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(ABSTRACT) 

Hafnium Dioxide(HfO2) thin films were deposited on glass, metal, and silicon 

wafer substrates using magnetron RF reactive sputtering techniques. Structure and 

morphology of the thin films were investigated by x-ray diffraction (XRD), transmission 

electron microscopy (TEM) and scanning electron microscopy (SEM). Results revealed 

that the sputtered HfO? thin films were (111) preferred oriented with single crystalline or 

polycrystalline natures. The sputtering parameters, including gas flow ratios of Ar/O2, 

substrate temperature, pressure, and RF power levels, were examined, and their effects on 

the thin film structure and properties are discussed. Transparent hafnium oxide thin films 

can be deposited only when the RF power is lower than a certain level, which is limited by 

the gas flow ratio of Ar/O2. High substrate temperature is critical for high (111) 

orientation in thin films while a high gas flow ratio of Ar/O? is important for crystal 

structure and adhesion. Annealing in oxygen atmosphere following the deposition was 

also found to be effective in improving thin film adhesion and resistance of losing adhesion 

during thermal cycles. Refractive index, and electrical resistance measurements show that 

HfO2 thin films deposited by RF reactive sputtering under optimized conditions have 

promising electrical and optical properties which deserve further study.
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Chapter 1 

Introduction 

Hafnium Dioxide (HfO>) is one of the most stable refractory materials. It naturally 

exists as an impurity in ZrO. Because of the remarkable similarity of their structure and 

properties, the procedures to separate HfO2 from ZrO> have been tedious and costly [1]. 

As the unique features of HfO2 have been revealed, more and more attention has been 

directed to the applications of this high melting point oxide. Much research has been 

addressed to the properties [2 - 15] as well as to the preparation [16 - 25] of HfO and 

HfO> thin films. 

The increasing interest in HfO> is based on its following characteristics: high 

melting temperature, high temperature stability, chemical inertness, and relatively high 

electrical resistance [2, 26, 27]. HfO? thin films have additional desirable properties: high 

refractive index [15] and high dielectric constant [24]. Therefore, it performs excellently 

in a wide range of applications, such as insulating layers in thin film thermocouples [28] 

and electroluminescent devices [29], as well as buffer layers for superconducting 

Y-Ba-Cu-O thin films [29, 30]. In addition, HfO> is believed to be the best material for 

anti-reflected layers on silicon for use in the UV due to its high index of refraction [17, 23]. 

HfO> thin films have also been used as corrosion resisting layers in optical devices [17, 

18, 23]. Dense, highly oriented, homogeneous and smooth HfO> thin films are commonly 

required for above applications. 

The properties of HfO?2 thin films strongly depend on the processing technique. 

Hafnium dioxide thin films have been prepared by means of evaporation [18, 21, 31], E- 

beam deposition [15, 20], chemical vapor deposition (CVD), and radio-frequency (RF) 

reactive sputtering techniques [24, 32]. 
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The magnetron RF technique is considered to be a promising method for depositing 

HfO2 thin films because it allows immediate adjustment of deposition parameters over a 

wide range. Uniform and stoichiometric thin films can be deposited over a large area using 

this technique. As a matter of fact, this technique has been employed to prepare HfO thin 

film coatings for longitudinal magnetic recording media [32]. The dielectric properties of 

sputtered HfO> thin films were studied by Kuo and Kwor in 1992 [24]. However, effects 

of the various deposition parameters on the structural properties of HfO> thin films have 

not yet been detailed. An investigation on it is therefore necessary for deposition of HfO2 

thin films by the magnetron RF reactive technique. 

In this project, HfO> thin films were deposited on Corning 7059 glass, silicon 

wafers, stainless steel, Incoloy 909 and other substrates using magnetron RF reactive 

sputtering techniques. Characterization was performed by means of X-ray diffraction, 

transmission electron microscopy, scanning electron microscopy and ellipsometry. Effects 

of sputtering parameters on the structure and properties of the deposited HfO? thin films 

were investigated. The electrical resistance and refractive index were measured. Finally, 

the deposition parameters, such gas flow rates, pressure, substrate temperature, and RF 

power level were optimized to obtain highly oriented, dense, homogeneous HfO 9 thin 

films. The effects of post-deposition treatment were also studied. 

Chapter 2 of this thesis addresses the literature review. Chapter 3 describes the 

experimental procedure. The results and discussion are presented in Chapter 4. Chapter 5 

and Chapter 6 conclude the study and suggest further research. 
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Chapter 2 

Literature Review 

2.1 Properties and Applications of Hafnium Dioxide 

Hafnium dioxide has a monoclinic structure at room temperature [4, 6, 7, 11]. It 

transforms to the tetragonal structure at 1620°C and to the cubic structure at higher 

temperatures [26, 27]. Lattice parameters of the monoclinic structure were first determined 

by Adam and Rodgers [33], while the final positional parameters of the Hf and O atoms 

were precisely determined by Ruh et al. and Hann et al. [4, 11]. Monoclinic HfO2 forms 

a distorted structure which is intermediate to the rutile and fluorite structures. An idealized 

sevenfold coordination of the structure is illustrated in Figure 2.1 [4]. Hf4#+ ions are in 

seven-fold coordination, sandwiched on one side by oxygen ions in tetrahedral 

coordination (O]]) and on the other side by oxygen ions in triangular coordination (OJ). 

The lattice parameters of a HfO2 monoclinic unit are a=5.1 16A, b=5. 1722A, c=5.2948A, 

B = 99.189. The closest packing of cations with wide latitude for anion vacancies is 

required for the stable fluorite (cubic) structure with a coordination number of 8. Thus 

hafnia fluorite solid solutions are generally formed by the additive cations entering into the 

crystal lattice. 

HfO2 has very strong chemical bonding. The heat of dissociation at 298°K is 

1.507x10°J/kmole, which is higher than Al203 (1.013x10° J/kmole) and SiO? 

(1.268x 10° J/kmole) [26]. Therefore HfO2 shows high chemical stability. It is chemically 

stable in both oxidizing and reducing atmospheres even at 1000°C [27]. On the other 

hand, a phase transformation causes significant changes in thermal expansion and 

dimensions, introducing a challenge to the reliability of a thin film. However, HfO2 does 

not transform until 1620°C [27] where it transforms from the monoclinic to the tetragonal 

Literature Review 3



  

  

XN S 

H f 

™ 

Tb 

Cc 

Ay 

L_ I 
IIc Iid 

    
       
  

    
  

Figure 2.1. An Idealized seven-fold coordination of HfO2 structure (follow Robert Ruh et al.) 
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structure. Thus, the physical properties of HfO2 remains stable at high temperatures. 

HfO2 has a relatively low thermal expansion coefficient which varies from 5.47x10-© to 

6.30x 10-S/0C [27] from room temperature to 1500°C. This feature makes it useful in 

many high temperature applications. The electrical resistivity of HfO2 remains as high as 

5x10? ohm.cm at up to 673°C [27]. 

With the above properties, HfO2 is considered an exceptional material for a wide 

range of applications, especially in its thin film form. For example, HfO2 thin films were 

employed as corrosion resistant coatings, as well as insulating coatings for high 

temperature applications. 

The most attractive feature of HfO2 is its high refractive index which is up to 2.4 in 

UV and 2.05 in Mid IR. ranges. HfO?2 thin films are thus considered superior anti- 

reflecting and insulating coatings for optical devices [15, 23]. 

