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Abstract 

 

Atomic layer deposition (ALD) is a powerful ultra-thin film deposition technique 

that uses sequential self-limiting surface reactions to provide conformal atomic 

scale film growth. Deposition of ALD films on many substrate systems has been 

studied before; however, limited data is available on deposition on metallic 

surfaces. The investigation of the growth of Al2O3, HfO2, and ZrO2 as three 

technologically important metal oxides on metallic substrates is the subject of this 

thesis. Al2O3, HfO2, and ZrO2 films were grown by ALD on silicon, as a well-

studied substrate, in different operating conditions to investigate the effect of 

process parameters on film properties. To study the growth of oxides on metals, 

thin metallic substrates were prepared by sputter deposition on silicon wafers and 

then were transferred to the ALD chamber where the film growth was monitored 

by in-situ spectroscopic ellipsometry. The transfer was performed via a load lock 

system without breaking the vacuum to preserve the pristine metal surface. 

Formation of a thin interfacial layer of metal oxide was observed during the initial 

moments of plasma enhanced ALD, that was due to the exposure of metal surface 

to oxygen plasma. In-situ spectroscopic ellipsometry was used to accurately 

measure the thickness change of the growing films including the interfacial layer. 

The thickness of this interfacial oxide layer depended on various process 

parameters including deposition temperature, order of precursors and plasma 

pulse length. The interfacial oxide layer was absent during the conventional 

thermal ALD. However, thermal ALD of oxides on metals exhibited substrate-



 

 

inhibited growth, especially at higher deposition temperatures. With the 

knowledge of ALD growth characteristics on metals, metal-insulator-metal 

(MIM) devices were fabricated by both thermal and plasma enhanced ALD and 

electrically characterized. The presence of the interfacial oxide layer altered the 

device performance by changing the capacitance and current characteristics. 

Employing this approach, it was shown that ALD can be successfully used in the 

fabrication process of MIM devices and similar systems where ultra-thin 

insulating layers need to be uniformly deposited on a metallic surface.  
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Chapter 1 Introduction 
*
 

 

 

 

 

 

 

 

 

1.1 Atomic Layer Deposition 

 

Atomic layer deposition (ALD) is a thin film deposition technique based on 

alternating surface saturating adsorption and reactions of the individual precursors 

leading to the controlled layer by layer growth of thin films. [1, 2]. ALD is 

considered to be an ideal deposition technique for preparation of ultra-thin films 

especially when the geometry is complex [3]. There is a controversy over the 

origin of ALD. Some suggest that the ALD was originally invented by Russian 

scientists led by Professor Aleskovskii in an attempt to grow metal oxides such as 

TiO2 and GeO2 during 1960’s [4]. However the more commonly referenced origin 

of ALD is the research done in Finland by Tuomo Suntola and co-workers in 

1970’s [5]. The method was initially named “Atomic Layer Epitaxy” or ALE and 

was used to grow layers of ZnS by the employment of alternating element 

reactants Zn and S. It was later used for deposition of SnO2 from Sn/O and GaP 

from Ga/P. Suntola and co-workers soon showed that the same process could use 

compounds as reactants instead of elements: a TaCl5/H2O process to form Ta2O5 

and an AlCl3/H2O process to deposit Al2O3. The name ALE was later gradually 

                                                           
*
 A version of this chapter has been published as a book chapter: A. Foroughi-Abari and K.C. 

Cadien in Stepnova, S. Dew, Nano-fabrication, SpringerWien 2011 
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substituted by ALD in the early 1990’s, and it is currently the most common name 

for the technique. More details can be found in an extensive review by Puurunen 

[4].  

 

1.1.1 ALD Fundamentals 

 

The basic steps in an ALD cycle are schematically shown in Figure  1-1. The first 

precursor is pulsed into the reaction chamber and is chemically adsorbed on the 

surface of the substrate until the surface is completely saturated (Figure  1-1a). 

Once the surface becomes saturated, no further precursor molecule is adsorbed. A 

constant flow of a carrier gas (typically nitrogen or argon) is used to sweep away 

the excess gases out of the chamber (Figure  1-1b). The second precursor is pulsed 

into the chamber and reacts with the adsorbed species on the surface until surface 

saturation is achieved (Figure  1-1c). Excess precursors and by-products are 

removed by pumping and carrier gas purging (Figure  1-1d). At the end of these 

four steps, one monolayer of the desired material is deposited on the substrate 

surface. By repeating step a to d, the film material with the desired thickness is 

deposited. 

 

Figure  1-1 Schematics of an ALD cycle 
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Each cycle usually takes a few seconds to complete and a film with thickness of 

0.01 to 0.3 nm may be deposited [3]. The growth rate is determined by the size of 

the precursor molecules and also the number of available adsorption sites on the 

surface. Due to steric hindrance, the growth per cycle (GPC) is usually less than a 

monolayer of the ALD-grown material [4]. Simple models have been developed 

to show this effect. Figure  1-2 shows a schematic configuration of adsorbed 

precursor molecules on the surface redrawn from [6]. The number of adsorbed 

species depends on the size of the molecules. Since ALD precursors are mostly 

large organometallic molecules, only a fraction of the reaction sites are occupied 

after each dose of the precursor which results in GPC of less than a monolayer 

[3]. The surface reactions during ALD are thermally-driven by providing heat to 

the substrate. Typical substrate temperatures range from 100oC to 400oC. 

Therefore, this method is sometimes referred to as thermal ALD.  

 

 

Figure  1-2 Adsorption of precursor molecules on the substrate surface. Reproduced with 
permission from  [6]. 

 

ALD is a self-limiting process [7] which means that the film growth does not 

depend on the flux of reactive species providing that sufficient precursor is dosed. 

Basically, once the reaction sites on the surface are filled with adsorbed precursor 

molecules, the surface becomes saturated and no more precursor molecule is 

adsorbed. The process limits itself and does not proceed until the next precursor is 
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introduced. This unique feature makes ALD an ideal method to deposit uniform 

and conformal thin films on complex structures.  

 

1.1.2 Plasma-Enhanced ALD 

 

Plasma-enhanced ALD (PEALD) is an energy-enhanced ALD method that uses 

radicals to enhance the reactions. In PEALD, also referred to as plasma-assisted 

ALD or plasma ALD, the surface is exposed to highly reactive species generated 

by the plasma for a short time (plasma exposure pulse) during each ALD cycle. 

O2, N2 and H2 plasmas are typically used in the PEALD process as a source of 

oxygen, nitrogen and hydrogen. For example, for plasma ALD of alumina, 

Trimethylaluminum (TMA) is used as the metal precursor and plasma oxygen is 

used for atomic oxygen. A schematic diagram of a PEALD reactor is shown in 

Figure  1-3.  

 

Figure  1-3 Schematic diagram of a PEALD reactor with an inductively coupled remote plasma 
source. 
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Theoretical molecular models show that the ALD reactions, such as TMA with 

water have intermediate metastable states separated by activation barriers [8-11]. 

In conventional thermal ALD, the required thermal energy to overcome the 

barrier is provided by heating of the substrate.  In PEALD, the energy is provided 

by both the thermal energy as well as the energy from plasma. The plasma is 

utilized to generate highly reactive atomic radicals. These radicals can enhance 

the reactions and allow them to take place at a lower temperature. When plasma is 

used, the rate of surface reactions increases, fragmentation of precursor molecules 

increases, and the by-products are more easily removed by ion bombardment. The 

amount of material deposited after each cycle is determined by the separation 

between the plasma source and the substrate, the plasma pulse duration, pressure, 

and plasma power [12]. 

Three general types of plasma configuration have been used for PEALD: radical-

enhanced, direct plasma, and remote plasma [13]. In radical-enhanced 

configuration, the plasma is generated in a separate chamber that is connected to 

the main ALD chamber by means of tubing. Therefore the plasma species need to 

travel through the tubes to reach the ALD chamber and the surface of the 

substrate. This increases the chance of recombination and results in a decrease in 

the number of radicals reaching the surface. In direct plasma configuration, 

however, the plasma is generated above the substrate and the substrate acts as one 

of the electrodes (usually grounded). In this configuration, the flux of ions and 

radicals toward the surface could be very high. The design is relatively simple and 

results in good uniformity (used in industrial systems) but, on the other hand, 

could lead to plasma-induced damage.  

In the third configuration, remote plasma, the plasma is generated above the 

substrate, however unlike the direct plasma, the substrate is not involved in the 

generation of plasma. In this situation, the energy and flux of radicals are higher 

than those of radical-enhanced plasma configuration. Additionally, the damage 

induced by the plasma is typically less compared to the direct plasma. The main 

advantage of this type of configuration is that it allows for varying the conditions 
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of the plasma and deposition chamber independently. Therefore it has been used 

in research systems where flexibility is required [13].  

PEALD has some advantages over the thermal ALD. Some of the main 

advantages include improvement in film impurity levels [14, 15] and electronic 

properties [16, 17]. A well-studied example of usage of plasma is for the 

deposition of aluminum oxide using TMA and plasma oxygen [12, 18-20]. The 

difference with thermal ALD is that instead of water, oxygen plasma is used as 

the source of oxygen. With the help of plasma, room-temperature deposition on 

thermally fragile, heat sensitive polymeric materials has been successfully carried 

out without destroying them [20, 21]. Another benefit of plasma ALD compared 

to thermal is that cycles times are much shorter during plasma ALD which results 

in faster depositions and higher throughput. Additionally, the amount of material 

deposited after each cycle is usually higher when plasma is used [19].  

One of the main limitations of the thermal ALD process is that long purging is 

usually required to completely remove the water from the reactor due to its polar 

nature. As the deposition temperature decreases, this problem becomes more 

significant [22], which poses special challenges at low deposition temperatures.  

When the water remains at the surface due to improper purging, the films may 

contain high amounts of hydrogen as an impurity. For this reason, a temperature 

of 100oC has been suggested as the minimum temperature needed for thermal 

ALD of Al2O3 [20]. This is where PEALD presents its advantage by operating at 

lower deposition temperatures (down to room temperature) and yet maintaining 

acceptable quality.  

 

1.1.3 ALD Precursors 

 

The choice of precursor is an important consideration in the design of an ALD 

process. The precursor must be thermally stable to remain in the gas phase before 

reaching the substrate. On the other hand it must be reactive enough to chemisorb 



 

7 

 

on the surface. Precursor decomposition in the gas phase has a detrimental effect 

on the self-limiting growth mechanism. Additionally, the precursor must have 

enough vapor pressure when heated to be transferred into the reaction chamber. 

The transfer can be done in the form of a pure gas or as a vapor mixed with the 

carrier gas. Another consideration is that the reaction by-products cannot be 

reactive toward surface species. Otherwise, defect generation and excessive film 

accumulation could be an issue [23].  

TMA and H2O are considered as classic ALD precursors. Once TMA molecules 

react with hydroxyl groups (OH) on the surface, CH4 is formed and Al atoms with 

one or two methyl (CH3) groups are bonded to the surface. After purging the 

excess TMA, H2O vapor is pulsed into the chamber and the methyl groups, 

attached to the Al atoms, are replaced by hydroxyl groups. These hydroxyl groups 

make the surface reactive toward TMA and therefore this cycle can be repeated 

[7, 24-27]. 

 

1.1.4 Role of Substrate 

 

Linear film growth is considered as one of the key features of the ALD technique 

that is attributed to the self-limiting behavior. After each ALD cycle, a fixed 

amount of material is deposited that results in linear growth. However, during the 

initial stages of ALD film growth, non-linear growth might be observed. Lim et 

al. [28] performed an analysis on initial stages of TiN film growth deposited by 

ALD. They suggested that during the few first ALD cycles, the outermost layer on 

the surface is gradually changing from the substrate material to the ALD-grown 

material. Therefore, due to dependence of surface adsorption and reaction of 

reactants on the substrate surface properties, a non-linear growth regime might be 

observed. ALD growth is only influenced by the substrate when the substrate is 

not fully covered with the ALD material. As the deposition continues, the effect 

of the original substrate is lost until a steady GPC is observed. Three possible 

scenarios exist [29]: 1- the substrate may increase the GPC during the first few 
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cycles, referred to as substrate-enhanced growth. 2- the substrate may lower the 

GPC, referred to as substrate-inhibited growth. 3- the substrate may have 

insignificant effect on GPC (linear growth). These growth behaviors are shown 

schematically in Figure  1-4.  

 

 

Figure  1-4 Different types of ALD growth: (a) linear growth; (b) substrate-enhanced growth;  

(c) substrate-inhibited growth. 

 

ALD of metals on oxide substrates is a well-known example of non-linear growth. 

Elam et al. [30] demonstrated that ALD of W on SiO2 surface involves nucleation 

on the surface. They also showed that surface treatments such as exposing the 

substrate to Si2H6 affected the initial growth conditions and resulted in more rapid 

nucleation. Similar observations were made for ALD of other metals on oxide 

surfaces [31-33].  

Several other studies also showed that the nucleation and initial growth of oxides 

on Si substrates is affected by the conditions of the surface. For instance, the 

number of cycles required for nucleation of oxides on OH-terminated Si, H-

terminated Si, and Si with native oxide is different [34-40].  

The nucleation of ALD is extremely important for deposition of continuous ultra-

thin films. Most applications require a uniform continuous pin-hole free layer. 

The lack of uniform nucleation results in undesired island growth, known as 

Volmer-Weber growth [22]. Although the islands eventually coalesce after 

multiple ALD cycles, for applications demanding very thin films, the nucleation 
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could be an issue. One of the examples of the nucleation problem can be seen in 

deposition of ultra-thin high k oxides for microelectronics applications [35, 41].  

 

1.2 ALD of Metal Oxides 

1.2.1 Aluminum Oxide 

 

Aluminum oxide is perhaps the most studied material among all the oxides 

deposited by ALD since it is a technologically important material with high 

permittivity, good electrical properties and good adhesion to different surfaces. 

Additionally, its ALD processes are considered to be a representative of other 

ALD reactions [4, 22].  

Al2O3 has good electrical properties such as wide bandgap (~8.7 eV), high electric 

field strength (8 MV/cm) [20] and high dielectric constant (~9). Electrical 

properties and chemical stability of Al2O3 have made this material attractive for 

applications such as microelectronic devices [42], solar energy devices [43], 

magnetic read heads [44], and wear-resistance coating for microelectromechanical 

systems (MEMS) [45]. Since Al2O3 is chemically stable on silicon, it can be used 

as a gate oxide on silicon for Metal-Oxide-Semiconductor (MOS) transistors     

[46, 47]. Al2O3 has also been used in the fabrication process of dynamic random-

access memory (DRAM) devices [48, 49] due to its excellent dielectric properties.  

Deposition of Al2O3 by ALD has been extensively studied by many researchers. 

Various precursors have been employed to satisfy the ALD self-limiting reaction. 

The most notable precursors are TMA and water [26, 27, 44, 45, 50, 51]. 

Deposition of aluminum oxide using TMA and water is described by the 

following half-reactions:  

4
*

2333
* CH )(CH-Al-O-Al    )Al(CH OH-Al +→+                       (1-1) 

   4
*

2
*

3 CH OH-Al     OH  CH-Al +→+                        (1-2) 
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where the asterisks denote the surface species [11, 52]. In reality, the ALD 

process is not as simple as this and involves different phenomena including 

physisorption and dissociative chemisorption of precursor molecules, ligand 

exchange, and possible desorption of surface species [53]. These phenomena are 

affected by the deposition temperature. For instance when the temperature is too 

low, the adsorbed precursor molecules do not have enough energy to overcome 

the activation energy barrier. Therefore the reaction kinetics would be slow. On 

the other hand at high temperatures, precursor molecules are subject to 

decomposition [4], especially for precursors with large molecules, which could 

lead to CVD like deposition. Additionally, at high deposition temperatures the 

desorption rate for adsorbed species is higher which results in a slower growth 

[22]. These considerations often lead to a search for a suitable range of deposition 

temperatures; an ALD window. An ALD window, as shown schematically in 

Figure  1-5, defines the range of deposition temperatures at which the surface 

reactions have the basic requirements of an ALD reaction; most importantly self-

limiting behavior.  

 

 

Figure  1-5 The ALD window is defined as a range of deposition temperatures that leads to ALD- 
type reactions. 
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In addition to using water as the oxygen source, oxygen plasma has been utilized 

in the deposition of Al2O3 allowing for successful depositions at temperatures as 

low as room temperature [12, 20, 54]. 

 

1.2.2 Hafnium Oxide 

 

HfO2 is another important metal oxide that has been one of the major areas of 

ALD research for the last decade [55-63]. The main application of HfO2 is to 

replace SiO2 as a gate oxide in MOSFETs. The MOSFET (metal oxide 

semiconductor field effect transistor) is the building block of CMOS 

(complementary metal oxide semiconductor) devices. In a MOSFET, voltage is 

applied across the gate oxide to control the flow of carriers in the channel as 

shown in Figure  1-6. SiO2 has been used as the standard material for the past forty 

years. However, due to downscaling of the transistors, the SiO2 layer has changed 

from 100 nm thickness in 1969 to ~2 nm by 2005 while the leakage current has 

increased exponentially [64]. This was a strong motivation for semiconductor 

industry and the ALD research community to search for suitable candidates to 

substitute SiO2. The candidate material must have high dielectric constant (higher 

than the 3.9 dielectric constant of SiO2), chemical stability and good compatibility 

with the existing silicon-based processes. HfO2 and ZrO2 were two of the most 

important candidates with high relative permittivity (~20-25). Ultimately it led to 

implementation of ALD deposited Hf-based oxides in the 45-nm node in 2007 by 

Intel Corp. [65]. Since then, ALD has been used as a standard deposition method 

in fabrication of CMOS devices in the 32-nm and 22-nm nodes [66, 67]. A 

detailed review of the development of high-k hafnium based materials has been 

recently published by Choi et al. [68]. 
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Figure  1-6 Schematic representation of a MOSFET 

 

Different metalorganic precursors have been used in the ALD of HfO2 including 

HfCl4 [69], tetrakis(diethylamino)hafnium [62], tetrakis(dimethylamide)hafnium 

[57] and  tetrakis(ethylmethylamide)hafnium [56]. H2O [35, 57], O3 [70] and 

plasma oxygen [71] have been used as oxygen sources.  

 

1.2.3 Zirconium Oxide 

 

Similar to HfO2, ZrO2 has also been an interesting material for microelectronic 

applications. ZrO2 is a high-k oxide. In fact, ZrO2 and HfO2 have very similar 

properties (bandgap = 5.8 eV and dielectric constant = 20-25) [72]. Zr and Hf are 

both from column IV in the periodic table; however, their chemical stability has 

been found to be slightly different. ZrO2 is slightly unstable and could react with 

Si to form ZrSi2 [72]. This is the main reason that HfO2 is currently preferred over 

ZrO2 as a gate dielectric. Research has been focused on ALD of ZrO2 as a gate 

dielectric [73-75] and also as a capacitor [3, 76]. Various precursors have been 

developed for ALD of ZrO2, such as ZrCl4 [77] and tetrakis(ethylmethylamino) 

zirconium [78].  

