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Abstract

This work summarizes preparation of replacement materials for silicon dioxide in
microelectronic applications such as the gate insulator in transistors and the insulating
layer in the capacitor of memory elements. Hafnium and zirconium oxides are leading
candidates for this application. Atomic layer deposition (ALD) was the method used to
prepare thin films of several dielectric materials including hafnium and zirconium oxide.
In the atomic layer deposition process, highly uniform and conformal coatings are made
by the alternating exposures of a surface to vapors of two reactants. Reactors were
constructed for testing potential precursors and deposition processes. Several methods of

precursor volatilization and delivery into the reactor were studied and optimized.

Using metal alkyl amide precursors and water, films of pure hafnium and zirconium
oxide were prepared and characterized. The reactivity of these precursors was
investigated using a quartz crystal mass balance, which gave insight into the deposition
mechanism, the precursor’s vapor pressure, and the minimum exposure required for
surface saturation. Thin tantalum and aluminum oxide films were also prepared from

metal amide precursors.




A theoretical model was constructed which related the observed surface roughness of the
hafnium and zirconium oxide films at high deposition temperatures to the _ﬁlm
crystallinity. This model correctly predicted alloying tantalum or aluminum oxide with
the hafnium or zirconium oxide would inhibit the film’s crystallinity and thus produce
smoother films. A theoretical model was also constructed for producing highly
conformal films using reactive precursors such as metal amides. This model correctly
predicted the minimum exposure that was required to produce completely conformal

films over both flat surfaces and deep trenches or holes.

Silicates of both hafnium and zirconium oxides were prepared by substituting a silanol
precursor molecule for the water used to prepare the previously mentioned metal oxides.
These films showed higher than expected growth rates. When this silanol precursor was
used with an aluminum amide precursor a growth rate over thirty times higher than the
highest previously observed ALD growth rate was observed. A catalytic polymerization

mechanism was proposed to explain this unusual result.
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Introduction

1.1 Replacements for Thin Film Silicon Dioxide: High-k Dielectrics

Microprocessors are ubiquitous in microelectronics and they are the heart of the modemn
personal computer. Microprocessors rely on transistors as the basic building blocl.c for
the logic functions that they are programmed to execute. Higher transistor density from
continued minialurizétion has been the method used to achieve greater speed and
performance from the microprocessor. In 1972, Intel Corporation introduced the 8008
microprocessor, which contained 2,500 transistors. In 1985, the 386 processor was
released with just over 250,000 transistors and in 2000, Intel introduced the Pentium IV
processor with over 25,000,000 transistors. This trend of doubling microprocessor
transistor density every year or two for the past 30 years was first noticed by Dr. Gordon

Moore one of the founders of Intel, and has been called “Moore’s Law".!
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Fig. 1-1: Graphical Illustration of Moore’s Law

This increase in transistor density in integrated circuits has been made possible by the
continual reduction of the dimensions of the different structures used to fabricate
integrated circuits. Current microprocessors use metal oxide semiconductor field effect
transistors (MOSFETs) with their smallest dimension the thickness of the gate insulator
(shown in Fig. 1-2). The gate insulator (or gate oxide) electrically separates the
controlling electrode (the gate) from the controlled current flowing between the source
and drain in the silicon (see Fig. 1-2). Reduction of the gate oxide thickness results in an
increase in the gate oxide capacitance. For the parallel plate capacitor (reasonable
approximation of the architecture of the gate insulator) the capacitance (C), increases

with a decrease in thickness (t):

Czl(-s:—A- (1-1)




where k is the dielectric constant, A is the area of the capacitor, and &, is the permittivity
of free space. Since the drive current (rate of electron transport between the drain and the
source) is dependent on the capacitance of the gate oxide layer, a decrease in gate oxide

thickness allows for faster electron transport through the transistor.