The properties of HfO2 thin films are subject to its stoichiometry and structure 

[2,15]. In non-stoichiometic thin films, cation impurities enter the crystal lattice and 

become interstitial defects [2]. Also, other defects, such dislocations and voids are created 

in the imperfect crystal structure. These defects in crystals act as charge carriers causing an 

increase in electrical conductivity. Thin films with loose structure tend to absorb gases 

such as water vapor, which form defects in the crystal and cause a decline in quality. 

Inhomogeneous distribution of defects in a crystal also weakens the mechanical properties 

of thin films. Thus, dense thin films with homogeneous defect-free crystal structures are 

therefore the optimal requirement in many applications of HfO2 thin films. 

2.2 Preparation of Hafnium Dioxide Thin Films 

2.2.1 Deposition Techniques for HfO2 Thin Films 

HfO? thin films have been prepared by various thin film deposition techniques. 
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In 1977, M. Balog and M. Schieber [19] used the chemical vapor deposition 

technique (CVD) to deposit HfO2 thin films. They obtained fine-grain, nearly 

stoichiometric monolithic HfO? thin films. These films had very stable chemical 

properties. For instance, they were resistant to strong acids and bases. However, 

processing via chemical vapor deposition introduced chlorine ions, which lead to the 

breakdown of the coatings at elevated temperatures [23]. 

In 1989, Floch et al. prepared HfO2 damage-resistant optical coatings using Sol-gel 

techniques. This technique also introduced chlorine ions, which caused the same problem 

as those deposited by CVD techniques. 

In 1979, Smith et al. measured the refractive index of HfO2 thin films deposited via 

evaporation [8]. The refractive indices of these thin films were 1.93 - 2.16. However, 

thin films deposited by the evaporation technique showed rough surfaces and had excess 

voids [34]. Asa result of the low density, the film refractive index was considerably lower 

than the value of the bulk oxides. Even worse, these films had the tendency to absorb 

gases from the environment (such as water vapor) and exhibit unstable properties. In 

addition, it is difficult to control the evaporation process so as to obtain high 

reproducibility of coatings with a certain precise refractive index. 

In 1991, Lehan et al. deposited HfO?2 thin films by conventional E-beam 

evaporation, reactive E-beam evaporation and reactive ion-assisted deposition techniques 

[15]. In the conventional E-beam evaporation process, HfO2 thin films were deposited in a 

vacuum without additional gas to aid the oxidation. In the reactive E-beam evaporation 

process, oxygen was introduced to promote the oxidation. And in reactive ion-assisted E- 

beam evaporation, both oxygen and argon gas were introduced and ionized by an ion 

source to aid the deposition. By testing the HfO2 thin films prepared by the above 

techniques, it was that the HfO2 thin films deposited by conventional E-beam evaporation 

tended to be oxygen deficient and thus had lower chemical stability and showed broadband 
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absorption in the visible region of the spectrum. Conventional E-beam evaporation is 

therefore not an ideal method for producing insulating and optical HfO?2 thin films. Thin 

films deposited by reactive E-beam evaporation, in contrast, were found to be oxygen rich. 

The presence of excess oxygen causes voids and thus decreases the homogeneity, leading 

to a lower refractive index. In addition, the properties of these HfO2 thin films are 

sensitive to humidity in the environment due to the high porosity. Thin films produced by 

reactive ion-assisted evaporation films exhibit an amorphous, dense columnar structure 

with high homogeneity and high refractive indices. The homogeneity and refractive index, 

however, are sensitive to the pressure of backfilled oxygen. Thus the quality of the thin 

films deposited by this technique is limited by the accuracy of oxygen partial pressure 

control. 

In 1967, Motovilov et al. developed HfO? thin films on glass surface as corrosion- 

protecting layers with antireflection characteristics [25]. They reported that HfO2 thin 

films deposited by sputtering techniques have higher refractive indices because of their 

dense structure. 

Magnetron RF sputtering is a valuable and versatile process for the fabrication of 

thin films for various devices. It is actually a magnetron sputtering system operated in RF 

mode with reactive gases added. This technique is reviewed in the following section and 

the properties of thin films deposited by this technique will be presented. 

2.2.2 Magnetron RF Sputtering Technique 

The magnetron sputtering technique was first proposed by Penning in 1936 [35]. 

However, this technique had not been used in practice until Wasa and Hayakawa invented 

an original planar magnetron sputtering system with a solenoid coil in 1967 [36]. 

Currently, This technique has a broad scale of applications in microelectronics, 
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automobiles, architectural glass and hard coatings. 

A magnetron sputtering source is schematically shown in Figure 2.2 [37]. It 

consists of a conical cathode which is surrounded by an annular magnet. When an electric 

field is applied between the cathode and the anode, free electrons are excited and ejected by 

glow discharge. The electrons are forced by the crossed electric and magnetic fields to 

move in a long, helical path. The probability of ionization of an argon atom colliding with 

an electron is increased, which makes a low pressure deposition possible. 

When a magnetron sputtering system is operated in RF mode, a radio-frequency 

generator is used instead of a DC source. This enables the system to deposit a wide range 

of materials, from conducting materials to insulating materials, from metals to compounds. 

With reactive gases introduced, compounds with a wide range of composition can be 

produced simply by adjusting the flow rates of the inlet reactive gases. 

The RF discharge mechanism was reviewed by Vossen and O'Neil [38]. When an 

AC potential is applied to the target, a time-varying potential is developed on the opposite 

target surface (Figure 2.3(a)). Once the gas has broken down into electrons and ions, a 

plasma is created. A current of charge particles flows from the plasma to the target under 

the effect of the time-varying potential. The current varies with the electric potential of the 

target according to the I-V characteristics. Since the electrons in the plasma have a much 

higher mobility than the ions, the electron current to the target surface is initially much 

greater than the ion current. The surface will therefore have negative charges until its 

potential is lowered so that the numbers of electrons and ions reaching its surface are equal. 

The resultant time-varying target potential is illustrated in Figure 2.3(b). Since the potential 

of the target is mostly lower than that of the plasma, the positively charged ions are pulled 

towards the target causing sputtering on its surface. The atoms of the target material are 

sputtered and react with the reactive gas, forming a compound which is subsequently 

deposited on the substrate surface. The mechanism of the formation of a compound has 
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not yet been well understood. It is believed that the impingement of the reactive gas to the 

target surface forms the compound which is then sputtered and deposited on the substrate 

surface [38]. The mechanism will be discussed further in Chapter 4. 

The main advantages of this technique are: 

1. Itis versatile. Any target material (conducting or non-conducting) may be used. 

2. Precise control of film thickness 1s possible. 

3. Uniformity of film thickness and stoichiometry over a large substrate area is 

excellent. 

4. The deposited film generally has good mechanical properties (adhesion). 

5. Reproducibility of thin films with certain properties is excellent. 

2.2.3 Formation of Thin Films 

According to Wasa and Hayakawa, the formation of a thin film on the substrate 

surface is realized via nucleation and growth processes [39]. The step-by-step growth 

process is as described in the following: 

1. Gaseous atoms or molecules condense from the vapor and are physically 

adsorbed on the substrate surface. Initially, adsorbed particles are not in 

thermal equilibrium with the substrate and move over the substrate surface. 

