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ABSTRACT 

As the MOS devices continue to scale down in feature size, the gate oxide 

thickness is approaching the nanometer node. High leakage current densities caused by 

tunneling is becoming a serious problem. Replacing silicon oxide with a high K material 

as the gate dielectrics is becoming very critical. In recent years, research has been 

focused on a few promising candidates, such as ZrOa, Hf02, AI2O3, Ta205, and some 

silicates. However, unary metal oxides tend to crystallize at relatively low temperatures 

(less than 700°C). Crystallized films usually have a very small grain size and high 

leakage current due to the grain boundaries. The alternatives are high K oxides which are 

single crystal or amorphous. Silicates remain amorphous at high temperatures, but have 

some problems such as phase separation, interface reaction, and lower K value. 

In this work, we addressed the crystallization problems of zirconium oxide and 

hafnium oxide thin films. Both of these two thin films were deposited by DC reactive 

magnetron sputtering so that very dense films were deposited with little damage. A 

specially designed system was set up in order to have good control of the deposition 

process. 

The crystallization behavior of as-deposited amorphous ZxOi and HfOa films was 

studied. It was found that the films tended to have higher crystallization temperature 

when the films were thinner than a critical thickness of approximately 5 nm. However, it 

was still well below 900°C. The crystallization temperature was significantly increased 

by sandwiching the high K oxide layer between two silica layers. Ultra thin HfOi films 



of 5nm thickness remained amorphous up to 900°C. This is the highest crystallization 

temperature which has been reported. The mechanisms for this effect are proposed. 

Electrical properties of these high K dielectric films were also studied. It was 

found that ultra thin amorphous HfOi and Zr02 films had superior electrical properties to 

crystalline films. The leakage current density of ultra thin amorphous films was at least 

two orders of magnitude lower than that of crystallized films. Amorphous films also 

showed much less hysteresis in the capacitance-voltage curve than uncapped crystallized 

films. The mechanisms for the electrical property differences between ultra thin 

crystalline and amorphous films were studied. Due to successful control of the low 

dielectric interfacial layer thickness, an effective oxide thickness of 1.2 and 1.4 nm was 

obtained for HfOa and ZrOi films, respectively. 



CHAPTER 1 INTRODUCTION 

1.1 Introduction 

In today's microelectronics industry, the demand for greater performance and 

functionality is pushing the integration density of silicon chips to unprecedented levels. 

According to ITRS (International Technology Roadmap for Semiconductors), the feature 

size of an MOS transistor is quickly approaching the sub 100 nm node. 

As the feature size of a transistor decreases, so must the gate length and oxide 

thickness. Table 1.1 is a projection of gate oxide thickness resulting from shrinkage of 

device sizes. From this table it can be clearly seen that when the feature size of the 

transistors goes down to 35 nm, the gate oxide thickness should decrease to 

approximately 0.5 nm, which is about 2-3 atomic layers. However, when gate oxide 

thickness is below 1.5 nm, tunneling-induced leakage currents and dielectric breakdown 

will cause unacceptable device performance [1]. 

Table 1.1 Roadmap prediction for gate oxide thickness as a function of time (ITRS 1999) 

Year 1999 2002 2005 2008 2011 2014 
Technology 180 130 100 70 50 35 
Node (rmi) 
Gate length 140 85 65 45 32 32 
(nm) 
Equivalent 1.9- 1.5- 1.0- 0.8- 0.6- 0.3-
oxide 2.5 1.9 1.5 1.2 0.8 0.6 
thickness (nm) 

The above statement clearly indicates that Moore's law will no longer be followed 

if thermally grown silicon dioxide is still employed as the gate dielectric in the future. 
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Therefore, it seems clear to the semiconductor industry that the current silicon dioxide 

needs to be replaced. 

To consider the replacement of the current gate oxide, we first need to discuss the 

basics of an MIS structure. The role of gate oxide is to act as the insulator in a capacitor. 

The capacitance can be expressed as follows [2]: 

ks^A 
C = (1.1) 

t 

Where K is relative dielectric constant, eq is the permittivity of free space, A is area of the 

capacitor, t is thickness of the capacitor. 

If a high K capacitor has the same area and the same capacitance but different 

thicknesses than a silicon oxide capacitor, then: 

t„. K 

^ox ^high-k 
(1.2) 

So the thickness of the high permittivity capacitor can be expressed simply in terms of 

the equivalent oxide thickness (EOT) of a silica capacitor: 

k Jr '^high-k ^ '^high-k ^ 
high-k ~ , Kq ~ ^ Q Kq ('-3) 

''SiOj 

A dielectric with higher permittivity can be used to achieve higher physical 

thickness compared to lower permittivity materials. For instance, 5.0 nm thickness of a 

high dielectric material with a dielectric constant of 20 has the same capacitance as that 

of Inm silicon dioxide. At a physical thickness around 4-5nm, high K materials will 

certainly not have the high leakage current problem resulting from turmeling. 
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However, silicon dioxide is a gift to the semiconductor industry because of its 

unique characteristics: high band offset with silicon, amorphous nature under high 

temperature processing conditions, thermal stability on silicon, very low interface state 

density, and very high breakdown field, to name a few [3], This indicates that finding one 

suitable high K material to replace silicon dioxide is not an easy task. 

In recent years, researchers have been searching intensively for potential materials 

which can be used as a replacement for silicon dioxide. Some of these oxide materials, 

such as Zr02[4-7],Hf02[8-12], Ta205[13], Y203[14-16], and Ti02[17, 18], have 

promising high K values. The properties of these potential candidates are shown in Table 

1.2. However, all of the above mentioned materials tend to crystallize at moderate 

temperatures (400-800°C), much lower than 900°C, which is typically used to activate 

dopants in silicon. 

Table 1.2 Comparison of relevant properties for high-K candidates [19] 

Dielectric Band gap Band offset Crystal 
Material constant (K) EG (ev) AEc (ev) to Si structures 

Si02 3.9 8.9 3.2 Amorphous 
Si3N4 7 5.1 2 Amorphous 
AI2O3 9 8.7 2.8 Amorphous 
Y2O3 15 5.6 2.3 Cubic 
La203 30 4.3 2.3 Hexagonal, cubic 
TaaOs 26 4.5 1-1.5 Orthorhombic 
Ti02 80 3.5 1.2 Hexagonal 
Hf02 25 5.7 1.5 Monoclinic, hexagonal, cubic 
Zr02 25 7.8 1.4 Monoclinic, hexagonal, cubic 



Unlike amorphous silicon dioxide, polycrystalline high-K films may create several 

potential problems if the films are used as gate dielectrics: the faceting of small 

crystallites would produce roughness at interface which reduces transistor mobility 

through charge scattering , the crystallization is also often accompanied by the generation 

of defects, and most seriously, the grain boundaries between the fine grains will cause an 

unacceptable high leakage current [20-24]. 

In order to avoid grain boundaries in polycrystalline film, the thin film must be 

either amorphous or single crystal in the as deposited state. Deposition of single crystal 

epitaxial films of high-K materials on silicon is technically extremely difficult and has not 

yet been achieved for the above mentioned materials. Amorphous films can be deposited 

but usually crystallize as described above. Therefore, the challenge is to stabilize these 

promising materials in the amorphous state at a high temperature. 

The preferred method to increase the crystallization temperature has been to mix 

the high-K oxide with silica to suppress the crystallization. The effort has been successful 

with zirconium silicate and hafnium silicate which have been found to remain amorphous 

at 900°C[25-30]. However, in order to raise the crystallization temperature sufficiently, 

these silicates must contain a relatively high concentration of silica, which significantly 

lowers the dielectric constant [20]. Callegari et al [31] reported that the dielectric constant 

was much lower than 10 for hafnium silicates with Hf concentration as low as 30 at.% 

which should have desirable properties. If the whole gate oxide film consists only of 

silicate with a dielectric constant of approximately 10, the EOT of Inm thickness will be 

equal to only 2.56 nm silicate film. This describes the ideal case in which the gate oxide 



consists of only silicate. Due to the stringent requirement of MOS devices, it is hard to 

imagine any material other than silicon dioxide has a better interface with silicon 

substrate. Thus, an interfacial layer of silicon dioxide between high-K film and substrate 

is always desired. As reported by Tang et al [32], the minimum thickness of an interfacial 

layer of silicon dioxide which can maintain the properties of bulk is approximately 3.5-4 

A, which is about one atomic layer. Taking into consideration the interface engineering 

challenge, a reasonable value of the thickness should be around 5 A. Figure 1.1 shows a 

high K thin film stack with EOT of 1 nm which consists of upper layer high K film and 

lower interfacial layer. It can be clearly seen that a high K film with dielectric constant of 

10 can have a thickness of only 1.28 nm, which is already in the range of tunneling. 

Therefore, the use of a high-K film with dielectric constant around 10 as the gate 

dielectric will not provide a long term solution (more than one generation) into the future. 

While the interfacial layer is indispensable for device quality, the choice of high K 

materials is further narrowed. To ensure a minimum tunneling effect, the K value is 

expected to land in the range of 20-25 as shown Figure I.IB. The metal oxides which 

have a dielectric constant above 20 are limited. Other requirements for gate oxide such as 

band offset and thermal stability etc, further limit the candidates. At present, ZrOa and 

Hf02 have received increased attention and obtained some promising results [33, 34]. 
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Interfacial 
layer 

A B 

Figure 1.1 Schematic demonstration of high-k thin film stack on silicon with 0.5 nm 
interfacial layer. 
The equivalent thickness of silicon dioxide on both film stacks is Inm. A and B have 
different high k films with dielectric constant of 10 and 25 respectively. 

Even though some encouraging results have been shown on Zr02 and Hf02 films, 

the problem of low temperature crystallization still exists for both materials. So far, there 

are no reports of successfully keeping these two films amorphous above 900°C. 

Amorphous films were usually obtained at annealing temperatures below 700°C. 

Significant differences of leakage current were found between amorphous and 

crystallized ZxOi films [35], HfOa films [36]. If Zr02 and HfOa films can be stabilized 

above 900°C, some properties comparable to silicon dioxide are expected. By replacing 

silicon dioxide with amorphous Zr02 or Hf02 films, the semiconductor industry may 

continue to thrive for many more years to come. 

1.2 Research goals 

As stated above, crystallization of some popular oxide thin film materials has 

been a very serious problem. Understanding the basic crystallization mechanism of these 



thin film materials and finding a way to stabilize the amorphous phase was the main goal 

of this research. 

Sputtering deposition has long been used to deposit thin films. One of the 

sputtering techniques, reactive sputtering, can be employed to deposit films with 

excellent properties. Low leakage and dense dielectric films have been deposited. 

However, a few issues still remain: first, how to avoid the damage resulting from the 

intense bombardment, and second, how to control the interface thickness in oxygen 

containing plasma. 

Although Hf02 and ZrOa films have been studied by many researchers, so far 

there are no detailed studies on the difference between electrical properties of ultra thin 

amorphous phase and crystalline phase. In ultra thin crystallized HfOi and ZrOa films, 

grain boundaries are expected to play a vital role in current leakage. It is interesting to 

investigate the current conduction difference between amorphous and crystalline films. 

As a consequence of different leakage current density as well as conduction mechanisms, 

the C-V characteristics of ultra thin amorphous and crystalline films will also be expected 

to show interesting phenomena. 

1.3 Organization of this work 

This thesis is organized as follows: 

Chapter 2 will describe the background of sputtering. The properties of dielectric 

thin films will be discussed. The method of extraction of interface from C-V 

measurement, which is so called Terman's method, will be illustrated. 



Chapter 3 includes detailed information about the experimental method, including 

the system set up, deposition method, characterization techniques, and fabrication of MIS 

capacitors for electrical measurements. 

Chapter 4 deals with the results of materials characterization on microstructure 

evolution of ZrOi films and Hf02 films deposited on silicon. The crystallization 

temperature of sputtered Zr02 and HfOa films is presented. The crystallization behavior 

of samples with different thicknesses is presented. The effect of a silica capping layer on 

the morphology of thin ZxOj and Hf02 films at different temperatures is illustrated. A 

mechanism for nucleation and crystallization on Si02/Zr02/Si and Si02/Hf02/Si systems 

is proposed. 

Chapter 5 presents the electrical properties of deposited films. Some fundamental 

electrical properties which include breakdown field, dielectric constant, and charge 

related defects are described. Effects of processing conditions on the above properties are 

discussed. In addition, the I-V characteristics of both Hf02 and Zr02 films have been 

studied. Conduction mechanisms at different electrical fields are demonstrated. Based on 

the observation of a significant difference existing between ultra thin crystalline and 

amorphous layers, the role of grain boundaries in ultra thin crystalline ZrOi and Hf02 

films were investigated. In addition to I-V characteristics, the C-V characteristics of Zr02 

and Hf02 films with different morphology were also studied. Interface states and other 

charge densities were calculated. 
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Chapter 6 details conclusions from this work. Significant results are summarized. 

Future work regarding the application of stabilized Hf02 films as the gate oxide in MOS 

devices is discussed. 
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CHAPTER 2 BACKGROUND 

2.1 Reactive Magnetron Sputtering Deposition 

2.1.1 Sputtering 

Sputtering is a process in which energetic ions or neutral atoms strike the surface 

of a solid target causing the ejection of atoms or molecules by momentum transfer. Thin 

film deposition can be accomplished by condensation of the sputtered atoms or molecules 

on an intentionally prepared substrate. Ions instead of neutrals are typically chosen as the 

energetic particles for the controlled deposition of thin films [37]. There are two broad 

classes of ion sputtering: ion beam sputtering and glow discharge sputtering. Glow 

discharge is preferred because it provides a large source of energetic particles, almost all 

of which can be made to land on the target. 

In a typical sputtering system as shown in Figure 2.1, system is filled with inert 

gas with pressure between one Torr and approximately 20-50 mTorr. When a voltage is 

applied between the cathode and anode, a very small current flows through the system 

because the charge carrier density is small. As the voltage is increased, more and more 

charge carriers are created due to ionization and secondary emission from the target. As a 

result, the current rises and a 'Townsend discharge' is created [38], which is prior to full 

breakdown. The first 'state' after breakdown is glow discharge. Referring to Figure 2.2, 

one can observe that the discharge operates at a nearly constant voltage which is virtually 

independent of current. This condition is referred to as the normal glow region of 

discharge operation characterized by constant power density jc- Initially the glow will not 
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Figure 2.1 Schematic view of a typical sputtering system[39] 



cover the cathode surface completely. As the operating power is further increased to 

higher levels, the glow starts to expand. At this stage, an increase of operating current 

will bring about a proportional increase in the operating voltage. This is the so-called 

abnormal glow region where the potential between the cathode and the adjacent "negative 

glow" becomes sufficiently large to promote efficient sputtering of the cathode surface. 

2.1.2 Magnetron Sputtering 

As described above, typical diode sputtering is operated at a pressure down to a 

few tens of mTorr. If the operating pressure is reduced, the mean free path of primary 

electrons will subsequently increase. At low pressures, the ions are produced far from the 

cathode where the chance of being lost to the walls is much higher. Meanwhile, the 

primary electrons may hit the anode with high energies which will cause a loss without 

the offset of impact-induced secondary emission. The ionization efficiencies are low and 

self-sustained discharges can not be maintained at pressures below 10 mTorr [40]. The 

ionization efficiency can be greatly improved by the introduction of a self-closing 

magnetic field to confine the sputtering plasma to the space close to the cathode, as 

indicated by the hatched region in Figure 2.3 b. With the presence of the magnetic field, 

the electric field accelerates the electrons ejected from the target and then the Lorentz 

force accelerates them in the orthogonal direction to the magnetic field and electric field. 

The spiral motion adjacent to the cathode surface makes the emitted electrons undergo 

much a longer traveling distance without loss to the anode or walls. Therefore, each 

electron can produce a copious supply of ions in the vicinity of the target, and the 



percentage of ionization can be as high as a few percent compared to lO"'^ to 10"^ for 

parallel plate gas discharges. As compared to diode sputtering, a much lower gas pressure 

as well as higher ion current can be achieved. 

Generally speaking, the current-voltage characteristics for a magnetron system are 

governed by the electron trap established by the configuration of the magnetic field [41]. 

The high gas pressure I-V curve has a near-constant voltage characteristic. At low 

pressure, voltage increases with increasing current because the discharge voltage in a 

magnetron plasma is a function of the local gas density in the target region. The gas is 

heated by collisions with the energetic sputtered atoms from the target. As the discharge 

current is increased, more atoms are sputtered, the gas density is reduced to these 

sputtered atoms, and the plasma impedance, and hence the discharge voltage, is 

increased. At low pressure, the ionization efficiency, which is determined by the 

magnetic field and electrode configuration, eventually limits the discharge current. 

Owing to the fact that the target erodes with use, the magnitude of the magnetic field will 

increase near the target's surface, therefore the I-V relationship will also change with 

target use and the target is able to operate at successively lower gas pressure. With a 

given target material, the erosion degree can be estimated from the magnitude of 

discharge current. For a fixed voltage and magnetic field intensity, the discharge current 

increases with gas pressure (more collision targets to make ionization). But the slope is 

voltage dependent [43]. While at a fixed voltage and gas pressure the current increases 

with the magnetic field intensity [44]. For magnetron discharge, under an optimum 

magnetic field shape and intensity, the current-voltage curves can be described by the 
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Figure 2.2 Current density vs. applied current (a), and voltage vs current (b), for the 
negative glow region of a DC glow discharge. 
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Figure 2.3 Standard configurations for (a) a classic, unmagnetized, parallel plate diode 
sputtering, and (b) magnetron sputtering[42]. 



following equation [43, 45, 46], 

I = KV'' (2.1) 

where n is a measure of the effectiveness of the electron trap and is typically in the range 

of 5-9 [46]. In our sputtering system the current-voltage relationship for Zirconium and 

Hafnium targets was investigated. As shown in Figtire 2.4, the data fit very well with 

Equation 2.1. The calculated n for this system is 5.1. ^ values are 3.3 and 2.8x10' 

at 2 mTorr, and 2.8x10"''' and 2.25x10"''' at 2 mTorr for the Zr and Hf target, 

respectively. 

Since the power is the product of target voltage and current. Equation 2.1 

becomes 

P = KV"^^ (2.2) 

where K and n are the constant as in Equation 2.1, P is the power. The significance of 

Equation 2.2 is that power increases fairly linearly with the current while there is little 

change in the voltage. Since the sputtering yield for most target materials increases 

almost linearly with incident ion energy up to a few hundred volts [38, 47] and the ions 

produced by the trapped electrons reach the target with energies very close to the applied 

voltage for the magnetron sputtering, the sputtering rate should be nearly proportional to 

the discharge power within several hundred volts of the applied voltage. The linear 

increase of deposition rate with sputtering power has been demonstrated on both Hf and 

Zr targets in our system at gas pressures from 1.2 to 10 mTorr. 
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2.1.3 DC Reactive Magnetron Sputtering 

When non-conductive films are deposited, ceramic targets are traditionally used, 

and a RF (Radio Frequency) power supply is used due to the non conductive nature of 

these ceramics. However, the RF sputtering has some disadvantages. First, the 

complexity of an RF system has made it difficult to ensure an efficient grounding which 

may cause interference with instrumentation due to RF radiation. Second, it has been 

reported by Maniv and Westwood [48] that for RF sputtering only 50% of the power 

output was utilized by the RF sputtering process. The rest of the power was mainly 

consumed by the matching network. Finally, the use of ceramic targets is often 

accompanied by particulates which may lead to serious problems if a very thin layer and 

high quality surface morphology are desired [49]. Therefore, in most cases, DC reactive 

sputtering with a metal target is preferred if the control of composition of the insulating 

films can be delivered. 