Gate
Gate Oxide

Source Drain

Silicon Substrate

Fig. 1-2: Physical Representation and Circuit Characterization of the Gate Oxide in a

metal oxide field effect transistor (MOSFET)

The gate insulator has always been made from silicon dioxide, which in the most
advanced devices has been reduced to a thickness of only about 1.5 nm (nanometers), or
about 4 atomic layers of silicon and oxygen. Further reduction of this thickness would
allow current to leak through the silicon dioxide insulator in unacceptably large amounts,
by quantum-mechanical tunneling.>® Even for applications where high leakage current is
acceptable thermal instability and dielectric breakdown render thin silicon dioxide layers

unusable. *

Intense efforts are underway worldwide to find a solution to this problem. Most efforts
have focused on replacing silicon dioxide with a material having a higher dielectric

constant “k”. Such a high-k material could be made thick enough to avoid the leakage by




tunneling, but it would still maintain the electric field needed for the gate to control the
circuit. Numerous materials have the required higher dielectric constant, but a potential

high-k replacement must also satisfy other stringent requirements.

1.2 Material Properties Criteria for Replacement Dielectrics

1.2.1 Dielectric Constant

The dielectric constant of the replacement material must be higher than 3.9, the dielectric
constant of silicon dioxide. The higher the dielectric constant of the replacement
material, the thicker the layer can be made a while achieving the same performance as
silicon dioxide. For example, a replacement material with a dielectric constant of 39
could be made 10 times thicker and still achieve the same capacitance (and hence
performance) as a thinner layer of silicon dioxide, but not suffer from the leakage current

due to quantum mechanical tunneling.

1.2.2 Thermodynamic Stability ]

A potential gate oxide insulator must be thermodynamically stable on a silicon surface on
which it would be in contact in a semiconductor application. Current microprocessor
device construction involves high temperatures (ca. 1000°C) for several seconds. During
this device construction the replacement dielectric must remain a solid, and it must not

react with the silicon substrate in a destructive manner.




1.2.3 Conduction Band Offset

Placing an insulator between two conductors forms a capacitor. A material with an
empty conduction band is considered an insulator, but a capacitor is only formed if the
insulator’s conduction band energy (E.) is higher than that of either metal. “The
conduction band offset (AE.) is the difference in energy between the conduction band of
the insulating layer and the conduction band of either the silicon substrate or the gate
electrode (Fig. 1-3). Replacement candidates for silicon dioxide must have a high
conduction band offset. Conduction band offsets less than 1.0 eV typically result in

barriers that are too leaky to be useful in transistor devices.’

Electron Energy

Y - Y .
Electrode Dielectric Electrode

Fig.1-3: Conduction Band Offset for a capacitor formed with two semiconductor

electrodes around an insulator.

1.2.4 Interface Quality and Crystallinity

A desirable replacement dielectric must be capable of maintaining a sharp interface with
the silicon substrate and not diffuse into the silicon substrate. In addition to a good

interface, a film that is amorphous is desirable. Amorphous films typically lack the high




leakage current that is associated with the grain boundaries of highly crystalline films.%’
By alloying or laminating a high-k material with an amorphous material (such as
aluminum or silicon oxide) the resulting amorphous film should be smooth and

amorphous while still maintaining a high dielectric constant.

The requirement for an amorphous film may be relaxed if the crystallites are much
smaller than the film thickness. A polycrystalline film with micro-crystallites should
meet this requirement. In a capacitive role, polycrystalline films may in fact be
preferable to amorphous films due to their higher density and higher dielectric constant.
Provided the resulting film has a high quality silicon interface (a smooth surface),

polycrystalline films can still be useful in microelectronic applications.

1.2.5 Leading Candidates

Metal oxides have been considered the primary candidates for replacement dielectrics.
The previous considerations have shown that oxides of Group IIA (Be, Mg, Ca, and Sr),
Group IIA (Sc. Y, La), and Group IVA (Zr and Hf) in addition to the lanthanides (La-
Lu) are all suited for the role of replacement gate oxide, though beryllium oxide is
piezoelectric which is not desirable in a gate oxide application.® The highest dielectric
constants of the remaining candidates are found in zirconium and hafnium oxides, both

with dielectric constants around 20.