The moving particles interact with each other, forming bigger clusters. 

The clusters keep growing until reaching a critical size at which they become 

thermodynamically stable. The species are chemically absorbed. This is the 

"nucleation stage". 

The nuclei grow in number until a saturation nucleation density is reached. 

Then the grown nuclei start to coalesce with each other so as to reduce their 

surface energy level. 

Coalescence continues until a connected network with unfilled channels and 
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voids in between forms. 

7. Finally, the channels and voids are sequentially filled. 

For a HfO?2 thin film, which has strong internal bonding, the clusters grow in three 

dimensions. Further condensed particles either fill the channels and voids between the 

islands or are absorbed by the islands resulting in a 3-dimensional growth. 

2.2.4 Parameters in magnetron RF sputtering 

For a certain RF magnetron sputtering system, the process 1s carried on by 

controlling the following parameters which can be adjusted independently: 

* gas flow rates 

* total pressure 

* substrate temperature 

* RF power level 

The properties of the deposited film, such as_ crystal structure, density, 

homogeneity and deposition rate are functions of these variables. 

Gas flow rates of argon and oxygen mainly affect the stoichiometry, porosity and 

the deposition rate. A high argon partial pressure results in a lower deposition rate at which 

high refractive index films are grown [21]. However, under too high a pressure, the void 

content increases, leading to lower density films with lower hardness and poor tribological 

quality [32]. Figure 2.4 shows the effects on the deposition rate of the various partial 

pressures of oxygen and argon [38] (by Vossen et al.). As oxygen partial pressure in Ar 

increases the deposition rate of HfQ? thin films increases. Whereas a too high deposition 

rate leads to the appearance of voids which not only decrease the density of the film [32], 

but also reduce the stability of its physical and chemical properties. 

Total pressure is believed to have a significant effect on the crystalline structure of 
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the sputtered films. Ion density increases with pressure, tending to increase thedeposition 

rate. But the mean free path of the emitted species decreases with pressure, tending to 

decrease the deposition rate. Their combined effect on deposition rate was illustrated in 

Figure 2.5 [21] ( follow Kawabuchi et al.). In addition, the decrease of the mean free path 

of the emitted species leads to a decrease in the mobility of the condensed species and in 

tum a poor crystalline structure and rough surface. 

According to the thin film formation steps presented in section 2.2.3, at elevated 

substrate temperatures, species condensed on the substrate surface obtain higher surface 

mobility, which promotes their interaction with each other and the diffusion between the 

clusters. Dense films with large, well oriented grains are thus deposited. The density of a 

thin film increases linearly with deposition temperature as seen in Figure 2.6 [40] ( by 

Wnuk ). 

The major effect of RF power level is on the deposition rate. Under a higher RF 

level, there are more glow discharge and higher emitted energy, leading to a higher 

deposition rate with a lower refractive index. Generally, deposition rate increases linearly 

with the discharge power, as shown in Figure 2.7 [38] ( by Vossen et al.). 
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Chapter 3 

Experimental Procedure 

3.1 Deposition of Hafnium Dioxide Thin Films 

3.1.1 Magnetron RF Sputtering System 

The preparation of HfO?2 thin films was carried out in a multi-target magnetron RF 

sputtering system which was designed and set up by Shinzo Onishi [42]. The schematic 

diagram of the system is shown in Figure 3.1. The system consists of two S-guns which 

were designed in such a way that both normals of the two target surfaces make a 30 degree 

angle with the symmetric axis of the chamber. The substrate holder which can be rotated 

according to a horizontal axis is suspended at the upper center. The distance from the target 

to substrate holder is 4.5 centimeters. A heater is incorporated in the substrate holder 

which can heat the substrate up to 700°C. A 1 inch diameter Kaufman type ion source 

is installed directly opposite to the substrate. Two independent shutters are located in front 

of the substrate, one (Shutter I) operational with the substrate and the other (Shutter IJ) 

with the ion source or the S-guns. The S-guns are water cooled and are coupled to a 

S00W RF power supply operating at 13.56 MHz via tuning circuits. The system vacuum 

is achieved by a 330 I/sec turbo-molecular pump working in conjunction with a mechanical 

pump. The flows of sputtering gases (Ar and O72) can be adjusted individually by two 

MKS-type 250B gas flow controllers. A Dycore quadruple gas analyzer is 

attached to monitor the system sputtering atmosphere. The gas pressure is adjusted by an 

orifice. A mirror reflects the view of a window through which plasma in the chamber can 

be observed. In such a system, three functions can be performed without breaking the 

vacuum: ion etching (or cleaning), sputtering deposition of thin films, and contact 

metallization. 
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Figure 3.1 Schematic diagram of the magnetron RF sputtering system. 
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3.1.2 Substrates 

HfO2 thin films have been deposited on three categories of substrates: Corning 

7059 glass, silicon (100) wafer and stainless steel. The area of the substrate holder is 

about 1"x2". A glass substrate and a silicon wafer substrate can be mounted side by side 

as shown in Figure 3.2. In this way, HfO2 thin films can be simultaneously deposited on 

both substrates in a single process. Stainless steel substrates are 1 inch in diameter and 

polished before being used. A clean surface is of extreme importance to the quality of the 

deposited thin films. Any contamination on the substrate surface will cause a defective thin 

film. Organic contamination will destroy the adhesion of thin films. To remove the surface 

contamination, substrates were ultrasonically cleaned using "Microclean" cleaner and 

water. The cleaned substrates were subsequently dried by compressed air and set into the 

deposition chamber. In cases where good adhesion is difficult to achieve, ion etching was 

employed to execute cleaning before the deposition was performed. The effects of ion 

etching will be discussed in section 4.7.2. 

3.1.3 Deposition Procedure 

The deposition of thin films by the magnetron RF reactive sputtering technique was 

performed in the following procedure: 

1. Mount the substrate and target into the chamber. The substrate holder should be 

aligned to the zero degree position. The two shutters are in the zero degree position 

to cover the substrate and the ion source respectively. Then start the pumping 

system and turn on the heater at a low voltage. 

2. Use the Dycore quadruple gas analyzer to check the gas composition in the vacuum. 

When the total pressure is below 10-© Torr with H2O vapor pressure lower than 

10-7 Torr, the process can proceed after heating the substrate up to the desired 

temperature. 
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3. Set the gas flow controllers, which are connected to Ar and O2 gas inlets, to the 

desired values. Then turn on Ar gas, backfill Ar gas to the chamber to the pressure 

of 2x10-4 Torr. 

4. Ion etch (if necessary) the substrate at a beam voltage of SOOV and beam current of 

20mA. The etching time is 5 - 10 minutes. 

5. Sputtering: 

Turn the substrate to 30 degrees so that it faces the target which is to be sputtered; 

Meanwhile, the Shutter I is turned to 330 degrees to cover the substrate; 

Turn on the Ar gas, set the pressure to 12 - 16 mTorr by adjusting the orifice; 

Turn on the RF power, increase the power level to 50W. Then slightly adjust; 

LOADING and TUNING to lower the reflected power to minimum; 

Check the mirror reflecting the plasma window to assure the plasma is generated; 

Then decrease the argon pressure to 2 mTorr; 

Slowly increase RF power level to the desired value. Adjust LOADING and 

TUNING again to Keep the reflected power minimum; 

Pre-sputter for 5 minutes; 

Turn on the oxygen gas, pre-sputter for 10 -15 minutes; 

Start sputtering by turning Shutter I to 180 degrees (open position); 

After a desired time, stop sputtering by turning Shutter I to zero degree (close 

position). 