Reactive sputtering using metal targets involves the sputtering of a metal target in 

a reactive gas mixture in order to deposit a compound film composed of the sputtered 

material and the reactive gas. Oxygen and other electrormegative gases are usually used 

in reactive sputtering systems. As can be expected, electrons in the plasma can cause 

dissociation, excitation and ionization of the reactive gas molecules. Negative ions can 

then be formed near or at the cathode. These ions accelerate though the cathode positive 

ion sheath, thereby attaining hundreds of volts of kinetic energy. They leave the 

cathode surface as a beam which is perpendicular to the cathode's surface. The 

subsequent bombardment of the substrate often causes substantial modification of the 
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mechanical or chemical properties of the substrate, which are desirable or undesirable 

depending on the application of the films. The energy of bombardment can be reduced by 

raising the operating pressure [50]. This can also be achieved by reducing the cathode 

operating voltage [51]. In magnetron systems the operating voltages are typically 

dramatically lower than that of conventional systems. Besides the reduction of 

bombardment energy, bombardment may be avoided by placing the substrate off-axis to 

the cathode. 

As compared to RF sputtering, which is not sensitive to the oxidation state of the 

target surface, DC reactive sputtering shows hysteretic behavior when the target surface 

is poisoned [52], Figure 2.5 shows a typical relationship between total pressure of a 

chamber and the flow rate of reactive gas. In a system with continuous pumping, given 

that the inert gas flow rate is kept at constant, the total pressure of the chamber increases 

linearly with the flow rate of reactive gas if no sputtering power is turned on. With the 

target voltage turned on, however, the system pressure responds differently to the reactive 

gas flow fr. It remains constant at Pa with the initial increase of reactive gas flow fr. The 

sputtering rate also remains unchanged. Both parameters remain unchanged until fr 

reaches a pointwhere the pressure jumps to new value P2 drops to a much lower value. 

Once the equilibrium is established at this point, subsequent increase or decrease offr 

causes the total pressure to increase or decrease linearly. The total pressure of the 

chamber does not drop back to the initial value until f is reduced to fj, a point smaller 

than /2. 



The above phenomena are observed in the reactive sputtering deposition of many 

compounds such as AIN [53], AI2O3 [48], and TaiOs [54]. It results from the competition 

between the sputtering rate and reaction rate in the reactive sputtering process. When the 

flow rate of reactive gas is very low, the sputtering rate is much higher that the reaction 

rate at the target surface and there is a big surplus of sputtered metal atoms to reactive gas 

molecules in the chamber. These metal atoms act like a getter pump, react with gas 

molecules, and form compound or reactant-doped target metal film. The total pressure of 

the system is thus unaffected. Since the surface area of the chamber is much larger than 

that of the target, most reactive molecules are consumed on the chamber wall and 

substrate. There is little chance for reactive molecules to adsorb on the target surface, 

which the ongoing sputtering further assures. The reaction rate is increased gradually 

with increasing/-. When the flow rate fr reaches some point at which there are enough 

reactive molecules to react with all the sputtered metal atoms, they start to react with the 

target surface and compound forms. The appearance of a compound on the target surface 

reduces the sputtering rate because the compound has a much lower sputtering yield than 

the corresponding metal. However, as long as the sputtering rate is faster than the 

reaction rate, the compound can not expand and the target surface is only partially 

covered by the compound. Once the flow rate fr reaches point 2 where the reaction rate is 

about the same as the sputtering rate, the compound coverage expands rapidly on the 

target surface. This coverage will in turn reduce the sputtering rate further. In this way 

the target surface converts from metallic state to compound state in a short period of time. 

The number of sputtered metal atoms in the chamber is now significantly reduced, which 



greatly reduces the gettering effect. A large excess of reactive gas is now present in the 

chamber and the system pressure increases dramatically, subsequent increases offr will 

linearly increase the total pressure of the chamber. Because of the large excess of reactive 

molecules present in the chamber, decreasing/, passing belowwill not convert the 

surface after target from compound state to the metallic state. This transition will not 

occur until fr is further reduced to a point // where there is not enough reactive gas in the 

chamber to keep the reaction rate at the target surface the same as the sputtering rate. At 

this point the target surface reverts to the previous state. The total pressure drops back to 

Pa again. 

2.1.4 Film Composition 

The description above clearly defines two stable states in reactive sputtering. One 

is metallic mode sputtering where the surface of the target is metallic. The other is 

compound mode sputtering where surface of the target is covered with a compound. In 

the metallic mode, the sputtered particles are mainly composed of neutral atoms [56]. In 

this state, the compound film is formed by reaction mainly at the surface of the substrate. 

The composition of films is dependent on the geometry and sputtering conditions. In the 

case of compound mode sputtering, the sputtered species from the target surface are 

mainly compound fragments (e.g. MOx) [57]. For example, in reactive sputtering 

deposition of A1 in O2, the sputtered A1 atoms become undetectable when oxygen flow 

rate passes the critical value f2. Similar behavior was also observed in reactive sputtering 

of Ti in O2 [58]. The film deposited under this target state is the corresponding oxide. 
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Figure 2.5 Generic hysteresis curve of pressure vs. reactive gas flow rate [55] 



The above discussion implies that the composition of reactively sputtered film 

depends on the condition of the target and the partial pressure of reactive gas. Too little 

reactive gas will result in substoichiometric film; on the other hand too much oxygen may 

lead to the poisoning of the metal target which would cause unstable deposition such as 

arcing etc [38]. Therefore, for a specific system, the flow rate of reactive gas must be 

carefully controlled in order to satisfy both requirements. 

2.1.5 Film Microstructure 

The microstructure of thin films deposited by sputtering depends strongly on the 

processing conditions, especially the substrate temperature and processing pressure. 

Thomton proposed a model describing the influence of gas pressure and substrate 

temperature on the microstructure of deposited films. As can be seen in Figure 2.6, the 

microstructure of deposited films can be divided into different zones depending on the 

pressure and substrate temperature. Zone 1 is consists of isolated tapered columns which 

are poorly bonded to the substrate. Zone 2 is compromised of columnar grains separated 

by distinct dense intercrystalline boundaries. Zone 3 consists of equiaxed grains and 

results from bulk diffusion processes such as recrystallization. Zone T is a transition 

structure that consists of a dense array of poorly defined fibrous grains. The isolated 

tapered columns in Zone 1 as shown in Figure 2.6 are associated with the very low 

mobility of adatoms at the surface. The Zone 1 structure may be suppressed by ion 

bombardment yielding a Zone T structure. In this graph, amorphous structure is not 

described. However, it is believed that the amorphous structure is located somewhere in 



the Zone 1 or Zone T given that the deposition temperature of amorphous phase is 

usually very low. 
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Figure 2.6 Schematic graph of the influence of gas pressure and substrate temperature on 
the microstructure of deposited films by sputtering. 
T is the substrate temperature and Tm is the melting temperature of the coating material 
(from Thornton [44]) 



2.2 Interface States and Measurement (Terman's method) 

Interface states, as one of the important defects in the MOS system, have a 

significant effect on the performance of devices. The interface states change their charge 

state depending on whether they are filled or empty. An interface trap may be considered 

a donor if it can become neutral or positive by donating an electron. An acceptor interface 

trap can become neutral or negative by accepting an electron [59]. When the gate bias is 

applied, the interface trap levels move up or down with the valence and conduction bands 

while the Fermi level is fixed. A change of charge in the interface trap occurs when it 

crosses the Fermi level. This change of charge contributes to the MIS capacitance and 

alters the ideal MIS curve, which typically results in stretch out of the C-V curve. 

Figure 2.7 Low frequency equivalent circuit of the MOS capacitor 

The role of the interface can be explained by the equivalent circuit of Figure 2.7. 

Where C^^is oxide capacitance, C^. is substrate capacitance, andC^, is the capacitance 

resulting fi"om interface states. In the case of no surface states, when the voltage is 

C, 
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applied on the gate electrode, the charge neutrality requires that the change of charge in 

the gate 6QGniust be balanced by a change in silicon surface charge 6Qs. That is, 

5QG+5QS = 0. However, if the surface states are present, the charge balance needs to 

satisfy 6QG+ 5QS +6QIT= 0. It is obvious that the required 6Qs becomes less due to the 

additional interface charge 5Qit. Thus the change in band bending is smaller. As a result, 

a larger range of gate charge variations are needed to drive the MOS capacitor from 

accumulation to inversion. From Gauss's law, the stretch out can be treated using the 

following equation, 

Cox (^G -¥s)- -Qu i¥s ) - Qs ) (2-3) 

where CQ^ is oxide capacitance per unit area, VQ is the gate bias, pertains to band 

bending, refers to interface states per unit area, and is silicon surface charge per 

unit area. By differentiation of both sides of (2.3), we can obtain 

CoxdVc = [Cox + C, {xj/s ) + q {y / s  ) ¥¥s  (2-4) 

where Q{y/s) = (2.5) 
dy / s  

CA¥s )  =  ̂  (2.6) 
dy / s  

The low frequency capacitance of the MOS capacitor as indicated in Figure 2.7 

can be expressed as: 

= ̂  (2.7) 
dV^ 

where the total charge per unit area is 
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QT - ~(.Qs + Qii) (2.8) 

Combining (2.4) and (2.7) yields 

C = 
^LF  

dQ-J, 

dy /g  dV^  
= (Q+Q)  

c, ox  
r  +c  +C ^OX ^  ̂ i t  

(2.9) 

Equation 2.9 gives the measurement result when the measurement frequency is so 

low that all interface states can respond. However, as the measurement frequency gets 

very high, the interface states will not be able to respond quickly enough, consequently, 

the measured capacitance will be identical to the ideal MOS capacitor that has no 

interface states. As such, the equivalent circuit can be simply shown using Figure 2.8. 

The measured high frequency capacitance can be expressed as (2.10). 

C C  c -^HF 
^S^OX 

c +r ^ ^ox 
(2.10) 

C„ 

Figure 2.8 High frequency equivalent circuit of the MOS capacitor 

Figure 2.8 does not contain the interface states explicitly. As such, regardless of 

interface trap density, the high frequency capacitance will be same as that of ideal 



capacitor which has no interface states. Therefore, measured CHF will be the same as the 

ideal if Cs is the same. However, Cs varies with band bending vf/s. Knowing vj/s 

corresponding to the same CHF in the real capacitor, we can construct a \|/S versus VG 

relationship that contains all the information about interface trap level density in high 

frequency C-V measurements. 

This method described above was first developed by Terman [60] and can be used 

to measure interface states as low as lO'*^ cm'^eV'^ In this high frequency method 

capacitance is measured as a function of gate bias, with the frequency fixed at a high 

enough value so that interface traps do not respond. Although the interface traps do not 

follow the ac gate voltage in a high frequency C-V measurement, they do follow very 

slow changes in gate bias as the applied voltage is swept from accumulation to inversion. 

Because the interface traps do not respond to the ac gate voltage, they contribute no 

capacitance to the high frequency C-V curve. However, as interface traps do follow 

changes in gate bias, they cause the high frequency C-V curve to stretch out along the 

gate bias axis because the interface trap occupancy must be changed in addition to 

changing the depletion layer charge. The ideal curve is calculated for the same doping 

density and oxide thickness but without interface traps. The curve for the MOS capacitor 

with interface traps arbitrarily has been translated to cross the ideal curve at zero gate 

bias. 

To obtain this \\is versus Vg relationship, we first find how Cs varies with band 

bending. For a given doping profile, Cs is a known function of band bending. For 

example, for uniform doping, Cs is frequency independent and easily calculated. 



Now we can make a theoretical plot of Q/ versus y/s. This plot can be compared 

with the measured plot of Qf versus Vg. For any choices of Cf,/, comparison of these two 

plots then determines i//s versus Vg. 

In order to show how to construct the plot of CHF versus V|/S, one example is shown 

in Figure 2.9. In this example, at a gate bias of 1 volt, the capacitance ratio determined 

from the curve for the device with interface traps is CHF/Cqx is 0.431. For the ideal C-V 

curve, this ratio corresponds to v|/s=5.8 kT/q. With the same method a set of data points of 

both \\is and Vg could be collected and the \\is versus Vg could be plotted. Once the plot is 

finished, the derivative dy/s/dVo could be found. Then Cit(yj/s) can be determined from 

(2.4) as 

q i d v ^ ) - \ - \ - c , { y f ^ )  ( 2 . 1 1 )  

Subsequently, Du (the density of interface states) can be inferred from the equation 

= (2.12) 
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Figure 2.9 A theoretical Ch f  versus v j /splot compared with a hypothetical Ch f  versus Vg  
plot for an MOS capacitor with Dit=10' cm'^ev" [61]. 
For any given Chf, the same band bending ij/s occurs so that the Chf versus vj/s 
corresponds to Vq from the Chf versus Vq plot. 



2.3 Conduction Mechanism in Dielectrics 

Generally, the leakage current in dielectrics is caused by charge carrier transport 

in the electric field. For dielectrics other than silicon dioxide, this conduction can 

typically consists of two processes: electronic conduction and ionic conduction. For ionic 

conduction, the ions have two different origins; in ionic crystals such as alkali halide the 

basic constituents are ions, and imperfections alone can cause current flow [62]. In non-

ionic dielectrics chemical imperfection may result in mobile species. Ionic conduction is 

very similar to the diffusion process [59]]. This process is effective at low electric field 

and high temperature, and the conductivity decreases with time when electric field is 

applied since ions are not readily injected into or moved out of insulators. This difficulty 

of moving ions can be ascribed to either space charge build up or electronic polarization. 

Therefore, once the electric field is removed, some ions will flow back to the equilibrium 

position, which is referred to as hysteresis effect. 

Although ionic conduction is often observable in ionic dielectrics, this process is 

not dominant in non-ionic dielectrics such as oxide materials. In non-ionic insulators, 

electrons usually act as conduction carriers. Table 2.1 summarizes some basic electronic 

conduction processes at different electric field. Some simplified figures are also included 

to illustrate their conduction mechanisms. At low electric field, Ohmic conduction is 

usually the dominant process, for which different mechanisms are proposed, including 

single-electron band conduction, band conduction due to an electron distribution, hopping 

conduction, and so forth. Besides these common mechanisms, impurity conduction is also 

present in some occasions. The expression for Ohmic conduction is 



46 

(2.1) 

Where is activation energy of electrons. Obviously, at a certain temperature the 

current increases linearly with the electric field. 

Schottky emission is essentially thermionic emission from metal electrode into the 

conduction band of a dielectric or semiconductor. The emission current can be expressed 

as 

Definitions of , C, and can be found in Table 2.1. It is clear from Equation 2.2 

that the logarithm of the current is a linear function of the square root of the applied 

electric field. Results plotted in this way are referred to as Shottky plot. 

Poole-Frenkel emission is due to field-enhanced thermal excitation of trapped 

electrons into the conduction band. The expression of Poole-Frenkel emission is given by 

As can be seen in Equation (2.3), Poole-Frenkel emission is virtually identical to that of 

the Shottky emission. The barrier height, however, is the depth of the trap potential well 

by a factor of 2. In contrast to Schottky emission which has strong dependence on the 

temperature, Poole-Frenkel emission is relatively independent of temperature, and is well 

known to be dominant at room temperature. 

(b.-JEJC 
J ccT • exp( ) (2.2) 

(2.3) 

(shown in Table 2.1), and the quantity is larger in the case of Schottky emission 
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Tunneling emission is caused by field ionization of trapped electrons into the 

conduction band or by electrons tunneling from the metal Fermi energy into the insulator 

conduction band. Generally, there are two types of tunneling processes: direct tunneling 

and Fowler-Nordheim tunneling (F-N). Direct tunneling occurs when the thickness of 

dielectric film is less than 3 nm [63]. Since this process has much smaller dependence on 

the applied voltage, and it sets a fundamental constraint on MOS technology. If the 

thickness of dielectric film is thicker (above 3 nm), direct tunneling is usually not 

observed. However, when the applied electric field is very high (> 5-6 MV/cm), F-N 

tunneling occurs. As can be seen from Table 2.1, high electric field causes large bending 

of the conduction band of the dielectric film in the case of F-N tunneling. It is obvious 

that bending from rectangular shape to triangular shape leads to thinning of the insulating 

film where direct tunneling will occur. The expressions of direct tunneling and F-N are 

given in (2.4) and (2.5) respectively. 

Equation (2.5) demonstrates that the F-N current J will lie on a straight line if 

Ln{JIsj) is plotted as a function of l/e^ (the so-called F-N plot). Therefore, this process 

can be easily identified by using the above method. 

(2.4) 

(2.5) 
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For a given insulator, each conduction process may be dominant under certain 

conditions of temperature and voltage ranges. However, the processes are not completely 

independent of one another and should be examined carefully. 



Table 2,1 Basic conduction processes in insulators [64] 

Fowler-Nordheim 

Tunneling 
^ 

Direct Tunneling —a 

Schottky 

Emission 
J 

— 

Poole-Frenkel 

Emission <Pt 

1 f
 

— 

Hopping (Ohmic) 

Conduction 
J oc i; exp(- % 

^ ^ ^ Ans, 

2nh' h ' q 

(j)g = barrier height, = KT /q ,E i  =  electric field, £•, = permittivity of insulator, 

d =thickness of insulator, m *=effective mass, ^activation energy of 

e lec t rons ,  V =  sd  .  
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CHAPTER 3 EXPERIMENTAL SETUP AND METHODS 

3.1 Brief Description of the Sputtering System 

The sputtering system used in this research is shown in Figure 3.1. This system 

consists of two electropolished stainless chambers. Inside the big chamber sits a small 

chamber. The partial reason for this configuration is to achieve a clean and controllable 

process. The big chamber is evacuated by a diffusion pump (having a cold trap cooled by 

liquid nitrogen) backed by a Leybold BCD-65 mechanical pump. With a pumping speed 

of 5000 Liter/s, high vacuum of 10"^ torr range can be achieved in a relatively short time 

even though the chamber is open to air to load samples. There are six gauges in total 

employed to measure gas pressure. The MKS capacitance monometer monitors 

processing pressure inside the small chamber where sputtering is taking place. One hot 

filament gauge (Philips) is used for measuring the ultimate pressure as well as periodic 

checking of pressure during sputtering. A digital thermal couple gauge (Graville-Philips) 

for monitoring low vacuum is installed on top of the big chamber. One cold cathode 

(Edwards) gauge for high vacuum pressure detection is located just above the baffle that 

is used to trap escaped oil vapor. The foreline pressure is monitored by a thermal couple 

gauge (Edwards). A digital thermal couple gauge is used to measure both roughing 

pressure and the pressure of the mechanical pump. 

