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In recent years, advanced high κ gate dielectrics are under serious consideration 

to replace SiO2 and SiON in semiconductor industry.  Hafnium-based dielectrics such as 

hafnium oxides, oxynitrides and Hf-based silicates/nitrided silicates are emerging as 

some of the most promising alternatives to SiO2/SiON gate dielectrics in complementary 

metal oxide semiconductor (CMOS) devices. Extensive efforts have been taken to 

understand the effects of hydrogen impurities in semiconductors and its behavior such as 

incorporation, diffusion, trapping and release with the aim of controlling and using it to 

optimize the performance of electronic device structures.  

In this dissertation, a systematic study of hydrogen trapping and the role of carbon 

impurities in various alternate gate dielectric candidates, HfO2/Si, HfxSi1-xO2/Si, HfON/Si 

and HfON(C)/Si is presented. It has been shown that processing of high κ dielectrics may 

lead to some crystallization issues. Rutherford backscattering spectroscopy (RBS) for 

measuring oxygen deficiencies, elastic recoil detection analysis (ERDA) for quantifying 

hydrogen and nuclear reaction analysis (NRA) for quantifying carbon, X-ray diffraction 

(XRD) for measuring degree of crystallinity and X-ray photoelectron spectroscopy (XPS) 

were used to characterize these thin dielectric materials. ERDA data are used to 

characterize the evolution of hydrogen during annealing in hydrogen ambient in 

combination with preprocessing in oxygen and nitrogen. 
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CHAPTER 1 
 

INTRODUCTION 
 

 
Since the invention of integrated circuit in 1958, there has been unprecedented 

growth of semiconductor industry. When in 1965 Gordon Moore observed an exponential 

growth in the number of transistors per integrated circuit. His observation was honored as 

Moore’s law1, which states that number of transistors on a chip is expected to double 

every 12-18 months to achieve greater integrated circuit functionality and performance at 

lower cost.2 Since then complementary-metal-oxide-semiconductor (CMOS) device 

technology has maintained its dizzying pace primarily driven by aggressive shrinking of 

the transistor channel length and associated device dimensions. Although the 

functionality of the transistor devices remain the same in various generations, shrinking 

the dimensions of the transistor has created number of difficult challenges in CMOS 

processing, as well as in device integration. One of the key challenges is the need for an 

alternative gate dielectric material, as recognized by the international technology 

roadmap for semiconductors 2003 (ITRS 2003).3 

           High-κ gate dielectrics have been extensively investigated as potential candidate 

for replacement of SiO2/SiON layers as gate oxide in future generation metal-oxide-

semiconductor field effect transistor’s (MOSFET) technology in order to attain the 

capacitance while maintaining larger physical thickness to maintain low leakage 

currents.4 Effective oxide thickness (EOT) less than 1.0nm is required for the future 
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technology node whereas tunneling currents become quite prominent below 1.5nm thus 

leading to high leakage currents.5  High-k dielectrics investigated till date face a number 

of difficulties: crystallization upon heating, fixed charge, high interface state density, 

chemical and structural stability (in some cases instability in contact with poly-Si), low 

channel mobility, uncontrolled oxide formation at the Si/high-k interface and dopant 

penetration. 6,7,8 

           Recently, Group IVA (Hf and Zr) metal oxides, their silicates and nitrided silicates 

HfO2,9,10 HfSixOy,5 HfSiON11, ZrSixOy,12
 and ZrO2

13,14 have received significant 

attention as alternative gate dielectrics due to their thermodynamic stability, low interface 

states on Si and large barrier height.15 One of the key obstacles to high-κ integration into 

Si nano-technology are electronic defects in high-κ materials. It is widely known that 

hydrogen is highly efficient in improving the device characteristics by passivating the 

defects in the oxide and at the SiO2/Si interface on thermal treatments in hydrogen 

ambien

e to its 

any 

the main component. It can accumulate at any interface, in voids or defects in bulk oxide, 

t.16  

Hydrogen is of paramount importance in the semiconductor technology du

ubiquitous nature in various deposition methods as well as post processing of the 

electronic devices. Hydrogen can exists in its atomic state H0, molecular hydrogen H2 or 

positively charged hydrogen or proton H+, as a component of hydroxyl group OH, as 

hydronium ion H3O+ or as hydroxide ions OH- and is virtually incorporated during 

step in IC fabrication or materials treatment:  in the form of water, forming part of 

chemicals, precursors in deposition methods and even in ultra high vacuum systems as 
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in metal contacts, in solution in both Si and SiO2 and can form chemical bonds with 

atoms including dopants. 

The presence of H+ in gate dielectrics has been associated with positive fixed 

charge in SiO2.17,18,19 Hydrogen is responsible for many undesirable properties 

degradation usually leading to device failure. High-k dielectric films are believed to 

exhibit significantly higher charge trapping affinity than SiO2.20 The interface with the 

silicon channel plays a key role in determining overall electrical properties, since it 

defines a) maximum capacitance achievable and b) carrier mobility. Nevertheless, the 

presence of hydrogen in these materials is known to be detrimental, as hydrogen can 

migrate into and out of the high-k/Si interface at relatively low temperatures that can 

cause serious reliability issues due to negative biased temperature instability (NBTI).21 

The role of hydrogen on the bulk and interfacial defects in Hf-based dielectrics and its 

correlation to electrical properties and degradation are still unknown.  

However, very little is known about the nature and the mechanisms of hydrogen-

defects interactions including their trapping, release and diffusion. The present 

dissertation is primarily intended to contribute to the understanding of properties and 

behavior of hydrogen incorporation and release in various Hf based high-k dielectric 

materials, to study the transport and interaction of hydrogen with bulk and interface 

defects associated with high-k gate dielectric materials on Si and their interfaces and to 

study the correlation between oxygen vacancy defects, carbon impurities, crystallization 

and hydrogen trapping/electrical properties. 
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In Chapter 2, an overall description of the basic concepts of MOS devices and a 

brief description of device scaling is presented. The second part of this chapter 

summarizes relevant studies of hydrogen in Si based electronic structures and its role in 

passivation/depassivation, degradation and charge trapping. This includes a discussion on 

some recent extensive studies of high-κ based materials with focus on electrical 

characterization and degradation mechanisms. 

                In Chapter 3, evolution of hydrogen in HfO2/Si structures during annealing in 

hydrogen ambient in combination with oxygen and nitrogen pre-processing is presented. 

ERDA measurements indicate that hydrogen trapping is most abundant in bulk of the as-

dep HfO2. Here, hydrogen trapping in bulk HfO2 is dependent on the forming gas anneal 

temperature and is observed to be maximum at a temperature of 300oC. It was shown that 

bulk hydrogen trapping is due to the strong dependence on carbon – hydrogen complex 

which is confirmed and due to the crystallization effects in the anneals in oxygen and 

nitrogen oxygen deficiency or it may also be due but to a less extent to the (oxygen 

vacancy-hydrogen complex). An irradiation of pre-oxidized HfO2 and annealing in 

forming gas at 300oC showed the lowest hydrogen trapping in bulk HfO2. This is probably 

due to the amorphization of crystallized HfO2 and ion irradiation induced recombinations/ 

reduction in micro-structural defects.  

            In Chapter 4 results of ERDA, used to characterize the evolution of hydrogen in 

the bulk of HfxSi1-xO2/Si (40% SiO2 and 80% SiO2) structures during annealing in 

hydrogen ambient in combination with preprocessing in oxygen and nitrogen. ERDA, 

RBS, NRA and XRD were used for extensive characterization. The hydrogen trap sites 
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show strong dependence on the HfO2/SiO2 ratio. Detailed ERDA study of hydrogen 

trapping at the interface of HfxSi1-xO2/Si structures during annealing in hydrogen ambient 

is presented. Trapping of hydrogen in HfxSi1-xO2/Si structures significantly depends on 

processing ambient (oxygen/nitrogen). Hydrogen trapping in bulk HfxSi1-xO2 is 

significantly reduced for pre-oxidized HfxSi1-xO2 prior to forming gas anneal. There is a 

strong dependence on oxygen pre-processing (Oxygen vacancies/deficiencies hydrogen-

carbon impurities.  On annealing at high temperatures, HfxSi1-xO2 films have shown to 

crystallize.7 Hence in this study HfxSi1-xO2/Si films were intentionally irradiated with 

increasing Si+ fluence in order to achieve different degree of amorphization in the 

dielectric layer. Variation in hydrogen trapping in the HfxSi1-xO2/Si films was observed 

and hydrogen trapping decreases with increasing fluence of irradiation. Thus it was 

confirmed by GI-XRD and shown that crystallization plays a major role in hydrogen 

trapping in the high-k dielectrics. 