6. Turn off the RF power, then slowly lower the heater to allow the samples to cool 

down at the rate of 10 degrees/min. When the temperature is below 50°C, turn off 

the gases and the pumps, and open the chamber. 

Some samples were annealed at the sputtering temperature for 20 minutes and 

cooled down at the rate of 1 degree/min. 
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3.2 Characterization of Hafnium Dioxide Thin Films 

3.2.1 X-ray Diffraction (XRD) 

The crystalline structure of the thin film was determined by x-ray diffraction 

techniques, which were performed by an ID 3000 diffractor working with the DMS 

2000 Diffraction Management System. 

The diffractor was operated both in the normal scanning mode and the rocking 

curve mode. In the former case, data were collected with the detector moving 20 angles 

while the sample moving 8 angles. Rocking curve scanning is an intensity-versus-position 

curve obtained by rotating the detected crystal about its own axis while the diffracting angle 

is fixed. 

The diffractor was operated under the following conditions 

* radiation - Cu wavelength 1.5406 A 

* slit - 0.2 mm 

* tube voltage - 4S KV 

* tube current - 11 mA 

* preset time - 0.6000 sec. 

* step size - 0.02000 or 0.03000 DEG 

* scanning rate - 1 DEG/min 

The information on orientation and crystal size can be obtained by studying the 

height, width and smoothness of the diffraction peaks. In a normal scan, a sharp peak with 

high intensity and low full width at half maximum (FWHM) indicates better orientation 

than one with low intensity and high FWHM. For thin films with about the same 

thickness, those with a large area beneath the peaks have better orientation. Thin films 

consisting of fine grains have broad diffraction peaks which become narrower as the grains 

increase in size [41]. In a rocking curve, a sharp peak indicates that the crystal is not 

warped and has a relatively low dislocation density. A broad rocking curve is a good 
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indication that the film is highly strained and the topography is not ideal. Similarly, a 

strong signal over only a short range, is often indicative of a best crystal. 

3.2.2 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy technique was also employed to define the 

crystalline structure of HfO? thin films. Samples deposited on (100) silicon wafers were 

carefully put into an etching solution (HNO3 : HF : CH3COOH = 3:1:1 ) on a shallow 

plate so that they floated on the solution surface. After 12 hours, the samples with very thin 

silicon layers below the thin films were put into another solution (HNO3 : HF : CH3COOH 

=2:2:1). Some small pieces of thin films separated from the sample and floated on the 

solution surface. They were taken out quickly, rinsed, and used for the TEM investigation. 

A high resolution electron microscope -- Philips 420T STEM system was used in the 

TEM mode to obtain the electron diffraction patterns of the samples. Pictures were taken 

with the camera length at 660 mm. 

3.2.3. Scanning Electron Microscopy (SEM) 

The surface morphology of the sputtered films was observed with the aid of the 

same electron microscope system as used in TEM, operated in the SEM mode. The 

samples were coated with gold before being put into the system in which they were 

irradiated with a focused electron beam. The released secondary electrons, backscattered 

electrons and characteristic x-rays were detected. Photographs of the thin film surfaces 

were obtained from secondary electron images. The machine was operated at 60 KV. 

High resolution can be obtained with magnification up to 250,000. Morphology of the 

films can be observed with a magnification of 100,000 or less. 
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3.2.4 Ellipsometry 

The thin film thickness and refractive index were measured by an ellipsometer. A 

Gaertner L116A dual mode automatic ellipsometer was used to perform the 

measurement. The optical construction is shown in Figure 3.3. Its apparatus consists of a 

light source, polarizer, fixed compensator, substrate, analyzer, and detector. In a 

measurement, the light source emits a 1 mW helium-neon laser ( wavelength 632.8 nm), 

which is linearly polarized by the polarizer into perpendicular and parallel components. 

The compensator introduces a relative phase shift between the two components. The light 

is reflected on the sample surface causing an inference phenomenon. The reflected light is 

analyzed by the analyzer. A photodetector is set to measure the intensity of the light. From 

the matching of the polarizer and the compensator, as well as the inference data of the 

reflected light, the refractive index and the thickness of the thin film can be determined. 

Films were analyzed by ellipsometry at 70°, 50°, 30° reflection angles to determine 

the absolute thickness and refractive index. Subsequent thickness measurements of the 

films were analyzed at 70° using the experimentally determined refractive index values. 

3.2.5 Thermal Cycle Resistance Test 

Some samples experienced thermal resistance tests in which they were heated at the 

rate of 10 degrees/min to 500°C, held at this temperature for 5 minutes, and cooled down 

at 5 degrees/min to room temperature. These samples were characterized before and after 

the tests for comparison. 

3.2.6 The Electrical Resistance of HfO? Thin Films 

HfO2 thin films were deposited on a conductive coating layer such as NiCr on 

glasssubstrates. A group of NiCr pads with aradius of 2 mm were then deposited on the 

surface of the HfO2 thin films. Current versus voltage (I-V) characteristics were measured 
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between the bottom and the top conducting layers. The spots with resistance higher than 

20 MQ were considered to be insulating; those with resistance in the range of 50 KQ - 20 

MQ were considered to be semiconducting; those with resistance lower than 50KQ were 

considered to be conducting. 
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Chapter 4 

Results 

4.1 Formation of HfOz Thin Films 

Itis usually difficult to generate and maintain plasma with both argon and oxygen 

introduced into the chamber. In order to generate plasma easily, argon was introduced 

first. With RF power applied, a clear purple colored plasma was created. After 3 minutes 

of pre-sputtering, the wall of the chamber was coated with a thin Hf layer. Impurities were 

mostly eliminated. Oxygen was then added into the chamber. The subsequent phenomena 

can be classified into two cases. Case 1: After oxygen was added, the plasma became 

thicker and suddenly changed from a bright purple to a dimmer red. Meanwhile, the 

pressure increased by 0.4 -0.8 mTorr. In this case, a layer of transparent thin films would 

be deposited. Case 2: After adding oxygen, the pressure increased only by its 

compositional proportion in argon (0.1 - 0.2 mTorr) and the plasma remained bright 

purple. In this case, the layer deposited would be a metallic film instead of a transparent 

HfO> thin film. 

Further observations revealed that the RF power level is a critical factor that 

determined which case applied. At low RF power levels, Case 1 applies with transparent 

thin films being deposited. At higher RF power levels, Case 2 applies with metallic thin 

films being deposited. In a word, transparent hafnium oxide thin films can be obtained only 

when the RF power is below a certain level. 

The gas flow ratio of Ar/O has significant effects on the maximum RF power level 

under which transparent thin films will be deposited. With a low gas flow ratio of Ar/Op, 

which means high O2 composition in gases, transparent thin films can be deposited under 

high RF power levels. As the gas flow ratio increases (lower O5), transparent thin films 
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can be obtained only under lower RF power levels. This is illustrated in Figure 4.1. 

4.2 Results from x-ray Diffraction Results 

X-ray diffraction profiles revealed that the deposited thin films are preferentially 

oriented. 