As can be seen in the system configuration, three types of gas were connected to 

the sputtering system. Argon and oxygen flow rates were controlled by mass flow 

controllers (UFClOO). Argon, which was used as sputtering gas, was introduced from the 



gas shroud of a sputtering gun. Oxygen gas was injected from a gas distribution ring 

located just below the substrate. In this work it was found that a mixture of Ar and O2 

injected through the sputtering source could easily poison the metal target surface. This 

problem was circumvented by introducing the two gases into the chamber separately. 

Nitrogen gas was used to purge the chamber and help prevent moisture entering the 

chamber when the substrate was being loaded. The flow of nitrogen gas was manually 

controlled by a Nupro valve. 

This deposition system differs from more usual sputtering systems in two aspects: 

1) the gas distribution configuration as described above, 2) the two chamber set up where 

sputtering is confined to the small chamber. As shown in Figure 3.2, the front door of the 

chamber is made of a piece of pyrex glass so that the plasma conditions can be monitored 

visually. The glass slides out of a groove so the door can be opened quickly to clean the 

flakes inside or to install the target. During loading of the substrate, the small chamber is 

not opened which reduces the risk of dust or particulates landing on the target. A throttle 

valve is attached to the backside of the small chamber to adjust the processing pressure. 

Inside the small processing chamber three major components are arranged as 

illustrated. The 2" sputtering gun (Materials Science Corporation) is installed vertically 

with respect to the base plate of the big chamber. The substrate is faced down so that the 

particulate problem can be avoided during pumping and sputtering. The axis of the 

sputtering gun is positioned off-axis to the substrate to reduce damage to the deposited 

films from ion bombardment. The geometry also enhances the film uniformity. The 

distance from the surface of the target to the substrate is approximately 15 cm. 



One unique characteristic of the two chamber system is that the substrate is 

actually located at the boundary between the big chamber and small chamber as shown in 

Figure 3.2. The gap between the substrate and the top of the small chamber ensures that a 

large amount of oxygen will be pumped from the gap without reacting with metal atoms 

at the surface of the substrate. This will prevent excessive oxygen reaching the target. 

Substrate heating is achieved by radiation from the filament located at the 

backside of the substrate as shown in the Figure 3.2. The temperature is monitored by the 

thermo couple. 

The sputtering gun operation is controlled by an MDX-IKW (Advanced Energy) 

DC power supply with a maximum power of one kilowatt. 
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N? Nupro 

Figure 3.1 Schematic view of the two chamber sputtering system. 
1) Mechanical Pump; 2) Roughing valve; 3) Foreline valve; 4) Diffusion pump; 5) Gate 
valve; 6) Shutter; 7) Oxygen distribution ring; 8) Small chamber; 9) Throttle valve; 10) 
Substrate heater; 11) Substrate; 12) Magnetron Sputtering gun; 13) Big chamber; 14) 
Substrate holder and rotation feedthrough module. 
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Figure 3.2 Schematic view of the small chamber. Basic components of sputtering process 
as well as the geometry of inside small chamber are shown. 



3.2 Deposition of ZrOi and HfOi Thin Films on Silicon 

Deposition of high K ZrOa and HfOi films requires substrate preparation prior to 

thin film deposition. 

3.2.1 Substrate Preparation 

In order to deposit films with good quality, sample preparation is a very important 

step. The substrate surface on which films are deposited may have organics, heavy metal, 

or mobile ions. If the substrate is not cleaned thoroughly, the interface will have inferior 

properties. The substrate used in this research was cut from p-type 4" silicon (100) 

wafers with resistivity of 5-10 Q.cm. Sample size was tjq^ically a 3.5x3.5 cm square. 

Substrates were then cleaned with a standard RCA clean. The detailed cleaning procedure 

is described as follows: 

Step 1. The substrates were cleaned with a mixture of H2S04:H202 (3:1) [80°C, 

5min] to remove heavy organics. 

Step 2. Rinse in DI water (18M fi.cm) for 10 min to remove residual acid. 

Step 3. Dip in diluted HF solution to remove native oxide layer and some ionic 

contaminants. 

Step 4. Immerse in a solution ofNH40H: H2O2: H2O (1:1:3) [60°C, 5 min] to 

remove small particles. 

Step 5. Rinse with DI water to remove residues. 

Step 6. Dip in 1% diluted HF solution to remove native oxide. 

Step 7. Rinse with DI water again. 

Step 8. Blow with filtered nitrogen to dry. 



3.2.2 Sputter Deposition of ZrOi and Hf02 Films 

ZxOj and Hf02 thin films were deposited directly by reactive magnetron 

sputtering. The details of the system were described above. Zirconium and Hafnium 

metal targets with 99.9% purity were purchased from Kurt J. Lesker Company. The 

sputtering gases were 99.999% Ar (Air Liquide) and 99.999% O2 ( Air Liquide). 

Immediately after the silicon substrate was completely cleaned, it was loaded into 

the chamber. With the chamber closed, it was evacuated to 5x10"^ Torr. Then pure argon 

was released into the small chamber. The pressure in the small chamber was tuned by 

throttle valve to 10 mTorr, the DC power was turned on to ignite the plasma. The 

objective of this step, which is also called presputtering, was to clean the target surface 

and getter contaminants inside the small chamber and to the surface of the chamber wall. 

Typical presputtering lasted for 5-10 minutes, operating at 100 watts. With this step 

finished, the DC power was adjusted to 40 w while the pressure in the small chamber was 

reduced to 1.2 mTorr. Meanwhile, O2 was injected from the inlet located close to the 

substrate and the substrate holder rotation was turned on. Oxygen flow was adjusted in 

order to deposit oxide films in the metallic mode. 

Figure 3.3 and Figure 3.4 are the variations of cathode voltage for Zr and Hf with 

different O2 fiow rates. It is evident from these two figures that there is a hysteresis effect 

for the reactive deposition of oxide films in oxygen atmosphere, which has also been 

described by other researchers [65, 66]. The cathode voltage remains nearly constant until 

the oxygen flow rate is increased to a critical point where the voltage to jump 
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Figure 3.3 Variation of DC power supply voltage as a function of oxygen flow rate. 
Zirconium metal target. The sputtering power was 40 w. 
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Figure 3.4 Variation of DC power supply voltage as a function of oxygen flow rate. 
Hafnium metal target. The sputtering power was 40 w. 



dramatically. When this platform is reached, further increase in flow rate of O2 has little 

effect on the voltage, as indicated in the graph figures. The cathode voltage does not drop 

at the same critical oxygen flow rate when the flow rate is decreased. Instead, the cathode 

voltage remains high, and typically starts to drop after oxygen flow rate is reduced by 

about 0.3 seem in this system. 

As discussed in Chapter 2, the oxidation of metal target surface usually leads to a 

change in the deposition rate. Figure 3.5 and Figure 3.6 illustrate the deposition rate of 

Zr02 and HfOa at different O2 flow rates with fixed power and processing pressure. It is 

seen that two distinct regimes exists for both film deposition. For Zr02 films, deposition 

rate in the metallic mode was usually 0.72 A/s, while the rate in the oxide mode was only 

0.2 A/s. In the case of Hf02, deposition rates of 0.85 and 0.28 A/s were obtained for the 

metallic mode and the oxidized mode, respectively. In typical reactive sputtering, the 

oxygen flow is chosen very close to transition region so that fiilly oxidized films can be 

assured. For example, referring to Figures 3.3 and 3.4, 2.0 seem and 2.2 seem were 

usually chosen for Zr02 and Hf02 films respectively. However, a problem occurred when 

the transition oxygen flow rate was chosen. The plasma was not stable due to the 

evolution of the surface where a layer of oxide film continued to thicken. As a result, 

deposition quickly shifts to the oxidized mode with a sharply decreased deposition rate 

and spiking on the surface. In order to achieve a repeatable deposition rate and 

homogeneity throughout the whole film, the oxygen flow rate chosen in this experiment 

was far away from the transition region. The deposition of Zr02 films at an oxygen flow 

rate of 1.9 seem was used for most films, which resulted in the metallic mode. Similar to 



the deposition of ZrOa films, HfOi films were deposited at oxygen flow rate of 1.95 seem 

which was also far from the transition region. Deposition in the metallic mode using the 

oxygen flow rates mentioned above has provided consistent and predictable deposition 

rates for both types of films. Deposition rates for ZrOi and HfOa films are shown in 

Figure 3.7 and Figure 3.8. 

Most of the ZrOi films were deposited at room temperature except for a few 

deposited at elevated temperature. Heating of the substrate was usually started when the 

pressure in the big chamber was close to the low end of the 10'^ Torr range. The substrate 

temperatures chosen for this work were 170 °C, 300 °C, and 450''C. All other processing 

parameters were the same as those for films deposited at room temperature. 

In summary, the typical deposition parameters for Zr02 films was: sputtering 

power (40w), deposition pressure (1.2 mTorr), oxygen flow rate (1.9 seem), Ar flow rate 

(18 seem), and substrate rotation (3 rpm), substrate temperature (room to elevated 

temperature); for HfOa films; sputtering power (40w), deposition pressure (1.2 mTorr), 

oxygen flow rate (1.95 seem), Ar flow rate (18 seem), substrate rotation (3 rpm), and 

substrate temperature (room). 
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Figure 3.7 The thickness of ZrOa films vs. deposition time (deposited in metallic mode). 
Deposition power: 40 w. Process pressure: 1.2 mTorr. Oxygen flow rate: 1.9 seem. 
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Figure 3.8 The thickness of Hf02 films vs. deposition time (deposited in metallic mode). 
Deposition power: 40 w. Process pressure: 1.2 mTtorr. Oxygen flow rate: 1.95 seem. 



3.2.3 Deposition of Yttrium Doped Zirconia Films on Silicon 

Homogenous Yttrium doped zirconium oxide films were deposited by reactive 

magnetron sputtering in the system described in Section 3.1. The metal target consisted 

of 5% weight Yttrium in zirconium. In this research, the sputtering power was fixed at 

40w, the Ar pressure was maintained at 1 mTorr, and the oxygen flow rate was adjusted 

to maintain a metallic mode sputtering. Substrate was rotated at 3 rpm. The deposition 

rate of Yttrium doped zirconium oxide was about 0.8 A/s. 

3.2.4 Deposition of Si02/Zr02/ SiOi/Si and Si02/Hf02 /Si02/Si Thin Film Stacks 

Thin film stacks of Si02/Zr02/Si02/Si and Si02/Hf02/Si02/Si were formed by 

deposition of a thin layer of silicon dioxide on top of high K Zr02/Si and Hf02/Si 

samples. The intermediate silicon dioxide layer between high K films and the silicon 

substrate was spontaneously formed when Zr02 and Hf02 films were reactively 

sputtered. 

Using the same technique as for the deposition of high K films, the top silica layer 

was formed by reactive sputtering. After the high K films were deposited, the chamber 

was opened and the metal target was replaced with highly doped p-type silicon with 

resistivity of 0.005 Qi.cm, purchased from Kurt J. Lesker Company. The rest of the 

operation was typically the same as for the deposition of high K films. The deposition of 

silicon dioxide was very similar to that of Zr02 films except for differences in sputtering 

parameters: sputtering power (60w), oxygen flow rate (2.45 seem), and process pressure 

(3 mTorr). Typical deposition time of 10 minutes would produce 20 nm silicon dioxide. 



3.3 Heat Treatment 

Heat treatment was divided into two categories: low temperature (<700°C) and 

high temperature (>700°C). Low temperature heat treatment was done in an Edwards 

1100 tube furnace. High temperature heat treatment was usually rapid thermal annealing 

which was conducted using an AG Associates Heatplus 610. In the case of low 

temperature heat treatment, the furnace was usually heated to the desired temperature 

with a quartz boat sitting inside. After a few hours, the quartz boat was pulled to the edge 

of the furnace, immediately loaded with the samples, then pushed back to the hot zone. 

The annealing time was measured from this point. Because the samples were thin, we 

believe ramping time can be neglected for the low temperature treatment. Likewise, 

ramping down time could also be neglected because the samples were taken out to open 

air immediately after the annealing was finished. For the high temperature heat treatment, 

on the other hand, the rapid thermal armealing furnace was initially at room temperature. 

Samples were loaded on the sample holder, and then the ftimace was heated up at a 

typical ramping up rate of 100 degrees per second to the annealing temperature. After the 

desired annealing time, the ftimace was cooled by flowing nitrogen gas. Thus the 

ramping down time may take a few minutes. The atmosphere employed for annealing 

varied depending on the purpose of the sample. Gases typically used in the tube furnace 

include nitrogen, argon, forming gas (3% H2, 97% N2), and pure oxygen. Only nitrogen 

gas was used for rapid thermal annealing. 



3.4 Thin Film Characterization 

3.4.1 Thickness Measurement 

The thicknesses of the ZrOi and Hf02 films was typically measured by two 

methods: Surface profiling by Tencor Instrument Model Tencor® P-2 long scan profiler 

and ellipsometry measurement by Gaetner Scientific Corporation Model LI 16C with 

632nm He/Ne laser incident angle 70°. By using both techniques on the same sample, a 

relatively accurate result could be achieved and the deposition rate could be obtained. 

While the above two measurements provide the thickness of relatively thicker films, the 

physical thickness of ultra thin films was determined by ellipsometry, TEM cross-

sectional view, and deposition rate as well. 

Since the profiler must find a sharp trench to have an accurate leveling, features 

were needed on the thin film samples. Trenches were made by putting pieces of 

rectangular adhesive tape on the bare substrate before deposition. Typical patterns of tape 

are shown in Figure 3.9. After deposition, the tape was peeled off and the residues 

removed by acetone. 

Adhesive 
tape 

Substrate 

Figure 3.9 Distribution of adhesive tape on the silicon substrate for profiler 
measurement. 



65 

\ 
Substrate 

Figure 3.10 Ellipsometry investigation of global roughness. Five points on each sample 
were measured. 

Because of concern about thickness variations of high K films acoss a whole 

sample, examination of different spots on the sample were needed. For all samples 

investigated by ellipsometer, 5 spots were usually chosen. The distributions of the 5 spots 

can be found in Figure 3.10. With the thickness at different spots determined, the average 

value was used as the thickness of high K films. 

3.4.2 Materials Property Characterization 

Materials characterization in this work includes surface morphology, 

stoichiometry, and microstructure investigation. 

3.4.2.1 Surface Morphology Measurement 

The surface morphology measurement was conducted by a TM MICROSCOPES 

INSTRUMENT EXPLORER AFM (Atomic Force Microscope). Contact mode was used. 

Typical scan area was 1x1 ^m. 
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3.4.2.2 Stoichiometry Measurement 

Stoichiometry measurement was performed using a custom-built XPS (X-ray 

Photoelectron Spectroscopy) at the Chemical and Environment Department of the 

University of Arizona. ZrOi films deposited at oxygen flow rate 1.70, 1.85, and 1.95 

seem were measured. A sample deposited at 1.9 seem and oxidized in oxygen at 500°C 

for 30 minutes was used as a reference sample. 

3.4.2.3 Microstructure Investigation 

3.4.2.3.1 X-Ray Diffraction 

XRD (X-ray diffraction) was done using a PANalytical (formerly Philips 

Analytical) X'Pert PRO diffractometer operated at 50 kV and 40 mA. The X-ray source 

was Cu Ka. Because the films to be examined were very thin, a 1 ° glancing angle was 

used in order to enhance the signal. High K films with a capping layer were also 

successfully examined without etching off the capping layer thanks to the extreme 

sensitivity of the system. 

3.4.2.3.2 TEM (Transmission Electron Microscopy) 

TEM was used to identify the microstructure and morphology of Zr02 and Hf02 

films. In addition, a high resolution cross-sectional views can also image the thickness of 

the interfacial layer and ultra thin films directly. In this work, both the TEM plan view 



and cross-sectional view thin film samples were examined using a Hitachi H-8100 

operated at 200 KV. 

Unlike X-ray diffraction which does not need any sample preparation, TEM 

requires extremely thin samples for electrons transmission. Typically, samples as thin as 

tens of nanometers are needed. 

Sample preparation methods for XTEM (TEM Cross-Sectional View) can be 

easily found in literature. Typical procedures for this purpose include; cutting, bonding, 

grinding, dimpling, polishing, and ion milling. 

Sample preparation for TEM plan view is different than that for cross-sectional 

view. Because thin films for TEM plan view investigation are only 20-30 nm, traditional 

grinding, dimpling, and ion milling do not work properly. The last ion milling step is 

usually not able to remove the underlying silicon completely while leaving the top films 

intact. Therefore we have adopted a different technique: wet etching. The TEM sample 

was first thirmed from the backside to a thickness of 50-70 um. Then the sample was 

mounted on a dimpling machine where further grinding and dimpling were performed. 

When the thickness was close to 1-2 um, a final polishing step was taken to remove the 

surface scratches. After that, the sample was attached to a copper grid by epoxy, then 

glued to a glass slide with the film surface upside down in order to protect the film. 

Finally, the glass slide was immersed in a 40% KOH solution with the temperature kept 

at 60°C. When the thinnest area was transparent and a tiny hole appeared at the center, 

this indicated that the underlying silicon was etched off The slide was then rinsed 

thoroughly with DI water to remove residues. Finally, the slide was soaked in acetone to 



delaminate the TEM sample from the glass slide. The sample for TEM plan view was 

then ready for inspection. 

3.5 Electrical Measurements 

3.5.1 Sample Preparation for Electrical Measurements 

After materials characterization, high K dielectric thin films were further 

characterized by electrical measurements such as I-V and C-V characteristics, which are 

important characteristics in high K dielectrics. Electrical measurements can not be 

performed on a bare high K thin film sample. An MIS capacitor must be made for 

electrical property evaluations. 

Sample preparation for electrical measurements in this work can be divided into 

two categories: 1. High K films without capping layers, 2. High K films with capping 

layers. 

For samples without a silicon dioxide capping layer, the basic procedure for 

making MIS capacitors is outlined in Figure 3.11. For samples with a capping layer, the 

top layer must be removed for accurate electrical evaluation. This layer was etched off 

using a 1% diluted HF solution, which was found to have a highly selective etching rate 

difference between SiOa and sputtered high K films. Table 3.1 shows the typical etching 

rate of different materials in dilute HF. 
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Table 3.1 Etching rate of 1% HF on sputtered SiOa, ZiOj, and HfOi thin films 
Materials Silicon dioxide Zirconium oxide Hafnium oxide 
Etching rate 
A /min 

60 0.5 0.1 

During the etching process, the thickness of thin film stacks was frequently 

monitored using the ellipsometer (Gaentner). In our experiment, it was shown that 

complete removal of 20 nm top silica layer took approximately 3 minutes in dilute HF. 

This etching time was very consistent and was proven to be successful by later electrical 

measurements. Once the process was finished, the samples were cleaned in an ultrasonic 

bath with electronic grade IPA (isopropyl alcohol) for 2 minutes, followed by a 2 minutes 

of rinse in DI water. The completely cleaned samples were then treated by the procedure 

outlined in Figure.3.11. 