In Chapter 5, we present the role of carbon impurities in hydrogen trapping in 

HfON(C)/Si, high-k dielectrics. For such experiments HfON(C)/Si thin dielectric films 

were prepared using reactive DC sputtering with controlled introduction of carbon 

impurity content by varying the CH4 flow relative to a fixed Ar/O/N flow ratios. Recent 

findings have shown that incorporation of nitrogen into hafnium oxide films either during 

depositions or after leads to superior thermal stability and have shown to avoid 

crystallization at high temperatures.11,22 RBS, NRA, ERDA, XRD and XPS were used 

for extensive physico-chemical characterization. Hydrogen trapping and release in the 

HfON(C)/Si structures that were subjected to a combination of sequential anneals 
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involving forming gas, oxygen, and nitrogen were evaluated. Strong correlation between 

carbon impurity content crystallization and hydrogen trapping was observed. Hydrogen 

trapping in bulk is also affected but to a less extent by the oxygen vacancies as well as 

various micro structural defects present in these films. 

            Finally, at the end or this dissertation appendix is presented. In this appendix an 

overview of the most important characterization techniques and equipments used in this 

dissertation are presented that includes RBS, ERDA, NRA, XRD, XPS and Rapid 

Thermal Anneal (RTA). 
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CHAPTER 2 
 

LITERATURE REVIEW: ROLE OF HYDROGEN IN SILICON BASED 
ELECTRONIC DEVICES 

 
 
2.1 CMOS Devices: Introduction 
 

In contrast to the historically unprecedented progress in productivity and 

performance in the semiconductor industry, the basic device structure of integrated 

circuits (ICs), the metal-oxide-semiconductor-field effect-transistor (MOSFET), has 

changed very little since it became the predominant design in the 1970’s.1 With the 

advent of ultra large scale integration (ULSI) having > 107 transistors on a chip)2 

MOSFET is considered as the most vital device in the semiconductor technology. 

 
2.1.1 MIS or MOSFET Structure 

 

 The metal-insulator-semiconductor (MIS) as the name implies consists of a 

semiconductor substrate, a top gate electrode between which is an insulating gate 

dielectric film of thickness d as seen in Fig 2.1(a). Source and drain junctions are 

fabricated with a small overlap to the gate between which an inversion layer in a channel 

of length L is formed. The source and drain are formed by adding donor atoms such as 

phosphorous (in case of n+ channel) into the Si lattice by ion implantation and thermally 

activated after the gate formation. Above the silicon substrate between the source and 

drain is a thin silicon dioxide layer called the gate dielectric layer. The conductive gate on 
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the top of silicon dioxide layer completes the structure. The gate electrode material is 

usually polycrystalline silicon (poly-silicon)2 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Ideally MOSFET acts as a three terminal switch either connecting or isolating the 

drain (D) and source (S) terminals based on the voltage applied to the controlling gate 

(G) terminal as illustrated in Fig 2.1(b). In practice, this switching action is achieved 

through the use of a gate capacitor where depending on the polarity of the voltage applied 

to the gate terminal (VG), either positive or negative charge is induced in the channel 

region along the bottom plate of the gate capacitor. The channel charge either connects or 

D S 

G 

Figure 2.1 (a) Schematic diagram of n channel MOS transistor.  
      (b) MOSFET ideally acts as a 3 terminal switch. 

(a) (b) 
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n+ 

Silicon  
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n+ 
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isolates the drain and source nodes depending on the type of the carrier contained in those 

regions. The description of the working principle of a MOSFET is given in the following 

section. 

 
2.1.2 MOSFET working principle 

 

A potential difference is applied between the drain and the source, VDS. When the 

gate voltage, VG is lower than the threshold voltage, Vt of the MOSFET device, the 

potential drop VDS is held by the pn junctions between the source and the substrate. No 

current can flow from the drain to the source, and the MOSFET device is in OFF 

condition. When VG is larger than the threshold voltage of the device, a potential drop is 

sustained across the silicon dioxide layer. Holes under the gate dielectric are pushed away 

creating a conductive inversion layer of electrons underneath the silicon dioxide. This 

conductive layer is called channel. Current can flow from the drain through this 

conductive channel to the source, and the MOSFET device is turned ON. 

 

2.2 Gate Oxide Scaling  

2.2.1 MOSFET Scaling 

The complementary metal–oxide–semiconductor field effect transistor is the 

building block of the integrated circuit and is one of the most important devices in 

semiconductor industry.  The most critical dimension in these transistors, namely channel 

length, has decreased almost 3 orders of magnitude during last 30 years accompanied by 

reduction in most of the other features, as a result, entire circuit scales in size. The 
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semiconductor industry has entered “the era of material limited device scaling”.  

Additionally, as the device dimensions have decreased to sub-micron and deep sub-

micron levels, the processes and traditional materials have been pushed to their limits; 

thus, innovative materials, device ideas and alternate processes have become increasingly 

important to keep up with the International Technology Roadmap for Semiconductors 

(ITRS) projections as shown in figure 2.2.3,4,5,6   The equivalent oxide thickness (EOT) of 

the gate dielectric needs to be scaled along with channel length for the scaling rules to 

apply. In spite of its many superior qualities, SiO2 suffers from a relatively low dielectric 

constant (� ~ 3.9). As the channel length is reduced, higher capacitance is needed to 

attain better control over the channel, to facilitate reduced leakage current and thus higher 

drive current. The gate capacitance is given by equation 1.1 

Cox = κox εo / tox,   

Many authors have suggested the use of silicon dioxide dielectric layer thinner 

than 1.5 nm resulting in high tunneling currents from the gate to the substrate.7,8,9  
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Figure 2.2: The scaling of feature size, gate length and oxide thickness according to the 

2003 semiconductor Roadmap.10 (Reproduced with the permission of the authors) 

 

2.2.2 Alternate Gate Dielectrics 

As can be seen from our previous sections the key determining factor for the 

choice of alternate gate dielectrics is the exponential increase in leakage current with 

decreasing dielectric film thickness.7,8 Therefore using a thicker film is an effective 

method to block these leakage currents as shown in figure 2.3. At the same time, in order 

to maintain the gate capacitance across the dielectric films, a material of a higher 

dielectric constant than SiO2 is needed. 
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SiO2

gate 

 

 

Figure 2.3: Schematic of direct tunneling through a SiO2 layer and tunneling through a 

thicker layer of high κ oxide being more difficult.10 

retain 

High-κ materials must meet a set of requirements to be a considerable gate 

dielectric material and for successful implementation into MOSFET fabrication. These 

requirements have been reviewed in detail 7,11,12,13,14  

 

Key materials and electrical properties any new high-� material must have include the 

following:  

1. High permittivity value so as to be used for a reasonable number of years of scaling. 
2. Thermodynamic stability of the high-κ with Si channel. 
3. Barrier height properties to prevent tunneling: wide band gap, by having band offsets   
     with Si of over 1 eV to minimize carrier injection into its bands. 
4. Must be kinetically stable and must follow the process compatibility and reliability  
    (up to 1050°C for 5 s) 
5. Must be compatible with the gate material. 
6. Must form a good electrical interface with Si and to have good film morphology. 
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7. Must have few bulk electrically active defects. 
 

Over the past several years, a wide variety of high-κ dielectrics have been 

investigated in terms of their materials and electrical characteristics as possible 

replacements for SiO2 and HfO2, HfSiO4, HfSiON, ZrO2 and ZrSiO4 have emerged as 

potential candidates.15,16,17,18 Although adequately low leakage current densities have 

been reported for these dielectrics with several other issues remain unsolved that may 

prevent implementation of high-k dielectrics into the MOSFET fabrication process flow.   

These issues can be possibly categorized to: issues with the bulk dielectric itself 

and issues due to high- κ /Si interface or high-κ /gate interface. The issues with the bulk 

properties of the dielectrics involve degradation of the electrical property of the materials 

upon high temperature processing. Post deposition annealing of the gate dielectrics at 

high temperatures causes crystallization, resulting in grain boundary leakage resulting in 

breakdown. The high- κ/Si interface issues are very critical for the fact that producing an 

interface with a quality comparable to that of the SiO2/Si interface is very difficult.19 

Therefore several problems still remains unsolved making it difficult for the integration 

and implementation of high-κ gate dielectric in to the MOSFET technology.  

