1 min,
the leakage current density at 1 MV/cm (7.0 x 107> A/cm?) and breakdown electric field (=7.1 MV/cm)

became slightly worse because of crystallization.
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Fig. 8 Electric characterization of as-deposited (solid line) and annealed (dashed line) HZO films. (a)
C—V curves of the Pt/HZO/p-Si MIS capacitor at a frequency of 100 kHz. The HZO film deposition
temperature was 360 °C. The MIS structure was Pt/HZO (10.6 nm)/p-type Si/Pt. The post-annealing
was conducted at 600 °C for 1 min. (b) /-V curves of the Pt/HZO/p-Si MIS capacitors before and after
annealing at 600 °C for 1 min. The thickness and deposition temperature of the HZO layer were 10.6
nm and 360 °C, respectively.

Figure 9 shows P—E curves for the TiN/HZO/TiN/p-Si MIM capacitors after the capacitors
were annealed at 600 °C for 1 min. The area of the top TiN electrode was 0.015 mm?, and the thickness

and deposition temperature for the HZO layer were 10.6 nm and 340 °C, respectively.
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TiN/HfO»/TiN/p-Si and TiN/ZrO/TiN/p-Si MIM capacitors were also fabricated for comparison using
Hf(dmap)s and Zr(dmap), respectively. A HZO film was deposited at 340 °C using Hf(dmap)s and
Zr(dmap)s with O3 as a co-reactant. The P—E curves of the HZO film exhibited typical ferroelectric
hysteresis loops with symmetrical switching characteristics, and the film showed a large remanent
polarization (2P;) of 36.9 uC/cm?. However, the HfO: film exhibited paraelectric behavior. Meanwhile,
the ZrO, film exhibited double loops and showed a small 2P, value of 6.0 uC/cm?, indicating that the
film exhibited an antiferroelectric nature. These results show that the ferroelectric HZO films can be
easily fabricated using a simple cocktail precursor consisting of a mixture of Hf(dmap)s and Zr(dmap)a.
In addition, the ferroelectric properties can be tuned by varying the Hf(dmap)4-to-Zr(dmap)s ratio in

the cocktail precursor, which is highly advantageous for manufacturing processes.
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Fig. 9 Polarization versus electric field (P—E) curves for the HfO,, ZrO,, and HZO films.

SUMMARY AND CONCLUSIONS

We evaluated a newly developed Hf(dmap)4 and Zr(dmap)s cocktail precursor that is a liquid
at room temperature and exhibits excellent thermal stability. This cocktail precursor also exhibits
excellent mixture stability, with a vaporization temperature of 150 °C. Thus, the binary ALD process
can be used to make homogeneous HZO films. We demonstrated ALD of HZO films using Os as a co-
reactant. The ALD window was estimated to range from 300 to 360 °C. The saturated growth rate and
film density were 0.46 A/cycle and 7.45 g/cm?, respectively, at 360 °C. XPS analysis showed that a
HZO film was deposited and that the Hf/Zr ratio was 1.00—1.05. This ratio is the same as the Hf/Zr
concentration ratio in the cocktail precursor, indicating that the Hf/Zr ratio in the film can be controlled
via the precursor Hf/Zr concentration ratio. Crystalline peaks were observed in the XRD patterns of
the deposited HZO films and matched the orthorhombic phase (111 orientation) and tetragonal phase
(111 orientation). MIM TiN-HZO-TiN devices were fabricated to evaluate the ferroelectric properties
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of the HZO films. The remanent polarization 2P; reached 36.9 pC/cm?. Therefore, we conclude that
the proposed Hf(dmap)s and Zr(dmap)s cocktail precursor is an excellent candidate as a HZO ALD

precursor for use at temperatures greater than 300 °C.
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Chapter 6

SUMMARY AND FUTURE WORKS

The purpose of this study is to evaluate the ALD processes, film characteristics, and electric
properties of films prepared via novel liquid ALD precursors for industrial use. We have investigated
and demonstrated Y(sBuCp)s, Hf(dmap)s, Zr(dmap)s, and FER-1 precursors. The use of a novel
precursor having industrially preferred properties can improve ALD processes compared with
conventional precursor processes. In particular, this paper dealt with novel liquid ALD precursors that
have a homoleptic structure for the ALD of high-K films such as Y>03, HfO,, ZrO», and HfiZr;-<O>
(HZO). We expect that the challenges of process optimization and expression of preferred film
characteristics based on improving the properties of an ALD precursor through chemical modification
are also applicable for other films. In particular, aminoalkoxide-type ALD precursors exhibited
excellent ALD behavior. The ALD precursor market is expected to grow substantially, heightening the
need for higher-performance ALD precursors for device fabrication. We will continue to work to

develop novel ALD precursors with industrially preferred properties.
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