Sample cleaning (ultrasonic acetone ~5min-^ultrasonic IPA~5min^dry 
nitrogen~lmin) 

Deposition of ~ lum aluminum on the front side 
by sputtering 

^ 

Metal patterning by photolithography, a series of aluminum dots were defined 

^ 
Ultrasonic Cleaning with acetone to remove photoresist residue, rinse 
with PI water, Dry with nitrogen gas 

Aluminum deposition on backside by sputtering 

400-450°C Armealing in forming gas for 30-40 minutes 

Etching off backside oxide with 10% diluted HF, rinsing with DI water, 
Dry with nitrogen gas 

Figure 3.11 MIS Capacitor fabrication process for the high-K films on silicon 
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3.5.2 I-V and C-V Measurements 

C-V and I-V measurements are used to evaluate electrical properties of gate 

dielectrics. Figure 3.12 is a basic set up for these measurements. I-V measurements were 

performed using an HP 4 HOB PA meter. C-V behavior was studied using an Agilent 

4284A LCR meter. From the I-V measurement, the leakage current density for the films 

can be extracted. As discussed in Chapter 2, the mechanisms for the leakage current 

density correlate with the microstructure provided that the bulk properties of deposited 

films are known. Depending on the thickness of thin films, a different bias voltage was 

applied to the top aluminum electrode. For ultra thin (~5 nm) high-K dielectrics, -2 v to 2 

v were usually used. Samples were tested with a step voltages of 0.1-0.05v and residence 

time of 1 second. 

C-V measurements were used to extract a variety of dielectric properties of bulk 

films and of the interface. Typical measurements on relatively thick films were conducted 

at high frequencies of 100 kHz and 1 MHz with bias voltages of-2 to 2 volts. For each, a 

step voltage of 0.05 v with residence time of 1 second was used. Interface state densities 

were usually obtained by sweeping the sample voltage at 1 MHz and analyzing the data 

by using Terman's method. In order to determine the trapped charge in ultra thin ZrOa 

and HfOa films, the hysteresis behavior was usually evaluated by sweeping back and 

forth from -2 to 2 volts at a typical frequency of 100 KHz. Multi-frequencies (lOk-lM 

Hz) were used to estimate the contact resistance as well as the electronic dipole at the 

interface. 
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Figure 3.12 Schematic diagram of the electrical measurement system. 
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CHAPTER 4 MATERIALS CHARACTERIZATION OF 

SPUTTERED ZrOj AND HfOj THIN FILMS 

In this chapter experimental results on the physical properties of sputter-deposited 

ZrOi and Hf02 films will be presented. The crystallization behavior of the two types of 

films under different conditions will be demonstrated. 

4.1 Physical Properties of ZrOi and HfOi films 

As mentioned in Chapter 3, the physical properties of thin films are strongly 

dependent on the deposition parameters. Since the deposited films are intended for 

application as gate dielectrics, and their properties are very sensitive to surface 

morphology, stoichiometry, and microstructure, we will report on the effects of 

deposition parameters on these properties. 

4.1.1 Surface Morphology of Sputter-Deposited ZrOi and HfOi Films 

Based on the reported dielectric constant of some promising dielectric materials, it 

is expected that the typical high K gate oxide to be employed in the future will measure 

only a few nanometers in thickness. If the surface roughness is large relative to the gate 

oxide thickness, it will cause crucial problems such as accurate determination of the gate 

capacitance. 

Figure 4.1 is an AFM (Atomic Force Microscopy) image of ZrOi film deposited 

at metallic mode. The image reveals that the as-deposited film is extremely flat without 
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Figure 4.1 AFM image of 6 nm Zr02 film deposited on silicon at room temperature in 
metallic mode. Scan area: 1 jiimx 1 |j,m. RMS=0.214 nm. 
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any major features. The RMS roughness of the films deposited in the metallic mode is 

only 2.1 A which is comparable with the substrate roughness. It is commonly known that 

the silicon substrate has surface roughness of 2-3 A. Referring to Thornton's model [44] 

which was discussed before, this would suggest that the surface morphology of the films 

is in Zone T, which has a fine structure and smooth surface. 

AFM is designed to measure the roughness of local areas which does not 

necessarily reflect the global variation of thickness over a large area. In order to obtain 

this information, the ellipsometer was used to measure the thickness variations over the 

whole sample. 

Tables 4.1 and 4.2 show the thickness at different locations of as-deposited 

Zr02/Si and HfOa/Si samples. These tables illustrate that the thickness variations of high 

K films are within 1%. Since the typical uniformity of sputter-deposited films is 

approximately 5%, we conclude that the off-AXIS configuration of our system delivers 

superior uniformity. 

Table 4.1 Variations of thickness at different spots measured by ellipsometer on 5 nm 
ZrOj film. The spot distribution can be seen in Figure 3.10 

Location A B C D 0 

Thickness (A) 5.1 5.04 5.08 5.06 5.03 

Table 4.2 Variations of thickness measured by ellipsometer on 5 nm Hf02 film 

Location A B C D 0 

Thickness (A) 5.03 5.01 5.03 5.05 5.06 



As described previously, the top capping layer of Si02/Hf02/Si and Si02/Zr02/Si 

capped films was etched off in order to evaluate their electrical properties. During this 

process, over-etching of the high K films can not be completely ruled out; therefore, it 

was necessary to investigate the surface morphology of these samples after the etching 

process. Tables 4.3 and 4.4 are summaries of the thickness distributions of 6 nm 

crystallized Hf02 and Zr02 films after top etching. For crystallized Zr02 and Hf02 films, 

the etching rate in HF solution is very slow. Crystallized Hf02 films had nearly the same 

thickness even after soaking in HF solution for a few minutes. As a consequence, the 

thickness variations did not seem to change before and after capping layer etching. 

Table 4.3 Variations of thickness measured by ellipsometer on 6 rmi crystallized Zr02 
film before and after etching off the silica capping layer. 

Location A B C D 0 Variation 

Thickness before 
etching (A) 

61.3 61.5 61.5 61.2 61.7 0.8% 

Thickness after 
etching (A) 

59.8 59.7 59.9 59.4 60.0 1% 

Table 4.4 Variations of thickness measured by ellipsometer on 5.8 run crystallized HfOi 
film before and after etching off the silica capping layer. 

Location A B C D 0 Variation 

Thickness before 
etching (A) 

58.1 58.2 58.0 58.3 58.1 0.50% 

Thickness after 
etching (A) 

58.0 58.2 57.9 58.2 58.0 0.52% 



However, the situation did not seem to occur to stabilized ZrOz and HfOa films 

which were capped with top silica layer. As shown in Tables 4.5 and 4.6, it was found 

that both amorphous Hf02 and ZrOz films have much higher etching rate as compared to 

crystalline ones. After intentionally over-etching, the surface roughness of amorphous 

Hf02 films increased from 0.5% to 1%, while ZrOa films had a roughness increase from 

0.64% to 1.4%. 

Table 4.5 Variations of thickness measured by ellipsometer on 4 nm amorphous HfOa 
film before and after etching off the silica capping layer. 

Location A B C D 0 Variation 

Thickness before 
etching (A) 

40.1 40.0 40.2 40.1 40.2 0.5% 

Thickness after 
etching (A) 

38.4 38.5 38.3 38.1 38.1 1% 

Table 4.6 Variations of thickness measured by ellipsometer on 4.7 nm amorphous ZrOi 
film before and after etching off the silica capping layer. 

Location A B C D 0 Variation 

Thickness before 
etching (A) 

47.2 47.0 47.3 47.3 47.2 0.64% 

Thickness after 
etching (A) 

42.1 42.5 42.1 42.7 42.5 1.4% 



Even with the increase of surface roughness and over-etching, the removal of the 

capping layer does not seem to be a problem. First, the thickness of the high K films is 

still very uniform. Second, by careful control of etching time, the over-etching can be 

reduced to a minimum. Furthermore, it was possible to find a solution which has very 

high selective etching rate between silica and Hf02 films. 

4.1.2 The Stoichiometry of As Deposited Films 

The most important parameter in DC reactive magnetron sputtering is the oxygen 

flow rate. Referring to Figure 3.4 and Figure 3.5, the typical oxygen flow rate is usually 

chosen at the transition region. For example, ZrOi films are usually deposited at O2 flow 

rate of 1.97-2.05 seem, and 2.05-2.25 is typical for HfOa films. Even so, the problem of 

sub stoichiometry is very common. Thus, heat treatment in an oxygen ambient is required 

to ensure fully oxidized films. However, annealing in oxygen often causes the interfacial 

layer to grow thicker, which will be discussed later in this chapter. Therefore, fully 

oxidized as-grown films are preferred. 

Figure 4.2 shows XPS spectra of ZrOz films deposited at different oxygen flow 

rates. One of the samples annealed in oxygen was used as a reference in order to 

demonstrate the minor differences. It is to be emphasized that the oxygen flow rate used 

to deposit all these samples was far from the transition region. It is evident from the 

figure that all spectra are well centered around 183 ev which is characteristic of Zr3d 

bond. No shift or metallic bonds were found. This verifies that fully oxidized Z1O2 films 

can be deposited in the fully metallic mode by DC reactive sputtering in this system. Due 



to the extreme similarity between Hf02 and Zr02, which can also be seen in their 

hysteresis curve, XPS was not taken for Hf02 films. 

It is well known that Zirconium metal is very reactive. Exposure to air can lead to 

immediate oxidation. As a surface characterization technique, XPS may not detect the 

actual stoichiometry inside bulk films. In order to avoid this problem, ion milling was 

employed for two samples which are shown in Figure 4.3. Chemical bonding information 

in the interior of the bulk films shows the same results as those without ion milling. 

Carbon contamination is very common in high K films deposited by the MOCVD 

technique. The concentration of carbon can reach as much as 2-11% [67], which 

introduces many deep level traps. The carbon spectra of our sputtered films were also 

scanned (shown in Figure 4.4). It is evident that no carbon peak was found inside bulk 

films. On the other hand, a peak located at 284.4 ev was found for films without ion 

milling. This is typical of films exposed to air which contains a lot of hydrocarbon 

contamination. 

In general, the as-deposited ZrOi and Hf02 films are believed to be fully oxidized 

based on the observation of XPS spectra taken under different conditions. The films are 

pure without hydrocarbon contamination which illustrates the cleanliness of the 

sputtering system used for this research. 
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Figure 4.2 XPS spectra of ZrOi films deposited at different oxygen flow rate as well as 
films annealed in oxygen. The spectra were taken without ion milling. 
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Figure 4,3 XPS spectra of Zr02 film deposited with 1.8 seem oxygen flow rate and films 
annealed in oxygen. The spectra were taken after ion milling. 
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Figure 4.4 XPS spectra for ZrOa films deposited on silicon before and after ion milling. 
Carbon was found on films before ion milling. 
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4.2 Investigation of Crystallization Behavior of Sputtered HfOz and Zr02 films 

Crystallization is a phase transformation process which involves a change of free 

energy. Free energy includes bulk energy, surface energy, and strain etc., which depend 

on the processes. Among the processes that may affect the free energy, we will discuss 

the effects of annealing, doping, and capping along with the change of thickness. 

4.2.1 Microstructure of As-Deposited ZrOz and Hf02 Films on Silicon Substrate 

Zr02 thin films were deposited at different temperatures. Figure 4.5 shows the X-

ray diffraction pattern of Zr02 films with a typical thickness of 23 nm which were 

deposited at room temperature and at 170°C. It can be seen that the diffraction pattern of 

the film deposited at room temperature is broadened, indicating an amorphous structure. 

This sample was also investigated by TEM plan view (Figure 4.7). The image shows a 

homogeneous structure across the whole area. No contrast features such as atom fringes 

were found on this sample. To further confirm the microstructure of this sample, selected 

area diffraction pattern was taken (not shown). The diffused ring clearly indicated that the 

sample deposited at room temperature was amorphous. When the deposition temperature 

was increased to 170°C, the XRD in Figure 4.5 shows diffraction peaks which indicate 

that the film contained crystal. Interestingly, the films deposited at an elevated 

temperature showed more than one phase. Peak identification according to JCPDS shows 

two phases existing in the Zr02 films; monoclinic and tetragonal. The monoclinic phase 

is the stable phase at low temperatures, and the tetragonal phase is stable phase at higher 
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temperatures. The coexistence of dual phases in ZrOa films has been reported before [68-

70], 

In addition to Zr02 films, as-deposited HfOa films were also studied. Similar to 

the ZrOj films, Hf02 samples deposited at room temperature showed an amorphous 

structure (Figure 4.6). Since the primary goal of this project was to understand the 

crystallization behavior after high temperature heat treatment, higher temperature 

deposition of HfOi was not tried. Based on the reported literature, a higher deposition 

temperature than ZrOa is expected to be needed to crystallize Hf02 films. 
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Figure 4.5 XRD of 23 nm ZrOa films deposited at room temperature and 170°C. 

1 1 1 1 1 1 1 1 
20 30 40 50 60 70 

2 theta 

Figure 4.6 XRD of 20nm HfOa films deposited at room temperature. 



Figure 4.7 TEM Plan view image of 23nm as-deposited Z1O2 film at room temperature. 



4.2.2 Crystallization Behavior of Single Layer Thick ZrOj and Hf02 Films 

Deposited on Silicon 

The crystallization behavior of thick Zr02 and Hf02 films were investigated using 

23 nm and 20 nm samples, respectively. Both samples, as-deposited at room temperature, 

were amorphous. The samples were examined before and after heat treatment by X-ray 

diffraction at a 1° glancing angle. Some samples were further investigated by TEM 

techniques. Details of sample preparation and examination are described in Chapter 3. 

Figure 4.8 provides the diffraction patterns of ZrOi films annealed at different 

temperatures. It was found that the films stayed amorphous phase untill the annealing 

temperature was increased to 350°C. When the temperature was raised to 370°C, the 

primary peak (111) of monoclinic phase appeared along with other small peaks. TEM 

plan view of this sample is shown in Figure 4.9, where some round-shaped dark area 

were embedded within an amorphous matrix. Inside the round-shaped dark areas are the 

moire fringes which indicate the crystallization of the ZrOi film. The mixture of 

crystallized and amorphous phases reveals two facts: 1) the crystallization was already 

initialized at 370°C; 2) the crystallization process was not complete. It was fully 

crystallized when the sample was annealed at 400°C for 2 minutes. The microstmcture of 

crystallized sample, as shown by a TEM plan view, is in Figure 4.10. 

With further temperatxare increase to 800°C, the primary diffraction peak did not 

change much compared to that at 370°C. The FWHM (Full Width at Half Maximum) of 

the two primary peaks was also almost the same. However, this does not indicate that the 

two samples had the same microstmcture. As mentioned before, for each heat treatment 



the sample size may be different due to sample cutting. Therefore, the similarity between 

the two diffraction peaks only indicates that the total number of small crystallites in the 

two different samples was probably very close. 

From the above two facts we may conclude that the crystallization process for 

ZrOj films starts at a temperature as low as 370°C. At a slightly higher temperature, the 

ZrOi films seemed to be fully crystallized with a short annealing time. The crystallization 

behavior of our sputtered ZrOz films is consistent with that observed by Raisanen et al 

[71], who claimed the grain growth was thermally activated and dependent strongly on 

the temperature. 

The Hf02 films showed similar crystallization behavior to the ZrOi films, where 

rapid sudden grain growth occurred as soon as the temperature was high enough. These 

films crystallized at approximately 630-650°C. The higher crystallization temperature is 

attributed to the intrinsic properties of HfOi-

Other studies have reported crystallization of Zr02 and HfOa films deposited by a 

number of methods. The crystallization temperature of ZrOi films vary in a wide range 

from 150°C [72] to 400°C [73]. For HfOa films, the crystallization temperature has been 

reported on Sol-gel derived hafnia films (550°C)[73, 74], ALD deposited films (400-

700°C) [75, 76] [77], and DC reactive sputtered films (650°C)[78]. The results obtained 

from our experiments were comparable to these reported values. 
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Figure 4.8 XRD pattern of 23 nmZr02 films annealed at different temperatures. 
Annealing time: 5 minutes (for samples annealed at 350 and 370°C) and 20 seconds 
(800°C). 



Figure 4.9 Plan view TEM of 23 nm ZrOi film after annealing at 370°C for 5 minutes. 
The lattice fringes and moire patterns indicate crystallization. 



Figure 4.10 Plan view TEM of 23 nm ZrOj film after annealing at 400°C for 2 minutes. 



4.2.3 Effect of Yttrium Doping in ZrOi Thin Films on Their Crystallization 

Temperature 

In order to see if the intrinsic crystallization temperature of ZrOj films can be 

increased by doping, we intentionally put 5% (weight percent) Yttrium in the zirconium 

target. After deposition, the films were thermally annealed using the same recipe as for 

Zr02 and HfOi films. The X-ray result is shown in Figure 4.11. It is found that yttrium 

doped ZrOa films crystallize around 380°C which is not significantly different from pure 

zirconium films. Doping the target with a higher percentage of yttrium may have some 

effect on crystallization temperature of deposited films; however, this is still far from the 

desired temperature. Moreover, this doping may introduce many point defects in the 

crystallized films. Some dopants may also migrate to concentrate at the grain boundaries 

which will contribute to a potential leakage path in the dielectric film if it is used as a 

gate oxide. 
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As deposited 

Figure 4.11 XRD of 6nin yttrivim doped Zr02 films annealed at different temperatures. 
Annealing condition: 370°C (5min), 400°C (5 min), 500°C (2 min), and 800°C 
(20s) 



4.2.4 Crystallization of Thinner ZrOz and HfOa films on Silicon 

With the crystaUization temperature determined on relatively thick films (thicker 

than 10 nm), it is interesting to see if thinner films will have a different crystallization 

temperature. Table 4.7 shows the chosen thicknesses for this investigation. All these 

samples had the same deposition conditions. The as-deposited films were amorphous. 

Table 4.7 Sample information on which the thickness effect was investigated 

Samples Thickness of high K films 
ZrOi/Si 4nm 

5nm 
6nm 
lOnm 

Hf02/Si 5nm 

The experiment was first performed on 10 nm Zr02 film. Although it was 

expected that such a thin sample would have a higher crystallization temperature, the 

diffraction pattern (not shown) clearly showed crystallization at approximately 370°C, 

which can be considered the same as for the 30 rmi sample. With the thickness further 

decreased to 6nm, the crystallization behavior remained unchanged (not shown). 

However, when the 5 nm sample was heated above 370°C, no diffraction peak was found 

(Figure 4.12). The sample stayed amorphous until 420°C. The diffraction peak of the 

crystalline phase was found when the temperature was raised to 450°C and above. The 

smaller peak in the sample annealed at 500°C in Figure 4.12 is not due to a change of 

crystal structure. It is because the sample size was much smaller than the one annealed at 
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430°C, which caused a smaller signal for the detection system. When the thickness of 

ZrOi film was reduced to 4 nm, the crystallization temperature was higher than that of the 

5 nm sample. As indicated in Figure 4.13, the film crystallized above 450°C, but below 

500°C. 