 

2.3 Hydrogen in SiO2/Si Structure: CMOS Devices 

Since the early work on MOS structures it has been recognized that hydrogen in 

SiO2 layer or at interfaces plays a very complex and intricate role in a number of 

processes relevant to the fabrication of the MOSFET devices. Hydrogen is virtually 

ubiquitous in SiO2 and is present in significant concentrations even in thermal oxides 
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grown in dry oxygen. Hydrogen is definitely omnipresent with relatively high 

background level of hydrogen-containing molecules such as H2, H2O, NH3, HF, etc in 

typical CMOS processing conditions, associated to the hydrogen high mobility might 

result in a significant amount of hydrogen trapping in the CMOS structures. Hydrogen is 

known to tie to silicon dangling bond at SiO2/Si interface, passivating the charge traps 

existing therein.20 EPR studies have demonstrated strong evidence that the charge traps in 

question are the dangling bonds at the Si interface at the Si side of interface known as Pb 

centers (electrically active dangling bonds) and passivation is believed to result from the 

attachment of hydrogen atoms to these bonds.21,22 Hydrogen is deliberately added during 

the fabrication of MOS structures as annealing in hydrogen containing atmosphere at 

temperatures <450oC. 23 This phenomenon is exploited in commercial MOS devices 

through annealing at 400oC in forming gas which is a mixture of H2 and N2, aiming to 

passivate electrical activity at oxide-Si interface. On the other hand, hydrogen is known 

to greatly affect the electrical properties of MOS structures and plays a significant role in 

device degradation, largely because of its high mobility and affinity for dangling bonds 

where H can migrate into and out of the oxide/Si interface at relatively low temperatures, 

and can cause serious reliability issues due to negative biased temperature instability 

(NBTI),24 charge trapping,25 radiation induced instabilities.26 Also, detrimental effects of 

hydrogen were demonstrated indirectly by the density of charge states near the SiO2/Si 

interface.27,28   

Therefore, knowledge of the behavior of this impurity in SiO2 on Si is of 

considerable technological importance.29,30 Because of its technological relevance, a vast 
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number of publications have been published on Si/SiO2 interface studies. In comparison, 

the number of studies devoted to bulk SiO2 layers is considerably less. A notable result 

from the previous measurements being H+ in the gate oxides has been associated with 

positive fixed charge.31,32,33 

         Since hydrogen plays significant role in semiconductor technology because of its 

pervasiveness in various deposition and optimization processes of electronic structures, 

as a result, it is important to know the amount and distribution of hydrogen within a MOS 

device and to detect changes which may result from various treatments. Therefore, it has 

become necessary to understand the role of hydrogen and its interactions in order to use 

its passivation properties while minimizing its negative effects by keeping it under 

control. In this chapter, the role of hydrogen in interface trap charges and the bulk defects 

(fixed oxide charges..?) will be discussed. Figure 2.4 illustrates a schematic representing 

a MOS structure with SiO2 as the gate dielectric and a poly-Si gate; the regions where the 

bulk and interfacial defects exists are marked respectively. 
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Figure 2.4: Schematic representation of the MOS structure with exaggerated interfaces of 

the dielectric with semiconductor and the gate showing the regions of interest where bulk 

and interface defects are concentrated. 

 

2.3.1 Types of Charges in SiO2 -Si System 

This section gives a brief overview of the types of charges, in this case the most 

conventional SiO2 -Si system, since that has been widely studied and is the basis for the 

high-κ dielectrics. Figure 2.5 represents a schematic, that gives the details of the chemical 

composition of the interfacial region (on thermal oxidation) of a single crystal Si 

followed by a monolayer of SiOx, that is incompletely oxidized Si, followed by a strained 

region of SiO2, roughly ~10-40 Ǻ deep, and the remaining amorphous, stoichiometric, 

strain-free SiO2. Thermal oxidation of Si creates interfacial defects as a result of strain. 
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There are four general types of charges associated with the SiO2-Si system as shown in 

the figure below, namely fixed oxide charge, mobile oxide charge, oxide trapped charge 

and interface trapped charge. 

In each case, Q is the net effective charge per unit area at the SiO2/Si interface 

(C/cm2) N is the net effective charge, i.e., the number of charges per unit area at the Si-

SiO2 interface (number/cm2), and Dit is given by units number/cm2. eV. N =│Q/q│ where 

Q can be positive or negative, although N is always positive. 

 

SiO2

SiOx

Si 

Oxide trapped charge (Qot) 

K+
 
Na+ 

Fixed Oxide charge (Qf) 

Mobile ionic charge (Qm) 

Interface trapped charge (Qit) 

Metal 

 

 

Figure 2.5: Terminology for charges in SiO2-Si system. 

 

The different charge types are described in the following section. 

1. Interface trapped charge (Qit, Nit, Dit). 

 These are positive or negative charges at the SiO2/Si interface with energy states 

that lie in the silicon-forbidden bandgap, due to structural defects, oxidation-induced 
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defects, metal impurities or other defects that are caused either by radiation or similar 

bond breaking mechanisms (e.g., hot electrons). In other words, Qit can possibly be 

produced by excess silicon (trivalent Si), excess oxygen.  

 

2. Fixed oxide charge (Qf, Nf).  

 These are located at or near the (~ < 2nm) SiO2/Si interface, due to primarily 

structural defects as mentioned above in the oxide layer. The density of this charge, 

whose origin is related to the oxidation process, depends on the oxidation ambient, 

temperature, cooling conditions, etc. Figure 2.6 shows the relation between the Nf and the 

oxidation temperature, which suggests that the higher the oxidation temperature, the 

lower is the Qf. These charges are immobile under the applied electric field. 

 

 

 

 

 

 

 

 

 

Figure 2.6: “Deal triangle” showing the relation between Nf and heat treatment effects. 

Reproduced with permission of Deal et al.34 
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3. Oxide trapped charge (Qot, Not). 

This charge may be either positive or negative and is created by either x-ray 

radiation or hot electron injection where either holes or electrons get trapped in the bulk 

of the oxide. Unlike the fixed oxide charge, the oxide trapped charge can sometimes be 

removed by low-temperature (< 500oC) annealing treatments, although neutral traps may 

remain. 

4. Mobile oxide charge (Qm, Nm).  

 This is caused primarily by ionic impurities such as Na+, K+ and possibly H+, 

which are mobile within the oxide under bias-temperature aging conditions. 

  
 
2.3.2 Determination of Interface Trapped Charge and Fixed Oxide Charge 
 
2.3.2.1 Interface Trapped Charges 

  In SiO2/Si system, Si is tetrahedrally bonded with each Si atom which in turn is 

bonded to four Si atoms, whereas at the interface, Si is bonded as shown in Figure 2.7 for 

(111) and (100) Si. An interface trapped charge is well known as interface trap can be 

defined as a trivalent Si atom at the interface of the SiO2/Si system with an unsaturated 

bond (unpaired valence electron) and is represented as  Si3≡Si•  

 

 

 

     

 20



 

 

Figure 2.7: Structural model of the (a) (111) Si surface and (b) (100) Si surface. 

Reproduced with the permission of the author.24 (Reprinted with permission from 

JOURNAL OF APPLIED PHYSICS Dieter K. Schroder, Negative bias temperature 

instability: Road to cross in deep submicron silicon semiconductor manufacturing", 

VOLUME 94, NUMBER 1 1 JULY 2003, American Institute of Physics) 

 

Where “≡” represents Si bonded to three other Si atoms and “•” represents the dangling 

bond at the interface. Interface traps are also known as Pb center.35 

Where “≡” represents Si bonded to three other Si atoms and “•” represents the 

dangling bond at the interface. Interface traps are also known as Pb center. The Pb type 

defects are unavoidably incorporated at the Si/SiO2 interface as a result of mismatch. The 

three types of these microscopic defects are Pb in (111) Si/SiO2, and Pbo and Pb1 in (100) 

Si/SiO2. The defects may be readily electrically inactivated (passivated) by heating in a 

temperature, T ≥ 230oC in molecular hydrogen explained as chemical saturation of the 

unpaired sp3 Si hybrid by hydrogen denoted as Si-H formation.36,37 
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Different groups have demonstrated using Electron Spin Resonance (ESR) that Pb 

centers are the interface traps that play a critical role in these materials. The Pb center 

found at the (111) Si/SiO2 interface consists of an interfacial dangling bond on a silicon 

atom back bonded to three other silicon atoms.38,39 The Pbo  and Pb1 centers dominate the 

(100) Si/SiO2 interface.21 The Pb1 center was considered to be a Si atom backbonded to 

two Si atoms, and the third bond attached to oxygen atom represented as, Si2O≡Si•.35 

Although it was identified later in 1999 that both Pbo and Pb1 centers are chemically 

identical to Pb center.40 On the other hand it was shown that the Pbo and Pb1 defects have 

charge state difference suggesting that Pb0 to be electrically active. Also, another point to 

be noted is that these defects arise due to the lattice mismatch induced stress during the 

oxide growth at the Si/SiO2 interface.41 However, recent observations suggest that Pb1  

centers are also electrically active, however, they are generated at lower densities than the 

Pbo center.42 

 

2.3.2.2 Fixed Charge 

Fixed charges are represented as Qf (C/cm2) and Nf (cm-2).43 The fixed charge is 

the charge in the oxide near the Si/SiO2 interface. It can be represented as   O3≡Si+, Qf  

generation can be modeled as 

O3≡SiH + h+              O3≡Si+ + Ho 

Qf  may be present at the interface as well as near the interface. Ogawa et al, measured 

fixed oxide charge densities from the capacitance-voltage measurements and interface 

charge densities from conductance measurements from the MOS capacitors.44 They also 
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observe that the fixed oxide charge density is independent of oxide thickness, whereas 

interface trap charge are dependent on oxide thickness and are inversely proportional to 

tox.  

Before discussing the further sections of hydrogen in MOS structures, it is useful 

to review some basic MOSFET concepts such as threshold voltage, interface trapped 

charges and fixed oxide charges.  