 

1.3 Metal-Insulator-Metal Diodes 

 

Metal-insulator-metal (MIM) diodes operate on the basis of quantum mechanical 

tunneling. Their simple structure consists of a thin insulating layer positioned 
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between two metallic electrodes. If the insulating layer is sufficiently thin (a few 

nanometers), current can flow between the two electrodes by means of the 

quantum tunneling effect [79]. MIM diodes have suitable rectifying properties. 

Compared to semiconductor rectifying elements, MIM diodes have very fast 

response time and wide bandwidth. These rectifying elements are currently the 

center of attention for the development of next generation antenna-coupled 

infrared detectors [80-82], high frequency mixers [83], and optical rectennas [84]. 

Figure  1-7 shows the energy band diagram for an MIM diode with similar 

electrodes (symmetric MIM). The relationship between current density J and 

applied voltage V in the intermediate voltage range ( 0 < �	 ≤ 	 � ��  ), can be 

expressed by the following equation [79]: 

� = �� ��� exp �−�����

��− �� + �	 × exp	�−���� + �	����
             (1.3) 

where ��  is the mean value of the barrier height above the Fermi level of the 

negatively biased electrode, V is the applied voltage across the insulator layer.  �� 

and � are defined with a reasonable approximation as: 

�� = � �

�����
� . � 	

�
���
� , � = ���
�

�
� . �2����                         (1.4) 

where m and e are the mass and the charge of the electron, h is Plank’s constant 

and Δ	 is the insulator thickness.  

MIM diodes have been investigated by researchers since the early 1960s [81, 82, 

85-89]. Early diodes were fabricated by positioning a tungsten wire on an 

oxidized metal surface [90]. The thin native oxide on the tungsten and the metallic 

surface acted as the insulating layer. Later, thin film diodes replaced the point-

contact diodes [91]. MIM diodes have been fabricated using various techniques 

such as thermal oxidation [92-94], plasma oxidation [80, 82] and anodic oxidation 

[89] of metallic surfaces.  
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Figure  1-7 Energy diagram for a symmetric MIM diode, Φ is the barrier height, ψ is the metal 
work function and η is the Fermi level. 

 

Fabrication of MIM diodes requires synthesis of an insulating layer between two 

metallic surfaces. The probability of quantum tunneling strongly depends on the 

thickness of the insulating layer. The insulating layer needs to have uniform 

thickness over the entire diode area in order to obtain high performance. In 

addition to uniformity, the fabrication process must allow for precise thickness 

control for reliability and reproducibility of the MIM diodes. ALD can be used to 

deposit thin layers of metal oxides on a metallic surface with good uniformity and 

thickness precision as part of the MIM fabrication process.  

 

1.4 Thesis Objectives and Scope 

 

The main focus of this thesis is the deposition of metal oxides on metallic 

substrates by ALD. There are various methods to construct an insulator film on a 

metal surface. In this thesis the capabilities of ALD for preparation of insulator 

films on metallic substrates especially for the case of ultra-thin films is studied. 

One of the main applications of this method would be in fabrication of MIM 

diodes. 

In Chapter 2 the deposition of metal oxides on silicon substrates is studied. The 

motivation is to characterize various aspects of ALD film growth on a known 
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substrate. Since the main equipment used for the experiments was an integrated 

multi-chamber ALD research system, it was essential to explore the capabilities 

and options of this sophisticated tool to perform careful and precise experiments.  

Chapter 3 describes the preparation of chromium thin films by DC magnetron 

sputtering as a main metallic substrate used in the study of ALD film growth. In 

this chapter it is tried to correlate the film resistivity to microstructure and also 

process parameters such as sputtering pressure.  

Chapter 4 presents the results of in-situ spectroscopic ellipsometry study of ALD 

film growth on metallic substrates. The deposition can be performed by 

conventional thermal ALD or PEALD. The difference between the two methods 

will be discussed with an emphasis on formation of a thin native oxide as the 

result of exposure to oxygen plasma and the remedies to eliminate the problem 

caused by the presence of this interfacial layer.  

In Chapter 5, the fabrication of MIM diodes using ALD is studied. MIM diodes 

prepared by thermal and PEALD are characterized by performing electrical 

measurements. The motivation is to study the suitability of ALD for fabrication of 

MIM diodes. 
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Chapter 2 Characterization of ALD Oxides 
 

 

 

 

 

 

 

 

 

2.1 Introduction 

 

Metal oxides are an important category of materials that have been deposited by 

atomic layer deposition (ALD). They have a wide range of applications including 

dielectric layers in electroluminescent thin film displays [1-3], gate oxide layers in 

MOS transistors [4-6], capacitors in DRAM applications [7-9], wear-resistance 

coating for MEMS devices [10] and insulator layers in metal-insulator-metal 

(MIM) devices. Successful preparation of metal oxides by ALD requires selection 

of suitable chemical precursors and optimum process parameters such as 

deposition temperature and precursor pulse length. The relation between the ALD 

process parameters and thin film properties has been the subject of extensive 

research in the ALD community since its early days. Various characterization 

techniques have been used to study ALD thin films. Techniques such as 

transmission electron microscopy (TEM), atomic force microscopy (AFM), 

Rutherford backscattering spectroscopy (RBS), x-ray photoelectron spectroscopy 

(XPS), Auger electron spectroscopy (AES) and x-ray diffraction and 

reflectometry (XRD and XRR) have been used to study the thickness, 

morphology, density, composition, microstructure and crystallinity of ALD thin 

films [11-15]. Electrical properties of ALD films have been also the subject of 
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interest for applications in microelectronics. Current-voltage (IV) and 

capacitance-voltage (CV) measurements have been used to study various 

electrical properties of thin ALD films including current leakage, capacitance 

density and dielectric strength of thin dielectric oxides [16, 17]. Recently, in-situ 

characterization tools have attracted the attention of researchers since they allow 

for online process monitoring and control of the deposition process at the atomic 

scale [18]. The quartz crystal microbalance (QCM) has been a valuable tool to 

study the growth of ALD films. QCM can be used to monitor the mass gained 

after each half ALD cycle [19, 20]. However, there are some limitations 

associated with this measurement technique. For instance, the actual film 

deposition on the substrate could be different from the deposition on the quartz 

crystal due to effects of substrate on the initial stages of ALD film nucleation and 

growth. Additionally, the QCM needs to be heated to emulate the conditions of 

the actual substrate. Another monitoring tool to study the ALD film growth is in-

situ spectroscopic ellipsometry. It is considered as a powerful and versatile tool to 

study various aspects of ALD film growth [18].  

In this research, various characterization tools were employed to study the 

properties of aluminum oxide, hafnium oxide and zirconium oxide films deposited 

by ALD.  

 

2.2 Experimental Procedures 

 

2.2.1 The ALD Research System 

 

The depositions were carried out in an ALD-150 integrated research system from 

Kurt J. Lesker Company. This integrated system had an ALD reactor with dual 

thermal and remote plasma capability, as well as an in-situ spectroscopic 

ellipsometer. The design incorporated a sample preparation unit attached to the 

ALD reactor via a load-lock unit that allowed for treatment of the substrate before 

and after the ALD process. This is shown schematically in Figure  2-1. An actual 
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picture of the ALD system and a cross section view of the ALD chamber are 

shown in Figure  2-2 and Figure  2-3, respectively.    

 

Figure  2-1 Schematic representation of the ALD research system. 

 

 

Figure  2-2 View of the ALD research system. 
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Figure  2-3 Cross section view of the ALD chamber. 

 

The substrate surface can be cleaned in-situ using an ion source in the sample 

preparation chamber. The ion source can be also used to remove the native oxide 

formed on the surface of metals or semiconductors. The ion source can operate at 

a maximum power of 300 W producing Ar ions with kinetic energies in the range 

of approximately 50 to 250 eV. In addition to the in-situ cleaning and etching 

capabilities, the sample preparation unit has a sputtering source that is used to 

deposit metallic thin films. The sputtering source has a DC magnetron gun with a 

maximum power of 2 kW.  

The plasma source was an inductively-coupled remote plasma source operated at 

a total pressure of 0.9-1.5 torr and a power of 150-600 W. A constant stream of 

high purity argon gas was flowed through the plasma source. Oxygen or nitrogen 

as reactant gases were added to the argon stream using a mass flow controller 

when the plasma source was operational. The plasma RF power and plasma 
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pressure must be chosen with care in order to obtain a dense contained plasma. 

For a given plasma pressure, the power must be high enough for the plasma to 

operate in the electromagnetic mode (H-mode) [21]. The combination of low 

power and high pressure usually leads to a faint electrostatic (E) mode, which 

should be avoided during plasma-enhanced ALD (PEALD). The effect of plasma 

power and pressure on the operational mode of the oxygen plasma is shown in 

Figure  2-4. The plasma in Figure  2-4a, operated at 300 W and an oxygen flow of 

60 sccm, showed a faint spread discharge, the characteristics of the E-mode. 

Increasing the power to 600 W moved the plasma into the H-mode, as identified 

by a bright contained glow (Figure  2-4b). Figure  2-4c and d show the plasma 

operated in the H-mode at lower powers and low oxygen flow rates.  

The ALD chamber was equipped with an advanced precursor delivery system 

consisting of four chemical precursors, water and plasma gas. Three metalorganic 

precursors were used in the experiments: trimehtylaluminum (TMA), 

tetrakis(dimethylamino) hafnium (TDMAH) and tetrakis(dimethylamide) 

zirconium (TDMAZ) to deposit Al2O3, HfO2 and ZrO2, respectively. The 

precursors were stored in ampules (25 gr) purchased from Sigma-Aldrich. 

Reactant vapors were generated by vaporization of precursors in the liquid phase. 

During precursor dosing, carrier/purge flow is used as a carrier gas to assist in 

mass transport of reactant vapor to chamber. High purity argon was used as the 

carrier gas. Between doses, the argon flow acts as purge gas to remove the excess 

reactants and by-products from the chamber. 

Lightly doped silicon wafers (Si 100) were used as the substrate material. The 

wafers were cleaned by immersing into a Pirahna solution (3:1 mixture of sulfuric 

acid and hydrogen peroxide) for 15 minutes. The wafers were then cut into 

rectangular pieces (approximately 2x2 cm). 
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Figure  2-4 Discharge glow from the oxygen plasma at various plasma powers and oxygen flow 
rates. (a) 300 W, 60 sccm O2; (b) 600 W, 60 sccm O2; (c) 300 W, 20 sccm O2; (d) 150 W, 5 sccm 
O2. 
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2.2.2 In-Situ Spectroscopic Ellipsometry 

 

Ellipsometry is an optical technique that has been widely used for precise 

determination of the film thickness and optical properties [22]. It measures the 

change in the polarized light upon reflection (or transmission) from the sample. 

The measurement is performed by sending a beam of light with a known 

polarization using a polarizer toward the sample and determining its output 

polarization using a rotating analyzer as shown schematically in Figure  2-5. In an 

ellipsometry  measurement, two parameters are measured:  the amplitude ratio Ψ 

and phase angle ∆ [22]. These parameters are defined by the amplitude ratio of the 

amplitude reflection coefficients for p- and s-polarizations based on the following 

equation: 


 =
��

��
= tanΨ ���           (2.1) 

where rp and rs are the amplitude reflection coefficients and ρ is the complex 

reflectance ratio [18]. The measured values are compared to the values generated 

by an optical model loaded with guessed values of thickness and optical constants. 

The optical parameters are adjusted iteratively until the model produces Ψ and ∆ 

values that are closest to the measured Ψ and ∆. This analysis results in indirect 

determination of film thickness as well as optical properties.   

 

Figure  2-5 Typical components of an ellipsometry measurement equipment. 
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Ellipsometry measurements can be performed at one single wavelength or over a 

spectral range (spectroscopic ellipsometry) to increase accuracy and determination 

of optical constants at different wavelengths. The ellipsometry tool used in the 

presented research was a J. A. Woollam M-2000DI with a wide spectral range of 

193 to 1700 nm (0.73 to 6.43 eV) and is capable of simultaneous CCD detection 

of all wavelengths with a fast data acquisition speed of 20 dispersion 

measurements per second.  

 

2.2.3 Composition Analysis 

 

X-ray photoelectron spectroscopy (XPS) analysis was performed using a Kratos 

Analytical AXIS-165 spectrometer at the Alberta Centre for Surface Engineering 

and Science (ACSES). The base pressure in the analytical chamber was lower 

than 3 x 10-8 Pa.  A monochromatic Al Kα  (hν= 1486.6 eV) source was  used at a 

power of 210 W. Survey spectra were collected for binding energies ranging from 

1100 to 0 eV with a pass energy (PE) of 160 eV and a step of 0.35 eV. High-

resolution spectra were measured with a PE of 20 eV and a step of 0.1 eV.  To 

remove surface contamination, samples were sputter etched for 2 min. The 

analysis of the data was performed by Casa XPS software. 

 

2.3 Results and Discussion 

 

2.3.1 Optical Characterization 

 

In-situ spectroscopic ellipsometry was employed to study the effects of key ALD 

process parameters on the optical properties of thin metal oxide films. Figure  2-6 

shows a typical ellipsometry result from an experiment that involves deposition of 

aluminum oxide by means of thermal ALD on a silicon substrate at 100oC. As can 

be seen in the graph, a linear relationship exists between the thickness and the 
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number of cycles. The slope of the growth curve represents the added thickness 

after each cycle or so called ‘growth per cycle’ (GPC). In this case, a GPC of 0.83 

Å/cycle is obtained for the deposition of Al2O3.  

 

 

Figure  2-6 Thermal ALD growth of aluminum oxide on Si substrate. 

 

The inset graph in Figure  2-6 depicts a more detailed view of the growth of Al2O3 

during the first few cycles. A close look at the growth curve indicates it actually 

has a saw-tooth shape that is repeated after each cycle. The tooth-saw shape is 

caused by the change in film thickness during each ALD cycle. Since the data 

acquisition occurred every 4.37 s, the in-situ ellipsometry was not able to capture 

all the changes during each ALD cycle. Figure  2-7 schematically shows the 

changes during one ALD cycle. Each ALD cycle starts with a small dose (20 ms) 

of metalorganic precursor (TMA for Al2O3) that is adsorbed on the surface, as 

shown by phase A in the figure. Once the second reactant, in this case water, 

enters the deposition chamber, it chemically reacts with the absorbed TMA 
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molecules and the by-products (CH4) are released. The reduction of thickness in 

the second half-cycle is attributed to the release of byproducts. The net amount of 

material gained after each cycle is linked with the GPC. Due to limitations of the 

ellipsometry data acquisition speed, a saw-tooth shape is recorded, as shown by 

the red dotted line. 

 

Figure  2-7 Thickness variation during a single ALD cycle consisting of two half-cycles. In phase 
A, precursor molecules (TMA) are adsorbed on the surface. In the second half-cycle, B, water 

reacts with the TMA molecules releasing the byproducts. The red dashed line indicates the 
thickness variation as measured by ellipsometry. 

 

The data acquisition speed can be increased at the expense of increasing the noise 

level. Additionally, the purge time can be set to longer values to allow the 

ellipsometer to measure more data points during each ALD cycle. The graphs 

shown in Figure  2-8 demonstrate the power that in-situ monitoring provides for 

studying the growth of ALD films. The graph on the left shows 6 ALD cycles 

each consisting of a 20 ms TMA pulse, 10 s purge, 0.5 s water pulse, and 10 s 

purge during the growth of Al2O3. Compared to the graphs in Figure  2-6, this 

growth curves provides a clearer view of the variations during each ALD cycles. 

To improve the signal to noise ratio, the variations can be averaged over a few 

cycles. Figure  2-8b shows the result of such statistical operation.  
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Figure  2-8 Increasing the speed of data acquisition to 1 s and increasing the purge time to 10 s 
gave a clearer view of the thickness variation during each ALD cycle (a). Thickness variation in 

one single cycle was obtained by averaging the changes over 10 cycles (b). 
 

Figure  2-9a shows measured and generated ellipsometry parameters, Ψ and ∆ 

versus wavelength (λ) for a 10 nm Al2O3 layer on a Si substrate from the 

ellipsometry software. The thickness and optical constants of the layer were 

iteratively changed to obtain the best fit for the modeled data. A very good fit 

with a small mean square error (MSE) is observed which is typical for insulating 

oxides on well-known substrates such as single crystal silicon. A Cauchy model 

was used to generate the ellipsometry data used for the fitting iteration. The 

Cauchy model is a simple empirical optical model that can describe the optical 

constants of transparent materials based on the following equation [22]: 

���� = �
 +
��

��
+

��

��
+⋯ 			 ,� = 0                       (2.2) 

where n is the refractive index, k is the extinction coefficient, λ is the wavelength 

and A, B, C, etc.,  are the coefficients determined empirically for a material by 

fitting the equation to measured refractive indices at known wavelengths. Usually, 

only two coefficients are used to describe the relationship between wavelength 

and refractive index. In order to relate the optical constants from the Cauchy 

model to the measured ellipsometry data (Ψ and ∆), the film thickness is used. If 

the film thickness is already known from other independent measurements such as 

stylus profilometry, the Cauchy model can be used to determine the optical 
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constants of the film. However, if both the optical constants and the thickness are 

unknown, the iteration should also involve the thickness as a fitting parameter. It 

is important to note that the film thickness needs to be large enough (>10nm) to 

minimize the error associated with correlation of optical constants with thickness. 

The optical constants of Al2O3 deposited by thermal ALD at 100oC are shown in 

Figure  2-9b. The A and B coefficients in the Cauchy model were determined to be 

1.598 and 0.0088 ���, respectively.  

 

(a) 

 

 

(b) 

 

Figure  2-9 Ellipsometry data from deposition of Al2O3 on Si substrate: (a) Psi and Delta 
parameters obtained from 10-nm Al2O3 layer; (b) optical constants of Al2O3 based on Cauchy 

model. 
 

 

The accuracy of ellipsometry measurement, especially for the cases where both 

the optical constants and thickness are unknown, can be improved by means of 

parameter coupling that is best performed using in-situ monitoring during the film 

growth. For linear film growth, the film thickness is linearly linked to the number 

of cycles. For instance, if the actual film thickness is 75 Å after 50 cycles, then the 

thickness must become 150 Å and 225 Å after 100 cycles and 150 cycles, 

respectively. By coupling thickness with the number of cycles, it is possible to 

minimize the correlation of thickness with optical constants and therefore increase 

the accuracy of the measurements.  
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As discussed earlier, the in-situ ellipsometry technique can be used to accurately 

determine both the optical constants and the thickness of the ALD films. The 

measured thickness is then used to determine the growth per cycle for the ALD 

process used. Figure  2-10 illustrates the effect of deposition temperature on the 

GPC for ALD of Al2O3 in thermal and PEALD modes. It can be seen that the 

GPC during PEALD of Al2O3 monotonically decreases with increasing substrate 

temperature from 50oC to 300oC. This is mainly caused by a decrease in 

incorporation of aluminum atoms into the films during each ALD cycle [23]. The 

incorporation of aluminum atoms is directly related to the density of hydroxyl 

groups on the substrate surface that act as adsorption sites for TMA molecules. 