An investigation of the thickness effect was conducted on Hf02 films as well. The 

experiment performed on a 5 nm HfOa film showed some indications of the same 

thickness effect. As revealed in Figure 4.14, the ultra thin film did not show onset of 

crystallization until approximately 680°C, well above its normal crystallization 

temperature. 

After careful study of the crystallization behavior of Zr02 and Hf02 films, we 

have determined the crystallization temperature of both films. The intrinsic crystallization 

temperature is 360°C and 600°C for sputtered Zr02 and Hf02 films respectively. Taking 

into consideration the thickness effect, ultra thin Zr02 films which are below 5 nm may 

be kept amorphous up to 450°C while amorphous Hf02 films can reach 680°C. These 

results are consistent with those of films deposited by other methods. 

Even though the crystallization temperature has been increased by reducing the 

film thickness or by further optimization of processing conditions, it is still far from the 

900°C goal. Therefore, another way to stabilize these films at higher temperature is 

needed. 
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Figure 4.12 XRD of 5nm uncapped Zr02 films annealed at different temperatures. 
Annealing condition: 420°C (5min), 450°C (2 min), and 500°C (2 min). 
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Figure 4.13 XRD of 4 run uncapped ZrOj films annealed at different temperatures. 
Annealing condition: 450°C (5min), 500°C (2 min), 550°C (2 min), and 600°C (1 
min). 
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Figure 4.14 XRD of 5mn uncapped Hf02 films annealed at different temperatures. 
Annealing condition: 550°C (5 min), 650°C (5 min), 680°C (2 min), and 720°C (1 
min). 



4.2.5 Crystallization of ZrOz and HfOi films with a Silica Capping Layer 

As reported above, the crystaUization temperature of both HfOz and ZrOi films is 

well below 900°C. In this section we will report our study on the crystallization behavior 

of ZrOi and Hf02 films capped with a top silica layer. 

Samples employed for this study are identical to those used in the thickness effect 

investigation, except that these samples were capped with a thin layer of silica. The 

thickness of samples used can be found in Table 4.7. 

Figure 4.15 demonstrates the diffraction patterns of 6nm ZrOa film with a silica 

capping layer aimealed at different temperatures. As indicated in the diffraction patterns, 

6 nm ZrOa film did not show crystallization at 360°C. However, an obvious diffraction 

peak showed up at 400°C. It can be deduced that the crystallization temperature of the 6 

nm ZrOi thin films with capping layer should be between 360°C and 400°C. After 

annealing the sample at 380°C, we found the film was also crystallized. The 

crystallization temperature of the 6 nm ZrOa thin film sample with capping layer is 

almost identical to that without capping layer. Experiments have also been performed on 

6 nm Yttrium doped Zr02thin film sample with and without capping layer. We have 

found similar results. 

While the capping layer does not work on relatively thick (6 nm) films, it seems 

to have an effect on ultra thin ZrOz films. Figure 4.16 is the diffraction patterns for the 

4.1 nm ZrOa sample. The diffraction patterns of the samples armealed at 500 and 650°C 

are very similar to that of as-deposited sample and show no diffraction peak. This is 



Figure 4.15 XRD of 6 nm capped ZrOi films annealed at different temperatures. 
Annealing condition: 360°C (5 min), 380°C (5 min), and 400°C (2 min). 
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Figure 4.16 XRD of 4.1nm capped ZvOj films annealed at different temperatures. 
Annealing condition; all samples were first pre heat treated at 450°C for 10 minutes, 
then 500°C (2 min), 650°C (2 min), 700°C (1 min), 800°C (30 seconds). 



Figure 4.17 TEM Cross-sectional view of 4.1nm capped ZrOi thin film annealed at 
450°C for 10 minutes and 650°C for 5 minutes in oxygen. 
A denotes the silica capping layer. B is the ZrOi film. C is the silicon (100) substrate. The 
absence of atom fringes in layer B indicate amorphous nature of ZrOj film 
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Figure 4.18 TEM Cross-sectional view of 4.Iran capped ZrOa thin film armealed at 
450°C for 10 minutes, 650°C for 5 minutes, and 700°C for 2 minutes in Oxygen. 
A denotes the silica capping layer. B is the ZrOz film. C is the silicon (100) substrate. 
Atom fringes in layer B indicate crystallization of the ZrOi film. 



evidence that the sample annealed 650°C was still amorphous. In order to confirm the 

amorphous nature of this sample, we examined the sample with TEM. As illustrated in 

Figure 4.17, it clearly shows the 4.1 nm amorphous Zr02 film sandwiched between the 

top silica layer and single crystalline silicon substrate. When the temperature was raised 

to 700°C, a small bump, in the diffraction pattern, Figure 4.16, which was not sharp 

relative to that without the capping layer, came up at 20 = 30°. The reduced sharpness of 

the peak could be ascribed to strong scattering due to the top amorphous silica layer. 

Although scattering from the silica layer causes a reduction in sharpness of the diffraction 

peak, the high resolution X-ray can still make the peak noticeable. TEM cross-sectional 

view of this sample (Figure 4.18) confirmed that the small bump resulted from 

crystallization. In conclusion, the ultra thin Zr02 films were successfully stabilized at 

650°C, which was almost 300 degrees higher than for the thick films. Meanwhile, this 

temperature was also more than 200 degrees higher than for ultra thin uncapped ZrOi 

films. 

As the thickness of ZrOi film was reduced to about 3.5 nm, the amorphous phase 

was further stabilized to 680°C, as revealed in Figure 4.19. Judging from the trend that 

the crystallization temperature increases as the ZrOa film gets thinner, it is expected that 

Zr02 may be stabilized at temperatures above 700°C. However, because of its intrinsic 

low crystallization temperature we do not believe it can be stabilized up to 900°C. 

Furthermore, as mentioned earlier in this chapter, subsequent removal of the top silica 

layer will over-etch some part of Zr02 film (if the film is amorphous). As such, the 
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remaining thickness of ZrOa film after etching process is expected to be in the regime 

where tunneling occurs. 

With the promising results from ultra thin capped ZrOi films, we further 

conducted experiments on ultra thin capped HfOa films based on their higher intrinsic 

crystallization temperature than ZxOi films. Because it was already revealed that the 

silica capping layer did not increase the crystallization temperature of relatively thicker 

Zr02 and Yttrium doped ZrOj films ( > 5 nm), we expected that the same results would 

also occur with the HfOi films. Thus, only ultra thin Hf02 films with a silica capping 

layer were investigated. Figure 4.20 is the diffraction patterns of capped 5 nm Hf02 film 

samples with capping layers annealed at 700, 900, and 1000°C respectively. Unlike 

uncapped thick Hf02 films which would crystallize below 650°C, the 5 nm capped Hf02 

sample did not show onset of crystallization at 700°C as indicated in the figure. After the 

sample was annealed at 900°C for 15 seconds, it remained amorphous. This result is 

confirmed in Figure. 4.21 which shows the TEM cross sectional view of the sample. 

From the diffraction peak of the sample annealed at 1000°C, the crystallization 

temperature of the ultra thin Hf02 films is between 900 and 1000°C. 

In recent years, using nanolaminates to increase crystallization temperature of 

hafnium oxide has been reported [79-81]. The research has been focused on alternating 

Hf02 films with AI2O3 films. However, the thin film stacks were found to crystallize 

around 800°C which was far below the result we have achieved. Therefore it can be 

concluded that capping ultra thin Hf02 films with a silica layer is a better choice than 

nanolaminates. 
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Figure 4.19 XRD of 3.5 nm capped ZrOj films. Samples were annealed at 680, 700, and 
800°C respectively. 
Annealing conditions: all samples were first pre heat treated at 450°C for 10 minutes, 
then 680°C (2 min), 700°C (2 min), 800°C (20 seconds). 
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Figure 4.20 XRD of 5nm capped Hf02 films. Samples were aimealed at 700, 900, and 
1000°C respectively. 
Annealing condition: all samples were first pre heat treated at 550°C for 10 minutes, then 
700°C (2 min), 900°C (15 seconds), 1000°C (10 seconds). 
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Figure 4.21 Cross-sectional TEM micrograph of SiOa/HfOi/Si thin film stack deposited 
at room temperature after annealing at 550°C for 10 minutes in Oxygen and 900°C for 15 
seconds in N2. 
A denotes the silica capping layer. B is the HfOi layer. C is the silicon (100) substrate. 
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4.3 Discussion of the Crystallization Behavior of HfOz and ZrOi Films 

Total 

Figure 4.22 Illustration of free energy of a cluster with a radius r [82]. 

In order for an amorphous film to crystallize, the crystalline phase must first 

nucleate, then the nuclei must grow. The growth rate of the nuclei depends on the 

mobility of the atoms. This mobility depends strongly on temperature. ZrOi and HfOa 

will not crystallize below about 380°C and 650°C, respectively, because the atomic 

mobility in these materials is too small for the crystals to grow. Above these 

temperatures, there is sufficient mobility for the crystals to grow once the crystalline 

phase has nucleated. The experimental results suggest that in bulk amorphous material, in 

thick amorphous films, and in uncapped amorphous thin films, which have been prepared 
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by low temperature deposition, there nuclei are present which can grow as soon as there 

is enough atomic mobility. The results reported above indicate that such nuclei are not 

present in the ultra thin films. 

In molecular dynamics simulations on small samples it has been found that the 

nucleation process tends to be suppressed because of the small sample size. The 

nucleation process depends on statistical fluctuations, and it is much less likely for a 

fluctuation to produce a critical nucleus in a very small sample than in a large sample, 

especially when the sample size approaches the usual critical nucleus size. This is 

probably the explanation for the increased difficulty in nucleating the crystalline phase in 

the ultra thin, capped films. Amorphous silica which sandwiches the capped layer, does 

not crystallize readily, and it remains amorphous to very high temperatures, well above 

1000°C, where it crystallizes very slowly. It is rigid below about 1000°C. This rigid 

amorphous structure will tend to hold the atoms of the oxide layer in a random 

configuration, reducing the probability that a critical nucleus of the crystalline phase will 

form. 

It is informative to examine what standard nucleation theory can tell us about the 

nucleation process in our films. 

It is usually assumed that a nucleus is a cluster which has a spherical shape. 

During formation of the cluster, the thermodynamic energy change can be expressed as 

follows. 
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4 , 
AF^ =-AF^, • —72^3+cr*4;zr (4.1) 

where: AF^ is free energy change of a whole cluster; 

AF„ is unit volume free energy change; 

(7 is unit surface energy change; 

r the radius of the cluster. 

Equation 4.1 is plotted schematically in Fig 4.22. As indicated in this graph, the 

total free energy first increases with increasing radius of the cluster until it reaches a 

critical size. This critical size can be obtained by taking the derivative of Equation 4.1, 

resulting the following equation for the critical radius. 

/ = —  ( 4 . 2 )  
Ai^v 

Equations 4.1 and 4.2 illustrate that a critical radius is needed in order to form a nucleus. 

Using AFp, = ZAr IT^, where L is the latent heat per mol, AT" is the undercooling, and 

Tf^ is the melting point, and using the Tumbull approximation, 2cr « Z, Equation 4.2 

becomes 

r* « (4.3) 
Ar 

The melting points of both hafnia and Zirconia are about 2800°C, so that at 

400°C, I AT is about 1.15. This suggests that the critical nucleus radius should be 

only slight larger than the atomic diameter, which means that it contains about 6 

molecules, which seems a bit small for an embryonic crystal. A crystal has a lower free 
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energy than the amorphous phase because of the more regular arrangement of its atoms. 

But some reasonable number of atoms must be in regular positions with respect to each 

other before there is a regular arrangement. It has been suggested that the smallest 

possible nucleus of an fee crystal consists of 13 atoms: one atom surrounded by its 12 

nearest neighbors. 

In any case, the critical radius is relatively independent of temperature in this 

temperature region, and must be large enough so that a reasonable number of atoms are in 

a crystal-like configuration. The effective sample size in which the nucleus must form is 

reduced because the film is so thin. If the nucleus is spherical, it must form within the 

thickness of the amorphous layer. The equilibrium concentration of the critical size nuclei 

is usually written 

— = exp(——) (4.4) 
«() kT 

where AF* are, respectively, the total number of atoms, the number of critical 

nuclei, and the free energy of formation of critical nucleus size. This formula assumes 

that the number of atoms in the sample is large compared to the number of atoms in the 

critical nucleus, which is questionable for the thin films. However, the right hand side of 

this equation does indicate the probability of formation of a critical nucleus is relatively 

independent of temperature in this region. The critical size does not change much with 

temperature, and increase in volume free energy is compensated to some extent by the 

change in temperature, which affects the probability of a fluctuation occurring to form the 
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nucleus. The big change for various thickness of film is in the value of HQ , which 

depends on the volume in which the nucleus forms. 

In the crystallized films, the final grain diameter is on the order of 10 nm, so that 

the volume in which a critical nucleus must form contains about lO"* molecules. This 

volume depends on the thickness of the layer. The difference between the nucleation 

behavior of the thin and ultra thin layers is too large to be accounted for by the difference 

in thickness of the oxide layer alone. In the capped ultra thin layers, the presence of 

amorphous silica layer must further restrict the effective thickness of mobile atoms in the 

high K oxide layer. Unlike nucleation from vapor phase to liquid phase, where molecules 

can quickly join the critical nucleus due to their high mobility, the grov^h of nucleus in 

the amorphous phase is much slower due to the low mobility of the molecules. The rate 

of growth of a nucleus can be written: 

I = vn^ (4.5) 

where v is the rate at which nucleus of the amorphous phase join a nucleus, and is the 

number of atoms on the periphery of the critical-size nucleus. 

The mobility of the molecules in these oxides is strongly dependent on 

temperature. For a typical activation energy of a few electron volts per molecule, the 

mobility changes by orders of magnitude for a change in temperature of a few hundred 

degrees at the temperatures of these experiments. So, for example, the mobility of the 

molecules and the growth rate of the nuclei is orders of magnitude faster at 900°C than at 

650°C. In Hf02, for example, where there is sufficient mobility for the nuclei to grow at 
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650°C in the thicker or uncapped films, there is more that enough mobility for nuclei to 

grow at 900°C. In the ultra thin films, which do not crystallize at 900°C, there can be no 

nuclei present. This suggests that the molecules in the ultra thin high K layers are 

immobilized in the amorphous state by the silica layers. 

The above equations describe ideal homogeneous nucleation. In uncapped films, 

due to the availability of substantial foreign particles, missing bonds, and the high 

mobility of atoms at the surface, heterogeneous nucleation at the surface is likely. It is 

well known that most glasses tend to start crystallizing at the surface instead of inside the 

bulk. Different mechanisms have been proposed: The surface composition may change 

during high temperature treatment; contaminants may stick to the surface acting as agents 

for nucleation. For metal oxide thin films like ZrOj or Hf02, both of these mechanisms 

may be applicable. For instance, ZvOz films were found to suffer from surface 

degradation due to oxygen loss when they are heat treated in the vacuum at high 

temperature. On the other hand, different contaminants can attach to the surface of ZrOj 

films from various process steps. Even in a vacuum chamber particulates are everywhere. 

With all these external factors, heterogeneous nucleation is believed to cause the 

crystallization of uncapped ultra thin high K ZrOj and HfOi films in our experiment. As a 

result, the crystallization temperature is not expected to increase much when the film 

thickness is very thin. 

The heterogeneous nucleation is converted to homogeneous nucleation when 

Zr02 and Hf02 films are sandwiched between two layers of silica. By doing this, the 

surface of the high K thin films is not exposed to the outside. Thus high energy sites such 
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as broken bonds are greatly reduced. Furthermore, when silica film is deposited on high K 

films or vice versa, the interface between high K films and silica is composed of silicate

like structure. In this configuration the high K atoms in contact with top and bottom silica 

layer are in registry with the amorphous silica structure. As such, the nucleation process 

of the sandwiched high K layer is very likely to be a homogeneous process. 

As a homogeneous process, the nucleus in capped ZrOj or Hf02 films must grow 

to a size larger than the critical nucleus in order to be stable. Reports have shown a 

critical nucleus size of about 5-6 nm in TaiOs thin films [83, 84], Studies on 

crystallization of hafnium silicates have shown that the crystallite size in all films with 

different thickness are in the order of ~5 nm [85]. This would explain our result that it is 

much more difficult to nucleate the crystals in films less than 5 nm thick. The formation 

of equilibrium embryos would be quite difficult. Therefore, a higher temperature is 

needed to obtain critical embryos. As the embryo grow larger in the ultra thin high K 

films with silica capping layer, they will eventually meet the interface between the high K 

film and silica. This will have two effects: 1) high K atoms registered in silicate-like 

interface will not be able to join the growing embryos due to their reduced mobility, 2) 

the creation of the interface between the embryo and silicate adds more surface energy 

which will result in reduced stability of the embryos. In order to form stable nucleus, the 

embryo must expand laterally to minimize total free energy. However, because the film is 

so thin, the silicate structure at the top and the bottom reduces the mobility of high K 

atoms. Moreover, is also reduced. Above all, we have known the nucleation process is 
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much more difficult to accomplish in ultra thin films with the capping layer. The only 

way to facilitate this process is to have a considerably higher armealing temperature. 

Although the relatively thick films with the capping layer differ from the capped 

ultra thin films only in slight thickness, the nucleation process is evidently quite different. 

In the relatively thick films, there is enough volume and mobility to form stable embryos 

Embryo can form between the top and the bottom silica layers which are already larger 

than the critical nucleus. We suggest that the critical nucleus is much smaller than 5 nm 

in diameter, but that the effective thickness of mobile atoms is also much smaller than the 

layer thickness. Thus, a much lower temperature is needed for nucleation in the relatively 

thick thin films than in the ultra thin films. 

Capping the ultra thin high K films between two layers of silica reduces the 

formation of embryos: they isolate the high K films from the outside environment, reduce 

the mobility of atoms, eliminate broken chemical bonds of high K films on the surface, 

and register interface in an amorphous matrix. The combination of these four factors 

make the sandwiched high K films not only require homogeneous nucleation, but also 

make the formation of critical embryos much more difficult. The establishment of 

difficult homogeneous nucleation and the reduced mobility of atoms due to the silicate 

structure, permit the ultra thin high K films with a capping layer to sustain a high 

temperature annealing without crystallization. 
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4.4 Effect of Low Temperature Pre-Annealing on the Crystallization Temperature 

When we discussed the effect of capping on the ultra thin ZrOx and Hf02 films, 

we did not include one effect that could significantly affect the effectiveness of the 

capping layer on the increase of crystallization. This effect is medium temperature pre-

annealing before high temperature heat treatment. For ZrOa films, the pre-annealing 

temperature is defined as 450°C while it is 550°C for HfOa film. It was found that 5 nm 

ZrOi films with 10 minutes of pre-heat treatment aimealing did not crystallize until 650 

degrees while films without pre-heat treatment crystallized at 550°C or so. In the case of 

5 nm Hf02 thin films, the crystallization temperature difference is as large as 

approximately 200 degrees with or without 10 minutes pre-heat treatment. 