The p-channel threshold voltage is given by  

VT = VFB - 2ΦF - QB/ Cox    (2.1) 

where     ΦF = (kT/q) ln (ND/ni)     (2.2) 

QB = (4 q Ks εo ΦF ND) ½     (2.3) 

and Cox is the oxide capacitance per unit area. The flat band voltage is given by  

   VFB = ΦMS - Qf/ Cox – Qit (Φs)/Cox       (2.4) 

where Qf is the fixed charge density and Qit the interface trap density and are the only 

parameters that can lead to threshold voltage shifts are the fixed charge density Qf and the 

interface trapped charge density Qit.  

Whorter and Winokur were among the first to present a technique to separate the 

contributions from interface traps and trapped-oxide charges based on subthreshold-

current measurements in MOS devices.45 They determined the threshold voltage shifts to 

differentiate between the interface traps and the trapped oxide charges. Since irradiation 

introduces interface traps and trapped oxide charges, it results in shifting of the threshold 

voltage, ∆Vth according to: 

∆V th = ∆V Nit + ∆V Not       (2.5) 
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   ∆Nit = ∆VNit Cox/q        (2.6) 

 ∆Not = ∆VNot Cox/q        (2.7) 

                
 2.4 Role of Hydrogen: Defect Mechanisms 

 
Understanding the role of hydrogen in semiconductors and its behavior such as 

incorporation, diffusion, trapping and release is of great importance in view of its role in 

defects passivation as well as degradation of electronic structures. There still remains lot 

of controversies in understanding different mechanisms hence this field is ripe for 

investigation. 

 
 
2.4.1 Incorporation and Release of Hydrogen: Passivation/Depassivation of Interfacial and 
Bulk Traps 
 
 Hydrogen is of vital importance in SiO2 films, being present in significant 

amounts in various deposition and optimization processes of electronic structures in 

MOSFET technology.  Hydrogen being the lightest element is highly mobile and 

reactive, present in considerably high quantities in various forms such as H2, H2O, Si2H2, 

HF, NH3 in different semiconductor processing ambients, this introduces relatively high 

amount of hydrogen into the devices. Various groups were successful in demonstrating 

the crucial role of hydrogen by attaching to Si dangling bonds at the oxide-Si interface, 

passivating the harmful charge traps and reducing the interface trap density by Electron 

Paramagnetic Resonance, EPR and electrical characterization of Si-based devices.20   

Hence, anneals in hydrogen ambient, specifically forming gas (mixture of H2 and N2) at 

low temperatures are used in metal oxide semiconductor (MOS) fabrication processes to 
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passivate the silicon dangling bonds at the Si/SiO2 interface.46,47  This annealing step is 

highly efficient in incorporating significant amount of hydrogen at the interface and oxide 

itself, as will be discussed in next few sections. A notable point is, the presence of large 

amounts of Si dangling bonds lead to the threshold voltage shifts (VT). 

Passivation/depassivation behavior of the interfacial states at the Si/SiO2 interface have 

identified  as Dit in MOS diodes and local oxidation of silicon (LOCOS) SiO2/Si interface 

states (IL) as characterized by electrical measurements.48 

The passivation/depassivation study of H in SiO2 has been a subject of intensive 

research for past 20 years. Hydrogen play a key role in various device degradation 

processes that involve such mechanism and also transport of hydrogen species through 

the oxide to the interface. Although transport of hydrogen is relevant in understanding the 

mechanisms, very few studies are devoted to it, because of the difficulty in detecting and 

quantifying hydrogen with reasonable sensitivity and depth resolution. Therefore it is of 

great important to gain information about the concentrations and distribution of hydrogen 

in such systems by means of analyzing techniques such as NRA or SIMS. Depth profiling 

of hydrogen in conventional SiO2/Si systems has been investigated, early on, utilizing 

SIMS49,50,51,52 and NRA experiments53,54 to investigate various aspects of hydrogen in

relatively thick (100 nm) oxide films.   

 

 Myers studied the uptake and release of hydrogen using nuclear reaction analysis, 

NRA and provided first detailed quantitative information on interaction of hydrogen gas 

with dry SiO2 on Si presenting effective activation energies for trapping and detrapping 

of H species in SiO2 systems.55 Also, similar studies were carried where the role of H and 
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D incorporation through conventional SiO2/Si structures56 and SOI structures57 

employing D2 anneals. Previous results involving ion beams have shown that the 

concentration of hydrogen at the interface in thicker (95nm) SiO2 can be as high as 1015 

at/cm2, well above the reported solubility limit of hydrogen in vitreous silica58 Ultra thin 

(sub-10 nm) films of interest for near-future generation of MOS devices are much less 

studied.   

Quantitative depth profiling of H by in-situ NRA analysis was reported by Wilde 

et al to investigate the effects of hydrogen anneal induced hydrogen incorporation and the 

thermal stability of H in the near interfacial region, at the surface and the bulk of oxide.59 

Wilde et al have reported the effects of hydrogen anneal on the hydrogen distribution 

near the SiO2/Si interfaces by in-situ NRA. They have studied the effects of forming gas 

temperature on the hydrogen distribution.  It is obvious from their measurements that the 

hydrogen incorporation near the interface (uptake) depends on the forming gas anneal 

temperature and is maximum at 370oC and 400oC. 

The incorporation of hydrogen SiO2 films grown on Si (100) are shown in figures 

2.8 on annealing the films at 400oC. From these results, it is suggested that H has a 

significant affinity to the binding sites that may exist due to the nonabrupt nature of the 

oxide region near the interface, lattice strain and number of defects near the interfacial 

region in the oxide. It is evidenced that this region contains a large number of unsaturated 

or deformed bonds (Si-O-Si units) where hydrogen can tie easily and oxygen deficiency 

defects (E′ centers).60 In similar studies, the interaction of hydrogen gas with dry thermal 

oxide on Si was studied where results reveal the presence of two different bonding 
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configurations in the oxide trap sites and H which is Si-H and O-H, of which O-H being 

stronger. Thus, uptake of H is investigated due to the interactions with the defect sites 

and as a result the accumulation of hydrogen is higher at the oxide surface and near the 

interface. 55 

 

 

Figure 2.8: Effect of H2 annealing and H distribution in a 41.5nm thick film of SiO2 on Si 

(100) (a) As-oxidized sample prior to H2 annealing (b) after annealing in 260 mbar H2 at 

400oC for 40 min and (c) after heating a H2-annealed sample in vacuum to 540oC. 59 
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Figure 2.9 represents the thermal desorption properties of H and D in SiO2 films 

on Si. The results indicated that for the films annealed in H at 510oC, the density of 

electrically active Pb centers is higher with annealing time as compared to the films 

annealed in D.61 This was correctly explained by one of the prior studies that suggest Si-

H or Si-D vibrational energy depends on the rate at which energy can dissipate by 

coupling to Si-lattice phonons. Assuming the rate is controlled by Si-H or Si-D bending 

modes, it is observed that frequency of Si-D bending mode is closer to the Si bulk TO 

phonon and therefore, Si-H is easier to get depassivated as compared to Si-D.62  

 

Figure 2.9: H and D release from SiO2 on Si loaded at 450oC in either H2 or D2 versus 

annealing time in vacuum at 510oC. (1- Pb) measures the density of passivated Pb centers 

namely the concentration of retained H or D.61  
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The desorption of H was studied for a SiO2 film annealed in hydrogen at 400oC 

for 30 min and as grown film. Thermal Desorption Spectroscopy (TDS) results are shown 

in figure 2.10 where two different chemical configurations of hydrogen are observed for 

the H annealed sample. According to the author this β peak is attributable to desorption of 

H from Si-H, i.e. passivating electrically active defects and the other, γ peak is 

attributable to desorption of H from SiO-H bonds and/ H trapped in SiO2 network, i.e. 

trapping in electrically inactive defects.63 

 

 

Figure 2.10: TDS results of SiO2 film before and after hydrogen annealing.63  
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Figure 2.11 Schematic of different mechanisms of H (D) incorporation release from 

SiO2/Si structure.64  

 The fundamental processes that involves uptake and release of H(D) in 

SiO2 films on Si was well described by Baumvol in one of his reviews, where 

representation of  phenomenon such as adsorption, desorption and diffusion of H (D) 

through the oxide, “trapping” and “detrapping” on Si-H (Si-D)  bonds at the interface is 

sketched as shown in figure 2.11.64  

Table 2.1 gives the activation energies associated with different processes from literature 

compiled by Baumvol. This reveals the need for atomic H as a critical factor to control 

the diffusion of hydrogenous species through the oxide according to the reactions below 

and from the values shown in the table below. 
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Process Activation energy (eV) 
H2(D2) 0.3-0.45 
H2O diffusion in SiO2 0.86 
H diffusion in SiO2 0.8 
H2+ Pb       HPb + H 0.18 
HPb          Pb + H 1.37 
H + Pb            HPb ~ 0 
HPb + H        Pb + H2 ~ 0 
2H        H2 (in SiO2) 0.75 
H2        2H ( in SiO2) 4.22 
   
Table 2.1:  H incorporation, diffusion and release processes in SiO2 films on Si and 

corresponding activation energies.64  

 

Hydrogen relieves the lattice strain in the near interfacial oxide region thus 

accumulating in the near interfacial oxide as suggested by Krauser el al.58 In one of the 

infrared (IR) measurements, hydrogen was believed to relieve the lattice strain near the  

Si-SiO2  interface, where tensile stress in the near interface regions were correlated with 

the H content in the region. As clearly seen in figure 2.12, on oxide growth it builds up a 

high degree of short range order, namely quasi-epitaxial layer that is influenced by 

crystalline order of the substrate. 65  The areal densities of H in different regions of 

SiO2/Si stack are measured by various methods and are as seen in the figure. Their results 

are in agreement with other studies by SIMS methods.66 Afanas’ev el al reported the 

evidence of E′ centers, oxygen vacancy defects and Si-O-Si deformed bonds which act as 

sites for hydrogen to react.60 
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Figure 2.12:  Cross-section of a SiO2-Si system representing hydrogen concentrations in 

different regions. 