The surface density of hydroxyl groups decreases with increasing temperature 

causing the GPC to drop at higher deposition temperatures (Figure  2-11) [24]. It is 

also observed that the thermal ALD of Al2O3 shows a lower GPC compared to 

PEALD over the deposition range of 100oC to 300oC. At 300oC, the difference in 

GPC is relatively small; however, at lower temperatures the difference is more 

prominent.  

 

Figure  2-10 The dependence of growth per cycle on the deposition temperature for ALD of Al2O3 
in thermal and plasma-enhanced modes. 
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Figure  2-11 Desorption of hydroxyl groups. As the substrate temperature increases, the rate of OH 
desorption also increases resulting in lower available reaction sites on the surface. 

 

At lower temperatures, the thermal energy is insufficient for the complete reaction 

of H2O with the adsorbed surface species, which results in low growth per cycle 

values. The lower limit for thermal ALD of Al2O3 has been reported to be 100oC 

[25]. At deposition temperatures lower than 100oC, the films have lower density 

and contain large amount of impurities, mostly carbon and hydrogen. On the other 

hand, deposition at temperatures higher than 350oC will result in decomposition 

of TMA and CVD-like growth [16]. Therefore, a temperature range of 100oC to 

300oC was chosen as a temperature window suitable for deposition of Al2O3 in 

both the thermal and plasma-enhanced modes. 

The refractive index of aluminum oxide films deposited at two temperature limits 

are presented in Table  2-1. The refractive index for these amorphous films is 

lower than the refractive index of crystalline alumina (n=1.76 at 633 nm). 

However, it agrees with reported values for ALD aluminum oxide films (n=1.63 

to n=1.67) [25-27]. The variation has been reported to be caused by the change in 

hydrogen levels in the films [27]. As the deposition temperature increases, the 

amount of hydrogen incorporated into the film decreases and as a result, a higher 

refractive index is observed. At higher temperatures, thermal and plasma-

enhanced ALD seem to produce similar results in terms of optical properties. It is 

only at lower temperatures (100oC and lower) that the difference is more apparent.  
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Table  2-1 Refractive index of Al2O3 films at 633 nm deposited by thermal and plasma-enhanced 
ALD at 100oC and 300oC 

ALD Mode 100
o
C 300

o
C 

Thermal 1.64 1.68 

Plasma-Enhanced 1.65 1.68 

 

Table  2-2 summarizes the main process parameters for the ALD of aluminum 

oxide in the ALD-150 research system. It can be seen that the ALD of aluminum 

oxide can be achieved by very fast ALD cycles (in the range of 8-15 s). The short 

cycles are the result of the small volume and high efficiency of the ALD chamber. 

The TMA precursor pulse width is only 20 ms. Increasing the TMA pulse would 

have no significant effect on the GPC which indicates the substrate surface is 

saturated by such a short dose. On the other hand, a relatively longer dose is 

required for water or oxygen plasma for the surface reactions to complete. The 

main difference in the cycle timing of the thermal and plasma modes are in the 

second purge duration (that is the carrier gas purge after the water or plasma 

pulse). Due to its polar nature, water requires longer purge times to completely 

desorb form the chamber walls and leave the chamber after each pulse. This 

becomes more problematic at lower deposition temperatures where longer purge 

times are needed [13].  

Table  2-2 Operating conditions for ALD of aluminum oxide in thermal and plasma-enhanced ALD 
modes 

Parameter Thermal ALD Plasma-Enhanced ALD 

TMA pulse 20 ms 20 ms 

The first purge time 5 s 5 s 

H2O or O2 plasma pulse 0.5 s 0.5-2 s 

The second purge time 10 s 2 s 

Plasma power - 600 W 

Precursor container temperature 25 oC 25 oC 

ALD temperature window 100-300 oC 25-300 oC 

Operating pressure ~ 1 torr ~ 1 torr 
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Unlike thermal ALD, PEALD does not require long purge times and, as a result, 

the total cycle time is considerably shorter. However, the plasma pulse length can 

affect the growth characteristics. Figure  2-12 demonstrates the effect of oxygen 

plasma exposure time on the GPC of Al2O3 deposition at 100oC. As seen in the 

figure, the GPC gradually decreases as the plasma pulse increases. It is expected 

that the GPC either increases or remains constant (if the saturation is already 

achieved) when a longer plasma pulse duration is applied. In this case, it seems 

that the saturation is achieved within a very short time (< 1 s); however, the lower 

observed GPC at longer exposure times is caused by the removal of surface 

species as a result of plasma ion bombardment. The typical plasmas used in ALD 

reactors are known to have ions with kinetic energies from 20-40 eV which can 

produce damage once they reach the substrate surface [23]. Although the ions 

reaching the surface have relatively small kinetic energy, they still can remove 

loosely-bound surface species that results in smaller amount of material deposited 

at each ALD cycle. In order to ensure complete saturation and also minimize the 

plasma-induced damage, a plasma exposure duration of 0.5-2 s was used in the 

experiments.  

 

Figure  2-12 Variation of GPC as a function of oxygen 
plasma exposure length in deposition of Al2O3. The 
GPC decreases when longer plasma pulses are used that 
is attributed to the plasma etching ability. 
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Fourier transform infrared spectroscopy (FTIR) is another optical technique that 

has been widely used to characterize ALD films [28-31]. The sensitivity of FTIR 

allows for detection of very thin films, even monolayers. Figure  2-13 shows the 

FTIR spectra for Al2O3 films on Si substrates. Al2O3 shows a characteristic peak 

at 950 wavenumber caused by Al-O stretching vibration. The intensity of this 

peak is related to film thickness as seen in the figure. Plotting the peak intensity as 

a function of film thickness, as illustrated in Figure  2-14, reveals that a linear 

relation exists between the peak intensity and the thickness. However, this might 

not be true for much thicker films.  

 

 

Figure  2-13 Effect of film thickness on FTIR spectrum for aluminum oxide ALD films. The peak 
is caused by Al-O stretching vibration. 
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Figure  2-14 FTIR peak height for aluminum oxide films as a function of film thickness. 

 

Hafnium and zirconium oxides have many similarities and their deposition by 

ALD is also similar. The molecular structure of the precursors used to deposit 

HfO2 and ZrO2 are shown in Figure  2-15.  

 

Figure  2-15 Molecular structure of tetrakis(dimethylamino) hafnium (TDMAH) and 
tetrakis(dimethylamide) zirconium (TDMAZ) used in ALD of HfO2 and ZrO2, respectively. 

 

These precursors need to be kept at elevated temperatures to have suitable vapor 

pressures. Based on GPC measurements, a temperature of 75oC was found 
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suitable for these precursors. Table  2-3 summarizes the deposition parameters 

used for ALD of HfO2 and ZrO2.  

 

Table  2-3 Operating conditions for ALD of HfO2 and ZrO2 in thermal and plasma-enhanced ALD 
modes 

Parameter Thermal ALD Plasma-Enhanced ALD 

TDMAH/TDMAZ pulse 40 ms 40 ms 

The first purge time 5 s 5 s 

H2O or O2 plasma pulse 0.5 s 0.5-2 s 

The second purge time 10 s 2 s 

Plasma power - 600 W 

Precursor container temperature 75 oC 75 oC 

ALD temperature window 100-300oC 25-300oC (250 oC for ZrO2) 

Operating pressure ~ 1 torr ~ 1 torr 

 

The optical constants of ZrO2 and HfO2 ALD films deposited on Si substrates at 

300oC in plasma-enhanced mode are shown in Figure  2-16. With a band gap of  

~5.8 eV [32], these oxides show a small amount of absorption near the UV section 

of the spectrum. Since this absorption is relatively small, the Cauchy model can 

be used to describe the optical constants; however, it is more accurate to use a 

model that can accommodate an absorption edge near the UV part of the 

spectrum. Here, the Tauc–Lorentz model has been used to describe the optical 

constants of HfO2 and ZrO2. The Tauc-Lorentz model was designed for modeling 

of amorphous materials [33]. The absorption at energies higher than the band gap 

is defined by the following formula: 

����� ∝ 	 (����)
�

��
                               (2-3) 

where 
� is the imaginary part of the dielectric function, E is photon energy, Eg is 

the band gap energy. The band gap energy of an amorphous material can be 

determined by plotting the parameter √
�.� as a function of photon energy and 
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extrapolating the linear part until it crosses the line √
�.� = 0 as shown in 

Figure  2-17. 

 

 

Figure  2-16 Optical constants of ZrO2 and HfO2 as a function of wavelength. Tauc-Lorentz 
parameterization was used to obtain the dispersions. 

 

 

Figure  2-17 Tauc absorption method can be used to determine optical band gap energy, Eg. Here 
the band gap energy for HfO2 ALD film deposited on Si at 200oC is determined to be ~5.5eV by 

extrapolating the linear part of the curve to cross the photon energy axis. 
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For HfO2, an optical band gap energy range of 5.4-5.6 eV was obtained from Tauc 

absorption analysis which is slightly lower than 5.7-5.8 eV, reported value for 

HfO2 [34]. The difference could be due to levels of impurity in the films. The 

films deposited at lower substrate temperatures had the smallest band gaps. A 

larger band gap value of 5.6 eV was measured for films deposited at 300oC. ZrO2 

films had smaller band gap energies in the range of 5.0-5.2 eV as identified by the 

rise of the extinction coefficient, k, at a slightly longer wavelength compared to 

HfO2 in Figure  2-16.  

Figure  2-18 illustrates the growth per cycle for ALD of Al2O3, HfO2 and ZrO2 in 

plasma-enhanced mode as a function of deposition temperature. For aluminum 

oxide, GPC drops as the substrate temperature is increased, as discussed before. 

However, for hafnium oxide and zirconium oxide, the trend is not simple. At 50oC 

the GPC is close to 2.5 Å/cycle, a relatively high growth rate. It drops to less than 

2 Å/cycle by increasing the temperature to 100oC and then it monotonically 

increases along with the deposition temperature. One possible explanation for 

such a change in trend is related to the type of precursors used for ALD of HfO2 

and ZrO2. As mentioned earlier, TDMAH and TDMAZ precursors have relatively 

low pressures at room temperature and must be heated to provide enough vapor 

pressure required for the deposition. It is possible that these precursors condense 

on the surface of the substrate once they enter the deposition chamber. This 

condensation results in a non-ideal ALD growth and consequently a high 

measured GPC.  
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Figure  2-18 Growth per cycle during plasma-enhanced ALD of Al2O3, HfO2 and ZrO2 as a 
function of deposition temperature. The data is obtained from in-situ spectroscopic ellipsometry 

during the ALD growth. 

 

HfO2 and ZrO2 have similar GPCs up to 250oC. At 300oC, HfO2 seems to have a 

normal GPC, while for ZrO2 a rather unusually high GPC is measured. The ALD 

of ZrO2 at 300oC seems to involve some degree of non-ideality. The most 

probable cause to this deviation from ideal ALD growth is decomposition of the 

TDMAZ precursor at 300oC. Therefore the ALD reactions have a different nature 

at this temperature that can lead to high growth rates.  

The variation of measured refractive index, n, as a function of deposition 

temperature for Al2O3, HfO2 and ZrO2 deposited in plasma-enhanced mode is 

shown in Figure  2-19. As a general trend, it can be seen that the refractive index 

improves by increasing the deposition temperature. For Al2O3 this variation is 

relatively small. However, for ZrO2 and HfO2, a larger variation is observed. At 

50oC, ZrO2 and HfO2 films have the lowest refractive index indicating the films 

are not dense and possibly contain impurity that agrees with the observation made 

for the high GPC at this temperature and the precursor condensation phenomenon. 

Another important feature in Figure  2-19 is the decrease in refractive index of 

ZrO2 by increasing the temperature from 200oC to 300oC that is consistent with 

the very high GPC.   
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Figure  2-19 Measured refractive index for ALD oxides at different deposition temperatures. 

 

Figure  2-20 shows the results of thickness measurement performed by in-situ 

spectroscopic ellipsometry and high-resolution cross-section TEM imaging. The 

main purpose of the experiment was to deposit 10 nm of ZrO2 on a GaN substrate. 

The ALD procedure involved 58 PEALD cycles at 100oC. The sample was then 

annealed at 400oC. The thickness obtained from in-situ ellipsometry was 9.7 nm. 

High-resolution TEM images showed that the ZrO2 film had an average physical 

thickness of ~9.0 nm. The two values are close. The difference can be related to 

the effect of annealing on the thickness. This comparison demonstrates the 

accuracy of ellipsometry measurements even for transparent substrates such as 

GaN. GaN is a semiconductor with a large band gap of 3.4 eV, which makes it 

transparent in most of the operating spectrum of ellipsometers. This results in a 

large number of interference fringes in the ellipsometry raw data. However, by 

having the benefits of in-situ measurements during growth, as explained before, 

an accurate thickness measurement can be performed.   
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Figure  2-20 Comparison between measured ZrO2 thickness grown by PEALD on GaN substrate 
using in-situ spectroscopic ellipsometry (a) and TEM imaging (b). 
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2.3.2 Chemical Composition 

 

The chemical analysis of Al2O3 10-nm films deposited on silicon substrates at the 

temperature of 100oC and 300oC are presented in Table  2-4. The films had an 

oxygen to aluminum ratio of 1.56 – 1.66, slightly higher than the stoichiometry 

ratio for aluminum oxide. The ratio improved by increasing the deposition 

temperature form 100oC to 300oC. Deposition temperature also seemed to affect 

the carbon content of the films, which ranged from 1.5 to 2.8 at. %. The presence 

of carbon in the films is due to organometallic nature of the TMA precursor. The 

level of carbon content in these films agrees with previously reported values [25]. 

Additionally, PEALD films seemed to contain less carbon compared to the films 

prepared by thermal ALD.  

The films were also expected to contain some levels of hydrogen based on 

reported studies [13], although the XPS results could not be used to confirm this 

due to insensitivity to light elements. The fact that the films were rich in oxygen 

may suggest that the trapped hydrogen was mainly in the form of hydroxyl (-OH) 

groups. Experiments have shown that as the deposition temperature increases, the 

surface density of hydroxyl groups decreases [23]. This is linked to the lower 

excess oxygen in the films deposited at 300oC.  

 

Table  2-4 Chemical composition of Al2O3 ALD films. 

Oxide ALD Type Deposition 

Temperature 

(
o
C) 

Al 

at.% 

O at. 

% 

C 

at.% 

O/Al 

ratio 

Al2O3 Thermal-ALD 100 36.7 60.5 2.8 1.65 
Al2O3 PEALD 100 36.8 61.2 2.0 1.66 
Al2O3 Thermal-ALD 300 38.3 59.6 2.1 1.56 
Al2O3 PEALD 300 38.5 60.0 1.5 1.56 

 

 

Figure  2-21 shows the XPS spectrum for an Al2O3 film. In addition to the 

elements listed in Table  2-4, Ar peaks are also seen in the survey spectrum. 
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However, as-deposited films did not show these Ar peaks which suggests that the 

Ar was added later during surface cleaning (using an Ar ion source). High 

resolution XPS spectra of Al 2p and C 1s peaks are plotted in Figure  2-22. The 

general shape of the Al 2p peak remains unchanged regardless of the deposition 

condition. However, a small shift toward lower binding energies is observed for 

the films deposited at 100oC. The shift seems to be related to the difference in 

oxygen to metal ratio.  

 

Figure  2-21 XPS survey spectrum for Al2O3 ALD film on Si. The main identified elements are O, 
C, Ar, and Al. The argon peak is only detected after surface cleaning using an Ar ion source due to 

ion implantation. The spectrum was calibrated by fixing the plot to the C1s peak at 284.8 eV. 

 

The characteristic C 1s peak is observed at 284.8 eV. An additional peak is 

detected between 288 and 292 eV for films deposited at 100oC. This peak may be 

due to carbon compounds that contain the O-C=O bond at 289.03 eV. In addition 

to hydrogen, some of the excess oxygen in the films may be bound to carbon. The 

O-C=O peak is not observed in the films grown at 300oC since these films had 

lower carbon levels and less excess oxygen (O/Al ~ 1.5). 

 

 



 

49 

 

(a) (b) 

 
Figure  2-22 High resolution XPS spectra of Al2p and C1s core levels in Al2O3 films prepared at 

different conditions. The plots were calibrated based on the C1s reference peak. 

 

Chemical composition analysis of the 10 nm HfO2 and ZrO2 films is presented in 

Table  2-5 and Table  2-6, respectively. Similar to Al2O3 films, these films also 

contained carbon as an impurity. The amount of carbon in the films was higher 

compared to aluminum oxide and this is linked to the much larger size of 

TDMAH and TDMAZ precursor molecules, containing more carbon per metal 

atom. This increased the chance of carbon incorporation into the HfO2 and ZrO2 

films. As a general trend, it is observed that the carbon level decreases as the 

deposition temperatures increases from 100oC to 300oC. However, for ZrO2, the 

lowest carbon levels were observed in the films deposited at 200oC (data not 

shown here). This observation agrees with optical measurements, which showed 

that ZrO2 films grown at 300oC possibly suffered from non-ideal ALD growth due 

to precursor decomposition, resulting in lower film density. Oxygen/metal ratio 
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ranged from ~2.1 to ~2.3, which showed the films were slightly rich in oxygen. 

The ratio also decreased as the substrate temperature increased from 100oC to 

300oC. The highest amount of excess oxygen was observed for PEALD films 

grown at 100oC. Additionally, those films had the highest carbon content. This 

indicates that thermal ALD delivers better quality films compared to PEALD at 

the deposition temperature of 100oC using TDAMH and TDMAZ precursors.  

 

Table  2-5 Chemical composition of HfO2 ALD films. 

Oxide ALD Type Deposition 

Temperature (
o
C) 

Hf 

at.% 

O at. % C 

at.% 

O/Hf 

ratio 

HfO2 Thermal-
ALD 

100 30.5 64.7 4.8 2.12 

HfO2 PEALD 100 28.6 66.4 4.9 2.32 
HfO2 Thermal-

ALD 
300 31.2 65.3 3.5 2.09 

HfO2 PEALD 300 31.5 65.5 3.0 2.07 
 

Table  2-6 Chemical composition of ZrO2 ALD films 

Oxide ALD Type Deposition 

Temperature (
o
C) 

Zr 

at.% 

O at. % C 

at.% 

O/Zr 

ratio 

ZrO2 Thermal-
ALD 

100 31.0 64.1 4.9 2.07 

ZrO2 PEALD 100 28.4 66.1 5.5 2.33 
ZrO2 Thermal-

ALD 
300 30.5 65.3 4.2 2.14 

ZrO2 PEALD 300 30.4 65.1 4.5 2.14 
 

Figure  2-23 shows the XPS survey spectra for HfO2 and ZrO2 ALD films. 