The pre-heat treatment temperature was chosen so that it will not initiate 

crystallization of both films. Instead, this temperature will make some difference in two 

aspects. First, it eliminates the water residue at both sides of interface between the silica 

layer and high K films. Second, it will lead to stress relaxation. 

Water is omnipresent even inside the vacuum. In a typical vacuum range of 10"^ 

Torr, it takes only 1 second to form one monolayer of gas atoms. Therefore it is not 

surprising to see that some water atoms may already stick on the surface before high K 

films are deposited on the silica layer or subsequent silica layers are deposited on high K 

films. Water molecules have very detrimental effects on thin films deposition; in the 

worst case it may prevent formation of bonding between films and substrate. If so, films 

will peel off while undergoing mechanical stresses. In our research, films never peel off 

from substrate, however, this does not rule out the possibility that water is present at the 
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interface. Thus the fact that these water molecules may act as an agent to initiate the 

nucleation becomes an issue. This phenomenon is well known to glass research people. It 

is beyond our research to determine how much effect water molecules will have on the 

nucleation process of high K films, nevertheless, it is believed that H2O will either diffuse 

out of the interface or dissociate into H and O species if the sample is under moderate 

thermal annealing. H is found to be able to passivate dangling bonds at interface, and 

Oxygen will usually diffuse out. In both cases, the factor that water may act as a potential 

nucleation agent situation was excluded. 

Moderate heating will not only remove water at the interface, but also help to 

relax stress as well as defects inside the films. The sputtering process is known to 

produce very dense films which are beneficial to some applications such as optics. On the 

other hand, it also increases the stress level. It is known that large stress can cause 

recrystallization even in hardened metals. In Zr02 or Hf02 films, the stress may facilitate 

the crystallization, and thus it is desirable to reduce the stress to a minimum extent. 

4.5 Interfacial Layer Between High k Films and Silicon Substrate 

For high K films deposited in an oxygen atmosphere, a thin layer of silicon 

dioxide was usually found between the high K films and silicon substrate. This thin layer 

of silica was reportedly beneficial for the nucleation of high K films which can produce 

better electrical properties [86]. The interfacial layer in our work was also helpful for 

stabilizing ultra thin high K films. Despite the advantages of this interfacial layer, the 

demand for thinner equivalent thickness to approximately Inm gives the interfacial layer 



very little margin because of its low dielectric constant. Common thickness of the 

interfacial oxide of deposited high K films is more than 1.2 nm, which will make whole 

thin film stacks much less useful for future replacement of silicon dioxide. 

In this work, interfacial thickness investigation was performed mainly on ZrOz 

films. Since the microstructure of hafnia is very similar to that of zirconia, the findings 

from Zr02 films should also apply to Hf02 films. As we know, the interfacial layer is 

silica-like material resulting from the oxidation of the silicon substrate. In the case of the 

deposition of high K films on silicon, this interfacial layer originates from three steps; 

pre-deposition oxidation, during deposition, and post-deposition annealing. At the pre-

deposition step, an HF dipped silicon substrate may be subject to oxidation if any 

oxygen-containing species is available. Plasma processes containing oxygen may oxidize 

the silicon substrate up to 2 nm. Because of the special system set up which enables the 

substrate to isolate itself from oxygen-containing plasma, the native oxide in our system 

was kept at only 0.6 nm. This thickness complies with that reported by Wilk et al [27], 

During deposition, it is evident that even a moderate temperature will make the interfacial 

layer grow thicker. Figure 4.23 shows the XTEM image of a Zr02 film deposited at 

170°C. The interfacial layer of this sample is thicker than 3 nm. In contrast, during 

deposition at room temperature it did not grow thicker than 1 nm. The final step which 

concems us is the thermal annealing after deposition. Figure 4.24 shows a XTEM image 

of a ZrOa/Si sample armealed in O2 at 450°C for 10 minutes and 600°C for 2 minutes. 

Under the crystallized Zr02 film is an interfacial layer about 2 nm thick. Evidently, the 

interfacial layer of the Zr02 film without a capping layer grew thicker after annealing. 
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This growth of the interfacial layer can be attributed to the rapid diffusion of oxygen 

along grain bovindaries when these films are crystallized. As reported by Brossmann and 

Busch [87, 88], oxygen diffusion at an ultra fine grain boundary is four orders of 

magnitude higher than that in the bulk. In order to confirm the fast diffusion of oxygen in 

Zr02 films we also investigated the interfacial thickness in a 23 nm thick film after 

annealing in oxygen (not shown). The interfacial layer was on the same order of 

magnitude as that of 5 rmi ZrOj film. Oxygen diffusion in crystallized ZrOj thin films 

does not seem to depend on its thickness. 
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Figure 4.23 Cross-sectional TEM micrograph of ZrOa deposited at 170°C on silicon 
without annealing. Interfacial silica layer is 3 nm thick. 
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Figure 4.24 Cross-sectional TEM micrograph of 5nm Zr02 thin film without a capping 
layer, deposited at room temperature on silicon, after annealing at 450°C for 10 minutes 
and 2 minutes at 600°C in Oxygen. 
A denotes the glue layer. B is ZrOi film. C is the silicon (100) substrate. 



Figure 4.17 is a high resolution XTEM image of a Si02/Zr02/Si sample after 

thermal annealing for 10 minutes at 450°C and 5 minutes at 650°C in oxygen. In this 

image we can identify the single crystal silicon substrate from its regular atom fringes. 

Above the substrate there are three different layers which are amorphous phases. The 

amorphous ZrOi film looks darker compared to the interfacial and top layer of silica due 

to its higher atomic number. This contrast has enabled us to differentiate Zr02 from silica 

layers. By careful evaluation we determined that the interfacial thickness was only 0.6 

nm. The interface between this layer and substrate is atomically smooth. After 2 more 

minutes annealing in O2 at 700°C, the Zr02 films looks crystallized as shown in Figure 

4.18. However, the interfacial thickness is estimated to be the same as that in Figure 4.17. 

The above observations reveal that the oxygen diffusion in capped high film samples are 

different from those without the silica capping layer. Unlike crystalline ultra thin high K 

films, the silicon dioxide layer deposited on the high K film is amorphous which contains 

no grain boundaries. Diffusion rate of oxygen in silicon dioxide films should be isotropic 

and equal to the typical bulk value. By calculating the diffusion length at typical 

annealing conditions, we concluded that oxygen from the ambient atmosphere was not 

able to diffuse to the through the amorphous high K layer interface between the silicon 

substrate and the high K layer. Therefore, the problem of interfacial layer thickening was 

not found for capped high K films after thermal annealing. 
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4.6 Summary 

Hf02 and ZrOa thin films have been characterized by different techniques in order 

to obtain their material properties such as surface morphology, microstructure, and 

interfacial layer thickness. The as-deposited films were found to have atomically smooth 

interface which is suitable for the application of gate dielectrics. With the help of X-ray 

diffraction and TEM, we were able to identify the microstructure evolution of ZrOi and 

HfOa films after various heat treatments. The films deposited at room temperature were 

stoichiometric and amorphous. After annealing, 20 nm ZrOi and HfOi films crystallized 

at about 370°C and 650°C respectively. The crystallization temperature was usually 100 

degrees higher than for thicker films for both materials when the thickness was down to 

approximately 5 nm. Moreover, it was demonstrated that a notable increase of 

crystallization temperature could be achieved if a thin silica layer was deposited on top of 

ultra thin high K films. Interestingly, ultra thin amorphous HfOi films with a capping 

layer were stabilized as high as 900°C. The capping layer could not only stabilize the 

amorphous films at high temperature, but also acted as a diffusion barrier to prevent 

further growth of the interfacial layer. In this work the interfacial layer remained as thin 

as 0.6 nm even after high temperature annealing in the oxygen ambient. 
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CHAPTER 5 ELECTRICAL CHARACTERIZATION OF DC 

REACTIVE DEPOSITED HfOz AND ZrOz FILMS 

In this chapter the results of general electrical properties of Hf02 and ZrOi films 

are described, including the dielectric constant, the breakdown field, and charges in the 

films. The effect of oxygen partial pressure on the charge states inside the films has been 

studied. Since ultra thin films are of the most interest in this research, the I-V 

characteristics of ultra thin amorphous and crystalline films were studied. Based on the 

C-V characteristics of ultra thin films, the interfacial properties of ultra thin films are 

discussed. 

5.1 General Electrical Properties of Sputtered Films 

5.1.1 Dielectric Constant of Sputtered ZrOi and Hf02 Thin Films 

From the high frequency C-V curve, the dielectric constant of sputtered Zr02 and 

HfOi thin films can be evaluated from the accumulation capacitance given that the 

thickness and area are known. The dielectric constant is calculated by 

Ire A 

^high-k ^acc 
high-k 

where refers to the capacitance of the high K thin film capacitor, pertains to 

accumulation capacitance obtained from high frequency C-V curve, k is relative 

dielectric constant of the high K thin film, is the permittivity in the vacuum, A is the 

area of the capacitor, and is the thickness of the dielectric film. 
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Although the above equation fits the ideal single layer dielectric capacitor, it does 

not apply to typical high K films deposited on silicon because of the interfacial silicon 

dioxide layer between the high K film and silicon. For ultra thin high K films, the 

existence of a SiOa layer could significantly affect the accuracy of K value extraction. In 

this case, the capacitance of the interfacial layer is comparable to that of high K films. In 

order to obtain an accurate K value, the interfacial layer thickness must be known. The 

accumulation capacitance of the capacitor which consists of both a high K film and 

interfacial layer can be expressed using the following equation [89]: 

or 

(5.2) 
^high'k ^SiO 

tnjo, (53)  

^acc ^high-k^O-^ 

where is the capacitance of the interfacial silicon dioxide layer which can be 

similarly expressed as in Equation 5.1, and and are the thicknesses of HfOi and 

interfacial SiOi layers respectively. From Equation 5.3, a plot of the reciprocal 

accumulation capacitance versus the thickness of high K dielectric should give a straight 

line if the thickness of the oxide layer is constant. If we assume the interfacial layer is 

silicon dioxide with a dielectric constant of 3.9, then the dielectric constant of high K and 

the thickness of the interfacial layer can be deduced. Figures 5.1 and 5.2 are plots of the 
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inverse capacitance for thin film stacks of Zr02/Si02 and Hf02/Si02 with and without a 

capping layer. In these plots, all samples received the same heat treatment (see details in 

Chapter 3) and all the high K films were crystallized. In order to obtain accurate results, 

the thickness of the high K films was calibrated by deposition rate, TEM, and 

ellipsometry. After precisely obtaining the thickness of all high K films, we estimate that 

the dielectric constant of the Zr02 films is approximately 21 and the Hf02 films is 23. 
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Figure 5.1 Inverse of accumulation capacitance as a fiinction of the ZrOi films, with and 
without capping layer after thermal annealing. 
Solid lines are fits to the data using Equation 5.3. MIS capacitors with Zr02 layer 
thicknesses of 6.9, 10.1, 12.3 nm were measured. Capped and uncapped samples are 
identical except that capped Zr02 samples were heat treated after the silica layer was 
deposited on top. MIS capacitors made fi-om capped Zr02 films were fabricated by 
removing the top capping layer. 
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Figure 5.2 Inverse of accumulation capacitance as a function of the HfOi films, with and 
without capping layer after thermal annealing. 
Solid lines are fits to the data using Equation 3. MIS capacitors with Hf02 layer thickness 
of 5.8, 7.0, 11.1 nm were measured. Capped and uncapped samples are identical except 
that capped Hf02 samples were heat treated after the silica layer was deposited on top. 
MIS capacitors made from capped Zr02 films were fabricated by removing the top 
capping layer. 



With the plots in Figure 5.1 and Figure 5.2, we can calculate not only the 

dielectric constant of the high K films, but also the physical thickness of the interfacial 

layer between high K films and the silicon substrate. Extraction of interfacial thickness 

from the plots is more convenient than the XTEM method described in Chapter 4. It was 

found that the interfacial thickness of high K films obtained by these two methods was 

almost identical. The straight line for films with a capping layer indicates that the 

interfacial layer of all three high K film samples is almost the same. Interestingly, those 

films without a capping layer also possess the same interfacial thickness even though the 

thickness of the high K films is different. Since these films were all crystalline during 

thermal annealing, it is likely the grain boundaries acted as the diffusion path through the 

films. Therefore, small difference in thickness for those films should not be a big factor 

for oxygen diffusion. 

Table 5.1 Interfacial thickness of HfOi and ZrOi films deposited on silicon substrate with 
and without capping layer. 

Film Capped HfOz Uncapped HfO: Capped ZrOi Uncapped ZrOz 
Film 

thickness (nm) 
5.8 7.0 11.1 5.8 7.0 11.1 6.9 10.1 12.3 6.9 10.1 12.3 

Interfacial 
layer thickness 

(nm) 

0.6 0.6 0.6 0.81 0.81 0.81 0.65 0.65 0.65 0.85 0.85 0.85 

Detailed results for the interfacial thickness of the films are shown in Table 5.1. 

This table reveals that the thickness of the interfacial layer in Hf02 films with capping is 

only 0.6 nm, while capped ZrOi films have an interfacial thickness of 0.65 nm. On the 
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other hand, the interface layer of uncapped ZrOa and Hf02 films increased to 0.85 and 

0.81 nm respectively after heat treatment. In our heat treatment recipe (for electrical 

measurements), all films were annealed in either an N2 or an Ar protective atmosphere. 

Even under this condition, trace amounts of oxygen could still diffuse into films along 

grain boundaries in crystalline high K films and react with substrate silicon to form 

silicon dioxide. With more aggressive annealing, such as in a mixture of gases containing 

oxygen, the thickness of interfacial layers may be difficult to control. The films with a 

capping layer, on the other hand, have successfully maintained their original interfacial 

thickness without further growth. 

Numerous reports have concluded that this interfacial layer is very beneficial for 

the performance of MOS transistors [90]. It can improve electron mobility in the channel 

and reduce interface states. It has been reported that 0.5 nm is the minimum interfacial 

thickness needed to maintain the electrical properties of bulk silicon dioxide. The 

interfacial thickness of 0.6 nm which was obtained in our experiment seems an 

encouraging result based on the above conclusions. With such a thickness, the electrical 

properties will be promising and the sacrifice will be minimal for maintaining the total 

equivalent thickness. 

5.1.2 Breakdown Field of Sputtered Films 

The breakdown field is one of the important electrical properties of high K films. 

Depending on the deposition method and processing conditions, high-K Zr02 and Hf02 

films have a wide range of breakdown field. For Zirconium oxide films, the breakdown 



field has been reported to be 1-20 MV/cm [31, 91], Hf02 films have a breakdown field 

which ranges from 1 MV/cm to 22 MV/cm [92, 93]. Since very thin films of dielectrics 

have soft-breakdown characteristics which do not show typical time-zero breakdown 

behavior, thicker films ranging from 10 to 20 nm were employed for testing. The 

differences between as-deposited and heat treated samples are also compared. 

Table 5.2 Breakdown field of Zr02 film under various conditions 
Film ZrOj 
Thickness (nm) 10 10 10 20 20 20 
Thermal As- 350°C 600°C As- 350°C 600°C 
annealing deposited deposited 
Microstructure Amorphous Amorphous Crystalline Amorphous Amorphous Crystalline 
Breakdown 3 5 13 3 5 13 
Field (MV/cm) 

Table 5.3 Breakdown field of Hf02 film under various conditions 

FILM 
HfDj 

Thickness (nm) 10 10 10 20 20 20 

Thermal As- 600°C 700°C As- 600°C 700°C 
annealing deposited 5 min deposited 

Microstructure Amorphous Amorphous Crystalline Amorphous Amorphous Crystalline 

Breakdown 4 17 14 4 17 14 
Field (MV/cm) 

Tables 5,2 and 5.3 summarize the breakdown field of Zr02 and Hf02 films for 

different processing conditions. A few conclusions can be drawn from this table. First, 

both Hf02 films and Zr02 films have very high breakdown fields. The highest value of 

the breakdown field of Hf02 films is 17 MV/cm, while Zr02 films have a maximum 

breakdown field of 14 MV/cm. Comparatively, the typical breakdown field of thermally 

grown silicon dioxide is less than 10 MV/cm [59]. Second, annealing of all samples lead 



to significant improvement of the breakdown field. It is noted that the as-deposited 

samples have a breakdown electrical field as low as 3 MV/cm. This implies that the 

defect density in these sputter-deposited samples is high despite the fact that these 

samples are amorphous in nature. While as-deposited amorphous samples have much 

lower breakdown field than the annealed crystalline sample in the case of both ZrOa and 

Hf02 films, the breakdown field of annealed amorphous HfOi films was higher than the 

crystalline films. The amorphous Hf02 films mentioned above were heat treated at 600°C 

for 5 minutes and crystalline films were annealed at 700° for 5 minutes. The amorphous 

ZrOj films, on the other hand, did not show much improvement on annealing at 350°C. 

As discussed in the last chapter, the crystallization temperature of thick Zr02 films is as 

low as 350°. It is suggested that at this low temperature it is difficult to remove the 

defects. The crystalline ZrOz samples, which were annealed at 600°C have a significantly 

higher breakdown field. Finally, we found that the breakdown field for all sputtered Zr02 

and Hf02 films is not thickness dependant. This implies a homogeneity of all films, 

which may come from the consistency and stability of our sputtering process. 

5.2 I-V Characteristics of ZrOi and HfOa Films 

5.2.1 General Description 

The I-V characteristics of Zr02 and Hf02 films with different thickness were 

investigated. For gate dielectrics, an important parameter is the leakage current density 

measured at 1 volt bias. In general, our sputter deposited Zr02 and Hf02 films showed 

good quality with low leakage currents. For instance, 12.6 nm ZrOj films showed a 
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6 9 f\ "J 
leakage current density of as low as 5x10" A/cm , while 3x10" A/cm was obtained for 

the 11 nm Hf02 films, which is better than some films deposited by MOCVD [94]. An 

EOT (Equivalent Oxide Thickness) as thin as 1 nm is required for next generation gate 

oxide, which is equivalent to high K films with thickness less than 6-7 nm, based on the K 

values obtained in our work. The study therefore was focused on high K films less than 

10 nm in thickness and especially on ultra thin films with thickness less than 5 nm. 

Figure 5.3 shows the I-V characteristics of ZrOi films with different 

microstructures and thicknesses. Detailed information about each sample is included in 

the figure. It was observed that all the I-V curves were asymmetric about 0 bias. The 

current density at the negative side was much higher. This is because there is a Shottky 

barrier on the backside of the MIS capacitors, which arises fi-om the work function 

difference between aluminum and the p-type silicon substrate. When a negative bias 

voltage is applied to the top of MIS capacitor, the Shottky barrier is lowered. On the other 

hand, it is enhanced by a positive bias applied on gate electrode. Since the height of this 

barrier depends strongly on the roughness of the surface, and fabrication processes such 

as cleaning and post annealing, the leakage current density measured under positive bias 

may not represent the actual value for the dielectric films. Therefore, the positive side of 

the I-V curves should be ignored. The leakage current density which is evaluated on the 

negative bias side is discussed in the following paragraphs. 