A typical x-ray diffraction profile is shown in Figure 4.2, in which a major peak 

appears at approximately 28° 20, corresponding to the (11 1) diffraction. Several 

additional peaks corresponding to the (211), (112), (112) and (113) planes in HfO9 

crystal appear at very low intensities. The presence and intensity of these peaks slightly 

vary from film to film. However, no evidence of other phases was observed from the x- 

ray diffraction profiles with diffraction angles between 10° and 80°. Comparing the 

intensity of each peak from the thin film x-ray diffraction with that from powder (as listed 

in Table 4.1), it is obvious that the diffraction from (111) planes is dominant. This 

suggests that the sputtered thin films are mainly HfO> crystals with a preferred orientation 

so that the (111) planes are parallel to the thin film surface. 

In x-ray diffraction, the intensity of a peak corresponding to a plane is determined 

by the amount of crystal units which align with this plane parallel to the thin film surface. 

In this particular case, the high intensity of the (111) peak and the low intensity of other 

minor peaks imply a high degree of (111) orientation in the thin film. However, thin film 

thickness also contributes to the absolute intensity. Thinner films display similar peaks but 

of lower intensity. In order to obtain information about the crystal orientation, Relative 

intensities of peaks were used to compare the orientation of a thin film. The relative 

intensity of a peak is obtained by dividing its absolute intensity with the maximum intensity 

in the profile: 
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Table 4.1 X-ray diffraction data for HfO2 powder. 

  

  

  

  

  

  

  

    

hkl d(A) Powder hkl d(A) Powder 

I/lo I/lo 

100 5.07 20 112 2.01 100+ 

O11 3.68 40 211 1.98 100 

110 3.61 30 022 1.84 60 

101 3.37 - 220 1.81 60 

111 3.15 100} 102 1.51 30 

111 2.82 100 123 1.34 - 

002 2.59 60 213 1.30 -             
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I-= (I/Imax ) x 100% 

In this study, the (11 1) peak is always of the maximum intensity, and thus used as 

a reference peak with the relative intensity of 100%. The relative intensities of any other 

peaks in the same profile are obtained by dividing the absolute intensity with the intensity 

of the (111) peak: 

Ip= (1/1(111) ) x 100% 

In an x-ray diffraction profile, lower relative intensity of minor peaks implies higher 

(111) orientation. This method was applied to analyze the x-ray diffraction data and to find 

out how deposition parameters affect the structure of a deposited thin film. 

4.2.1 X-ray Diffraction from Samples Deposited at Different Substrate Temperatures 

X-ray diffraction revealed that temperature has an important effect on the degree of 

orientation on (111) planes. 

Samples #4 and #7 were deposited at substrate temperatures of 400°C and 200°C, 

respectively. Their x-ray diffraction profiles are shown in Figure 4.3. Table 4.2 lists the 

relative intensities of various peaks in these two profiles using the above-mentioned 

calculation method, with the relative intensities of (111) peaks in both profiles set to 

100%. The relative intensities of peaks (002), (21 1), (112) and (022) from sample #4 are: 

<2%, <2%, 3%, and 3%, respectively, while those from sample #7 are: <6%, 9%, 8% 

and 6.1%, respectively. The relative intensities of the minor peaks from sample #4 are 

lower than those from sample #7. This implies that the (111) crystalline orientation in 

sample #4 is higher than that in sample #7. 
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Table 4.2 X-ray diffraction data for #4 (deposited at 400°C) and #7(deposited at 200°C). 

  

  

  

  

  

  

  

    

hkl d(A) Powder #4 #7 

I/lo I T/19(%) I I/Io(%) 

111 3.15 100+ 2312 100 1089 100 

111 2.82 100 <50 <2 <30 <3 

002 2.59 60 <50 <2 66 6 

211 2.20 60 78 3 96 9 

112 2.01 30 62 3 85 8 

022 1.84 60 70 3 <30 <3                 
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4,2.2 X-ray Diffraction from Samples Deposited under Different Gas Flow Ratios of 

Ar/O> 

From the x-ray diffraction data, it is also found that another sputtering parameter, 

the gas flow ratio of Ar/O, which is the ratio of the argon and the oxygen flow rates, plays 

an important role in determining the crystalline orientation of the deposited thin films. 

Samples #7 and #9 were deposited under the gas flow ratios (Ar/O) of 10 and 5, 

respectively. Their x-ray diffraction profiles are shown in Figure 4.4. The relative 

intensity of various peaks in these two profiles are listed in Table 4.3. As mentioned 

above, the (111) peaks are used as references in both profiles, and set to 100%. The 

relative intensities of peaks (002), (211), (112) and (022) from sample #7 are 6%, 9%, 8% 

and 3%, respectively. They are significantly lower than those from sample #9, which are 

21%, 17%, 17% and 12%, respectively. This suggests that sample #7 has a higher (111) 

orientation than sample #9. 

4.2.3 X-ray Diffraction From Samples Deposited Under Different Pressures 

X-ray diffraction data from samples deposited under different pressures were 

studied in order to find out its effect on the thin film structure. 

Sample #4 and sample #10 were deposited under the pressures of 1 mTorr and 2 

mTorr, respectively. Their x-ray diffraction profiles are shown in Figure 4.5. Table 4.4 

lists the relative intensity of various peaks. The intensity of the (111) peak from sample 

#4, which was deposited under 1 mTorr pressure, is nearly twice as much as that from 

sample #10, which was deposited under 2 mTorr pressure. However, there is not a 

significant difference between the relative intensity of the minor peaks in the two profiles. 

Therefore, we can not conclude any difference in the crystalline orientation between the two 

thin films. 
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Table 4.3 X-ray diffraction data for #7 ( Ar/O? = 10) and #9 (Ar/O? = 5). 

  

  

  

  

  

  

  

    

hkl d(A) | Powder #7 #9 

I/Io I I/Io(W) I I/Io(W) 

111 3.15 100+ 1089 100 366 100 

111 2.82 100 <30 <3 <30 <8 

002 2.59 60 66 6 77 21 

211 2.20 60 96 9 62 17 

112 2.01 30 85 8 62 17 

022 1.84 60 <30 <3 44 12                 

Table 4.4 X-ray diffraction data for #4 (deposited under 1 mTorr) and 
#10 (deposited under 2 mTorr) 

  

  

  

  

  

  

  

    

hkl d(A) | Powder #4 #10 

Ig I I/Ig(W) I I/IQ(W) 

111 3.15 100+ 2312 100 1211 100 

111 2.82 100 <50 <2 <30 <2 

002 2.59 60 <50 <2 <30 <2 

211 2.20 60 78 3 <30 <2 

112 2.01 30 62 3 AO 3 

022 1.84 60 70 3 <30 <2               
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4.3 Results from Transmission Electron Microscopy 

Electron diffraction patterns obtained from the transmission electron microscope 

techniques provide more information about the thin film crystalline structure. 

The electron diffraction pattern of a sample which was deposited for 1 hour is 

shown in Figure 4.6. The six strong spots close to the center form a distorted hexagon, 

which correspond to the (101), (011) and (101) planes in the monoclinic structure of HfO2 

crystal. Spots corresponding to the {112} planes are also found on the pattern. The zone 

axis is therefore (111). 