Hafnium and zirconium elements have several XPS characteristic peaks. Among 

the peaks, Hf4d and Zr3d were chosen for quantitative analysis. High-resolution 

XPS spectra for these peaks are shown in Figure  2-24. Similar to Al2O3 XPS 

spectra, a shift towards lower binding energies can be seen in the PEALD films 

grown at 100oC, which matches with the higher oxygen/metal ratio in these films. 

It is expected that changing ALD process parameters such as plasma exposure 

length and power could decrease the impurity levels and improve the 

oxygen/metal ratio.  
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 (a) (b) 

 
Figure  2-23 XPS survey spectra for HfO2 (a), and ZrO2 (b) ALD films grown on Si. 

 

(a) (b) 

 
Figure  2-24 High-resolution XPS spectra for HfO2 (a), and ZrO2 ALD films. The films grown at 
100oC by PEALD have shifted to lower binding energies due to a change in oxygen/metal ratio. 
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2.4 Conclusions 

 

Thin Al2O3, HfO2, and ZrO2 films were grown by atomic layer deposition on 

silicon substrates in different operating conditions. Thickness and optical 

properties were measured using in-situ spectroscopic ellipsometry. Raw 

ellipsometry data was used to determine the growth rate, refractive index and 

optical band gap energy of the grown films. The results showed that both thermal 

ALD and PEALD can be used to deposit thin metal oxide films within the ALD 

temperature window. It was shown that the deposition temperature is one of the 

key process parameters in ALD of these metal oxides. As a general trend, the 

optical properties were improved by increasing the deposition temperature. 

Compositional analysis performed by XPS measurements showed that all the 

ALD films contained carbon as impurity. The oxygen to metal ratio was also 

determined to be higher than the stoichiometry ratio. Both the impurity levels and 

oxygen to metal ratio were improved by increasing the deposition temperature.  
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Chapter 3 Preparation of Sputtered Chromium Thin 

Films 
*
 

 

 

 

 

 

 

 

 

 

3.1 Introduction 

 

Chromium (Cr) thin films are used in the fabrication of masks for integrated 

circuit photolithography, diaphragms and mirrors for microelectromechanical 

systems (MEMS), as an adhesion layer for gold films, and as thin film resistor 

material [1]. Cr has also been widely studied as an archetypal band 

antiferromagnet [2, 3].  Furthermore, Cr is a spin density wave (SDW) material 

and recent research has focused on SDW properties of Cr thin films [4] as well as 

resonant impurity scattering in these materials [5]. Cr thin films also have been 

shown to have very high resistivity [5-8] that depends on sputtering pressure.  

The relationship between the microstructure of thick films (25 to 250 µm thick) 

and the sputtering pressure and temperature was developed by Thornton [8-10]. 

This structural zone model has been further refined to include thin films down to 

100 nm, nanostructure as well as microstructure, and the reduction of the 

temperature and pressure variables to one energy variable [11]. The role of 

                                                           
*
 A version of this chapter has been published in:  

Foroughi-Abari, A., Xu, C., Cadien, K.C., Thin Solid Films, 520 (2012) 
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oxygen in the deposition system has been shown to retard structure growth for 

evaporated Al thin films [12]. In Thornton’s Zone Model there are several zones 

of microstructure that develop in films depending on the sputtering pressure and 

the homologous temperature, TH. At low TH and higher sputtering pressures the 

film microstructure consists of tapered crystallites with voided intergranular 

boundaries (zone 1). This leads to a porous structure which has poor lateral 

strength and low density [9]. At higher TH the structure consists of a transition 

structure that is made up of densely packed but poorly defined fibrous grains that 

are separated by nearly conventional grain boundaries (zone T) [9]. Metal 

coatings with the transition structure exhibit high optical reflectance, moderate 

and relatively low resistivity, and a state of compression [13-15]. At even higher 

TH and all pressures, the structure consists of columnar grains separated by dense 

intercrystalline boundaries (zone 2). At the highest TH and all sputtering pressures 

the structure, consists of recrystallized equiaxed grains (zone 3) [16].  

In this research, Cr thin films were deposited on oxidized Si wafers using two 

sputtering systems with different levels of cleanliness, and at argon sputtering 

pressures varying between 0.13 and 0.93 Pa. Electrical transport measurements 

were conducted on these films to investigate the influence of argon pressure on 

film electrical resistivity. The film morphology, microstructure and composition 

were characterized using scanning electron microscopy (SEM) and X-ray 

photoelectron spectroscopy (XPS). The resistivity performance and the 

microstructure of sputtered Cr thin films under different sputtering pressure were 

found to have significant differences. This change was shown to be due to the 

transition from a porous structure to a denser microstructure.  Furthermore, it is 

shown that the resistivity change can be used to locate the boundary between 

these microstructures.   

The Cr films sputtered at high pressure contained large quantities of oxygen after 

exposure to air.  This oxygen was shown to be due to the formation of a native 

oxide on the surface of the porous Cr grains. Optical measurements were also 
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performed to investigate the effects of deposition pressure on the optical 

properties. 

 

3.2 Experimental Procedure 

 

Thin films of Cr were prepared by DC magnetron sputtering. Two sputtering 

systems were used in the experiments: sputtering system #1 and #2. Most of the 

films were grown in sputtering system #1, a load locked system with a base 

pressure below 4.0x10-5 Pa.  For runs done in both systems the gun power was 

300W DC, there was no substrate heat, and the Ar gas pressure was varied 

between 0.13 Pa and 0.93 Pa. Both systems used 75 mm diameter x 6.4 mm thick 

Cr metal targets with 99.95% purity, a common Ar high purity (99.998%) gas 

supply, and both units had cryopump high vacuum systems. Under these 

conditions, the deposition rate of Cr was 0.27 nm/s for 0.13 Pa argon pressure and 

0.38 nm/s for 0.93 Pa argon pressure. To investigate the effect of base pressure on 

film resistivity, a series of Cr thin films were deposited in sputtering system #2.   

This system had a base pressure <3.2x10-4 Pa, and since the chamber was exposed 

to air each time a sample was loaded, it was expected that the level of absorbed 

gases, such as water vapor, would much higher than in system #1.  

Oxidized Si (100) wafers and microscope slides were used as substrates in these 

experiments. The Si wafers were cleaned in a standard Piranha solution (3:1 

mixture of sulfuric acid and hydrogen peroxide) followed by a thermal oxidization 

process that formed a 200 nm SiO2 layer on the wafers. Microscope slides were 

cleaned in isopropanol and dried in nitrogen. 150 nm Cr films were deposited for 

resistivity measurement. Film resistivity was obtained from sheet resistance data 

measured by a four point probe and the film thickness measured by stylus 

profilometry. The surface morphologies of the Cr films were imaged using a SEM 

(JEOL JAMP-9500F Field Emission Auger Microscope). To determine the surface 

composition of the films, XPS analysis was performed with a Kratos Analytical 
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AXIS-165 spectrometer at the ACSES facility. The base pressure in the analytical 

chamber was lower than 3 x 10-8 Pa.  A monochromatic Al Kα  (hν= 1486.6 eV) 

source was  used at a power of 210 W. Survey spectra were collected for binding 

energies ranging from 1100 to 0 eV with a pass energy (PE) of 160 eV and step 

size of 0.35 eV. High-resolution spectra were measured with a PE of 20 eV and 

step size of 0.1 eV.  A 4 keV argon ion beam was used for depth profiling.  The 

beam was scanned with an amplitude of +/- 1.5 mm in the x and y directions. 

Optical properties of the films deposited on Si (100) substrates were measured 

using a Variable Angle Spectroscopic Ellipsometer (VASE) from J. A. Woollam 

Inc. The spectroscopic data was acquired at an angle of incidence of 75o over the 

spectral range of 1.5 to 4.1 eV. WVASE32 software was used for generation of 

model data and fitting to the experimental data. Spectroscopic measurements were 

performed on 10-nm-thick Cr films deposited on silicon substrates.  

 

3.3 Results and Discussion 

 

A two dimensional representation of the zone model is shown in Figure  3-1 with 

different regions of microstructure that depend on sputtering temperature and 

pressure.  This diagram is based on Thornton's "Zone Model" [8, 9] which was 

based on the microstructural observation of thick metal films.  The diagram is 

divided into four zones. Due to equipment operating limitations, the sputtering 

experiments were performed at room temperature. Since the homologous 

temperature of Cr is 0.14 at 300 K, with the variation in argon pressure from 0.13 

to 0.93 Pa, the thin films would have microstructures changing from zone T to 

zone I as the sputtering pressure is increased. Zone I has a porous structure, 

consisting of tapered crystallites separated by voids. If exposed to air, the thin film 

will quickly oxidize leading to degraded purity and high resistivity. Zone T, 

however, has a transition structure of densely packed fibrous grains. The thin 

films in zone T would be in compression and have low resistivity.  
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Figure  3-1 Schematic diagram showing the influence of argon pressure and substrate temperature 
on microstructure of sputtered metallic films, reproduced from [8]. The arrow indicates the 

operating range used in the experiments. 

 

3.3.1 Electrical resistivity 

 

The electrical resistivity of metal thin films is a sensitive indicator of the structure 

and purity of the films [17]. In order to understand the impact of the base pressure 

on the resistivity of Cr, thin films were grown in two different sputtering systems 

with different base pressures, as shown in Table  3-1.  

Table  3-1 The effect of sputter system base pressure on the Cr film resistivity at 0.23 and 0.80 Pa 
Ar sputtering pressure. 

Sputter Resistivity, µµµµΩΩΩΩ.cm 

System PAr= 0.23 Pa PAr= 0.80 Pa 
#1 33.3 168.4 
#2 78.1 236.0 
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The films grown in sputtering system #2 have resistivity values more than two 

times greater than the values obtained in system #1 at 0.23 Pa argon pressure and 

35 % higher at 0.8 Pa.  However, the increase in resistivity at both pressures is 

~40-60 µΩ.cm.  The only difference between the two sputtering systems is the 

quality of the base pressure. Base pressure governs the amount of residual oxygen 

in the sputtering system. The amount of oxygen incorporated into the growing Cr 

films can be estimated from the growth rate of the Cr films, and the impingement 

rate, Ni, of the residual oxygen in the chamber based on the following equation:  

2

1

)2(
−

= TmkPN Bi π            (3-1) 

where Ni has units of molecules cm-2s-1, P is the partial pressure of oxygen in the 

vacuum chamber, m is the mass of the oxygen molecule, kB is Boltzmann’s 

constant, and T is temperature in Kelvin [18].  From the equation for Ni, the 

residual oxygen flux impinging on the growing film is directly proportional to P. 

Assuming T=300K and that the partial pressure of oxygen in the chamber is ~0.21 

of the total pressure (same ratio as oxygen in air at standard temperature and 

pressure), P1O2 = 8.20 x 10-6 Pa for system #1 and P2O2 = 6.72 x 10-5 Pa for 

system #2.  A Cr deposition rate of 0.38 nm.s-1  (0.93 Pa argon pressure ) gives a 

Cr flux of 5.24 x 1014 atoms cm-2s-1, and the O flux for system #1 is 4.41 x 1013 

atoms cm-2s-1 and for system #2 it is 3.61 x 1014 atoms cm-2s-1. This gives an 

approximate atomic oxygen concentration of 8% for system #1 and 40% for 

system #2. These values are only estimates since this is a simplified calculation.  

The oxygen sticking coefficient is assumed to be one and the influence of 

molecular pumping speed on the partial pressure of gases at base pressure is 

ignored.  The value for system #2 appears to be high since other research done on 

sputtering system # 2 showed approximately 25 at% O in niobium thin films 

grown in system # 2 [19]. However, this calculation points out the dramatic 

influence of base pressure and deposition rate on film purity.  It also explains why 

films from system #2 have much higher resistivity than films from system #1. The 

remainder of the results discussed will be those from system # 1 without 
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identification. 

The effect of argon sputtering pressure on film resistivity is shown in Figure  3-2. 

All films had an average thickness of 150 +/- 4 nm. The resistivity of the sputtered 

films increased from 25.7 µΩ.cm at 0.13 Pa to 364 µΩ.cm at 1.06 Pa Ar working 

pressure.  The resistivity appears to level off below 0.23 Pa but increases for all 

pressures above 0.23 Pa. Also plotted in this figure is data taken from reference 

[5].  

 

Figure  3-2 The resistivity of chromium sputtering system #1 and sputtering system #2 as a 
function of argon pressure 

 

The observed resistivity trend can be explained by referring to the expanded view 

on the zone diagram shown in Figure  3-3. Since all experiments were done at 

room temperature, TH is 0.14 as indicated by the vertical line on the figure. The 

films grown in zone T are denser and have higher conductivity than those grown 

under zone I conditions. Therefore, at low sputtering pressures (<0.3 Pa) the 

structure of the films would consist of densely packed grains. This is due to the 

fact that at low sputtering pressures the mean free path of target atoms is relatively 
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long (21 cm at 0.13 Pa argon pressure) with respect to the target/substrate 

separation (17 cm for the sputtering system #1). Therefore, the probability of a 

collision occurring before a target atom reaches the substrate is lower, and as a 

result, the arriving atoms have higher kinetic energies which results in higher 

surface mobility and a denser structure. However by increasing the pressure and 

entering zone I, the structure would become more porous and resistivity values 

start to increase which similarly can be explained by the effect of the mean free 

path on the film microstructure. The SEM images inside the graph are from the 

films deposited at 0.13 and 0.93 Pa and are discussed in more detail in the next 

section. They show that the structural variation as a result of the change in 

sputtering pressure is the reason for the resistivity increase.  

 

Figure  3-3 Magnified portion of the zone diagram showing the boundary of zone I and T. The 
vertical arrow indicates the path of experimental data covering an argon pressure range of 0.13 to 

0.93 Pa. 

 

3.3.2 Microstructure and surface morphology 

 

The microstructure of the Cr films grown at different sputtering pressures was 
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studied using SEM. Several 100,000× magnification SEM images were taken to 

differentiate the surface microstructure of the Cr films. Figure  3-4 shows 

microstructure changes in chromium films grown at sputtering pressures ranging 

from 0.13 to 0.93 Pa. The figure reveals that the surface microstructures of Cr thin 

films sputtered at 0.13 and 0.93 Pa are significantly different.  

 

Figure  3-4 SEM images of surface of chromium thin films sputtered under different argon 
pressures: (a) 0.13 Pa (b) 0.27 Pa (c) 0.40 Pa (d) 0.53 Pa (e) 0.80 Pa (f) 0.93 Pa. 
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The Cr film sputtered at 0.13 Pa (Zone T) has a smooth and dense surface 

compared to the 0.93 Pa (Zone I) sputtered Cr film. The Cr film sputtered at 0.93 

Pa appears to have a rougher surface and possible evidence of porosity. The film 

surface consisted of small crystallites separated by voids. From 0.13 to 0.93 Pa, 

the thin film surface appears to be rougher and have more voids. Similar to the 

argument discussed for resistivity data, this can be explained using Figure  3-1. At 

low sputtering pressures, sputtered films are smoother and denser as predicted by 

Thornton’s zone model (zone T). Moving to higher pressures, the microstructure 

shifts to a porous and rough morphology which are characteristic of zone I.  This 

porous microstructure leads to a much higher resistivity. Clearly pores in the Cr 

microstructure disrupt electron flow reducing electron mean free path. 

The composition of the surface of the Cr films sputtered at 0.13 and 0.93 Pa were 

measured using XPS. Prior to measurements, in-situ physical sputter etching with 

a 5 nm/min etch rate was performed to remove the native oxide and other surface 

contamination. High resolution XPS spectra of the Cr2p3/2 core level of the 

sputtered Cr thin film deposited at 0.13 and 0.93 Pa argon pressure are shown in 

Figure  3-5.  The film deposited at 0.13 Pa shows a higher peak compared to the 

film deposited at 0.93 Pa which is due to the higher amount of chromium metal in 

the film structure.  

 

Figure  3-5 High resolution XPS spectra of Cr2p3/2 core level of the sputtered chromium thin film 
deposited at 0.13 Pa argon pressure and 0.93 Pa argon pressure. 
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Table  3-2 shows the calculated compositions of the two samples (the calculations 

were done using CasaXPS software). After 1 min of in-situ sputter etching, the Cr 

films grown at 0.13 Pa contained 7.2% O, in good agreement with the value of 

8% predicted earlier.   

 

Table  3-2 XPS results showing surface composition of Cr films prepared at 0.13 and 0.93 Pa after 
1 and 4 min of sputter-etching (SE) 

Deposition Pressure,  SE time at. % Cr at. % O 

0.13 Pa, 1 min. 89.1 7.2 
0.13 Pa, 4 min. 89.8 5.5 

   
0.93 Pa, 1 min. 66.0 23.7 
0.93 Pa, 4 min. 79.2 13.8 

 

This oxygen comes from the residual oxygen in the chamber and should not 

change with sputtering pressure. However, the film sputtered at 0.93 Pa contains 

23.7% O. It is apparent that this extra oxygen is due to porous nature of the films 

grown at higher pressure.  That is, when these films are exposed to air, a native 

oxide forms on the internal surfaces of the pores, leading to a much higher oxygen 

level.  If this is correct, we would expect the oxygen level to be highest near the 

surface of the film. To test this hypothesis, the films were sputter etched in-situ for 

4 min (20 nm Cr removal). The Cr composition of the 0.13 Pa film showed little 

change. However, the amount of Cr in 0.93 Pa film increased by 13%. This trend 

is in agreement with our hypothesis that the oxygen diffused into the porous 

structure of the films once exposed to air and formed stable oxides, shown 

schematically in Figure  3-6a. It is concluded that the thin film properties were 

altered upon atmospheric exposure.  

In order to explain the very high oxygen contents observed in XPS measurements, 

a simple model was developed based on the probability that the oxygen signal 

comes from a native oxide formed on the surface of the Cr. To simplify the model, 

the columnar grains were assumed to have a circular cross-section with a Cr metal 
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core and a thin oxide shell as shown schematically in Figure  3-6b. The oxide layer 

is formed once the metal surface is exposed to air (negative free energy of 

formation of chromium oxide at room temperature [20]).  

 

 

Figure  3-6 (a) Schematic of oxidation of porous chromium thin film after exposure to air; (b) 
Schematic of porous columnar grains surrounded by a thin oxide layer. 

 

The XPS signal is generated at a very shallow depth (less than 10 nm) below the 

surface. Since the ends of the columnar grains would be oxidized the measured 

oxygen concentration without any sputter cleaning would be very high. However, 

after sputter-cleaning the metal core is revealed and measured oxygen 

concentration decreases significantly. With the above assumptions, the atomic 

concentration of Cr and O can be expressed based on the core/shell area and 

density by the following equation: 
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where 
��.%		


��.%	�
= 5.74 from XPS measurements after 4 min of sputtering (13.8 % 

O, 79.2 % Cr), A is the cross-section area, 
��=7.19 g/cm3 and 
�����
=5.22 g/cm3. 

The average radius of grains, r, is estimated to be 15 nm. The thickness of the 

oxide layer is calculated to be ~ 3 nm for columnar grains with a diameter of 30 

nm. This approximate value is reasonable for a native oxide thickness. In this 

calculation we have assumed that all of the oxygen, both in the as-deposited film 

and from exposure to air, goes toward formation of the Cr2O3.  