It is accepted that the leakage current density should be inversely proportional to 

the thickness of the film given that the applied electric field is not too high. This was 

observed here for relatively thick crystalline films (> 5 nm). For example, in Figure 5.4, 
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Figure 5.3 I-V characteristics crystalline and amorphous ZrOa films with different 
thicknesses. 
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Figure 5.4 I-V characteristics of crystalline and amorphous Hf02 films with different 
thicknesses. 



the leakage current density of thin crystalline HfOa films increases as the thickness goes 

up from 5.8 to 7 nm. It seems that the leakage current density is not a big problem for 

relatively thick films[16]. Interestingly, however, there was an abrupt increase when the 

film thickness was thinner than a critical value of approximately 5 nm for both crystalline 

ZrOa and Hf02 films. Once the thickness was below this value, a substantial increase of 

leakage current density was observed for crystalline ZrOi and Hf02 films, as illustrated in 

Figures 5.3 and 5.4. Table 5.4 summarizes the leakage current density at -1 volt bias for 

these samples. For instance, the leakage current density of crystalline ZrOi films 

increased by two orders of magnitude from 2.15x10"^ to 3.02x10'^ A/cm^ for a decrease in 

the film thickness by only 1 nm from 6 to 5. Similarly, for crystalline Hf02 films, the 

leakage current density changed from 4.14x10"'' to 4.18x10"^ A/cm^ when the thickness 

was reduced from 5.8 to 4 nm. In contrast, the difference in leakage current density was 

much smaller when the thickness of the crystalline Hf02 films varied from 7 nm to 5.8 

nm, above the critical 5nm thickness. 

Table 5.4 Leakage current density of Zr02 and Hf02 films with various thickness 
measured a1 -1 volt bias. 

Zr02 thin films Leakage Current 
(A/cm ) 

Hf02 thin films Leakage Current 
(A/cm ) 

6 nm crystalline 
5 nm crystalline 

2.15x10"^ 
3.02x10"' 

7 nm crystalline 
5.8 nm crystalline 
4 nm crystalline 

1.09x10"'' 
4.14x10"'' 
4.81x10"^ 

4.2 nm amorphous 6.24x10"^ 3.6 nm crystalline 1.12x10-" 

In addition to the variation in leakage current with the thickness of crystalline 

films. Table 5.4 as well as Figures 5.3 and 5.4 show a significant difference in leakage 



current between amorphous and crystaUine films with similar thickness. For the 4.2 nm 

amorphous ZrOi thin film, the leakage current density was as low as 6.24x10'"* A/cm^, 

almost 500 times lower than that of 5 nm crystalline film. This contradicts the result 

reported by Guha at al [16] on aluminum oxide films which showed no leakage current 

density difference between amorphous and crystalline phases . The 3.6 nm amorphous 

Hf02 thin film showed an even lower leakage current of 1.12x10"'* A/cm^. In comparison, 

the leakage current density of the 4 nm crystalline HfOi film was 400 times higher. 

Taking into consideration the interfacial layer of the 4 nm ZrOi and 3.6 nm HfOi 

samples, the calculated EOT of these samples was only 1.4 nm and 1.2 nm, respectively. 

The leakage current density of the amorphous ZrOi and HfOi samples is among the 

lowest value reported to date. Typical leakage current density for 1.2-1.4 nm silicon 

dioxide is higher than 10 A/cm^ [95], five orders of magnitude higher than the amorphous 

high K films with the same EOT in this study. Interestingly, the leakage current of the 3.6 

nm ultra thin amorphous Hf02 film was equivalent to that of 7 nm crystalline film. 

Similar results were found for ultra thin amorphous ZrOi films. 
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Figure 5.9 Current-voltage characteristics of Hf02 and ZrOi films at low field (E=0-
lOOKV/cm). Ohmic conduction behavior of all films is shown. 
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5.2.2 Discussion of Conduction Mechanisms in Very Thin Crystalline and 

Amorphous HfOz and Zr02 Films 

As observed in last section, crystalline ZrOj and Hf02 films showed an abrupt 

increase in leakage current when the thickness was less than 5 rmi. On the other hand, the 

ultra thin amorphous films did not display this phenomenon, instead, the leakage current 

was even lower than the relatively thick (above critical thickness) crystalline films. This 

is a substantial difference of leakage current density between amorphous and crystalline 

HfOi films. In Chapter 3 we have discussed charge transport mechanisms in dielectric 

films. Among these mechanisms, direct tunneling was initially considered the most likely 

mechanism which could introduce high leakage in ultra thin dielectric films. However, 

the thickness of HfOi and ZrOi films being investigated was typically more than 3.5 nm. 

Taking into account the interfacial 0.6 nm silicon dioxide-like layer, the physical 

thickness of whole thin film stacks is at least 4 nm. In order to determine the possible 

mechanisms for the cause of the substantial difference between ultra thin amorphous and 

crystalline films, the I-V plots from low field to high field were made for 3.5 nm 

amorphous and 4.0 crystalline Hf02 films as shown in Figures 5.5-5.9. 

Typically, tunneling either happens at high electric field (> 4 MV/cm) or occurs 

for films less than 3 nm at low field [96]]. The F-N plots (Figures 5.5 and 5.6) of both 

ultra thin crystalline and amorphous HfOa reveal that the dominant leakage at high field 

is from Fowler-Nordheim tunneling. Since F-N tunneling does not coexist with direct 

tunneling, the possibility of direct tunneling in these films can be ruled out. The Ohmic 

plots of some Zr02 films were also included in Figure 5.9. These graphs indicated typical 
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conduction mechanisms from low field to high field were similar for both films, except 

that the crystalline Hf02 film did not show Shottky behavior at high field (Figure 5.7). 

At low electric field, although both types of films showed Ohmic conduction, the 

calculated conductivity fi-om the two graphs revealed a notable difference. As we know, 

the Ohmic behavior of dielectric films results from hopping electrons due to thermal 

excitations. It is evident that the total number of mobile electrons in the ultra thin 

crystalline films is much larger. However, HfOa has a large band gap which theoretically 

indicates an extremely small number of electrons, mainly caused by thermal excitations. 

This can be illustrated from the I-V curve at low electric field of amorphous Hf02 films. 

The large concentration of electrons must originate from somewhere other than the bulk 

thin film itself. For amorphous and polycrystalline films, the main difference is that 

crystalline Hf02 films have grain boundaries. Grain boundaries are recognized as a site 

where defects and impurities preferably aggregate. As such, these defects and impurities 

will develop electronic states along the boundaries. One other possible effect is that 

impurities with an oxidation state other than +4 also cause point defects such as vacancies 

very close to grain boundaries, which can easily move under electric fields. 

In addition to aggregation of impurities and other defects when films are 

crystallized, grain bovmdaries may also act as a fast diffusion path for boron dopants in 

the p-type substrate. It has been reported that oxygen diffusion is 5-6 orders of magnitude 

faster along the grain boundary of Zr02 films than in the bulk. When thickness of high K 

Hf02 and Zr02 films is merely a few nanometers, boron diffusion along grain boundaries 

may not take much time at high temperatures. As a result, the concentration of boron at 
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the grain boundaries may reach a high level which will also cause an increase of leakage 

current. 

As described above, the difference of leakage current density between crystalline 

and amorphous films is probably due to the grain boundaries. For crystalline films, the 

distance which charge carriers travel should be proportional to the total length of grain 

boundaries, which is approximately equal to the thickness of films. Therefore, practically, 

the leakage current density should be inversely proportional to the thickness if we assume 

the resistivity of grain boundaries is uniform. In other words, at same low electrical field 

when other conduction mechanisms can be neglected, leakage current density through 

crystalline films with different thickness should be on the same order of magnitude. 

Unfortunately, the Ohmic plot of ZrOa films with different thickness indicated that the 

above hypothesis is not satisfied. It was noted that a big gap in terms of leakage current 

exists at approximately 5 nm. When crystalline ZrOa or HfOa films were equal to or 

below this critical thickness, they showed substantially higher leakage current than those 

with thickness just above this critical thickness. This thickness is similar to the critical 

nucleus size as described in Chapter 4. 

Observing the coincidence of the thickness effect on both crystallization 

temperature and leakage current density, we turned our attention to the morphology of 

crystalline films with different thickness. Figure 5.10 is a TEM cross-sectional view of a 

relatively thick crystallized ZrOi film. Ultra thin crystallized ZrOa and Hf02 films are 

shown in Figures 4.18 and 5.11. From the atom fringes in these images, small crystallites 

can be clearly identified. For ultra thin ZrOi and HfOi films which are 4.1 nm and 3.4 



Figure 5.10 TEM cross sectional view of 8 nm crystalline ZrOi film on silicon. 



Figure 5.11 TEM cross sectional view of ultra thin crystalline Hf02 film on silicon. 
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nm thick, respectively, only one crystallite is present through the thickness. On going 

from the substrate through the layer, atom fringes with only one direction are observed. 

Along the lateral direction, however, atom fringes with different directions are found with 

boundaries between them. Slightly thicker films, on the other hand show a different 

morphology. In Figure 5.10, small crystallites grew randomly inside the film. Typically, 

along the Z-axis we can see atom fringes with more than one orientation, so that there is 

more than one grain in the thickness of the layer. 

In order to further clarify the morphology difference between ultra thin and 

relatively thick films. Figures 5.12-13 have been prepared. The aluminum gate electrode 

and silicon substrate are included to signify the actual MOS structure as well as to 

demonstrate the leakage current path through grain boundaries. In the thinner film the 

grain boundaries go straight through the layer as shown in Figure 5.13. In the thicker 

crystalline films, the grain boundaries have a more torturous path through the film as 

shown in Figure 5.12. The grains of these crystalline films are randomly distributed. In 

the plan view of the crystalline films (Figure 5.14), the whole film surface consists of 

grains with different sizes. Neighboring grains are connected by a line, while three grains 

are jointed at a triplet junction. In fact, both the grain boundaries and the triplet junctions 

have been reported to be responsible for leakage in crystalline high K films. Lee et al 

have investigated the leakage current in crystalline TaiOs films and found that the 

leakage current density is proportional to the total length of the grain boundary which 

was in contact with the metal electrode [23, 97]. Ikeda et al concluded that the triplets 

were the dominant factor of the high leakage in HfOa films [36]. Given that both types of 



boundaries can contribute to leakage, electrons may need to go through several grain 

boundaries in order to pass from the top electrode to the substrate for relatively thick 

films. If some grain boundaries have properties as good as the bulk, electrons may find it 

difficult to pass through the dielectric film. 

For ultra thin crystalline films as illustrated in Figure 5.12, the grains are 

distributed in two dimensions. The triplet points as shown act as bridges from the top 

aluminum electrode to the substrate. More importantly, after a post metal deposition 

annealing, aluminum adheres well to high K film. Subsequently, aluminum atoms may 

diffuse along triplet grain boundaries, similar to boron penetration into high K films [98]. 

As a result, a sharp aluminum tip can form at the top electrode with a dimension of only a 

few angstroms. When electrical field is applied, the metal tip may emit electrons very 

efficiently as compared to a flat electrode because of enhanced electric field at the sharp 

tip. The emitted electrons may travel directly through the triplet grain boundaries with 

little scattering or resistance compared to thick films. We have studied the leakage 

current of ultra thin crystalline on different sizes of MIS capacitors. It was found that the 

leakage current was proportional to the metal gate area. This fact reveals that the 

distribution of the triplets is uniform in the films and each triplet may contribute equally 

to the leakage current. 

With the idea of triplets and metal tips proposed, we can look back at the Schottky 

plots of an amorphous film and an ultra thin crystalline film (Figures 5.7 and 5.8). 

Because amorphous films have no triplet or line-like grain boundaries, the interface 

between the film and electrode should be extremely flat. Thus, the contact of these two 
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materials will form an ideal energy barrier. Under typical high field bias for Schottky 

plot, the dominant electron source could only be from the thermionic emission across the 

metal-insulator interface. In the case of ultra thin crystalline films, although the area 

without triplets will still form the barrier, those points where triplets exist can not be 

considered the same as the rest of the area. As a result, the Shottky plot is not linear in 

ultra thin crystalline films. 



Figure 5.12 Sketch of the cross sectional view of a capacitor consisting of aluminum 
gate, thick crystalline high K film, and silicon substrate. 
The metal tips are formed at the interface between the aluminum gate and high K film. 
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Figure 5.13 Sketch of cross sectional view of a capacitor consisting of aluminum gate, 
ultra thin crystalline high K film, and silicon substrate. 
The Grain boundaries of the crystalline high K film are represented by small blocks with 
incline lines of different direction. Triplets are formed between the Grain boundaries of 
the ultra thin crystalline high K film. Metal tips are shown at the interface between the 
aluminum gate and high K film. 

• Triplet 

Figure 5.14 Sketch of the plan view of ultra thin crystalline films. 
The small dots are the triplets formed between 3 grains of the crystalline film. 
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5.2.3 Effects of the Interfacial Layer on the Leakage of Ultra Thin Crystalline Films 

In addition to microstructure and morphology, the effect of the interfacial layer 

thickness on the leakage current density was also explored. Table 5.5 and Table 5.6 

illustrate the leakage current of HfOa and Zr02 samples with the same film thickness and 

different interfacial thickness. The as-deposited samples were ultra thin and not capped 

with top silica layer. The thickness of high K films and the interfacial layer were 

estimated by the method discussed in 5.1.1.The interfacial thickness of both samples 

were increased by annealing in open air at 700°C for different lengths of time. It is clear 

from these tables that the leakage current is reduced with the increase of interfacial layer 

thickness. However, when the thickness of the interfacial layer is less than 1 nm, the 

effect is not significant. When the interfacial thickness increased to approximately 1.4 nm 

for both HfOa and Zr02 films, the leakage current density was dramatically reduced. 

Similar result was also found for Zr02 films deposited on silicon [99]. The explanation 

for this is that the thick interfacial layer is able to successfully block the emitted electrons 

from the electrode, while the thinner interface less than 1 nm will still let electrons turmel 

through. 

Table 5.5 Leakage current density of 4.5 nm crystalline Hf02 films with various 
interfacial thicknesses 

Leakage Current 
Density (A/cm^) 
@ -1 volt 

6.8x10-^ 2.9x10"' 1.7x10"^ 2x10"' 

Interfacial 
Thickness (nm) 

0.82 1.04 1.42 1.75 
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Table 5.6 Leakage current density of 5 nm crystalline Zr02 films with various interfacial 
thicknesses 

Leakage Current 
Density (A/cm^) 
@-l volt 

3x10"' 1x10"^ 2.8x10"'' 4.9x10"^ 

Interfacial 
Thickness (nm) 

0.85 1.06 1.4 1.8 

Although increasing the interfacial thickness will improve the I-V characteristics 

of crystalline high K films, it also leads to the substantial increase of equivalent thickness 

of the whole thin film stack. Practically, this method does not seem feasible for the next 

generation of high K gate dielectrics due to the strict limitation of EOT. Therefore, the 

search should focus on for amorphous high K films with carefully controlled interfacial 

thickness. 

5.3 C-V Characteristics of HfOz and Zr02 Films 

The C-V characteristics are often used to characterize the defects in the dielectric 

films and at the interface between the silicon substrate and gate dielectrics. The defects in 

the film usually relate to a variety of charges. The effect of these charges can be shown 

from C-V curves in the form of flat band voltage shift which is expressed as in the 

following equation. 

AV =V — ('5 4'* 

where: is flat band voltage shift; 
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is work function difference between the gate electrode (aluminum) and 

silicon substrate; 

Qf is oxide fixed charge; 

g,, is interface trap charge; 

is charge from mobile ions; and 

is capacitance of gate oxide. 

In this work, all samples were investigated at room temperature, where mobile 

ions movement is not significant and will be neglected. 

In expression (1), the shift of flatband voltage is calculated by 

AV =V -V  '  (5  5")  
FB ^ FB FB 

where V'^g is the observed value from the C-V curve, and Vp-g is the theoretical value 

which is equal to . 

Taking into account the doping level of silicon substrate used in this research, which is 

3xlO'^/cm^, he work function difference between silicon and the aluminum electrode is 

0.848 ev. 

For the non-ideal MOS devices, the actual flatband voltage V'pg can be extracted 

from C-V curves where flatband capacitance is located. 

C = 
^FB 

1 

kT 

q s^Na 

1 / 2  
(5.6) 

where C^o is the flatband capacitance; 
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is permitivitty of gate oxide; 

is thickness of gate oxide; 

is permittivitty of silicon; 

is doping concentration of silicon substrate; and 

q is electron charge. 

5.3.1 Effects of Annealing on the C-V Characteristics of Hf02 and ZrOz Films 

Sputtering is an energetic process. Thin films being deposited are usually 

bombarded by high energy electrons, ions, and neutrals etc. Even though deposition 

conditions were optimized, the defects brought by some high energy radicals could not be 

completely avoided. The C-V characteristics of the as-deposited Zr02 and Hf02 films 

revealed a large number of defects existing in the films. Therefore, annealing was needed 

in order to heal these defects. 

Keeping the as-deposited films in the amorphous phase was originally one 

primary goal for this research. Therefore, a low temperature heat treatment was first tried 

for Zr02 films, at a temperature below the crystallization temperature. The low 

temperature annealed samples did not show significant improvement compared to as-

deposited ones. When the temperature was increased to approximately 550°C, the C-V 

curves began to show notable improvement with less flat band shift and stretch out as 

well. The improvement continued with the increase of temperature until an optimum 

temperature was reached. In this work the optimum temperature was found to be 
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approximately 800°C for ZrOi films. HfOi films showed a similar trend, however, the 

optimum temperature was higher. We have tried HfOi films at 600, 700, 800, and 900°C. 

The best results were obtained at 900°C. 

Post metal deposition annealing has been a critical process for the semiconductor 

industry. Typically, samples are annealed in forming gas atmosphere at 420-450°C for 30 

minutes. This process is very effective to passivate the dangling bonds at the SiOi/Si 

interface. It is interesting to see the effect of this process on the high K thin films. For our 

Zr02/Si and HfOi/Si samples, we made a comparison between different annealing 

atmospheres, nitrogen and forming gas. By calculation using Terman's method, we found 

that the samples annealed in Na gas have interface states of 10^^ or more. The interface 

states were reduced to the order of lO'^ after the forming gas anneal. The effective 

reduction of interface states by forming gas is an indication that the interface between 

high K films is very similar to SiOi/Si. In other words, it is silica-like interface. 



155 

Measured at 100 KHz 0.9-

o 
I 

0.6-

o 
Z 

0.5-

0.4-

•4 •2 0 •6 2 

Bias voltage (volt) 

Figure 5.15 Typical C-V characteristic of Zr02 film annealed at low temperature. 
Large flatband voltage shift and stretch out exist in the film. Post metal armealing was 
performed inNi gas at 340°C. Capacitor area: 1.96x10'^ cm"^. 
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Figure 5.16 Typical C-V characteristic of ZrOa film annealed at high temperature 
(700°C). 
Very little flatband voltage shift and stretch out existed in this film. Post metal annealing 
was performed in forming gas at 450°C. Capacitor area: 1.96x10"^ cm"^. 