 From various studies described above it is observed that the incorporation of H 

(D) in SiO2 films on Si occurs either at the surface or near the interface. On hydrogen 

anneal a fraction of incorporated hydrogen passivates the interface dangling bonds while 

the rest is trapped by defects in the oxide. 

 
2.4.2 Hydrogen Transport in SiO2 Films and Si-based Gate Stacks 
 
 

Deuterium transport as studied by Baumvol et al in ultra thin SiO2 films in order 

to understand transport properties of hydrogen in such films where deuterium is marked 

as reference due to its similar chemical nature and scarcity to hydrogen.67 In their 

experiments for the first time H/D incorporation was studied on technologically relevant 

ultra thin (5.5nm) SiO2 films. The films were grown on Si (100) in dry O2 at 850oC. 
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Subsequent annealing in a mixture of D2 and N2 was carried at 450oC for 45 min. 

Thermal desorption of D2 in these ultra thin films was carried on annealing in vacuum in 

the temperature range from 350oC-600oC for time intervals in the range of 0-90 min. 

Figure 2.13 illustrates a plot showing the amount of deuterium left in SiO2 films upon 

vacuum anneals at different temperatures and time. This plot is dervied from the areal 

densities of D2 in the films determined by the 2H (3He, p) 4He nuclear reaction reaction at 

700keV. For the D2 annealed samples, D2 accumulation was observed near the interface 

in addition to the dangling bond passivation by D2 as well as bonding to other defects in 

the structural transition region including strain, sub oxide states, etc. near the interface. 

As seen in figure 2.13 on vacuum annealing fast (possibly diffusion limited at high 

temperatures) removal of deuterium from the bulk near-interface oxide occurs whereas 

slower depassivation of the interface defects is clearly seen. 

 
 
Figure 2.13: Amount of D2 left in the SiO2 films on vacuum anneals with the solid lines 
for guidance only. 
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As confirmed from figure 2.14 a fast decay is seen for times less then 15 min that is 

elucidated by removal of bulk defects followed by a slower decay of the depassivation of 

interface traps. 

 

 
Figure 2.14: An Arrhenius plot to determine activation energies for D2 removal from 
SiO2. 
 

 

Similar results were observed for studies carried prior to these and the densities of 

H (D) obtained are in well agreement.66 Thus it was observed that the D removed from 

the near interface region diffuses across the oxide film where it finally gets desorbed after 

accumulating at the surface of the films. Also, in previous studies, Chen et al studied the 

role of H incorporation through conventional gate stacks 56 and SOI structures57 utilizing 

D2 anneals and SIMS methods. In addition, undoped polycrystalline silicon and SixNy, 

used as a sidewall spacer, could limit the transportation of deuterium to the Si-SiO2 
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interface during annealing by serving as a diffusion barrier for deuterium In conventional 

gate stacks with nitride sidewalls, the presence of dopants in the poly-Si gate was 

observed to play a very significant role in H transport through the structure. It was found 

that in conventional structures with nitride sidewall spacer, the presence of dopants in the 

poly-Si gate was observed to play a very significant role in hydrogen transport through 

the structure. 

 In other study, Krug et al studied the transport and exchange of hydrogen and 

deuterium during annealing in D(H)FG or Ar (350oC-800oC, 10-300min) and thermal 

stability of deuterated samples in a variety of materials such as SiO2 (thermal), Poly-Si, 

SiN, SiO2, SiOxNy, BPSG (CVD) in MOS like structures. They found hydrogenous 

species were effectively transported at lower temperatures in poly-Si and BPSG, whereas 

SiN is efficient in blocking hydrogenous species even at higher temperatures. Significant 

isotope exchange was observed in SiOxNy and none in BPSG. The author explains the 

reason for these changes is due to the differences in the D and H bonding to Si, O and 

N.68 

From the above mentioned results one can describe annealing in H2 as a process 

where H gets incorporated in the near interface region. It can be ascribed that majority of 

this incorporated hydrogen is due to the bonding to defects in unstrained region near the 

interface region and only a part is due to interface defects (Pb centers). Whereas 

desorption of H2 from the oxide follows a multi-step process. 
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2.4.3 Migration and Redistribution of Hydrogen in Oxide  
 
 

Since hydrogen can migrate into and out of the MOS structures up on irradiation 

or applied field. It is very crucial to prevent the hydrogen loss from the MOS structures 

by carefully controlling the ion beam dose as well as the radiation exposure time, since 

various studies have shown migration as well as redistribution of hydrogen in the oxide 

layers upon ion beam irradiation. 

NRA ion beam irradiation lead to hydrogen redistribution in the oxide films of 

SiO2/Si system as shown by several groups.69,70 Briere et al in their study have reported 

the release of hydrogen from the metal/SiO2 interface upon 15N irradiation of MOS 

structures having Al as gate electrode and further confirmed an accumulation of bulk 

oxide near the SiO2/Si interface.70  Alternatively Ecker et al reported  for thin oxide 

samples without gate electrodes, the loss of mobile hydrogen via desorption through the 

uncapped oxide  where the hydrogen concentration in the films was reduced upon the 

NRA ion bean exposure higher than 1.5×1016 cm-2.71 Hydrogen released in the oxide, 

migrates through the oxide as a proton because H0 is not a stable charge state in Si. 72, 73 

Hydrogen was found to be stable in H+ form at the SiO2/Si interfaces where H+ ions react 

with Si-H bonds to form interface traps.74 Under specific conditions of high temperature 

inert anneals, high density of oxygen vacancies were introduced in the near interfacial 

region plus high exposure levels of hydrogen. H+ ions created in the oxide were shown to 

transport rapidly across SiO2 under bias but do not react with the interface; instead they 

can be cycled back and forth between SiO2/Si interfaces by simply reversing the electric 

field.75 
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Wilde et al have reported the effects of hydrogen anneal as well as the influence 

of ion beam irradiation on the hydrogen distribution near the SiO2/Si interfaces by in-situ 

NRA.59 It is obvious from their measurements that the hydrogen on interaction with the 

NRA ion beam gets mobilized and networks with the naïve oxide this accumulating in 

these sites. One of the causes of hydrogen redistribution on NRA ion irradiation was 

predicted to arise from the mobilization by energetic electrons and migration without an 

external electric field. NRA ion irradiation causes electronic excitation that leads to the 

energy loss in the stopping process of the 15N ions, i.e. in turn generates a large number 

of secondary electrons.69  This causes removal of hydrogen from its stable binding sites in 

the oxide layers there by creating more mobile hydrogen ions/atoms. Lisovskii et al 

identified that negative charges are must in the oxide layers to migrate hydrogen towards 

the SiO2/Si interface under the action of electric field (> 1.3MV/cm) or electron 

injection.76 The mechanisms historically called “trap creation” are believed to be caused 

by atomic hydrogen release from near the interfaces.77 These mechanisms are caused by 

the energy release when free electrons recombine with trapped holes in the oxide.78  

In a recent letter, it was reported that negative bias temperature stress (NBTS) in 

metal –oxide– silicon diodes produces interface states and up on hydrogen annealing, 

reduction in these interface states was observed  by  accumulating hydrogen in the near 

interfacial oxide layer. Using NRA method hydrogen redistribution was observed on the 

NBTS devices.79 
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2.4.4 Degradation: Electrical Behavior/Characteristics 
 

In contrast to the beneficial effect of hydrogen as discussed in previous sections, 

hydrogen is well known to be the reason for the onset of device degradation processes, by 

influencing the density of the charge states at or near the SiO2/Si interface.27,28  Hydrogen 

is supposed to be quite detrimental when located within the bulk of oxide layers in MOS 

devices. Such hydrogen is generally believed to mediate the undesirable increase in the 

charge trapping at or near the SiO2/Si interfaces that are observed when MOS structures 

are subjected to the irradiation or electrical currents (bias temperature instabilities and hot 

carrier injection) through the oxide. Bias temperature instability (BTI) is a degradation 

phenomenon that occurs mainly in MOS devices. This instability is seen as an increase 

both in interface-trap density and oxide trapped charge density when bias is applied on 

the gate at elevated temperature and/or for long times, which causes shifts in threshold 

voltage and a decrease in carrier mobility. 