 

3.4 Optical Properties 

 

In order to further investigate the properties of Cr films grown at high pressure, 

optical measurements were performed using variable angle spectroscopic 

ellipsometry (VASE). Amplitude ratio, Ψ, and phase difference, ∆, of the reflected 

light from chromium thin films sputtered on silicon substrates were measured 

from 1.5 to 4.1 eV. Assuming that the oxide was mixed with chromium metal in 

the films deposited at high pressures, the Effective Medium Approximation 

(EMA) model was used to fit the data from a 10-nm-thick film deposited on a 

silicon substrate at 0.93 Pa deposition pressure. The model consisted of a Si 

substrate, a native oxide layer and a flat metal layer which is mixed with metal 

oxide. Two constituents were chosen for the EMA model: chromium bulk and 

chromium oxide (Cr2O3). The fraction of chromium oxide was chosen as the fit 

parameter. The result of the fit showed that a film with a mixture of 35% Cr2O3 

and 65% bulk Cr would present the same optical properties as those measured by 

ellipsometry, proving that the films deposited at 0.93 Pa consists of a mixture of 

metal and oxide. The measured and model dispersion curves are shown in 

Figure  3-7. The approximate atomic percentage of oxygen in the film was 

calculated to be 21 percent from the estimated fraction of Cr2O3. This estimate is 
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in agreement with the measured oxygen concentration from XPS analysis.  

 

Figure  3-7 Comparison of the measured and model dispersion curves for 10±1 nm Cr films grown 
at 0.93 Pa. 

 

In an attempt to investigate the effect of sputtering pressure on the optical 

properties of Cr thin films, the optical properties of Cr films sputtered at 0.13, 

0.39 and 0.93 Pa pressures were measured using spectroscopic ellipsometry data. 

Figure  3-8 shows the refractive index (n) of the Cr thin films sputtered at different 

pressures. It can be seen that the refractive index decreased as the sputtering 

pressure is increased. For the film deposited at 0.13 Pa pressure, the refractive 

index is very close to the bulk value. The data presented in Table  3-3 shows the 

refractive index of the sputtered films at 633 nm (1.96 eV). Comparing the 

refractive index of thin films with that of the bulk can give indirect information 

about the density of the films [21, 22]. This confirmed that Cr films deposited at 

lower sputtering pressures have a denser structure compared to films deposited at 

higher pressures. 
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Figure  3-8 Optical properties of Cr thin films deposited at different sputtering pressures 

 

Table  3-3 Refractive index (n) of chromium thin films sputtered at different sputtering pressures 

Deposition Pressure 

(Pa) 

Refractive Index (n) at 

633 nm 

0.13 3.47 
0.39 2.33 
0.93 1.97 

Cr Bulk 3.58 

 

Transmittance and reflectance measurements also provide indirect information 

about film density. Figure  3-9 shows the transmittance and reflectance of Cr thin 

films sputtered on glass slides at different pressures as a function of photon 

energy. Transmittance is defined here as the ratio of the light that passes through 

the film to the original beam intensity. The data showed that the films sputtered at 

higher pressures transmitted more light and reflected less compared to the films 

sputtered at lower pressures. This also confirmed that the sputtering pressure had 

a strong effect on the film density. 
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(a) (b) 

  

Figure  3-9 Transmittance and reflectance of Cr thin films deposited at different sputtering 
pressures 

 

 

3.5 Conclusions 

 

It was shown that sputtered Cr thin films contain two sources of oxygen, one from 

residual oxygen in the vacuum chamber, and the other from exposure to air. It was 

shown by calculation and XPS that the residual oxygen in Cr films was 

approximately 8 at.% O in a deposition system with a base pressure of 4.0x10-5 

Pa. Calculations showed that in the 3.2x10-4 Pa base pressure system the residual 

oxygen was much higher.  This difference in residual oxygen explained the 

difference in film resistivity between the two systems. Investigation of films 

grown in the 4.0x10-5 Pa base pressure system showed that the oxygen 

incorporated due to air exposure is influenced by the microstructure of the film 

which is in turn determined by the sputtering pressure [9, 10].  Resistivity also 

increased as the Ar sputtering pressure increased. Films grown below 0.3 Pa had a 

dense structure and only formed a surface native oxide when exposed to air.  

However, films formed at higher pressures were porous and upon exposure to air 

the internal structure of the film formed a thin native oxide layer.  A simple model 

was used to calculate the thickness of the thin oxide layer. The data from XPS 
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measurements confirmed that oxygen, up to 24 at.% O, was incorporated into the 

film structure. Optical measurements also proved that the films deposited at high 

sputtering pressures were porous. 
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Chapter 4 ALD of Oxides on Metal Substrates 
*
 

 

 

 

 

 

 

 

4.1 Introduction 

 

Fundamental understanding of the deposition of nanometer thick oxides for 

device applications is extremely important and has been investigated by many 

researchers in the field [1-3]. These oxides are deposited on silicon for metal 

oxide silicon (MOS) applications, on gallium nitride and gallium arsenide for 

metal oxide field effect transistor (MOSFET) applications, and on metal 

substrates for metal-insulator-metal (MIM) devices. However, native oxides on 

the substrate can affect the performance of these devices since this oxide affects 

the capacitance of the dielectric stack [1, 4-6].  Substrate pre-treatments have been 

developed to limit the formation of native oxide [5, 6]. The focus of this chapter is 

on the atomic layer deposition (ALD) of aluminum oxide, hafnium oxide, and 

zirconium oxide on metallic thin films with a special attention to deposition of 

aluminum oxide on chromium metal. Chromium and aluminum oxide are good 

candidate materials for MIM devices since sputtered chromium thin films have 

smooth surfaces required for MIM electrodes and aluminum oxide has excellent 

dielectric properties and good adhesion to many surfaces [1].  

                                                           
*
 A version of this chapter has been published in:  

A. Foroughi-Abari, K. Cadien, Journal of The Electrochemical Society, 159 (2), 2012 
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ALD is a thin film deposition technique based on self-limiting surface chemical 

reactions that is capable of producing dense, uniform and conformal films. ALD 

film growth consists of a number of sequential cycles; each involves pulsing of 

two precursors into the reaction chamber one after the other. The precursors react 

at the surface to form a monolayer (or sub-monolayer) of the desired material 

after completion of each cycle. In thermal ALD, the energy required for reactions 

is provided by heating the substrate to a temperature usually between 100 and 

400oC, i.e. the so called ALD window [7]. For deposition temperatures below the 

ALD window, there is not enough energy for reactions to take place and the film 

contains a lot of impurities [8]. Additionally, some emerging applications require 

lower process temperatures due to heat-sensitive substrates such as polymers, 

organic materials and photoresist used in lift-off processes. Plasma enhanced 

ALD (PEALD) can be used for such applications.  In PEALD, a plasma is used to 

generate highly reactive radicals and ions which enhance the surface reactions and 

allow reactions to occur at much lower substrate temperatures. Successful film 

deposition at temperatures as low as room temperature has been reported [3, 9-

11]. 

One of the areas that can potentially benefit from PEALD is the fabrication of 

MIM diodes, since they require the deposition of very thin (1 to 3 nm), high 

quality dielectric material between two metal electrodes. Some researchers have 

recently started to use ALD to fabricate MIM diodes [12]. It is important to study 

the growth behavior of ALD oxides on metal surfaces and the possible surface 

changes that occur as a result of ALD film nucleation and growth. There exist 

very little published data on ALD growth characteristics of oxides on metal 

surfaces. George et al. [1] briefly described the thermal ALD growth of aluminum 

oxide on various metal substrates similar to the growth on HF-etched Si (100) and 

on the native oxide SiO2 layer. However the metal films they used as substrates 

were prepared by E-beam evaporation and sputtering and were exposed to air 

prior to being put in the ALD reaction chamber. 
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Spectroscopic ellipsometry (SE) is an optical technique that is widely used for 

precise determination of the film thickness and optical properties over a wide 

spectral range [13]. In principle, spectroscopic ellipsometry is able to detect 

changes in the thickness of surface layers equivalent to 0.01 monolayers [14]. 

This level of sensitivity makes SE ideal for in-situ analysis of film nucleation and 

growth during the ALD process. The application of in-situ ellipsometry to study 

the growth of ALD films has been adapted by a growing number of research 

groups [14-17] . 

In this work, in-situ ellipsometry is used to study the thermal and plasma 

enhanced ALD growth of metal oxides on metal substrates and show that the 

ALD process itself causes oxidation of the substrate; techniques to eliminate this 

oxide are also discussed.  

 

4.2 Experimental 

 

4.2.1 Sample Preparation 

 

Experiments were done in an ALD research system consisting of a Kurt J. Lesker 

ALD 150 LX system integrated with a CMS 18 sample preparation chamber via a 

load lock as shown in Figure  4-1.  The ALD system can accommodate up four 

precursors and is capable of both thermal and plasma ALD.  The plasma emanates 

from a continuous-flow inductively coupled remote source.  The ALD chamber is 

equipped with an in-situ J. A. Woollam M-2000DI ellipsometer which has a fixed 

angle of 70o with respect to the substrate. The sample preparation chamber has a 

sputter source and ion cleaning capability.  Samples can be transferred from the 

sample preparation chamber to the ALD reactor while under vacuum. 
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Figure  4-1 Schematic of the equipment used for the experiments. 

 

Metallic films, approximately 10 nm thick, were grown on silicon substrates in 

the sample preparation chamber by DC magnetron sputtering at an argon pressure 

of 0.22 Pa and a power of 300 W. The base pressure of the sputtering chamber 

was <1.3 x 10-5 Pa and the purity of the argon sputter gas was 99.999 %. The 

silicon substrates had a native oxide that was approximately 1.5 nm thick. The 

samples were then transferred into the ALD chamber through the load lock 

without breaking the vacuum. The vacuum transfer helped minimize surface 

contamination and oxidation of the pristine metal surfaces.  

FTIR measurements were performed using a Nicolet 8700 system operating in 

reflectance mode on 5-nm aluminum oxide films deposited on optically thick 

chromium films. The reflectance measurements were referenced against a gold 

background.  

 

4.2.2 Analysis 

 

Spectroscopic ellipsometry (SE) was used to determine the precise thickness of 

the dielectric layer and to monitor any changes to the metal surface due to oxygen 

plasma exposure. Ellipsometry is based on the accurate measurement of the 
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changes in the polarized light upon reflection on a sample [13]. The ellipsometry 

measures two values: the amplitude ratio Ψ and phase angle ∆.  They are defined 

by the amplitude ratio of the amplitude reflection coefficients for p- and s-

polarizations based on the following equation: 


 =
��

��
= tanΨ ���           (4-1) 

where rp and rs are the amplitude reflection coefficients and ρ is the complex 

reflectance ratio [13]. The extraction of the optical constants (n, k) or thickness of 

a simple single-layer structure can be done using the Fresnel equations. For more 

complex structures the physical data can be extracted through model-based 

analysis and fitting of the experimental data. The ellipsometer used in the 

experiments was an M-2000DI from J. A. Woollam with a wide spectral range of 

193 to 1700 nm (0.73 to 6.43 eV) and capable of simultaneous CCD detection of 

all wavelengths with a fast data acquisition speed of 20 dispersion measurements 

per second.  

In order to measure the ALD film thickness deposited on the metal surfaces, the 

exact thickness and optical constants of the metal layers was required. The optical 

constants of metal films strongly depend on how the films were prepared. In the 

case of sputtering, the deposition pressure is one of the key factors that 

significantly influence the optical properties. Here, the sputtering process was 

performed at a low sputtering pressure of 0.23 Pa to obtain metal films with 

optical properties close to the bulk values. Since the optical constants and the 

exact thickness of the metal layers were unknown, a coupling technique was used 

which is described in detail in [18]. The reason for using thin metal layers (10 nm) 

instead of thick layers is that when the metal layer is thin enough, the light can 

reach the lower interface and, therefore, the SE measurements will be sensitive to 

the thickness changes of the metal layer. Once the optical constants and thickness 

of the metal layers were determined, measuring the thickness of the dielectric 

layer grown by ALD was relatively straightforward.  
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(a)  (b) 

Figure  4-2 Optical dispersion curves for aluminum oxide (a) and chromium (b) thin films. 
 

The general SE model that was used for thickness measurements consisted of a Si 

substrate at the bottom, 1.5 nm of silicon native oxide,  10 nm of metal layer, a 

thin layer of metal oxide (which may form due to oxygen exposure during ALD) 

and the dielectric layer grown by ALD on the top.  The thicknesses of the three 

top layers were the fitting parameters during the analysis. All SE measurements 

were performed at wavelengths ranging from 193 to 1700 nm. In order to 

accurately separate the ALD oxide from the metal native oxide, the thickness of 

the native oxide layer was coupled with the thickness of the metal layer.  

To describe the optical properties of aluminum oxide, a standard Cauchy 

dispersion relation was used: 

� � �� �
��

��
�

��

��
 ,	� � 0           (4-2) 

where An, Bn and Cn are the Cauchy fit parameters and λ is the wavelength in nm. 

The complex multilayer structure of a sample can be analyzed by SE provided 

that the optical constants of the layers showed measurable differences. This made 

it possible to accurately measure the thickness variation of a dielectric layer on 

top of a metal layer. Additionally, coupling the thickness of the metal oxide layer 

(Cr2O3) layer to the metal (Cr) layer based on the physical fact that the metal 
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needed to be consumed for the formation of its oxide made the distinction more 

accurate. 

 

4.3 Results and Discussion 

 

4.3.1 Optical Properties 

 

In order to accurately describe the optical properties of aluminum oxide films 

deposited by ALD, a standard Cauchy model was used. A typical optical 

dispersion curve for aluminum oxide deposited at 200 oC is presented in 

Figure  4-2a. The fit parameters for the Cauchy model were An=1.67, Bn=0.0075 

µm2 and Cn=0. The refractive index of aluminum oxide at 633 nm is 1.68 which is 

very close to the published values for aluminum oxide thin films prepared by 

ALD [14, 19]. Figure  4-2b shows the optical constants of sputtered Cr thin films. 

It was assumed during the optical modeling that the surface of the chromium films 

as well as the aluminum oxide films were flat with negligible surface roughness. 

This assumption was based on the AFM measurements on sputtered chromium 

films and also ALD grown aluminum oxide films which proved that the films 

were smooth as shown in Figure  4-3. The root mean square (RMS) roughness for 

sputtered Cr thin films was 0.2 nm. The surface of the films did not show 

noticeable difference in the RMS roughness after depositing 5 nm of Al2O3 by 

ALD (Figure  4-3b). 

 

Figure  4-3 AFM images of Cr thin film surface (10 nm thickness) before (a) and after (b) the ALD 
of Al2O3 (5 nm). 



 

82 

 

4.3.2 Metal Oxidation under Plasma Exposure 

 

The first step to characterize the PEALD growth behavior of dielectric materials 

on metal surfaces was to investigate the possible effects of oxygen plasma 

exposure on the structure of the metal surfaces. Therefore, the prepared metal 

layers were exposed to oxygen plasma for several minutes to observe the changes. 

The effect of plasma exposure on the surface of chromium layer is presented in 

Figure  4-4. Initially the thickness of the chromium layer was about 9 nm without 

any surface oxide. After 60 s, oxygen gas started to flow inside the chamber with 

a flow rate of 60 sccm which increased the chamber pressure to 147 Pa. As a 

result of reaction between O2 gas and Cr, a thin Cr oxide layer formed, while the 

Cr metal layer was consumed (as seen by a small decrease in the metal thickness). 

This was a thermal oxidation process that was clearly self-limiting. The initial rate 

of oxidation was relatively high due to rapid reaction of gaseous oxygen with the 

bare metal surface.  Once an oxide layer was formed, additional oxidation 

required diffusion of oxygen (or metal) through the oxide layer. As the oxide 

layer grew thicker the flux of oxygen or chromium through the oxide decreased 

significantly because it took longer for individual particles to diffuse through the 

layer.  

 

Figure  4-4 Oxidation of Cr film under oxygen plasma at 100◦C. 
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Once the plasma was ignited at approximately 210 s, rapid oxidation occurred as 

seen by the sharp change in the thickness of the Cr oxide layer and the noticeable 

drop in the metal thickness. The increase in the oxidation rate after exposure to 

plasma was caused by a number of factors such as production of highly reactive 

oxygen species, ion implantation of oxygen in the oxide layer and modification of 

charge transfer. Oxidation in the presence of plasma is generally a complex 

phenomenon; additional energy may be transferred to the deposition surface from 

the remote plasma which could facilitate the diffusion of oxygen species through 

the oxide layer and the plasma environment could affect the rate of charge transfer 

through the oxide layer leading to higher oxidation rates [20, 21]. Similar to 

thermal oxidation, the plasma oxidation rate slows as the film gets thicker. 

In order to investigate the effect of plasma exposure on the surface of other 

metals, the same experiment was performed on several sputtered metallic thin 

films. Figure  4-5 shows the oxidation behaviour of Ni, Cr, Ta, Zr, and Ag metals 

exposed to oxygen plasma at a substrate temperature of 100oC.  The trend for Zr, 

Ta, and Ni metals appeared to be similar to oxidation of Cr. They all have a 

relatively fast oxidation rate followed by a slow one. The main difference was in 

the final oxide thickness and the time it took for the oxidation curve to level off. 

The most noticeable difference was observed for the case of silver oxidation. The 

experiment showed that the whole silver layer turned into silver oxide within a 

few seconds. The reason for this catastrophic oxidation was linked to the 

properties of silver oxides. The reaction of molecular oxygen with silver results in 

formation of Ag2O; however in presence of atomic oxygen, AgO is formed based 

on the following reaction [22-24] 

2�� + 2�	 ↔ 2	���                (4-3) 

Thermodynamic calculations can be found in [22]. This oxide was not dense 

enough to act as a protective layer. The presence of micro-pores and defects in the 

oxide layer promoted the diffusion of oxygen species to reach the metal-oxide 
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interface. Unlike silver, the rest of the metals in the experiment formed protective 

oxide layers that decreased the oxidation rate significantly.  