The electron diffraction pattern shown in Figure 4.7 was from sample #12 which 

was deposited for 10 hours. The pattern consists of a series of concentric rings. Each ring 

is formed by a series of bright spots. So the brightness in a ring is not uniform. Rings 

with different radii came from the diffraction of the (101), (101), (111) and (112) planes 

and their higher order planes. The brightest ring corresponds to the (101) plane. The zone 

axis of this pattern is also (111). There are some other dim dots distributed on the pattern, 

showing the existence of some minor grains which are not on the (111) zone. 

4.4 Results from Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy was applied to obtain the morphology of the thin 

films. Efforts have been made to find out effects of deposition parameters on the 

morphology of HfO> thin films. 

4.4.1 Morphology of Thin Films Deposited at Different Temperatures 

Figure 4.8 compares the morphology of sample #7, which was deposited at 200°C, 

with sample #12, deposited at 500°C. Both pictures were taken with a magnification of 

50,000. On the picture of sample #7, there are some reflecting spots showing the different 
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Figure 4.6 
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Electron diffraction patterns from a sample deposited for 1 hour. 
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Figure 4.7 
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Electron diffraction pattern from a sample deposited for 10 hours. 
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Figure 4.8 
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(b) 

Morphology of sample #7(a) and sample #12(b) 
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regions on the thin film surface. The grain size is about 20 nm - 50 nm. Comparing with 

sample #7, sample #12 has a much smoother surface showing high homogeneity. Its grain 

boundaries can not be observed using SEM. 

4.4.2 Morphology of Thin Films Deposited under Different Gas Flow Ratios of Ar/O2 

HfO> thin films deposited under different gas flow ratios of Ar/O also have 

significant differences in their morphology. Figure 4.9 compares the morphology of 

sample #7, deposited under a gas flow ratio of 10 with sample #9, which was deposited 

under a gas flow ratio of 5. The pictures were taken with a magnification of 50,000. The 

pictures show very clear grain boundaries of sample #9 but these can barely be seen on the 

surface of sample #7. The grain size of sample #9 is about 30nm - 40nm. Sample #7 has a 

smoother surface than sample #9. 

4.4.3 Morphology of Samples which Experienced Thermal Cycles 

A group of samples were deposited under different conditions followed by 

different post-deposited treatments. They were investigated by scanning electron 

microscopy. Then, these samples experienced the thermal cycle which was described in 

Chapter 3. Their morphology after the thermal cycle was investigated by SEM again to 

find their change during the thermal cycle. 

Figure 4.10 shows the morphology of sample #1 before and after the thermal cycle. 

Sample #1 was deposited under the low gas flow ratio of 1, at the temperature of 400°C. 

After the deposition, it was cooled down at the rate of 10 degrees/min. Some cracks and 

voids can be observed on sample #1 before the thermal cycle. After the thermal cycle, a 

high density of cracks and bubbles was observed. Some peel-off pieces can be seen on the 

thin film surface. The picture shows very poor adhesion of the thin film to the substrate 

after experiencing the thermal cycle. 

Results 44



Figure 4.9 
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Morphology of sample #7(a) and sample #9(b). 
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(a) 

  

(b) 

Figure 4.10 Morphology of sample #1 before(a) and after(b) thermal cycle. 
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Sample #4 was deposited under a high gas flow ratio of 10, at 400°C. After the 

deposition, it was cooled down at the same rate as sample #1 (10 degrees/min.). Its 

morphology before and after the thermal cycle is shown in Figure 4.11. Before the thermal 

cycle, sample #4 had a very smooth surface with apparently good adhesion. However, 

after experiencing the thermal cycle, many bubbles and potential bubbles were created. 

Similar to sample #1, there were some thin film pieces peeled off from the substrate. 

Sample #12 was deposited under the high gas flow ratio of 10, at SOO°C. After 

the deposition, it was annealed at the same temperature in an oxygen atmosphere for 20 

minutes, then cooled down at the rate of 1 degree/min. From Figure 4.12 which shows its 

morphology before and after the thermal cycle, sample #12 has a smooth and homogeneous 

surface with excellent adhesion before and after the thermal cycle, exhibiting excellent 

resistance to thermal cycles. 

Table 4.5 summarizes the deposition conditions, post-deposition conditions and 

their adhesion before and after the thermal cycle. 

4.4.4 Morphology of Thin Film Cross-Sections 

Cross-sections of some samples were investigated using SEM as an approach to 

define the thickness of thin films. Detailed morphology of the thin film cross-section was 

difficult to obtain due to serious charging up problems. Figure 4.13 shows the 

morphology of sample #12's cross-section. The picture was taken at the magnification of 

20,000. No detailed structure can be observed from the picture. The thin film appears as a 

bright band on top of the substrate. The width of this band is about 200nm - 250nm. 

4.5 Results from Ellipsometry 

An ellipsometer was used to measure the thickness and the refractive index of the 
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Figure 4.11 

Results 

  
(b) 

Morphology of sample#4 before(a) and after(b) thermal cycle. 
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Figure 4.12 

Results 

  
(b) 

Morphology of sample #12 before(a) and after(b) thermal cycle. 
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Table 4.5 Samples which experienced thermal cycles 

  

  

  

  

  

              

Sample | Ar/O? sub. Post-deposition treatment Adhesion Thermal 

temp. resistance 

#1 2/2 400°C_ | cooled at 10 DEG/min poor poor 

#2 3/1 400°C_| cooled at 10 DEG/min poor poor 

#4 10/1 400°C _ | cooled at 10 DEG/min good poor 

#12 10/1 500°C _ | annealed at SOO°C, cooled at good good 

1 DEG/min 
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Figure 4.13 

Results 

Morphology of sample #12's cross-section. 

  
HfO2 

Glass 

51



thin films. From the measurement, the thickness of HfO> thin films deposited at 400°C 

for 2 hours is in the range of 38 nm - 54. nm. Thin films deposited for 10 hours have a 

thickness in the range of 200 nm - 250 nm. So, the deposition rates are in the range of 

40nm/hr - 60 nm/hr. The thickness of sample #12 is 225 nm. This matches the result from 

its cross-section SEM investigation. 

Results from the refractive index measurement are listed in Table 4.6. The HfO> 

thin films deposited using magnetron RF reactive sputtering techniques have a high 

refractive index of 1.99 - 2.19. 

4.6 Results from Electrical Resistance Measurement 

Samples to be measured were prepared by the method described in section 3.2.5. 

A 10V DC potential was applied between pads on the top and the bottom layer to obtain the 

I-V characteristics. Samples #E1 and #E2 were deposited under equivalent conditions 

except for substrate temperatures. Sample #E1 was deposited at 300°C while #E2 at 

400°C. The results of their electrical resistance tests are illustrated in Figure 4.14. For 

sample #E1, only 55% of the tested electrodes are insulating. However, for sample #E2 

which was deposited at higher temperature (400°C), 95% of the tested electrodes are 

insulating. This demonstrates the effects of substrate temperature on the deposited films. 

At low temperatures, unstable films are formed with poor adhesion. The micro cracks and 

bubbles on thin films resulted in shorts of electrical current. In contrast, thin films 

deposited at high temperatures have dense, homogeneous structures and reliable electrical 

resistance. 