Since hydrogen is always present in Si-SiO2 and in the ambient where devices are 

operated or fabricated, it becomes active by regular treatments like annealing, e.g. to 

activate dopants, or by sample exposure to ionizing radiation, e.g. during lithography, 

from hot electrons stimulating desorption of hydrogen from the near SiO2/Si interface 

region.80 Other degradation processes include trap creation81,82 and depassivation of 

dangling bonds83. In addition, it may also cause leakage currents84, induce electronic 

states in the Si band gap85 and form complexes with shallow dopant impurities reducing 

their activity86  
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Exposure to radiation results in charge states, holes or electrons, which in turn can 

lead to hydrogen release from the trapped complex in atomic or ionic state and such 

hydrogen, is generally believed to mediate in undesirable increase in charge trapping in 

the oxide and at the SiO2/Si interface. In this sense, it has been shown that electrons 

interact with Si-OH groups (cross-section ~1017
 cm2)87 releasing atomic hydrogen. On the 

other hand, holes interact with Si-H defects releasing H+
 protons88, which are very 

reactive and considered responsible for the build up of positive charge at the interface. 

Atomic or molecular hydrogen is sufficiently mobile so as to diffuse through the oxide to 

the interface at hydrogen annealing temperatures > 230oC.89 One of the examples is the 

hot electron carriers that break the Si-H bonds, releasing hydrogen and therefore 

depassivating the interface charge traps.90,91 An improvement in hot electron degradation 

in MOS transistors was observed due to a new giant isotope effect where post 

metallization annealing in deuterium ambient, 92,93  is performed instead of forming gas 

(hydrogen) at low temperatures (400–450°C). This effect was explained in terms of 

coupling of Si-D vibrational bending mode to bulk phonons in Si having lower 

dissociation rate as compared to the Si-H bonds.94 

Electrically active defects present in Si, SiO2 or at the interface, will change the 

behavior of the device, because the charge on the gate will not be compensated by mobile 

charges in the silicon substrate, but also by charges at the defects. The accumulation of 

charge during operation will degrade the device. Therefore, it is important to understand 

the role of hydrogen in defect forming mechanisms and its interactions to keep it under 
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control. Following sections describes in detail the role of hydrogen in Charge trapping, 

Negative bias temperature instabilities (NBTI). 

 
2.4.4.1 Charge Trapping: Positive Charge Build Up 
 

Hydrogen present in the matrices of oxide layers in MOS devices can be quite 

detrimental. Hydrogen is generally believed to mediate undesirable increase in the charge 

trapping at the SiO2/Si interfaces that are observed when MOS structures are subjected to 

the radiation or electrical stressing. Radiation induced charge is net positive, it can be 

trapped in the micro-structural defects in the dielectric causing threshold voltage shifts 

with stressing time observed as an important transistor reliability issue. Charge transport 

and trapping lead to oxide and interface trap charge buildup and device degradation. 

 This section is intended to contribute to the understanding of the positive charge 

build up upon hole injection in SiO2, which is known to be an important degradation 

process. The build up of positive charge in oxides upon irradiation has been classically 

associated with the trapping of holes by oxygen vacancies leading to paramagnetic E’ 

centers, which were supposed to be positively charged. This model has been questioned 

due to evident contradictions with a large number of experiments. Alternatively, a model 

based on the interaction between hydrogen and oxides has been proposed. This model can 

explain a large number of results in which the positive charge did not correlate with the 

E′  signal. Changes observed in the inversion capacitance of MOS structures with B-

doped p-substrate is a proof of the hydrogen release during irradiation of SiO2
95,96  

Nevertheless, positive charge trapping in gate oxide can invert the channel interface for 

nMOS causing leakage current. 
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In addition, external sources can supply extra hydrogen that enhances the positive 

charge build up. Many of the generated positive centers are unstable, which means that at 

some point a balance is reached between the number of generated charged centers and 

that of the centers being neutralized97 Threshold voltage shifts have also been observed 

due to the interface-trap and oxide-trapped charge for oxides.98  Oxide trapped charge is 

the summation of positive charge located in the bulk and near interfacial region of the 

gate dielectric which forms as holes become trapped at the defect sites in the dielectric. E′ 

center or oxygen vacancy is the most widely accepted precursor leading to the formation 

of oxide trap charges in SiO2.99,100,101,102 Several possible structures are discussed for E′

centers in SiO2.  Therefore E′ centers are the most probable precursor to oxide-trapped 

charge formation in SiO2
.

 

100,101,102 

 
2.4.4.2 Negative-Bias Temperature Instability  

Negative bias temperature instability (NBTI), refers to the generation of positive 

oxide charge and interface traps that occurs in p-channel MOS devices stressed with 

negative gate voltages at elevated temperatures. Both negative gate voltages and elevated 

temperatures can produce NBTI, although it has been observed to have a faster and 

stronger effect with their combined effect.103 Early MOS devices with SiO2 as 

conventional gate oxides exhibited NBTI, though use of SiON has provoked the research 

in this field. The first NBTI reports were in 1966104, and later many research groups were 

involved doing extensive research both in semiconductor industry and at academic 

institutions. Stress temperatures typically lie in the range of 50°C-300°C with oxide 

electric fields below 6 MV/cm. NBTI is a long-term reliability issue for modern MOS 
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devices with low operation voltage. Although NBTI has been known for more than 30 

years, the origin of NBTI still remains controversial. 

As seen in the figure 2.15 below where the significant effect on applying a 

negative bias to MOS structure, an increase in the positive charge observed implicated 

the difference between the migration of mobile ions, a major concern in early MOS 

structures as discussed in previous sections.54 

  
 
Figure 2.15:  Effect of negative gate bias on the MOS capacitor. 

(a) positive ion drift causes reduction in the net amount of positive charge near the 
Si-SiO2 interface, with a positive flat band shift 

(b) Charge exchange with the Si substrate via, hole trapping or electron detrapping 
causes an increase in net positive charge at the Si-SiO2 interface, with a negative 
flat band shift.105 

 
(Reprinted from Microelectronics Reliab, 46, J.H.Stathis, S. Zafar, The negative bias 
temperature instability in MOS devices: A review, 270, 2006, with permission from 
Elsevier). 

 

It was established early on that with thick oxides, NBTI often has been associated 

with water,87 and/or oxygen vacancies near the Si-dielectric interface106. For thinner 

oxides, hydrogen reactions provide more probable explanation.107 Among the various 

NBTI mechanisms Hydrogen-Reaction-Diffusion model is the one largely accepted and 
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followed. The model is described as an electrochemical reaction (between holes and 

defects) in two steps, where, a reaction to create oxide and interface traps and the 

resulting diffusion and potential subsequent reactions of the initial reaction products.105 

The following equation represents reaction-diffusion(R-D) process schematically 

expressed as, 

 
(Electrically inactive  
Si/SiO

2 
interface defect) + hole ↔  (oxide positive charge) + (interface trap) + 

X
interface

  
 

X
interface  

↔  X
bulk 

diffusion

 

Here X represents a hydrogen related mobile species that diffuses away from the 

interface. Hydrogen has been thought to be critical in NBTI and other defect formation 

processes in MOS gate dielectrics since a long time.24,103,105 For thicker oxides, ΔN
it 

is 

governed by H
2 
diffusion towards the gate electrode, and the rate of N

it generation 

depends inversely on thickness of oxide (tox) with the same t1/4 time dependence. 

Whereas for thinner oxides, the devices tend to show instead a temperature-activated 

field dependence E3/2
ox, 

103 E 4
ox

 108 independent long-time (slightly steeper time 

dependence than thick oxides) ΔN
it 

increase. 

NBTI has been observed and Vth recovery found to be independent of the sign of 

the applied bias voltage, suggesting a neutral species is involved , as shown by Rangan et 

al, repassivation of Nit by atomic hydrogen.109 However passivation was seen due to the 
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positive species such as H+ being pushed back to the Si-SiO2 interface, or electrons from 

substrate neutralizing the trapped holes.110 As discussed previously, hydrogen is believed 

to passivate the dangling bonds thereby play a major role during NBTI stress, where SiH 

bonds are depassivated forming interface traps. NBTI results obtained so far are different 

for various studies, a further understanding is to be established in order to determine the 

exact cause of NBTI, however it is well known that NBTI is not dependent on the current 

flow through oxide, as in the case of oxide breakdown. Further studies in this field are 

required in order to determine the exact cause of Vth instabilities. 