 

Figure  4-5 Oxidation of various metals under oxygen plasma exposure at 100oC 

 

Figure  4-6 depicts a simple schematic view of the oxidation process in metals. It 

involves both ionic and charge transport through the forming oxide layer. Various 

kinetic theories exist that intend to explain the oxidation of metals [25]. The 

simplest model considers only the diffusion of particles through the oxide layer 

which gives the well-known parabolic growth law: 

�(�)� − ��0�� = 2��                (4-4) 

where L is the oxide thickness, t is time, and k is the rate constant. The parabolic 

growth law is derived from Fick’s law of diffusion. An extension to the parabolic 

law would include a linear reaction-controlled regime at the beginning of the 

oxidation leading to linear-parabolic growth models such as Deal-Grove model 

[26]. Although the parabolic growth has been observed in many metal oxidation 

process, for low temperature oxidation or in the presence of plasma it may not 

give accurate results. In such conditions, other models must be considered. The 
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Cabrera-Mott model can be used to describe the growth of thin oxides on metal 

surfaces at low temperatures. It states that since the temperature is not high 

enough for thermionic emission to occur, the electrons must transfer through the 

oxide via quantum-mechanical tunneling. This limits the thickness of the growing 

oxide to a few tens of angstroms. The ionic current Ji is given by the following 

equation [25]: 

�� = 2���� exp �− ��

���
� sinh	(− �����

����
)         (4-5) 

where ni is the number of ions per unit area, Wi is the rate-limiting energy barrier, 

Vm is the Mott potential,  vi is the attempt frequency, 2a is the ionic jump distance, 

qi is the charge per particle, kB is the Boltzmann constant, and T is the absolute 

temperature. The Mott potential, Vm is defined as 

 ���(�� − ��)            (4-6) 

where e is the magnitude of the electron charge, ��is the metal work function, 

and ��is the difference between the vacuum potential and the O- levels on the 

oxide surface. Since the oxidation rate is related to the Mott potential, the metal 

work function can affect the oxidation rate. The work function energies for Zr, Ta, 

Cr, and Ni metals are shown in Table  4-1. It can be seen that the metals with 

lower work functions had a higher oxidation rate compared to those with higher 

work functions. However, it must be noted that this may not be a general trend for 

all the metals and other parameters such as grain size, roughness, film density, 

and oxide properties could also affect the oxidation process. Further experiments 

must be conducted to draw general conclusions.  
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Figure  4-6 Schematic general representation of metal oxidation 

 

Table  4-1 Work function energy for Zr, Ta, Cr, and Ni meals 

Metal Work Function 

Zr 4.05 

Ta 4.25 

Cr 4.5 

Ni 5.15 

 

 

Based on the ionic current, Ji in equation (4-5), the relationship between the 

growing oxide thickness (L) and time (t) can be expressed using the Ghez 

approximation [27]: 

�∗

�
= 	− ln �	
��


��
�− 	�
�∗�
                     (4-7)  

� = 	 ��Ω�� exp �− ��

���
�          (4-8) 

�∗ = 	 |�����/(���)|           (4-9) 

where � is defined as the characteristic velocity and �∗ is the characteristic 

distance [28]. Ω is the volume of oxide per ionized atom and � is a time 

constant. Equation (4-7) shows that a linear relation exists between the 
�

�
 

and 	� � 


��
�. Figure  4-7 shows the plot of 	� � 


��
�	as a function of 

�

�
 for Ta, 
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Cr, and Ni metals (from oxidation data in Figure  4-5). A linear fit was 

performed to determine the slope which is the characteristic distance, �∗. 
Using �∗ = 	 |�����/���| and assuming ��=2, �=1.5Å, T=373K, the Mott 

potential, �� was calculated to be 2.4V, 1.3V, and 0.7V for Ta, Cr, and Ni 

oxidation.  

 

Figure  4-7 Plot of oxide growth for Ta, Cr, and Ni metals during oxygen plasma oxidation based 
on the Ghez approximation. 

 

4.3.3 Growth of Aluminum Oxide 

 

Figure  4-8 shows the results of in-situ ellipsometry of PEALD of Al2O3 on a 

chromium surface using TMA precursor and oxygen plasma. The depositions 

were both carried out at 100 oC for 50 ALD cycles. In the first experiment, 

Figure  4-8a, the deposition started with a TMA pulse. Each ALD cycle had 20 ms 

of TMA pulse and 1 s of oxygen plasma pulse. The top horizontal axis shows the 

ALD cycles starting from 0 (start of the ALD process) and up to 50 cycles. Each 

ALD cycles takes 9 seconds to complete. The first rise in the thickness of Cr 

oxide is due to the thermal oxidation as discussed earlier. More interestingly, 

during the first few ALD cycles, Cr oxide thickness increased as a result of 
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exposure to the oxygen plasma. A small but noticeable drop is also seen in the 

thickness of the Cr layer. The oxidation stops at some point due to the formation 

of a critical thickness of Al2O3 on the surface which inhibits further diffusion of 

oxygen atoms to the metal layer. The aluminum oxide film was grown with a 

growth per cycle of 1.5 Å/cycle. No noticeable difference was observed between 

the growth characteristics of Al2O3 on Si (100) and Cr surface. In the second 

experiment, Figure  4-8b, all the process conditions were the same except the ALD 

process was initiated with plasma oxygen exposure instead of a TMA pulse. In 

this case, Cr oxide is much thicker than in Figure  4-8a. If aluminum oxide is 

grown on Cr by thermal ALD, using water instead of plasma oxygen, no metal 

oxidation is observed, as shown in Figure  4-9. The reaction between H2O and Cr 

is thermodynamically possible at this temperature: 

2��	�	�+ 3���	��� → �����	�	�+ 3��	���				∆�� = −248	������� (4-10) 

However, due to high barrier energy the reaction kinetics are very slow. Thermal 

ALD has the advantage of leaving the Cr surface unchanged during the growth of 

Al2O3. However, if the process is limited to low deposition temperatures, such as 

the case of any device fabrication which involves the lift-off process, PEALD 

may give superior results in terms of the film quality and levels of impurity [2].  
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(a)  

 

(b) 

Figure  4-8 Growth of aluminum oxide on Cr surface; (a) ALD cycles started with TMA pulse; (b) 

ALD cycles started with plasma exposure. 

 

The results show that a thin layer of Cr oxide is formed during the PEALD of 

Al2O3 on a Cr surface. In order to investigate the role of the plasma on the 

oxidation process, the plasma pulse duration was varied between 0.5 and 4 

seconds, keeping all other parameters constant. Figure  4-10 shows the oxidation 

of Cr surface during PEALD of Al2O3 at different plasma exposure durations. The 

exposure time appears to have a noticeable effect on the amount of oxidation. The 

longer plasma pulse grows a much thicker Cr oxide.   As shown in Figure  4-4, 

during continuous exposure of a Cr thin film to oxygen plasma it takes a long time 

(100s) for the growth rate of the Cr oxide to level off.   During the ALD of Al2O3 

there is a competition between the oxidation of the Cr and the growth of the 

Al2O3.  When the oxygen pulse is short, only a thin layer of Cr oxide is formed 

underneath the Al2O3 after each ALD pulse.  This occurs until the Al2O3 reaches a 

critical thickness as described above.  For longer plasma oxygen pulses the Cr 

oxide layer formed per pulse is thicker while the growth rate of the Al2O3 is the 

same as for shorter oxygen pulses, hence a much thicker Cr oxide forms.   

In an attempt to minimize the formation of Cr oxide during PEALD of Al2O3, the 

Cr surface was first covered with 0.5 nm of Al2O3 grown by thermal ALD (6 
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cycles). Then PEALD at a temperature of 100 oC was started with cycles each 

having 20 ms of TMA pulse and 0.5 s of oxygen plasma exposure. The result is 

presented in Figure  4-11. The ultra-thin aluminum oxide layer acted as an 

effective diffusion barrier to stop the oxidation of the Cr surface once the PEALD 

started.  

 

 

Figure  4-9 Thermal ALD of aluminum oxide on Cr surface at 100oC. 
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Figure  4-10 Effect of plasma exposure time on oxidation of Cr surface during PEALD of 
aluminum oxide. 

 

 

Figure  4-11 ALD started with 6 cycles of thermal aluminum oxide deposition. 

 

 

In order to study the effect of deposition temperature on oxidation of Cr surface 

during PEALD of Al2O3, the measurements were repeated at different 

temperatures. The results, summarized in Table  4-2, show that as the deposition 

temperature increases, a thicker Cr oxide layer is formed.  
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Table  4-2 Effect of deposition temperature on oxidation of Cr. 

 

 

 

 

In order to explain the data, the plasma oxidation phenomenon must be examined 

more closely. During the oxidation process, the following reaction takes place at 

the metal surface: 

2�� + 3�∗ → �����                               (4-11) 

As the oxide grows, the oxygen atoms need to diffuse through the oxide layer and 

reach the metal/oxide interface for the oxidation to proceed. The self-limiting 

oxide growth (Figure  4-4) is due to the fact that the diffusivity of oxygen atoms 

through the oxide layer is significantly slowed once the oxide layer reaches a 

certain thickness. However, when ALD deposition is occurring concurrently with 

oxidation there is a competition between the growth of ALD oxide and the 

substrate metal oxide, in this case between Al2O3 and Cr2O3. The ALD oxide 

reduces the flux of oxygen diffusion since the oxygen needs to diffuse through the 

growing Al2O3 layer as well as the Cr2O3 layer (Figure  4-12). This explains why a 

thinner Cr2O3 layer is formed during the ALD (Figure  4-8) compared to the Cr2O3 

layer formed as the result of the direct oxygen plasma exposure (Figure  4-4).  

As the deposition temperature increases, two main conditions change. Firstly, the 

diffusion of oxygen through the oxide layer is enhanced due to thermal activation, 

as shown by: 

� = ���
(
�	


��
)                      (4-12) 

Deposition 

Temperature, oC 

Cr Oxide Thickness 

Å 

Growth per Cycle 

Å/Cycle 

25 9 ± 2 1.86 ± 0.04 

100 14 ± 2 1.57 ± 0.05 

200 20 ± 3 1.30 ± 0.06 

300 25 ± 4 1.12 ± 0.07 
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where D is the diffusion coefficient, D0 is the maximum diffusion coefficient (at 

infinite temperature), Ea is the activation energy and T is the temperature. 

Secondly, the Al2O3 growth per cycle decreases as the temperature is raised 

(Table  4-2). Therefore, at higher temperatures, oxidation of Cr occurs at a higher 

rate and at the same time the growth rate of ALD Al2O3, which acts as a diffusion 

barrier, is decreased. The net effect is that a thicker Cr2O3 layer is formed during 

ALD film growth as can be seen in Table  4-2. 

 

 

Figure  4-12 Schematic of radical oxygen diffusion through growing Al2O3 and Cr2O3 layers. As 
the ALD film grows, the available oxygen for reaction at the Cr surface decreases until there is 

very little oxygen available to react with Cr. 

 

The same experiment was performed using several other metals. The results, 

summarized in Table  4-3, show that the thickness of the interfacial layer follows 

the trend observed in the pure plasma oxidation experiment (Figure  4-5). 

 

 

Table  4-3 Thickness of interfacial oxide layer formed during the PEALD of Al2O3 on various 
metals. The deposition temperature was 100oC. 

Metal Zr Ta Cr Ni Au 

Interfacial Oxide 
Thickness (Å) 

25 20 14 9 ~0 
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4.3.4 Growth of Aluminum Oxide on Silver 

 

As mentioned earlier, rapid oxidation occurs when silver films are exposed to 

oxygen plasma. The rapid oxidation is shown in Figure  4-13. Figure  4-14 

demonstrates that thermal ALD of Al2O3 on silver does not oxidize the underlying 

silver substrate. One can notice that the growth rate does not stabilize until the 

thickness passes about 15 Å, which could be an indication of substrate-inhibited 

growth. An additional experiment utilized a 0.5 nm thermal Al2O3 interface layer 

to protect the underlying silver surface from oxygen plasma exposure.  In this 

case, the in-situ ellipsometry results showed that oxidation of the silver layer was 

markedly reduced during PEALD Al2O3, as indicated in Figure  4-15.  

 

 

Figure  4-13 Oxidation of silver layer during oxygen plasma exposure at 100oC. 
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Figure  4-14 Thermal Al2O3 ALD on silver at 100oC. 

 

 

Figure  4-15 PEALD Al2O3 on 0.5 nm thermal Al2O3 interface layer on silver at 100oC. 
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4.3.5 Non-Linear Growth in Thermal ALD 

 

It was shown that the thermal ALD of Al2O3 on a Cr surface at 100oC resulted in  

linear growth (Figure  4-9). However, the conditions changed when the substrate 

temperature was increased to 200oC and 300oC. Both in-situ and ex-situ 

spectroscopic ellipsometry measurements showed that thermal ALD of metal 

oxides on metal substrates may initially have substrate-prohibited growth. 

Figure  4-16 shows the growth of HfO2 and ZrO2 on Si and Cr substrates at a 

deposition temperature of 200oC. The growth of HfO2 and ZrO2 on Si is identified 

as linear ALD growth. However, the growth on Cr was not ideal linear ALD film 

growth. Instead, it took about 30 to 40 ALD cycles for the growth rate to stabilize. 

The growth curve can be divided into three stages. In the first stage which lasts 

only a few ALD cycles, the growth rate was relatively high. It was followed by 

the second stage where the growth rate decreased. During the third stage, linear 

growth was observed. The same experiment done for deposition of Al2O3 on Cr 

revealed a similar result as presented in Figure  4-17.  

 

 

Figure  4-16 Growth of thermal ALD HfO2 and ZrO2 on Cr and Si substrates. Unlike deposition on 
Si, the growth on Cr is initially slower, but gradually increases until it stabilizes. 
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Figure  4-17 Thermal ALD of Al2O3 on Cr substrate at a deposition temperature of 200oC.  

 

 

Initially, it was believed that the non-linear growth was due to using improper 

settings during the ellipsometry measurements. Further extensive experiments 

revealed that the observation must be real. In order to understand what might have 

caused this effect, several other experiments were performed in which the process 

parameters were changed. Among the parameters, H2O pulse duration had a 

significant effect on the growth behavior of these metal oxides on Cr substrates. 

Figure  4-18 demonstrates the effect of water pulse duration on the growth 

characteristics of Al2O3 on Cr at a deposition temperature of 300oC. Thermal 

ALD of Al2O3 on Si using a water pulse of 0.5 s had a linear growth curve, while 

the growth on Cr showed a non-linear growth. When the H2O pulse was increased 

to 1.0 s, the growth rate increased and the initial non-linear stage was reduced. 

Increasing the H2O pulse to 1.5 s completely eliminated the non-linear stage so 

that growth was very similar to the growth on a silicon substrate.  
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Figure  4-18 Effect of water pulse duration on the growth of Al2O3 on Cr at a deposition 
temperature of 300oC. 

 

This experiment proved that the possible nucleation or delayed growth was in 

some way linked to the surface reactions involving water. The exact explanation 

is not available at this point; however, it is proposed that this phenomenon is 

caused by desorption of water from the surface and low surface density of 

hydroxyl groups at the beginning of the deposition. It is already known that the 

growth per cycle during ALD of metal oxides is directly related to the surface 

density of hydroxyl groups [29-33]. The fact that this effect was only occurring at 

deposition temperatures above 100oC indicated that temperature had a major role. 

Experiments have shown that the density of hydroxyl groups decreases as the 

substrate temperature increases through the process of dehydroxylation [34-36], 

which is an activated process; increasing the temperature results in an increase in 

the desorption rate. Since non-linear growth is not observed for deposition on 

silicon substrates, it is thought that the metal surface enhances the 

dehydroxylation process. Increasing the H2O pulse can override the effect of 

dehydroxylation by providing a higher flux of water molecules toward the 

surface. When a small water dose (0.5 s) was used, the generation rate of hydroxyl 

groups on the surface was not high enough to achieve saturation. Therefore, the 
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growth rate was smaller than normal. As film growth continued, the generation 

rate of -OH groups increased after each ALD cycle until it reached a constant rate. 

After this point, the effect of substrate was minimal and linear growth was 

observed. Similar results have been reported for ALD of metal oxides on H-

terminated silicon substrates [31, 37, 38]. The experiments showed that the 

deposition of oxides on H-terminated silicon involved nucleation and delayed 

growth [39, 40]. Therefore, it is thought that the metal surface limits the 

adsorption of water necessary for formation of dense nucleation sites. However, 

more experiments using in-situ analytical tools such as FTIR must be performed 

to prove this explanation. Additionally, more complicated optical models can be 

developed to study the nucleation period. One of limitations of the current model 

was that the layers were assumed to be flat. When such model is used to 

determine the thickness of a discontinuous film, such as growing nuclei on a 

surface, the thickness measurement may not be very accurate before a continuous 

film forms.  

It is also important to note that the growth rate in the linear part of the deposition 

with short 0.5 s water pulses was noticeably lower than the growth rate of the 

deposition with long pulses. Based on ideal ALD characteristics, it was expected 

to observe the same growth rate once the initial non-linear part ended. However, 

the growth rate was found to be lower. This observation implied that long water 

pulses were required to achieve surface saturation and maximum growth rate 

during thermal ALD, during both non-linear and linear growth. A possible cause 

could be insufficient mass transport inside the ALD chamber. Since the sample 

was placed at the center of the sample holder and the carrier gas mixed with 

reactants was flowing from the top, a stagnation point formed near the center of 

the sample, which affected the transport of the reactants to the substrate surface. 

The surface roughness of Cr metal possibly made this effect more prominent, 

which can explain the difference between the growth on Si and Cr. 

The initial high growth rate observed at the very first few cycles was possibly 

caused by the adsorption of metalorganic precursor molecules. It is thought that 
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the precursor molecules are physisorbed on defects on the metal surface after the 

first pulse, as seen by a jump in the film thickness (~ 1 – 2 Å). Figure  4-19 shows 

a close-up view of the initial cycles during ALD of aluminum oxide on Cr (from 

Figure  4-17). The adsorption of TMA molecules on the surface can be identified 

as a sudden increase in the film thickness after the first cycle. However, these 

physisorbed molecules do not participate in reactions with the H2O molecules. 

With each water pulse, the surface density of hydroxyl groups increased and as a 

result, more precursor molecules were involved in reactions, generating more       

–OH groups. The process continued until there was enough –OH groups on the 

surface to reach saturation. 

 

 

Figure  4-19 The first few cycles during thermal ALD of Al2O3 on Cr substrate at a deposition 
temperature of 200oC. The adsorption of TMA on the surface is identified as a jump in thickness 

after the first cycle. 

 

Plan-view TEM imaging was used to search for the nucleation sites formed during 

the second stage. The images were taken using a JEOL 2010 microscope 

operating at 200 kV accelerating voltage. In order to simplify the sample 

preparation process, Cr metal was sputter deposited on a TEM nickel grid to form 

a 20-nm metal layer on top of the thin carbon film. The grid was transferred into 

ALD chamber and was used as a substrate to deposit Al2O3 by thermal ALD. 
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Figure  4-20 shows the TEM images at three different magnifications showing the 

surface of the Cr metal covered with Al2O3. Energy dispersive spectroscopy 

(EDS) measurements confirmed the presence of aluminum and oxygen on the 

surface. However, the images only showed Cr grains. Diffraction patterns were all 

related to the Cr BCC structure with a lattice parameter of 2.88 Å. It was 

concluded that the very thin Al2O3 did not have enough contrast to be detected in 

this configuration. Cross-section imaging might be a more suitable approach. 