Some samples deposited under a high oxygen partial pressure (low gas flow ratio 

of Ar/O2) in argon show semiconducting I-V characteristics. This was improved by 

annealing the sample in an oxygen atmosphere after the deposition. 
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Table 4.6 Measured results for refractive index of some samples 

  

  

  

  

  

            

Samples n Navg 

#12 2.182 2.182 2.048 2.137 

#13 2.090 2.057 2.061 2.067 

#14 1.972 2.153 2.445 2.190 

#16 2.086 2.039 1.846 1.990 

#20 1.923 1.975 1.976 1.958 
  

n -- measured refractive index 
Navg -- average refractive index 
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Figure 4.14 Electrical resistance of samples deposited at 300C(a) and 400C(b). 
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4.7 HfO, Thin Films Deposited on Various Substrates 

4.7.1 HfO2 Thin Films Deposited on Silicon Wafers 

HfO? thin films deposited on silicon wafers show excellent adhesion. However, 

the data from x-ray diffraction indicate lower orientation and higher imperfection. A typical 

comparison is for sample #12 which is on glass and #Si12 which is on a silicon wafer. 

Sample #Si12 has a broader diffraction peak with lower intensity. This can be observed 

from Figure 4.15. The broader rocking curve shows that the stress and dislocation density 

in this film are higher than those of sample #12. This may be a result of the lattice 

mismatch between the (111) face in the HfO? thin film and the (100) crystalline face in 

silicon. On the other hand, HfO2 thin films deposited on amorphous glass do not suffer 

the mismatch and have better crystalline structure as a result. 

4.7.2 HfO2 Thin Films on Stainless Steel and Incoloy 909 

HfO?2 thin films usually have poor adhesion on stainless steel and Incoloy 909. lon 

etching has to be employed to obtain good adhesion. The purpose of ion etching is to 

remove the contaminated layer and to obtain proper roughness for the substrate surface. As 

important as cleanliness, proper roughness is essential for good adhesion by improving the 

bonding between the film and the substrate. However, too rough a surface inhibits the 

formation of a dense crystalline film. The parameters for ion etching to obtain proper 

roughness on a substrate are subject to the nature of the substrate. For Incoloy 909 

substrates, ion etching under 500 mV, 20 mA for 5 minutes gives ideal roughness for 

deposition of HfO? thin films. 

Most samples deposited on stainless steel and Incoloy substrates have poor 

adhesion after the thermal cycle test described in section 3.2.5. Only samples which was 

deposited under low oxygen partial pressure(Ar/O2 = 10, P = 1 mTorr) and annealed at 
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400°C in Oxygen environment for 20 minutes, then cooled down at the rate of 1 

degree/min., preserved good adhesion and electrical resistance after the thermal cycles. 

This is evidence of the importance of proper heat treatment to reliable adhesion of HfO2 

thin films. 

4.7.3 HfO2 Thin Films Deposited on Other Metal Layers 

HfO2 thin films were deposited on various metal layers, such as Platinum (Pt), 

Cronium (Cr) and NiCr to examine adhesion to these metal materials. 

With ion etching and RF power level below 315W, HfO? thin films have good 

adhesion on NiCr. However, they peeled off during the thermal cycles, showing poor 

resistance to thermal cycling. 

The deposition of HfO2 on Pt or Cr layers causes the consumption of these metal 

layers. Since Pt is chemically inert, it is not likely caused by oxidation of Pt during the 

sputtering. A more reasonable explanation is that Pt was sputtered by those species which 

reached the substrate with high energy. If so, it is possible to prohibit the peel-off by 

adjusting the deposition conditions, such as decreasing RF power level to decrease the 

initial energy of arriving particles. 
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Chapter 5 

Discussion 

5.1 Formation of Transparent Hafnium Oxide Thin Films 

According to Vossen and O'Neil, thin film deposition rate is linearly proportional to 

the RF power level [37]. Considering that there exists a threshold power level for the 

sputtering yield of any target material [38], it is straight forward to make the following 

assumption: As illustrated in Figure 5.1, this threshold for the deposition of HfO> thin 

films is low and the deposition rate increases slowly with RF power. In contrast, the 

threshold level for the deposition of Hf metal film is high and the deposition rate increases 

with RF power level at a very high rate. When RF power level is below the threshold 

power level of HfO2, nothing is deposited; When RF power is above the threshold power 

level of Hf metal film, thin films consisting of both Hf and HfO> are deposited; Only 

when the RF power is greater than the threshold RF power level of HfO> and less than that 

of Hf metal film, can a pure HfO> thin film be deposited. 

During the depositions in which transparent hafnium oxide thin films were 

deposited, the sudden change of plasma color suggests that after oxygen was introduced, a 

new plasma involving oxygen was created. Vossen and O'Neil, described the formation of 

a reactive plasma in sputtering processes [37]. They believed that O7 molecules were first 

broken down and then positively ionized by stripping an electron from another atom. Since 

this process costs a great deal of energy, the resulted plasma has a lower average energy. 

This explains why the plasma color became dimmer after the new plasma was created. 

From the experiments, it was found that the gas flow ratio of Ar/O> limits the 

maximum RF power for transparent film deposition. This phenomenon may be related to 

the oxygen consumption rate. Under higher RF power levels, hafnium oxide is deposited 

Discussion 58



        

400- 

~ 300- 

s 
E 

"ay 

~ Nothing deposited 3 othing deposite HE 

: 200+ . Pure HfO2 thin films deposited 
o 

= —> = Mixture of Hf andHfO2 thin films deposited 
3 
o 
o 100-4 

HfO2 

O7-* T r T r T 7 T T T T 7 

0 100 200 300 400 500 600 

Discharge power(W) 

Figure 5.1 Illustration of an assumption for thin film deposition rates. 

Discussion 59



at a higher rate. This causes oxygen to be consumed at higher rate. More oxygen is 

required to maintain the reactive plasma. In other words, with higher power levels, a lower 

gas flow ratio is required for transparent HfO> thin film deposition. Under higher gas flow 

ratios of Ar/O, the lower oxygen quantity limits the possible oxygen consumption rate. 

Under these conditions, if a high RF power is applied, there will be not sufficient oxygen 

in the chamber to maintain the reactive plasma for oxide deposition. Metallic thin films will 

be deposited instead. 

$.2 Structure of HfO7z Thin Film 

X-ray diffraction data indicated the HfO> thin films are preferentially oriented with 

the (111) plane parallel to the thin film surface. Electron diffraction data confirms this 

conclusion. 

Kuo et al. studied HfO> thin films deposited using magnetron reactive sputtering 

techniques. They reported that the HfO> was a polycrystalline monoclinic substance with a 

preferred orientation in the (111) plane[24]. This is consistent with the results in this 

study. 

Results from TEM give more interesting information. The electron diffraction 

pattern from samples grown for 1 hour show single crystalline nature. However, samples 

grown for 10 hours show a polycrystalline nature in their electron diffraction pattern. It is 

likely that HfO> is first deposited in a single crystal nature with the orientation of (111) 

planes. During further deposition, polycrystalline HfO2 grow on top of this layer with 

(111) preferred orientation preserved. Jacobson reported a similar phenomenon when 

depositing SiC thin films on Si(100) substrates[41]. However, after the (100) preferred 

oriented polycrystalline layer was deposited on top of the (100) epitaxial layer, the 

preferred orientation changed from (100) to two of the {110} planes in further deposition. 