 

2.4.5 Role of Hydrogen: High-κ Dielectric Films 

With ongoing miniaturization efforts and complexity in device processing 

understanding the behavior of hydrogen and its defect mechanisms become more crucial 

due to its complexity in separating bulk and interface regions. Since the deposition of 

high-κ dielectric thin films involve the use of hydrocarbon based precursors therefore 

retaining a lot of hydrogen in these as processed films. While significant advances have 

been made in order to understand role of hydrogen  from electrical measurements, little 

direct information about the actual location and concentration of hydrogen in MOS 

structure and the effects of hydrogen anneal and its role in other defect forming 

mechanisms are available. Similar to the behavior of passivation of traps as observed at 

thermal SiO2/Si interfaces by hydrogen, high–k dielectrics based Metal-Oxide-

Semiconductor (MOS) structures also exhibits this nature and is indirectly confirmed by 

low interfacial state density traps from electrical characterization of MOS structures. The 
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role of hydrogen on the bulk and interfacial defects in Hf-based dielectrics and its 

correlation to electrical properties and degradation are unknown. Basically this field is 

ripe for investigation. 

A standard post metal anneal in forming gas is responsible for the passivation of 

the dangling bonds incorporating hydrogen at the high-κ dielectric/semiconductor 

interface that was indirectly confirmed by the reduction in the interface state 

density.111,112   This step introduces hydrogen in the bulk of the high- κ dielectrics as well 

and is the source of device instabilities as discussed in the following sections. 

2.4.5.1 Passivation of Interface Traps in High- κ

It has been established that electrical and reliability characteristics of gate oxides 

films are related to the amount of hydrogen related species in the oxide bulk and 

interface. However hydrogen incorporation that involves annealing in forming gas, to 

passivate the electrically active defects near the dielectric/semiconductor interface has 

been studied very little so far in high- κ dielectrics.111,112 Puthenkovilakam et al studied 

the effects of post deposition annealing on the characteristics of ultra-thin HfO2 films on 

Si and suggested that the samples under thermal treatment has grown interfacial layers 

greater than 1.3nm, that significantly affects the minimum achievable EOT for future 

generations of gate dielectrics.17 Upon annealing at 800oC in O2 and NH3, films appeared 

polycrystalline as seen in HRTEM and showed the growth of the interfacial layer that 

resembles small SiO2 like layer and thicker HfSixOy or nitrided layer, whereas on FG 

anneal films appeared amorphous, and pronounced growth of interfacial layer was 

observed suggesting the growth of SiO2 from the XPS peaks. In another study annealing 
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in O2 and NH3, the growth of an additional SiO2 layer and improved stoichiometry in the 

bulk improved the interface properties (reduced interface state densities) increasing the 

EOT, whereas annealing in FG-H2 or D2, passivates the interfacial states thereby 

improving the interfacial quality without affecting the EOT.113 

Pezzi et al reported recently the effects of preanneals in various ambient such as 

N2, O2, and vacuum. Annealing in 1H atmospheres was carried after the preanneals in 

order to determine the hydrogen incorporation in nitrided and non-nitrided Hf-silicate 

films.114 Hydrogen profiles in these films were determined by NRP using the 1H (15N, αγ) 

12C.59 Hydrogen and deuterium were seen to be uniformly distributed in the bulk of the 

nitrided as well as the non nitrided films upon FG anneals at 500oC for 30 min to 

amounts that exceed one order of magnitude to that in SiO2/SiOxNy, suggesting the 

uniform distribution of the H trapping sites, such as dangling bonds, stoichiometric faults 

(N loss, Oxygen incorporation or the differences in bond strengths, O-H, N-H etc) or 

other chemically active defects. Thermal stability of 1H and 2H on subjecting these films 

to different pre-anneals at moderate temperatures(400-500oC) was carried out resulting in  

the reduction of the areal densities of H and deuterium in non nitrided and nitrided, 

indicating the differences in the H-trapping defects in these films. Higher temperature 

anneals (1000oC) causes the densification of films reducing the defect densities. Further it 

was concluded in their work that the hydrogen incorporation in a strongly bonded 

configuration in HfSiN/Si structure while forming gas annealing, whereas it incorporates 

in a weakly bonded state in the HfSiO/Si structure, desorbing from the films during 

subsequent vacuum annealing. 
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In another study Bastos et al and Choi et al have observed hydrogen 

concentrations in the near interface regions in HfO2 films on Si.115,116  Several studies 

have shown that HfO2 directly deposited on Si required additional postprocessing or 

surface preparation to yield the desired interface quality for the future generations of 

CMOS devices. As probed by the Pb type center properties, the Si/dielectric interface of 

all structures are found to be under enhanced stress and a standard quality thermal 

Si/SiO2 properties in terms of the Pb signature is possible to approach by appropriate 

annealing (≥ 650oC) in vacuum.95 They suggested that Pb type centers, also appear as 

major players at the interface of (100) Si with the studied high-κ dielectrics. 

 In another study Peacock et al calculated interstitial hydrogen  act as shallow 

donor in high-κ oxides such as ZrO2, HfO2, La2O3, Y2O3, TiO2, SrTiO3, whereas is deep in 

the oxides SiO2, Al2O3, ZrSiO4, HfSiO4 and SrZrO3.
117

 Robertson found the presence of 

various charged state and the levels of oxygen vacancies in HfO2.10 Oxygen vacancy is 

critical for leakage and trapping. The oxygen vacancy is the most likely intrinsic defects 

in HfO2 in terms of their formation energies. Let us consider the oxygen vacancy in 

HfO2. Figure 2.14 illustrates the presence of different levels of the relaxed oxygen 

vacancies. The present vacancy level energies are much more consistent with results 

obtained. The vacancy can also trap one or two electrons. A trapped electron causes the 

adjacent Hf ions to distort asymmetrically, pulling down an extra, singly-degenerate state 

of B1 symmetry out of the CB. It is singly occupied for V− and doubly occupied for V2−. 

The A1 state is full in both cases. The complete spectrum of the vacancy levels is  
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summarized in Figure 2.16. Therefore it is necessary to either to minimize or passivate 

vacancy of oxygen.  
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Figure 2.16: Molecular orbital diagram of relaxed oxygen vacancy in HfO2 in various 

charged states.10 (Reproduced with the permission of the publisher, IOP) 

 

2.4.5.2 Charge Trapping in High-κ Gate Stacks

Charge trapping in high-k dielectrics is a significant concern. High-k dielectric 

films are believed to exhibit significantly higher charge trapping affinity than SiO2.118 

However, recent studies are less definitive for Hf-based dielectrics.119  It is anticipated 

that H (D) incorporation plays a significant reliability role for high-k dielectrics. The bias 

induced charge trapping in high-κ gate dielectrics is extremely high due to the large 
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densities of intrinsic defects.120,121,122,123,124 that leads to mobility degradation125,126 as

well as threshold voltage instabilities. The physical thickness of the high-κ gate dielectric 

material is higher than that of the SiO2 gates; and that raises the concern that gate oxide 

could be degraded if high-κ dielectrics are used in place of ultra-thin SiO2.
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Field Effect Transistors (FETs) with high-κ gate oxides have shown large shifts in 

their gate threshold voltage before annealing due to the trapped charge. 128,129,130,131 Also 

they have shown carrier mobilities less than FETs with SiO2 oxide. The cause of lower 

mobility is not fully understood.128 Also, using electrical techniques, electrical 

performance (transport, charge trapping, presence of detrimental electrically active 

interface traps) have received much attention.130,123,132 Although HfO2 is shown to exhibit 

superior electrical characteristics compared to other alternate gate dielectrics, the 

electrical properties of HfO2/Si interface are still not well understood and extensive 

efforts are being made in order to improve the quality of the interface.133 Here, post 

processing or surface preparation is shown to yield desired interface quality of HfO2 

directly deposited on Si. 

Various research groups have found experimentally that the fixed charge in ZrO2 

and HfO2 layers is usually found to be positive128,130 while in Al2O3 it is negative.17 

Houssa et al suggested that hydrogen gives rise to a positive charge in ZrO2 after 

annealing, based on the observation that hydrogen anneal makes the fixed charge more 

positive. Gusev et al observed that Al2O3 possessed negative fixed charge whereas HfO2 

possess a positive fixed charge. Other high-κ oxides tend to have positive fixed charge. 

The cause of fixed charge was suspected to be intrinsic defects, such as oxygen 
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vacancies, or extrinsic defects, such as hydrogen. Also one should note that the source of 

positive charge for different high-κ dielectrics may vary depending on the processing 

conditions and temperatures used for each kind of deposition. It was also reported that it 

is possible to passivate such oxygen vacancies by introducing nitrogen into the gate 

stacks, by various techniques.134 It was proposed that the mobility degradation in HfO2 is 

due to a combination of phonon scattering, coulomb scattering(from fixed charges in the 

bulk high-κ dielectric) and remote phonon scattering, especially at high fields.135 

Houssa et al in their recent findings have shown devices annealed at 580oC in FG 

NBT stress at 125oC is enhanced resulting in threshold voltage instability due to the 

positive charge buildup. Transport and tarpping of H+ at strained Hf-O-Hf bonds is 

responsible for the device degradation leading to the buildup of positively charged over 

co-ordinated oxygen centers. Another study shows Charge trapping assumes continuous 

distribution of capture cross section unlike SiO2.122 Theoretical results are found to be 

consistent with the experimental data for various stress voltages and temperatures, where 

∆Vth shift is a function of injected charge carrier density(Ninj) and predicts ∆Vth would 

increase with a power law dependence on time and  Ninj. ∆Vth saturates on longer 

stressing times provided no new traps are created. Modelling data is also consistent to the 

results published by other research groups. Comparison of HfO2 and Al2O3, HfO2 is 

predicted to show less threshold voltage instability than Al2O3 after 10 years of stressing. 