 

 

Figure  4-20 Top-view TEM images of thin Al2O3 on Cr at various magnifications.  
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4.3.6 FTIR Analysis 

 

FTIR measurements were performed on 5-nm ALD Al2O3 films deposited on 100-

nm Cr films to support the observed data from in-situ SE measurements, which 

suggested an interfacial oxide layer formed during PEALD. Four samples were 

prepared under different conditions: 

(i) Thermal ALD – Exposed to Air: Cr film exposed to air for two hours 

prior to deposition of Al2O3 by thermal ALD 

(ii) Plasma ALD: An as-grown Cr film was transferred to ALD chamber 

under vacuum followed by PEALD of Al2O3 

(iii) Thermal ALD / Plasma ALD: An as-grown Cr film was transferred to 

ALD chamber under vacuum followed by deposition of 0.5 nm Al2O3 

by thermal ALD and 4.5 nm Al2O3 by PEALD 

(iv) Thermal ALD: An as-grown Cr film was transferred to ALD chamber 

under vacuum followed by thermal ALD of Al2O3 

The FTIR spectra obtained from the samples are presented in Figure  4-21. The 

FTIR spectrum from a Cr film without any Al2O3 film is also presented as a 

reference. Sample number (i) had a very similar spectrum to the Cr sample. The 

only difference was the broad peak between 750 and 950 cm-1 [41] due to the 

Al2O3 layer (Al-O stretching) which was absent in the Cr spectrum. Samples (iii) 

and (iv) also showed similar spectra. The spectra for these samples showed less 

absorbance in the range of 500 to 2500 cm-1 relative to the sample (i). Both 

sample (i) and (iv) were prepared by depositing 5 nm of Al2O3 on Cr surface by 

thermal ALD. The only difference was that the sample (i) had been exposed to air 

prior to Al2O3 deposition while the other had been transferred under vacuum. The 

SE analysis showed that the sample (iv) did not have the Cr2O3 layer however the 

sample (i) had a native Cr2O3 layer with a thickness of about 2-3 nm due to 

exposure to air. Therefore, the difference in the shape of the FTIR spectrum is 

caused by the presence of the chromium oxide layer which changes the 

metal/ALD oxide interface.  The spectrum of sample (ii) which had a 5-nm Al2O3 
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deposited by PEALD was between samples (i) and (iv), which is consistent with 

the SE data which showed that it has a 1.4-nm chromium oxide layer. To better 

distinguish the differences in the FTIR spectra of these samples, their 

corresponding curves were subtracted from the curve of Cr sample and an offset 

was added to match the Al-O stretching peak. The results are shown in 

Figure  4-22. As mentioned earlier, the shape of the curves underwent significant 

changes as a result of change in the interface. It is suggested that the presence and 

thickness of the interfacial chromium oxide layer cause the spectrum to shift up 

or down. 

 

 

 

 

Figure  4-21 FTIR spectra of thin aluminum oxide on Cr films with different Cr/Al2O3 interfaces. 
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Figure  4-22 FTIR spectra of thin aluminum oxide on Cr films with different Cr/Al2O3 interfaces 
subtracted from the Cr spectrum. 

 

4.4 Conclusions 

 

The deposition of thin metal oxide films using thermal and plasma enhanced 

atomic layer deposition on metallic surfaces was studied using in-situ 

spectroscopic ellipsometry. The results indicated that a thin layer of metal oxide 

was formed during the initial stages of PEALD film growth. The thickness of this 

interfacial oxide layer depended on the deposition parameters such as temperature 

and also the order of introducing the reactants into the reaction chamber. The 

results also showed that covering the metal surface with a very thin layer of 

thermal ALD Al2O3 could effectively protect the metal surface from oxidation 

during the PEALD process. Thermal ALD of oxides did not involve noticeable 

oxidation of the substrate metal; however, non-linear growth was observed for the 

depositions at higher temperatures for short water pulses. The substrate-inhibited 

growth was possibly caused by the water desorption and the lack of –OH groups 

on the surface. Increasing the water pulse during each ALD cycle resulted in 

linear growth. FTIR analysis showed that the IR spectra for Cr/Al2O3 films were 

affected by the presence and thickness of the interfacial layer. 
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Chapter 5 ALD for Fabrication of Metal-Insulator-Metal 

Diodes 
*
 

 

 

 

 

 

 

 

 

5.1 Introduction 

 

Metal-insulator-metal (MIM) diodes are rectifying electron devices formed by 

positioning a thin insulating layer between two metallic electrodes. Electrons 

tunnel through the oxide in the presence of a potential difference between the 

electrodes [1, 2]. MIM devices are currently the center of attention for the 

development of next generation antenna-coupled infrared detectors [3-5], high 

frequency mixers [6], and optical rectennas [7]. The main advantage of MIM 

diodes over semiconductor rectifiers is superior response and broader bandwidth. 

MIM diodes have been fabricated using various techniques such as, thermal 

oxidation [8-10], plasma oxidation [3, 5] and anodic oxidation [11] of metallic 

surfaces. Recently Cowell et al. [12] demonstrated the application of atomic layer 

deposition (ALD) to grow metal oxides between metallic electrodes.  

                                                           
* A version of this chapter has been submitted to Journal of The Electrochemical Society. 
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ALD is a thin film deposition technique based on alternating surface reactions of 

the individual precursors leading to the controlled layer by layer growth of thin 

films [13, 14]. ALD film growth takes place through repetition of ALD cycles. 

Each cycle begins with introduction of the first precursor into the reaction 

chamber followed by carrier gas purge to remove excess reactant and chemical by 

products.  Then the second precursor is pulsed into the chamber followed by a 

carrier gas purge. The key distinctive feature of ALD is its self-limiting growth 

behavior which means the film thickness is simply controlled by counting the 

number of ALD cycles (growth per cycle or GPC) [15, 16]. This feature brings 

several benefits including excellent film uniformity over large areas, low 

temperature growth and accurate thickness control at the atomic scale [17, 18]. 

There are two modes of operation for ALD: thermal and plasma-enhanced. In 

thermal ALD (TALD), the energy required for reactions is provided solely by 

heating the substrate surface whereas in plasma-enhanced ALD (PEALD) a 

remote plasma is used as an additional source of energy to generate highly 

reactive radicals to accelerate the surface reactions. The main advantage of 

PEALD is its ability to deposit films at much lower temperatures even at room 

temperature [19]. 

Fabrication of MIM diodes featuring multiple insulating layers is possible using 

ALD. Successful fabrication of MIM diodes requires selection of suitable 

materials and appropriate deposition conditions. Here, MIM diodes with the 

following structures were fabricated: Cr/Al2O3/Cr and Cr/HfO2/Cr. Chromium 

metal was selected due to its good electrical conductivity and relatively smooth 

sputtered surface. Aluminum oxide and hafnium oxide are high-k materials with 

high break down electric fields and have been successfully deposited using ALD. 

In this chapter findings on the application of thermal and plasma-enhanced ALD 

for deposition of metal oxides used in fabrication of MIM diodes are presented. 

Since deposition of a thin insulator on a metal surface is a major step in 

fabrication of MIM diodes, deposition characteristics of aluminum and hafnium 

oxide as an insulator on chromium electrodes is examined in this chapter. 
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Electrical measurements including capacitance-voltage (CV) and current-voltage 

(IV) were also performed to study the electrical properties of the fabricated MIM 

diodes. 

 

5.2 Experimental Procedure 

 

The structure of MIM diodes is shown schematically in Figure  5-1.  The 

chromium metal film as the bottom electrode was deposited by DC magnetron 

sputtering on a thermally oxidized Si (100) substrate.  This was followed by the 

deposition of an insulating oxide using ALD. Finally, the top chromium electrode, 

in the form of circular dots, was sputter deposited on the ALD oxide layer using a 

shadow mask.  ALD films were also grown on bare Si (100) wafers for 

comparison. 

 

 

Figure  5-1 Schematic structure of MIM diodes. The two metallic electrodes are separated by a thin 

insulating layer. The electrical measurements are performed by applying a potential across the 

insulating layer. 
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The depositions were carried out in an integrated ALD research system from Kurt 

J. Lesker that incorporated an ALD reactor with dual thermal and remote plasma 

capability, as well as in-situ spectroscopic ellipsometry.  The ALD reactor was 

connected, through vacuum transfer via a load-lock, with a sputtering chamber as 

shown schematically in Figure  5-2. The sputtering chamber had a base pressure of 

<1.3 x 10-5 Pa.  

 

 

Figure  5-2 Schematic layout of the ALD research system. 

 

The metal depositions were carried out with an argon pressure of 0.23 Pa and at 

constant power of 300 W. The operating conditions were chosen based on studies 

on Cr sputtering reported elsewhere [20] to obtain metallic films with the lowest 

residual oxygen and therefore lowest resistivity.  The thickness of both the bottom 

and top Cr electrodes was chosen to be 100 nm. Each of the top electrodes had an 

area of 0.25 mm2. The ALD system was loaded with 

tetrakis(dimethylamino)hafnium, TDMAH, and trimethylaluminium, TMA, 

precursors that were used along with water (TALD) or oxygen plasma (PEALD) 
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to deposit hafnium and aluminum oxide. The water precursor was 18 MΩ 

deionized water, and the oxygen for PEALD was 99.999% pure.  High purity 

argon (99.999%) was used as the purge gas. Each thermal cycle included a short 

dose (20-40 ms) of the metallo-organic precursor (TDMAH or TMA) followed by 

5 s purge and a water pulse (0.5 s) followed by a 10 s purge. The first half of the 

PEALD cycle was the same as for thermal ALD; however, in the second half, 

instead of using water the chamber was exposed to 1 s of remote oxygen plasma 

followed by 2 s of argon purge. The oxides deposited by ALD had a nominal 

thickness of 1.5-6.5 nm. The oxide film thickness was measured in-situ, using a J. 

A. Woollam M-2000DI ellipsometer with a wide spectral range of 197-1700 nm 

and fast acquisition speed of 20 dispersions per second. This was ideal for real-

time monitoring of film thickness and any change in properties of film-substrate 

interface.  

To determine the surface composition of the films, XPS analysis was performed 

using a Kratos Analytical AXIS-165 spectrometer at the Alberta Centre for 

Surface Engineering and Science (ACSES). The base pressure in the analytical 

chamber was lower than 3 x 10-8 Pa.  A monochromatic Al Kα  (hν= 1486.6 eV) 

source was  used at a power of 210 W. Survey spectra were collected for binding 

energies ranging from 1100 to 0 eV with a pass energy (PE) of 160 eV and a step 

of 0.35 eV. High-resolution spectra were measured with a PE of 20 eV and a step 

of 0.1 eV.  To remove surface contamination, samples were sputter etched using 

argon ions for 2 min.  

Electrical measurements were also carried out in order to evaluate the properties 

of fabricated MIM diodes. I-V and capacitance measurements were performed 

using a Keithley 2400 source meter and a Keithley 595 quasistatic CV meter, 

respectively. The measured capacitance was corrected to include effects of 

leakage current.  
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5.3 Results and Discussion 

5.3.1 Deposition and Film Properties 

 

One key consideration in the fabrication process of MIM structures is the growth 

of the insulating material with a desired thickness. Since the insulator layer needs 

to be very thin (2-5 nm range) to increase the tunneling probability, precise 

thickness measurement is essential. Although linear film growth (thickness versus 

the number of ALD cycles) is attributed to ALD, the first stages of film growth 

may involve nucleation, substrate-enhanced growth or interfacial changes. To 

study the ALD growth of aluminum and hafnium oxide films on chromium 

surfaces and the effect of ALD mode (thermal and plasma enhanced), the change 

in film thickness after each ALD cycle was measured by in-situ ellipsometry. The 

results presented in Figure  5-3 show the growth characteristics of Al2O3 and HfO2 

on Cr surfaces at 100oC. Thermal ALD of Al2O3 on Cr (Figure  5-3a) showed 

linear growth with a slope (growth per cycle, GPC) of ~0.85 Å/cycle that is very 

close to the GPC of Al2O3 on Si substrates. Thermal ALD of HfO2 on Cr surface 

(Figure  5-3b) also showed linear growth with a slope of ~1.35 Å/cycle. However, 

the growth rate was slightly lower during the first few cycles (<10).  This 

observation suggested that the thermal ALD growth of HfO2 on Cr was affected 

by the Cr substrate. This type of ALD growth is referred to as substrate-inhibited 

growth [16]. At the deposition temperature of 300oC, the effect of substrate on the 

thermal ALD growth was more dominant causing growth delays for both Al2O3 

and HfO2.  

The PEALD deposition (Figure  5-3c, d) on Cr involved oxidation of the Cr 

surface due to exposure to oxygen plasma during the first few ALD cycles. As a 

result, the growth rate appeared to be higher initially (Cr2O3 thickness was added 

to ALD oxide thickness).  Once the deposited oxide thickness was large enough to 

prevent the oxygen reaching the underlying Cr layer, the oxidation stopped and 

linear ALD growth was observed. The inset graph in Figure  5-3c depicts a more 
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detailed view of the initial ALD cycles that led to the oxidation of Cr surface. The 

first half-cycle covered the surface with adsorbed TMA molecules. Once the 

plasma pulse was ignited during the second half-cycle (indicated by the vertical 

arrow), in addition to the growth of Al2O3, a thin chromium layer was also 

formed. This caused the GPC to be higher than expected.  As the deposition 

continued, the ALD oxide layer grew thicker and the amount of chromium oxide 

formed during each cycle decreased rapidly until it stopped completely after 5 

cycles. The dashed lines in Figure  5-3 c and Figure  5-3d represent the linear 

growth observed in ALD of the corresponding oxide on a Si substrate. Therefore, 

the offset between the measured thickness and the dashed line is a representation 

of the magnitude of the interfacial chromium oxide layer.   

The results presented in the previous chapter showed that the thickness of the 

interfacial chromium oxide layer formed during PEALD of Al2O3 on Cr was in 

the range of 1.4 - 2.5 nm, depending on the ALD conditions. The deposition at 

300oC also had similar characteristics to 100oC. The main difference was the 

interfacial oxide that was slightly thicker at 300oC.  A comparison between the 

growth curves for Al2O3 and HfO2 indicated that a thicker interfacial chromium 

oxide formed during the PEALD of HfO2. This suggested that on the nano-scale, 

aluminum oxide was a better plasma oxygen diffusion barrier than hafnium oxide.  
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Figure  5-3 Growth of Al2O3 and HfO2 thin films on Cr substrate as measured by in-situ 

ellipsometry; (a) Thermal ALD of Al2O3; (b) Plasma ALD of Al2O3; (c) Thermal ALD of HfO2; 

(d) Plasma ALD of HfO2. All the depositions were at 100oC. The dashed lines indicate ideal 

growth. 

 

The chemical composition of thin (10 nm) Al2O3 and HfO2 films calculated from 

XPS quantitative analysis is presented in Table  5-1 and Table  5-2, respectively. 

All the films contained carbon as an impurity that was due to organometallic 

nature of the precursors. Hafnium oxide films contained more carbon than 

aluminum oxide films since the precursor used for deposition of HfO2 (TDMAH) 

had a higher carbon content than the TMA. There are eight carbon atoms for 

every metal atom in the TDMAH molecule whereas for TMA, the carbon/metal 

ratio is only three. This increased the chance of carbon incorporation into the 

HfO2 films.  
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Table  5-1 Chemical composition of Al2O3 ALD films 

Oxide ALD 

Type 

Deposition 

Temperature (oC) 

Al at.% O at. % C at.% O/M ratio 

Al2O3 TALD 100 36.7 60.5 2.8 1.65 

Al2O3 PEALD 100 36.8 61.2 2.0 1.66 

Al2O3 TALD 300 38.3 59.6 2.1 1.56 

Al2O3 PEALD 300 38.5 60.0 1.5 1.56 

 

Table  5-2 Chemical composition of HfO2 ALD films 

Oxide ALD 

Type 

Deposition 

Temperature (oC) 

Hf at.% O at. % C at.% O/M ratio 

HfO2 TALD 100 30.5 64.7 4.8 2.12 

HfO2 PEALD 100 28.6 66.4 4.9 2.32 

HfO2 TALD 300 31.2 65.3 3.5 2.09 

HfO2 PEALD 300 31.5 65.5 3.0 2.07 

 

For Al2O3 films, PEALD produced films with less carbon content compared to 

thermal ALD. However for HfO2 films, carbon content did not depend on the type 

of ALD process. The oxygen to metal ratio was higher than the oxide 

stoichiometry of 1.5 for Al2O3 and 2.0 for HfO2. The ratio was closer to the 

stoichiometric value when the deposition temperature was increased from 100oC 

to 300oC. Additionally, the carbon levels were lower in the films deposited at 

300oC, which indicated that denser films were grown at higher deposition 

temperatures. This observation is in good agreement with previously reported 

results [21]. The films were also expected to contain some levels of hydrogen, 

although the XPS results could not be used to confirm this due to insensitivity to 

light elements.  

Figure  5-4 shows XPS spectra for Al 2p, Hf 4f, and C 1s core levels in both 

thermal ALD and PEALD 10nm-thick Al2O3 and HfO2 films on Si substrates 

grown at a deposition temperature of 100oC. The peaks were calibrated based on 
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the C 1s peak at 284.8 eV. As shown in Figure  5-4 a and b, Al 2p and Hf 4f peaks 

were very similar in both of the thermal and plasma ALD films. However, a small 

shift toward the lower binding energies was observed in the PEALD films that 

appeared to be related to the difference in the oxygen/metal ratio in the films 

(PEALD films being slightly richer in oxygen). The shift was more prominent in 

the HfO2 films (~ 0.5 eV) since a relatively larger difference in the oxygen/metal 

ratio of the thermal ALD and PEALD is observed in the quantitative analysis 

(Table  5-1). This shift in the binding energy of Hf 4f peaks as a result of change 

in oxygen/metal ratio was also observed previosuly by He et al. [22].  

Since the films contained carbon as impurity, high resolution XPS spectra of C 1s 

peak are also presented in the Figure  5-4c, d. The characteristic C 1s peak was 

observed at 284.8 eV and a second unknown peak occurs between 288 and 292 

eV. This peak may be due to carbon compounds that contain the O-C=O bond at 

289.03 eV. The comparison between thermal ALD and PEALD indicated that the 

second carbon peak was larger in the PEALD films, which contained more 

oxygen than the stoichiometric ratio. In addition to hydrogen, some of the excess 

oxygen in the films is bound to carbon. The O-C=O peak was barely visible in the 

thermal HfO2 spectra that had the lowest oxygen/metal ratio. The O-C=O peak 

was also not detected in any films grown at 300oC. 
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Figure  5-4 XPS spectra of ALD films (10-nm) deposited on Si (100) substrate in thermal and 

plasma modes at 100oC: (a) Al 2p peak from Al2O3; (b) Hf 4f peaks from HfO2; (c) C 1s peak 

from Al2O3; (d) C 1s peak from HfO2. 

 

A cross sectional TEM image of an MIM structure is shown in Figure  5-5. The 

ALD oxide consisted of a 2 nm-thick HfO2 layer and 2 nm-thick Al2O3 layer 

deposited in PEALD mode. The surface of the bottom Cr metal appeared to be 

relatively rough with an RMS roughness of ~1.4 nm from AFM measurements. 