Discussion 60



5.3 Effects of Sputtering Parameters 

5.3.1 Effects of the Gas Flow Ratio of Ar/O> 

X-ray diffraction data and SEM results revealed that the gas flow ratio of Ar/O? is a 

factor in determining the properties of HfO> thin films. Thin films deposited under high 

gas flow ratios of Ar/O2 show high crystalline orientation, smoother surface and high 

homogeneity. From results of thermal cycle tests summarized in Table 4.5, we can 

conclude that thin films deposited under higher gas flow ratios have better adhesion with 

less cracks and voids. 

5.3.2 Effects of Substrate Temperature 

The substrate temperature is another factor which greatly influences the properties 

of HfO> thin films. Thin films deposited at higher temperature show higher crystalline 

orientation, smoother surface and higher homogeneity. Electrical resistance measurements 

show that thin films deposited at higher temperature have better electrical insulating 

properties. The effects of temperature on HfO> thin film structure and properties are 

believed to be related to surface mobility during the thin film formation. In sputtering 

processes at high substrate temperatures, atoms and molecules arriving at the substrate 

surface are able to move along the substrate surface and interact with each other. 

Therefore, they can grow into larger clusters and form highly oriented films with large 

grains. High temperature also promotes the diffusion of substance between different grains 

(or domains), thus improving the thin film homogeneity. 

5.3.3 Effects of pressure 

Based on the x-ray diffraction results, no significant effect of pressure on thin film 

crystalline structure could be concluded. According to Onishi et al., deposition rate is 

inversely proportional to pressure in sputtering deposition[42]. It is possible that the 
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higher XRD intensity at the (111) peak from samples deposited under lower pressure is 

due to their higher thickness. 

5.3.4 Effects of Post-Deposition Treatment 

Comparing the morphology of the samples which experienced thermal cycles, it is 

obvious that post-deposition treatment has a tremendous influence on thin film adhesion. 

Heat treatment is therefore critical to the quality and reliability of HfO2 thin films, 

especially in high temperature applications. 

Bubbles and cracks were created during the thermal cycles on thin films which had 

not been annealed. However, thin films annealed at the deposition temperature in oxygen 

atmosphere followed by slow cooling show excellent adhesion after the thermal cycle. 

Kuo, et al.[24] reported that annealing at higher than 400°C in an oxygen 

atmosphere improved the monoclinic crystal structure of HfO> with (111) orientation, 

which was believed to be the stable state for HfO>. The refractive index and dielectric 

constant of HfO> thin films were also improved by annealing. 

Electrical resistance measurement results of some samples deposited under high 

oxygen partial pressure in argon show semiconducting current versus voltage 

characteristics. These semiconducting characteristics were diminished by annealing the 

sample in an oxygen atmosphere after deposition. Since HfO2 solid solutions are likely 

formed by the additive cations entering the crystal lattice [27]. These crystals are so called 

“oxygen deficient" crystal. Samples deposited under high oxygen in argon have relatively 

loose structure [15] in which the thin film tends to become oxygen deficient. The created 

interstitial act as charge carriers when an electric field is applied to the sample. The sample 

thus shows semiconducting characteristics. If the sample is annealed in oxygen 

atmosphere after the deposition, the oxygen vacancies in the crystal are eliminated. HfO2 
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thin films with better crystalline structure and stable electrical insulating properties result. 

This is consistent with Kuo's discovery that oxygen annealing improved the (111) 

orientation in the monoclinic HfO> [24]. 
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Chapter 6 

Conclusions 

1. Hafnium dioxide thin films deposited using magnetron RF reactive sputtering 

techniques are (111) oriented. The first deposited layer has single crystal 

characteristics while later deposited layers have a polycrystalline nature. 

2. Transparent hafnium dioxide thin films are deposited only under an RF power level 

below a certain value. When the RF power level is above this value, metallic films 

are produced. The maximum RF power level for HfO2 thin film deposition is 

determined by the gas flow ratio of Ar/O2. It decreases as the gas flow ratio 

increases. 

3. Substrate temperature has a critical effect on the crystal structure of HfO?2 thin 

films. Deposition at higher temperature (400°C - 500°C) results in highly oriented, 

homogeneous and smooth thin films with reliable electrical resistance. 

4. Gas flow ratio of Ar/O2 has an important effect on thin film crystal orientation, 

homogeneity and adhesion. A high gas flow ratio of Ar/O9 is essential for the 

formation of dense, voidless and well-oriented film. However, a high gas flow 

ratio limits the (RF) max, resulting in a low deposition rate. A proper ratio for 

dense films is 5-10. The corresponding RF power level should be below 75W. 

5. Post-deposition heat treatment is of significant importance to the adhesion of HfO2 

thin films, as well as their stability against temperature change. Annealing 

improves the crystalline orientation, adhesion, electrical resistance and resistance to 

thermal cycles. Therefore, proper annealing is essential for depositing thin films for 

high temperature applications. After the annealing, cooling at low rate also help to 
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obtain high adhesive thin films. 

6. Ion etching on the substrate surface prior to film deposition is an effective step for 

improving adhesion of thin films. Suitable ion etching provides proper roughness 

and contamination-free surface for good adhesion. 

7. Dense, well-oriented and homogeneous HfO? thin films with smooth surfaces can 

be obtained using magnetron RF reactive sputtering techniques under optimized 

deposition conditions. 

The recommended conditions and steps for high performance HfO? thin films are 

* gas flow ratio Ar/O? in the range of 5-10; 

* substrate temperature at about 500°C; 

* pressure less than 1 mTorr; 

* RF power level of SOW - 75W; 

* ion etching applied to substrates such as stainless steel and Incoloy; 

* after the depositions, annealing at the substrate temperature in an oxygen 

environment for 20 minutes, then cool down at the rate of 1 degree/min. 

HfO2 thin films deposited under the above conditions have good electrical 

resistance, high refractive index and excellent resistance to thermal cycling. They are 

promising for related high temperature applications. 
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Chapter 7 

Future Research 

In this investigation, effects of the deposition parameters on the properties of HfO> 

thin films were revealed. The results indicate that HfO, thin films with promising 

properties can be fabricated by magnetron RF sputtering techniques. More research will be 

required to introduce HfO> thin films to practical use: 

1. More study about the plasma process is necessary to explain the phenomenon in 

sputtering deposition. A complete understanding of the mechanism of thin film 

formation during sputtering will be helpful for optimizing deposition parameters in 

order to produce high performance thin films at possible high deposition rates. 

More detailed information about the crystal growth can be obtained from TEM 

analysis on samples deposited for longer than 10 hours. Electron diffraction patterns 

from different layers in a thin film can provide information about the change of 

crystalline nature and orientation during the thin film deposition. 

More data are needed to reveal the alternative effects of more than one deposition 

parameter on the properties of HfO> thin films for a more scientific optimization. 

Also, methods to elevate the deposition rate must be developed to make HfO> thin 

films practically useful. To approach this, a precise thickness measurement should be 

developed. 

The annealing condition needs to be optimized to improve the structure and priorities 

of HfO2 thin films. 

Sputtering methods to deposit high adhesion HfO> thin films must be developed on a 

substrate for particular application. For instance, to use HfO> thin films as an 
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insulating layer for a Pt/Pt-Rh thermo-couples, the technique to fabricate HfO> thin 

films on Pt surface must be developed. 

6. To optimize sputtering parameters for obtaining high refractive index HfO2 thin films 

is an interesting study topic. An important factor which determines the refractive 

index of HfOz2 thin films is the smoothness, which is affected greatly by the 

deposition temperature and the gas flow ratio of Ar/O2. 
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