156 

5.3.2 Effect of Partial Pressure of Oxygen on the Electrical Properties 

For DC magnetron reactive sputtering, the partial pressure of oxygen plays a vital 

role on the quality of thin films. Figures 5.17 and 5.18 demonstrate the effect of partial 

pressure of oxygen on C-V curves of Hf02 and Zr02 films. In normalized C-V 

characteristics of both Zr02 films and Hf02 films, there was a substantial shift of the C-V 

curve along the X-axis with change of partial pressure of oxygen. As discussed in 

Chapter 2, reactive sputtering can be divided into metallic mode and oxidized mode. In 

metallic mode sputtered atoms from the target surface are mainly neutral or positive 

metal ions, and, with careful control of power and processing pressure, sputtered atoms 

will mostly have energies around a few tens of electron volts. When atoms with this 

range of energy land on the substrate, they tend to modify the surface of growing films 

instead of damaging them. When partial pressure of oxygen is raised into the oxidized 

mode, the sputtered atoms will mostly contain a lot of negative ions resulting from the 

decomposition of the oxidized surface. The electric field will accelerate the negative ions 

out of the surface of target. Even though they suffer some loss of energy due to 

scattering, these ions will still retain a substantial amount of energy when they are 

deposited on the substrate. With the energy level around a few hundred ev, the negative 

oxygen ions can penetrate through the surface as ion implantation. This effect will result 

in the stoichiometry of films like Zr02+x or Hf02+x which indicate negative ions are 

trapped in the films. Annealing is one way to remove the defects. However, heat 

treatment strategy in this case is possibly not aggressive enough (longer and higher 

temperature) and the C-V curve shift still exists. 
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In addition to C-V shift, over-dosed oxygen brings one more problem. In this 

work we found that the interfacial thickness of both Zr02 and Hf02 films which were 

deposited in the oxide mode was above 1 ran after heat treatment. This is abnormal for 

films with a capping layer. Typically the interfacial thickness for capped films is around 

0.6 nm. Qi et al [100] reported an increase of interfacial thickness between ZrOi and 

silicon increases after thermal annealing in Nitrogen. It was speculated that the increase 

of the interfacial thickness arose from oxygen containing residue at the interface and in 

the film or oxygen diffusion from outside. For silica capped HfOi and ZrOj films, oxygen 

diffusion from outside is very unlikely based on our calculations. The only possible 

source of oxygen is from high K film itself An excessive amount of oxygen trapped in 

the films can migrate to the interface and react with silicon when films are thermally 

annealed. With deposition shifting to metallic mode, the interfacial thickness decreases to 

normal value (verified by XTEM and C-V measurement). 

From the above discussion, we can thus find an optimum condition to tune the 

electrical properties of sputtered films in order to have minimum trapped charge and 

good interface by control of partial pressure of oxygen. This can be done by careftil 

monitoring of the DC sputtering power supply. 
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Figure 5.17 Normalized C-V characteristics for HfOa films deposited at oxidized mode. 
With increase of oxygen flow, flatband voltage shifted more toward positive side. Band 
shift ranged from 1 volt to 1.5 volts in this case. The thickness of the HfOa film was 
approximately 22 nm. Measurement frequency was 10 KHz. 
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Figure 5.18 Normalized C-V characteristics for ZrOi films deposited at different oxygen 
flow rates. 
With increase of oxygen flow, flatband voltage shifts toward positive side. The thickness 
of the ZrOa film was approximately 20 nm. Measurement frequency was 10 KHz. 
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Figure 5.19 Normalized C-V characteristic of a 4 nm crystalline HfOi film. 
Sweeping direction was from 1 to -1.8 volts. 100 KHz was used as the measurement 
frequency. This sample was annealed at 550°C for 5 minutes in N2 atmosphere, then 
annealed at 700°C for 1 minute in N2 atmosphere. 
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Figure 5.20 Normalized C-Y characteristic of a 4 nm crystalline ZrOi film. 
Sweeping direction was from -1.5 to 1 volt. 100 KHz was used as the measurement 
frequency. This sample was annealed at 550°C for 5 minuts in N2 atmosphere, then 
annealed at 900°C for 20 seconds N2 atmosphere. 
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5.3.3 C-V Behavior of Ultra Thin Crystalline ZrOz and HfOi Films 

In contrast to relatively thicker ZrOi and Hf02 films which showed typical C-V 

characteristics, ultra thin crystalline ZrOi and Hf02 films with thickness less than 5 nm 

have different C-V behavior. As illustrated in Figures 5.19 and 5.20, the accumulation 

capacitance does not show tendency toward saturation. Instead, with negative bias 

increasing to less than -1 volt, the measured capacitance starts to drop. Higher applied 

voltage drives the accumulation capacitance even lower. It is believed that leakage is to 

blame. A MIS capacitor with high leakage can be described by a simple model as shown 

in Figure 5.21, where Gl represents the conductance resulting from the leakage, Co is 

capacitance of gate oxide representing the value at accumulation condition, and Rs is the 

resistance from all elements including backside contact and substrate due to low doping 

level. 

Figure 5.21 Small-signal equivalent circuit model of MIS capacitor with large leakage. 

The measured value of the true capacitance of the gate oxide can be expressed as: 
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c, 
C ^ [ G l + ( w C ^ r ]  

(5.7) 
{G,+/( , [Gj+(ff lC<,)=P+(ff lC„)= 

While Figiire 5.21 represents an MIS capacitor having high leakage, the small signal 

circuit of a typical MIS capacitor with low leakage is shown in Figure 5.22. 

Figure 5.22 Small-signal equivalent circuit models of MIS capacitor with low leakage 

In this case, the measured capacitance of gate oxide can be expressed as: 

From Equation 5.7, we can see that the measured capacitance is a flinction of different 

parameters. If is large due to high leakage, the effect of will be larger. Since is 

high, it is obvious that C„ will decrease when the applied gate bias becomes more 

negative which will cause higher leakage current. Unlike an MIS capacitor with high 

leakage, one with low leakage is not expected to have this problem. As illustrated in 

Equation 5.8, the measured capacitance will not decrease as long as the term coC^jR^ is 

C 

R 



much less than 1. Usually it can be done by keeping the accumulation capacitance less 

than some 100 pF [64]. 

Hysteresis effects were also investigated for ultra thin crystalline ZrOz films. As 

observed in Figure 5.23, when voltage was swept from positive bias to negative bias and 

back, a large shift was foimd. The C-V curves of ZrOi films and Hf02 films were shifted 

toward the positive side (Figures not shown). Looking back at I-V characteristics of these 

crystalline films, we believe this shift was due to electron trapping at the interface or 

inside the films. With careftil evaluation, we estimated the shift was at least 100 mV, 

which is very large for gate dielectrics. 
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Figure 5.23 Hysteresis behavior of 4.3 nm crystalline Zr02 film deposited directly on 
silicon. 
The bias voltage was swept from +1 volt to -1.5 volt, then back from -1.5 volt to +1 volt. 
The measiirement frequency was 100 KHz. The curve shifted about 100 mV toward the 
positive side after double sweeping. 
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Figure 5.24 C-V characteristics of 3.6 amorphous Hf02 films measured at various 
frequencies 
Capacitor area: 1.96x10"^ cm"^. 
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Figure 5.25 C-V characteristics of 4.2 mn amorphous ZrOi films measured at various 
frequencies. 
Capacitor area: 1.96x10"^ cm'^. 
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5.3.4 C-V Characteristics of Ultra Thin Amorphous Hf02 and Zr02 Films 

Ultra thin amorphous Hf02 films were stabilized at approximately 900°C. Details 

can be found in Chapter 3. Multi-frequency curves at 10 kHz, 100 KHz, and 1 MHz C-V 

are shown in Figure 5.24. The sample in Figure 5.26 is an amorphous HfOi film on 

silicon with a thickness of 3.6 imi. It is revealed from this graph that only slight 

dispersion (less than 1% per decade) is present at the accumulation region in the different 

high frequency scans. Very little variation of capacitance at the accumulation region 

indicates that the stabilized HfOi films at high temperature contain very few defects. For 

comparison, Hf02 films annealed at lower temperature (graphs not shown) show much 

larger variations in terms of accumulation capacitance at different measurement 

frequencies. Since processing conditions other than final annealing temperature are the 

same (substrate, deposition parameters, materials structure etc.), the difference can only 

be caused by more defects in those films which have a larger loss factor. It is likely that 

this slight dispersion may be attributed to the high series resistance as revealed in 

Equation 5.8. After the C-V curve correction [101, 102], no dispersion was found for this 

ultra thin stabilized Hf02 thin film sample. 

In addition to little variation at the accumulation region, the sample displayed 

almost no dispersion at the depletion region. The slope of the C-V curve is very sharp 

instead of stretched out. Clearly, this indicates that the sample has a high quality 

interface, without a large number of interface states. By using Terman's method [61], we 

11 2 1 estimate the interface trap density to be 2x10 cm" ev" . Although this value is still large 

compared to lO'" cm'^ev"' of traditional thermally grown silicon dioxide, it is still one of 
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the best results reported. The interface states are expected to be reduced if processing 

conditions are further optimized. For instance, if the interfacial silicon dioxide layer 

between the high k oxide and the silicon substrate is grown in situ by high temperature 

thermal oxidation, the problem of high interface states can be improved as proposed by 

Gusev et al [76]. 

Figure 5.25 shows the C-V curves of a MIS sample. The insulator was an 

amorphous zirconium oxide thin film with thickness of 4.2 nm stabilized at 650 degrees. 

Variations in the accumulation capacitance are larger than in the HfOi sample. After 

taking into account possible series resistance, the corrected curve still had some variation. 

Based on the possible reasons mentioned above, this variation could be caused by higher 

defect density in the Zr02 films. The shape of the curve also showed some stretch out, 

indicating more interface states compared to HfOi films. By careful calculation, the 

interface state density was determined to be 10^^ cm'^ ev'\ Even though both ZrOa and 

HfOz films were amorphous, the annealing temperatures of the final step for the two 

samples were very different. In thermally grown silicon dioxide, the fixed charge density 

is inversely proportional to the final step annealing temperature. In addition, the fixed 

charge may have common origin with interface states [64]. Therefore, it is speculated that 

a higher annealing temperature helps to reduce the interface states as well as fixed charge 

density in high k Hf02 and Zr02 films. 
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Figure 5.26 Hysteresis behavior of 4.2 nm Zr02 film measured at 100 KHz under 
forward and reverse biases. A hysteresis of 40 mv w^as estimated 
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Figure 5.27 Hysteresis behavior of 3.6 nm HfOa film measured at 100 KHz under 
forward and reverse biases. A hysteresis of 30 mv was estimated. 
Capacitor area: 1.96x10' cm' . 
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In Figures 5.26 and 5.27, the C-V characteristics measured at 100 KHz with both 

forward and reverse sweep direction were plotted for the same samples described above. 

Slight flat band voltage shifts were observed for both samples. Specifically, the HfOi 

sample had a 30 mv shift, and the ZrOi film shifted approximately 40 mv. Both C-V 

curves shifted toward the positive side when bias voltage swept back from accumulation 

to depletion region. This positive shift is due mainly to the electrons trapped in the films 

when large bias was applied. No distortion at the depletion region was found, indicating 

that no interface state formation during electron trapping. Usually, a large amount of 

electron trapping may be accompanied by interface states generation, which can be seen 

in Figure 5.23 for ultra thin crystalline films. 

5.4 Summary 

Electrical properties of HfOi and ZrOj thin films deposited by DC reactive 

sputtering were investigated. High breakdown fields of 17 MV/cm and 14 MV/cm were 

obtained for HfOa and ZrOz films respectively. These values are considerably higher than 

that of silicon dioxide and are among the highest values which have been reported. The 

dielectric constant, which is one of the important properties of high k films, was extracted 

successftilly. For HfOi films, a k value of approximately 23 was estimated, and a value of 

21 was obtained for ZrOi films. 

I-V characteristics have been studied for both Hf02 and ZrOi films with thickness 

ranging from 4 to 30 nm. It was found that the leakage current density increases gradually 

with decreasing thickness at a gate bias of-1 volt for crystalline films if these films were 
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thicker than a critical thickness, typically around 5 nm. For crystalline films thinner than 

that thickness, the leakage current density increased sharply. The mechanism for this 

phenomenon is probably due to the triplets between grain boundaries. The existence of 

these triplets would facilitate the formation of a tip-like penetrating into the film from the 

electrode. Thus, an enhanced field will cause electrons to emit from the aluminum tip and 

flow through the grain boundaries into the substrate. Ultra thin amorphous films, on the 

other hand, did not show this sudden increase of leakage current density with decreasing 

thickness. Instead, a leakage current is even lower than thicker crystalline films. For 

amorphous HfOi films, leakage current density as low as 10""^ A/cm^ under -1 volt bias 

was obtained. This film had an equivalent oxide thickness (EOT) of only 1.2 nm, which 

is much thinner than those prepared by thermal oxidation methods [103]. The leakage 

current density of crystalline films was two orders of magnitude higher. Zirconium oxide 

films also showed similar behavior. 

In addition to I-V characteristics, C-V curves were also constructed for Hf02 and 

ZrOi films with different thicknesses and microstructures. By analyzing these C-V 

characteristics, the type and number of charges which existed in the films could be 

assumed. Moreover, the interface state density could be evaluated as well. It was found 

that the charge density was strongly dependant on the processing conditions, especially 

on the partial pressure of oxygen. Typically, with a reduction of oxygen flow rate, the 

charge in the oxide films changed from negative type to positive type. Therefore, by the 

adjustment of oxygen flow we could deposit films with a neutral charge. Besides the 

investigation of the effect of processing conditions on the film properties, the effect of 



heat treatment was evaluated. Typically, defect densities were reduced with the increase 

of annealing temperature. Like thermally grown silicon dioxide, interface states of both 

Hf02 and ZrOj films were lowered by post metal atmealing in forming gas. Although 

relatively thicker films (thickness above 6 rmi) did have well-behaved C-V 

characteristics, the ultra thin crystalline films, showed abnormal hysteresis and 

dispersion. Obviously, high leakage in these films brought significant charge trapping as 

well as depassivation of dangling bonds at the interface when a high sweeping voltage 

was applied. Unlike ultra thin crystalline films, amorphous Hf02 and ZrOa showed much 

better C-V behavior. There was almost no dispersion for high temperature stabilized 

HfOj films. The hysteresis was only 30 mV. Amorphous Zr02 films, compared to Hf02 

films, had slightly higher hysteresis and dispersion. This can be attributed to lower 

temperature annealing, which was limited by their lower crystallization temperature. 
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

In this work, zirconium oxide and hafnium oxide thin films have been deposited 

by reactive magnetron sputtering. A unique sputtering system was used which produced 

smooth, conformal and stoichiometric films. 

By sandwiching ultra thin layer zirconium oxide or hafnium oxide thin films 

between two silica layers, the amorphous phase was successfully stabilized up to 

hundreds of degrees higher than their typical crystallization temperatures. The 

crystallization temperature of Zr02 films was increased from 350 to 700°C. Ultra thin 

Hf02 films remained amorphous at 900°C which is a typical temperature used to activate 

dopants during silicon device processing. This is the highest crystallization temperature 

ever reported for hafnium oxide films. The stabilization of the amorphous phase is 

believed to result from two effects: 1. Heterogeneous nucleation of the crystalline phase 

was inhibited by an amorphous silica layer which was deposited on top of the high k 

film. 2) The effective thickness of the ZxOj and HfOi films was comparable to the size 

of critical nuclei, which retarded homogeneous nucleation. 

The capping layer of silica not only brought about the benefits of stabilization of 

the amorphous phase in ultra thin Zr02 and HfOa films, but also acted as a diffusion 

barrier to prevent ambient oxygen from reaching the silicon interface which would cause 

thickening of the interfacial layer. The interfacial layer in the ultra thin films was kept as 

thin as 0.6 nm, which is desirable for two reasons. First, it improves the electrical 
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properties, such as channel mobility. Second, the overall equivalent oxide thickness 

(EOT) of the film stack can be kept very thin. In this experiment, an EOT of only 1.2 nm 

for hafnium oxide films was obtained with excellent electrical results. 

Zr02 and Hf02 films with a capping layer were electrically characterized after 

the top silica layer had been etched off. In general, ultra thin amorphous high k films 

exhibited much better I-V and C-V characteristics than crystallized films with same 

physical thickness. As evidenced by I-V measurements, the leakage current density of the 

amorphous films was at least two orders of magnitude lower than crystallized films. The 

much higher leakage current in the crystalline films was attributed to grain boundary tri-

junctions in films. The tri-junctions are postulated to result in the formation of a metal tip 

when a metal electrode was deposited and thermally annealed. As such, electrons can be 

more readily emitted due to the enhanced field. In addition, the tri-junctions form a 

channel of high conductivity so that the emitted electrons go directly to the silicon 

substrate. When the thickness of crystallized films increased above a critical thickness, 

the leakage current density was dramatically reduced. The sudden reduction of leakage 

current is attributed to the morphology change. Based on XTEM examination of the 

crystallized films above and below 5 nm thickness, the total number of the triplets which 

had a direct channel-like morphology in relatively thicker films, was greatly reduced. A 

comparison of the C-V characteristics of the ultra thin amorphous and crystallized films 

clearly showed much better results for the amorphous films. For 4.2 nm Zr02 films, only 

a 40 mv hysteresis shift was observed. On the other hand, 4.3 nm crystalline Zr02 film 
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showed a shift of 100 mv. The substantial difference was possibly due to a higher charge 

trapping or interface states generation in high leakage crystalline films. 

6.2 Future work 

The technique which has been used to stabilize Zirconium oxide and Hafnium 

oxide amorphous films at high temperatures should be effective on other potential high k 

materials such as LaiOs, TaaOs etc. Particularly, HfOa doped with silica has a higher 

crystallization temperature than pure HfOi films. As such, if this technique is applied on 

this film, much higher heat treatment temperature can be achieved despite some loss of k 

value. 

Reliability issues are of interest for the amorphous HfOi and ZrOa films. 

Measurements such as SILC (Stress Induced Leakage Current) need to be performed in 

order to evaluate the lifetime for potential application of gate dielectrics. 

The role of stress and defects on the crystallization behavior of ultra thin capped 

high K films should be explored. Careful manipulation of stress and defects may help to 

further increase crystallization temperature as well as improve electrical properties. 

It has been found that the interfacial layer often has a lot of defects if formed at 

low temperature. The formation of the 0.5-0.6 nm interfacial oxide layer at high 

temperatures in high vacuum should produce better interface properties. 

By replacing the bottom silica layer with a nitrided layer, the EOT of whole film 

stack could be further reduced to be less than 1 nm. This nitrided layer has higher k value 
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and may function as a layer to block boron diffusion into the high k gate oxide as well 

during rapid thermal annealing. 

Alternative gate electrode materials other than metals, such as TiN, should be 

tried on ultra thin amorphous and polycrystalline high k films. The metal-like tip at the 

grain boundary tri-junctions may not form for nitride electrodes. The conduction 

mechanisms are yet to be investigated. 

Fabrication of transistors using the ultra thin stabilized films as gate oxide should 

be pursued. 
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