The structure of the Cr layer consisted of columnar grains. The image in the right 

shows a close up view of one of the grains at the surface of the upper Cr layer 

covered in a thin layer of native oxide. The upper left image shows the ALD 

oxide film between the two metal layers. Although the surface of the bottom Cr 

layer was rough, the interface between the ALD oxide and the upper Cr layer 

appeared to be relatively smooth. It is expected that the thin ALD film creates the 

same topography as the original surface since conformal film deposition is a key 
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attribute of the ALD process. However, in this case the exposure of the metal 

surface to oxygen plasma is believed to change the surface features making the 

surface smoother.  

 

 

Figure  5-5 Cross sectional TEM image of an MIM (Cr/Cr2O3-HfO2-Al2O3/Cr) structure. The 

bottom-left image shcematically shows the structure of the native oxide around the Cr grains and 

the deposited ALD oxide. 

 

Figure  5-6 shows SEM images of sputtered Cr films before and after exposure to 

oxygen plasma. As can be seen in the figure, the surface features are affected by 

the plasma treatment and the surface appears to be not as rough. Therefore the 

simultaneous growth of chromium oxide caused by plasma oxidation and growth 

of ALD oxides resulted in the formation of a smoother surface.  
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Figure  5-6 Plan-view SEM image of sputtered Cr surface: (a) as-deposited and (b) after being 

exposed to oxygen plasma. The oxidation process has changed the morphology of the surface. 

 

5.3.2 Capacitance Measurements 

 

The CV plot for Cr/ 4.6 nm Al2O3 /Cr diode is shown in Figure  5-7. The 

capacitance model can be considered as a simple oxide layer between two metallic 

flat surfaces. Therefore the capacitance does not have a significant dependence on 

the applied voltage. However, the measured capacitance needs to be corrected by 

excluding the effect of current leakage on capacitance (here done through CV 

meter internal software). The comparison between MIM diodes with oxides 

prepared by thermal ALD and PEALD revealed that the using PEALD resulted in 

lowered measured capacitance. The ellipsometry data showed that a thin 

interfacial chromium oxide layer was formed during the ALD film growth. The 

presence of this interfacial layer lowered the capacitance. The diode with PEALD 

oxide deposited at 300oC showed a higher C compared to the one deposited at 

100oC. The difference was explained by referring to the chemical composition 
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data which showed that the films deposited at higher substrate temperatures had 

less impurity. Therefore, the dielectric properties could be improved by increasing 

the deposition temperature (within the limits of ALD temperature window). 

 

 

Figure  5-7 CV charactertics of Cr/4.6 nm Al2O3 /Cr diodes. A lower capacitance was measured for 

MIM diodes prepared by PEALD due to presence of a thin interfacial chromium oxide. 

 

Figure  5-8 shows the variation of capacitance as a function of insulator thickness 

for Cr/Al2O3/Cr and Cr/HfO2/Cr MIM diodes. It can be seen that the capacitance 

decreased with an increase in dielectric film thickness. The dashed lines show the 

calculated capacitance from � = 
�
�



�
 equation based on the average measured 

dielectric constant of Al2O3 (~8.5) and HfO2 (~20) ALD films. 
� is a constant, 
� 

is the dielectric constant, A is the area and d is the thickness of the dieletric layer. 

It is clear that the capacitance of MIM diodes was higher than what it should be 

based on the calculations. One possible explanation for this discrepancy was 

connected with the surface roughness of the metallic electrodes in MIM diodes. 

As the TEM images suggested, the real surface area in an MIM diode was slightly 

larger than the geometric area, A (used in the calculation). As a result, the 

measured capacitance was higher than the calculated value. The comparison 
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between the MIM diodes prepared by plasma and thermal ALD revealed that the 

PEALD resulted in a lower capacitance value. This is explained by the formation 

of a thin interfacial metal oxide layer between the metal surface and the ALD 

layer during the plasma ALD process as discussed previously. Interestingly, the 

difference between the capacitance of MIM diodes prepared by plasma and 

thermal ALD was larger for hafnium oxide diodes compared to aluminum oxide 

diodes. As shown in Figure  5-3, a thicker native oxide was formed during PEALD 

of hafnium oxide and therefore the MIM diodes made by PEALD showed a larger 

decrease in capacitance with respect to the MIM diodes made by thermal ALD. 

The difference between the calculated and measured C was relatively small for 

10-nm diodes. One possible explanation is that the real surface area is getting 

closer to the geometric area as the thickness of the insulator layer increases.  

 

 

Figure  5-8 Capacitance vs thickness for MIM structures prepared by PEALD and thermal ALD. 

 

5.3.3 IV Characteristics 

 

The IV characteristics of the fabricated Cr/ 4.6 nm Al2O3/Cr diodes are shown in 

Figure  5-9. At low applied voltages, the leakage current was very small (on the 
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order of few nA). At higher potentials, a rapid increase in the current was 

observed that is described as Fowler–Nordheim tunneling. Further increase in the 

applied voltage led to irreversible breakdown of the insulating layer. 

  

 

Figure  5-9 IV characteristics of MIM diodes with Cr/Al2O3/Cr structure with an ALD oxide 

thickness of 4.6 nm. 

 

Comparison between the diodes made by PEALD and thermal ALD revealed that 

the Fowler–Nordheim tunneling occurred at higher potentials for diodes made 

from PEALD films. Consequently, a higher breakdown voltage was also observed 

for PEALD diodes compared to the thermal ALD. Additionally, the diodes 

fabricated by PEALD, had lower leakage currents than thermal ALD with the 

same ALD oxide thickness. This difference was due to the interfacial chromium 

oxide layer which increased the overall thickness of the insulating layer in the 

diodes made by PEALD.  

The effect of deposition temperature on tunneling characteristics was also seen by 

comparing IV curves for diodes with oxides grown by PEALD at 100oC and 

300oC. The increase in the deposition temperature resulted in a higher breakdown 

voltage and a lower tunneling current. The interfacial oxide was measured to be 
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slightly thicker for films deposited at higher temperatures which increased the 

overall thickness causing the tunneling to occur at a higher voltage. Additionally, 

a better oxide quality was obtained for films grown at 300oC (lower impurity 

levels) which affected the electrical performance. Beside breakdown voltage, 

another property of these IV curves is their asymmetry which is defined here as 

the ratio of absolute measured current at an applied voltage bias of ±2 V. A higher 

asymmetry value of 2.6 was obtained for diodes with PEALD oxide compared to 

a value of 1.3 for thermal ALD-grown diodes. A zero-bias resistance of 0.9x1012 

Ω and 1.2x1012 Ω was measured for thermal ALD and PEALD diodes, 

respectively.  

Figure  5-10 shows IV curves for MIM diodes with HfO2 as the insulator layer. 

Similar to Al2O3 diodes, HfO2 diodes behaved differently for thermal ALD and 

PEALD. This was due to the presence of the interfacial chromium oxide layer. 

The zero-bias resistance was measured to be 1.2x1011 Ω and 2.3x1011 Ω for 

thermal ALD and PEALD diodes, respectively. The IV curve for a Cr/ 6.5 nm 

HfO2/Cr is also presented in Figure  5-10 to illustrate the effect of insulator 

thickness on the IV curves. 

 

 

Figure  5-10 IV curves for MIM diodes with Cr/HfO2/Cr structure. 
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The IV characteristics of Cr/Al2O3/Cr diodes with PEALD oxide thickness of 1.5 

and 2.3 nm is shown in Figure  5-11. 1.5 nm (10 PEALD cycles) was the thinnest 

ALD oxide thickness that resulted in working MIM diodes. The diodes with 

thinner oxides were electrically shorted. Unlike diodes with thicker insulating 

layers, for 1.5 nm diode the tunneling occurs at very small potentials. The overall 

insulator thickness in this sample was ~3 nm, including the interfacial chromium 

oxide layer. Since the RMS value for surface roughness of Cr metals was ~ 1.4 

nm, the ALD oxide needed to be at least equal to the RMS roughness for MIM 

diodes to be working. For thermal ALD, the minimum required thickness was 4 

nm which indicated that PEALD was a more practical tool for fabrication of MIM 

diodes with ultra-thin layers (plasma grows a thicker chrome oxide layer which 

produced a smoother PEALD layer than thermal ALD). The minimum oxide 

thickness can be lowered by decreasing the surface area of the diodes as well as 

reducing the surface roughness of the metallic electrodes. 

 

 

Figure  5-11 IV curves for MIM diodes (Cr/PEALD Al2O3/Cr) 

 

The XPS and CV data indicated that the MIM diodes with ALD oxides deposited 

at higher temperatures had a superior quality with respect to impurity levels, 

density and dielectric properties. PEALD seemed to be a more suitable option due 



 

126 

 

to its linear growth characteristics and lower impurity levels. The samples with 

oxide grown by thermal ALD at high substrate temperatures were often 

electrically short. As a result of growth delays combined with the rough surface of 

the substrate, the final film was neither uniform nor thick enough to electrically 

isolate the two metallic electrodes. The main limitation in applying the PEALD in 

fabrication of MIM diodes was the possible effects of the interfacial oxide layer. 

However, the oxidation of the metal electrode during the PEALD could be 

effectively reduced by utilizing a combination of thermal ALD and PEALD. The 

metal surface can be protected against plasma oxidation by depositing a very thin 

layer of oxide using thermal ALD (thickness ~ 0.5 nm) prior to the main PEALD 

process. The thin oxide layer acts as a diffusion barrier and reduces the oxidation 

rate of metal substrate when exposed to oxygen plasma during PEALD.  For 

instance when the desired insulating layer is 5 nm of aluminum oxide, a 0.5 nm 

Al2O3 layer is first deposited by thermal ALD followed by deposition of 4.5 nm 

Al2O3 by PEALD. Figure  5-12 demonstrates the difference between the two types 

of MIM diodes, one with the interfacial oxide layer and the other without it. In 

Figure 5-12a, the schematics of the two samples with a Cr/4-nm Al2O3/Cr 

structure are shown.  

The left sample had a regular PEALD recipe (at 300oC) which resulted in 

formation of an interfacial chromium oxide layer. The right sample had the 

modified thermal ALD/PEALD recipe. In-situ ellipsometry data proved that the 

effect of oxygen plasma on the metal substrate was minimal when this recipe was 

used.  
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Figure  5-12 Comparison between diodes fabricated by regular PEALD and combination of 
TALD/PEALD. (a) Schematic representation of diode structures made by PEALD (left) and 

TALD/ PEALD (right). (b) The corresponding IV curves for the two different type of structures. 

 

Figure  5-12 b shows the IV curve for the two samples. The sample with interfacial 

oxide layer had a higher breakdown voltage and lower current flow which was 

expected from its thicker insulating layer (Al2O3 + Cr2O3). Due to the presence of 

chromium oxide, the current in the forward and reverse bias was not the same (an 

asymmetry value of 3.9 at 4.3V). The sample without the interfacial layer had a 

smaller total thickness (only Al2O3). Therefore, it showed a smaller breakdown 

voltage. Additionally, a symmetric IV curve was observed for this sample. The 

increase in asymmetry for MIM diodes fabricated by regular PEALD process can 

be regarded as an advantage when high non-linearity is desired. Recently, it was 

demonstrated that high IV non-linearity could be achieved by utilizing multilayers 

instead of single insulating layers. For instance, a diode with Cr/Cr2O3-Al2O3-
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HfO2/Cr produced very high non-linear IV curves*. In this case, the presence of 

the interfacial oxide did not have any negative effect. 

 

5.3.4 MIM Diodes with Multiple Insulating Layers 

 

In order to increase the IV asymmetry, one approach is to have multiple insulating 

layers instead of one single layer. Since the electron tunneling probability depends 

on the insulator thickness and the metal work function, the barrier under forward 

and reverse bias must be different to increase asymmetry. The idea initially 

proposed by Di Ventra et al. [23] was that an electron tunneling device consisting 

of laterally indented barriers would have enhanced non-linearity compared to a 

conventional MIM device. A comparison between the IV characteristics of an 

MIM diode with two insulating layers, Al2O3 and HfO2, and two MIM diodes 

with single layers is shown in Figure  5-13. The overall thickness was 4 nm for all 

the diodes. It can be seen that the MIM diode with two layers presents an 

asymmetric curve. The films were all deposited by PEALD at 300oC. In order to 

prevent the formation of the Cr interfacial oxide layer, the Cr films were 

transferred under vacuum to the ALD chamber after the sputtering process. 

Additionally, the Cr surface was first coated with 0.5 nm of Al2O3 by thermal 

ALD to protect the metal surface against oxidation during the subsequent 

PEALD, as discussed earlier.   

                                                           
*
 Paper under publication: Observation of Resonant Tunneling Phenomenon in Metal-Insulator-

Insulator-Insulator-Metal Electron Tunnel Devices, Appl. Phys. Lett. (2012) 
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Figure  5-13 IV curves for (a) the Cr/2nm Al2O3- 2 nmHfO2/Cr and (b) the Cr/4 nm HfO2/Cr and 

Cr/4nm Al2O3/Cr diodes*. 

 

5.4 Conclusions 

 

MIM diodes were fabricated by depositing thin layers of Al2O3 and HfO2 on 

sputtered Cr electrodes using ALD operated in thermal and plasma-enhanced 

                                                           
*
 The graphs in this figure have been published in: 

P. Maraghechi, A. Foroughi-Abari, K. Cadien, and A. Y. Elezzabi, Appl. Phys. Lett. 99, 253503 
(2011) 
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modes. The thickness and growth characteristics of ALD films on Cr electrodes 

were analysed using in-situ spectroscopic ellipsometry. The results showed that 

during the plasma ALD, a thin interfacial chromium oxide layer was formed 

between the ALD oxide and the metallic layer.  Electrical characterization 

revealed that the interfacial oxide layer could alter various properties of the MIM 

diodes. MIM diodes fabricated using PEALD, showed higher breakdown voltage, 

higher zero bias resistance and less leakage current. Additionally, MIM didoes 

prepared using PEALD had lower capacitance compared to those prepared using 

thermal ALD. Thermal ALD and PEALD can both be successfully used in the 

fabrication process of MIM diodes. PEALD is a more suitable method for 

preparation of MIM diodes with ultra-thin dielectric layers.  
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Chapter 6  Summary, Conclusions, and Future Directions 

 

 

 

 

 

 

 

Deposition of metal oxides on metallic substrates using ALD was studied in this 

thesis. Special attention was given to the growth of aluminum oxide on chromium 

metal. Chapter 2 focused on characterizing the deposition of metal oxides on 

silicon substrates using various analytical techniques such as spectroscopic 

ellipsometry, XPS, TEM, and FTIR. The ALD research system used in the 

experiments had the capability to operate in the conventional thermal and plasma-

enhanced modes. The films deposited in these two different operation modes were 

compared in terms of growth characteristics and other properties such as chemical 

analysis, and index of refraction. Compositional analysis performed by XPS 

measurements showed that all the ALD films contained carbon as impurity. The 

oxygen to metal ratio was also determined to be higher than the stoichiometry 

ratio. Both the impurity levels and oxygen to metal ratio were improved by 

increasing the deposition temperature. XPS analysis was insensitive to hydrogen 

level in the films. Other analytical techniques such as Rutherford backscattering 

spectrometry (RBS) can be used to reliably determine the hydrogen level in the 

films. The results can then be used to describe the relation between hydrogen 

content and ALD process parameters. It is also important to note that the 

characterization was only done on as-deposited films. Thermal annealing can be 

performed to decrease the impurity level.  
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To study the ALD film growth on metallic substrates, thin metal films were 

deposited on silicon and silicon oxide substrates by means of D.C. magnetron 

sputtering. The metal films were then transferred under vacuum to the ALD 

chamber to monitor the film deposition using in-situ spectroscopic ellipsometry. 

Chapter 3 presented the results on the relationship between sputtering parameters, 

mainly base pressure and argon working pressure, and the film properties 

including microstructure, resistivity, and impurity levels in the sputtering process 

of chromium as a representative of metals. The results showed that low sputtering 

pressure and low base pressure were needed to obtain chromium thin films with 

low oxygen levels and low resistivity values. The depositions were done at room 

temperature. Further examination with the addition of substrate temperature as a 

parameter is proposed as a future step.  

In Chapter 4, in-situ spectroscopic ellipsometry was used to monitor the film 

growth during the ALD of metal oxides on metallic substrates, both in thermal 

and plasma-enhanced ALD. The exposure of metal surface to highly reactive 

oxygen radicals generated in the oxygen plasma resulted in the oxidation of the 

metal surface. The oxidation kinetics was monitored for several metals including 

chromium, tantalum, nickel, and silver. Cabrera-Mott oxidation model was 

implemented to describe the complex oxidation kinetics. In-situ ellipsometry was 

shown to be a very capable and precise tool for observation of oxidation process 

in oxygen plasma environment.  

The results showed that a thin layer of interfacial metal oxide formed when 

plasma-enhanced ALD was used. Additionally, the relation between the 

interfacial layer thickness and ALD process parameters was investigated. Thermal 

ALD did not involve any oxidation of the base metal; however, non-linear growth 

was observed for the deposition at temperatures above 100oC. The exact nature of 

this type of growth could not be determined. More experiments are needed to shed 

light on this phenomenon. High-resolution cross-section TEM imaging and Auger 

electron spectroscopy (AES) elemental mapping may be used to study the 

possible nucleation of oxides on metal substrates.  
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The results also showed that covering the metal surface with a very thin (~0.5 nm) 

layer of thermal ALD oxide could effectively protect the metal surface from 

oxidation during the PEALD process. It was demonstrated that PEALD can be 

employed to prepare oxide films on metallic substrates without the formation of 

interfacial oxide layers.  

Chapter 5 presented the fabrication and characterization of metal-insulator-metal 

(MIM) diodes as an important application of ALD film deposition on metal 

substrates. MIM diodes were fabricated using combination of metal sputtering and 

ALD operated in both thermal and plasma-enhanced modes. The diodes were then 

electrically characterized to determine their electrical performance. The results 

showed that both thermal and plasma-enhanced ALD could be successfully 

employed to fabricate MIM diodes; however, plasma-enhanced ALD was 

preferred due to its flexibility and superior device performance. It is important to 

note that one must pay attention to the presence of interfacial oxide layer when 

plasma-enhanced ALD is used, as this thin layer could alter the device electrical 

characteristics. However, the oxidation of the metal electrode during the PEALD 

could be effectively reduced by utilizing a combination of thermal ALD and 

PEALD.  

With the knowledge of ALD growth characteristics on metals, novel MIM devices 

with multiple insulating layers were fabricated which presented enhanced 

properties such as high non-linearity. 

One of the major drawbacks of using sputtering to prepare metal surfaces for 

MIM fabrication was that the metal surfaces are usually very rough. A possible 

solution is to polish the metal surface to obtain an atomically smooth surface. This 

could be done using chemical mechanical polish (CMP). Having a very smooth 

metal surface would allow fabrication of MIM diodes with an insulator thinner 

than 2 nm which could improve the quantum tunneling current.  

 

 