∆Vt increases with temperature. Solving the problem of threshold voltage instability in 

high-κgate stacks is of paramount importance, as circuits are designed with threshold 

voltage error 
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specifications < 10mV. 

Few studies have been carried out to understand the defect microstructure in 

alternate gate dielectrics. However, the high-κ films are believed to have a defect similar 

to E′ center in addition to the other possible defect centers related to stoichiometry of a 

particular high-κ material. Interface traps are the ones located directly at the interface 

with energy levels that exists within the Si band gap.98 Unlike oxide traps, interface trap 

density is at a minimum immediately following radiation exposure and slowly builds up 

with time.136,137 The mechanisms for interface trap formation in SiO2 and alternate gate 

dielectric is still not completely understood. It is believed that hydrogen, released during 

the hole transport in the oxide, migrates to the Si/SiO2 interface and react with silicon 

dangling bonds to form interface traps.136,137,138,139 Various studies have been carried out 

on  hydrogen motion in SiO2 and detailed microstructures of interface traps. However, a 

dangling Si bond that is passivated by a hydrogen atom (H-Si=Si) is currently considered 

the most likely precursor to interface trap formation in SiO2
100,101,102,140 Interfacial defect 

microstructure in alternative gate dielectrics is still largely unknown. 

 

2.4.5.3 Negative Bias Temperature Instability (NBTI) in High κ 

 

Negative bias-temperature instabilities (NBTI) are associated with the generation 

of oxide and interface trap charge at the Si/dielectric interface, when negative bias is 

applied to the gate for long times and/or elevated temperatures. Hydrogen-Reaction-

Diffusion or H°-R-D is the most popular theory offered in the literature. Excess hydrogen 

 51



was also reported to increase NBTI in high-κ dielectrics.141 M. A. Alam et al. proposed a 

reaction-diffusion (R-D) model to explain the power law dependence-t
n 
observed in the 

experiments. They believe that interface trap creation is limited by a reaction (i.e., 

breaking of Si-H bond caused by hole trapping) at early stage, with negative threshold 

voltage shift. The subsequent diffusion of hydrogenated species through the dielectric 

dominates the process afterwards.142 Due to the various types of charge traps NBTI in 

hafnium based high-κ gate stacks is complex, which trap and detrap under electrical 

stress. It was reported that the threshold voltage shift is largely due to detrapping from 

existing trap sites and the presence of the charge traps thus play a role in NBTI. A point 

to be noted is nitrogen generally enhances NBTI.143 Therefore hydrogen seems to play a 

key role in NBTI. 

Activation energies for both oxide trap and interface trap charge formation are 

similar and in the range of 0.2eV-0.4eV. On application of negative bias voltage to the 

MOS devices having excess hydrogen at or near interfacial region associated with the 

oxygen vacancies (VO) results in NBTI due to the H+ transport and reaction where H+ 

release from oxide protrusions (VO) in the near interfacial Si followed by diffusion along 

Si/dielectric interface finally reacting with Si-H to form interface traps or by its capture 

(H+) at VO to form positive oxide trap charge.  

Various factors can impact NBTI, such as chemical species (hydrogen, nitrogen, 

water, fluorine, and boron) which were introduced into the devices during the process, 

orientation of Si-substrate, temperature, the processing of the oxide layer, etc.24 To 

minimize NBTI degradation, the following methods need to be considered:  
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1. Improve the quality of the gate oxide and interface. The passivation of traps or 

dangling bonds by hydrogen or similar chemical species where bond breaking is 

avoided. 

2. To reduce concentration of certain chemical species such as nitrogen, water etc.  

3. Minimize mechanical stress or strain at the interface.  

4. To utilize deuterium instead of hydrogen, since D
2 

has higher binding energies 

and diffuses slower than hydrogen. 

Careful understanding of the impact of these issues on NBTI can lead to high yielding 

and stable devices. 
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CHAPTER 3 
 

HYDROGEN INCORPORATION IN HfO2/Si STRUCTURES 
 

 
3.1 Introduction 
 

It is well established that hydrogen is ubiquitous and is of paramount importance 

in semiconductor technology. This is due to its prevalence in various technologically 

relevant deposition processes such as chemical vapor deposition and atomic layer 

deposition (CVD, ALD) etc, post processing techniques such as anneals, etchings and its 

presence in cleaning processes of electronic structures during a variety of steps in CMOS 

device manufacturing. Hydrogen can exist in many forms such as H0, H2, H+, OH- and 

H3O+ with relatively large density present in even the driest and cleanest of all device 

manufacturing processes.1 

Annealing in hydrogen ambient is the most important sintering step during the 

fabrication of CMOS devices, where hydrogen ties to the Si dangling bonds at SiO2/Si 

interface thus passivating the charge traps (known as Pb centers) existing therein.2,3 

Nevertheless, this inevitable addition of hydrogen in the devices, particularly the gate 

dielectric, has shown to be detrimental, affecting the electrical performance of the 

device.4,5 Hydrogen in the bulk of the dielectric films has been a potential source of 

device instabilities such as Negative bias temperature instability (NBTI) and hence 

understanding the role of hydrogen in the bulk of the dielectric films has become 
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increasingly important. 6,7 It is considered that hydrogen interacts with the intrinsic 

defects within the gate dielectric such as oxygen vacancy defects (E′ centers) and 

deformed Si-O bonds in the strained region of SiO2 near the SiO2/Si interface, upon 

electric stress or irradiation, causes device degradation.8 

Aggressive efforts have been carried in recent years in order to replace SiO2/SiON 

gate dielectric with alternate gate dielectric candidate. The integration of this new 

dielectric material into the current Si technology is a difficult task because there is a long 

list of properties these materials must fulfill as discussed previously in Chapter 2.9 

Amongst several gate dielectric materials studied so far, HfO2
10

 has emerged as one of 

the most promising gate dielectric candidate due to its significantly higher dielectric 

constant(22-25),11 good thermal stability12 and lower leakage current.13,14 Therefore, to 

optimize and predict device reliability, it becomes necessary to understand the properties 

and behavior of hydrogen in high-κ dielectric candidate such as HfO2 based electronic 

structures with the ultimate aim of controlling and using hydrogen to improve electronic 

performance.   

It was demonstrated that post deposition anneals (called PDA henceforth) must be 

performed on HfO2 directly deposited on Si to yield desired interface quality for  future 

generation CMOS devices.15,16 Recently Pb -like defects have been confirmed in HfO2/Si 

interface as similar17 to or identical18 to the ones observed in SiO2/Si interface. Also, it 

was investigated that HfO2/Si interface has large interface density possibly due to the 

under coordinated hafnium atoms which gives rise to dangling bond states at the interface 

as established by the first principles simulations of the interface as well as the electron 
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spin resonance measurements.19,20 Their studies further elucidate annealing in 

hydrogen/deuterium ambient significantly improves the quality of the interface.  

Charge trapping or positive fixed charge in high-κ dielectric films is believed to 

be significantly higher than SiO2.21, 22Additionally, several studies confirms hydrogen in 

HfO2/Si stacks play a significant role in processes such as charge trapping, fixed 

charge,23 negative bias temperature instability (NBTI), 24,25 radiation induced 

instabilities,26  identified as complex issues rendering difficulty in high-κ dielectric 

integration into Si based technology and hence reliability of the devices.  

Post deposition annealing at high temperatures have shown to improve the bulk 

properties of the deposited dielectrics by removing any defects or vacancies created 

during the deposition process thereby reducing the fixed charge incorporated during the 

deposition process.27 Recent studies have shown that high-κ/Si stack in the forming gas 

avoided the mobility degradation due to the interface states passivation.28 The high trap 

density in high-κ dielectrics has shown to significantly effect threshold voltage instability 

as well.29 There have been various reports speculating that the high-κcharge traps are 

neutral or positively charged oxygen vacancies and are intrinsic to high-κ dielectrics.30 

Post deposition annealing of these dielectrics at high temperatures have shown to cause 

crystallization, resulting in grain boundary leakage in the gate dielectric.27  Robertson et 

al showed reduction in crystallization offers reduction in the density of oxygen vacancy 

related traps that might be present in the grain boundary.31 

Therefore, understanding the effects of hydrogen in semiconductors and its 

behavior such as incorporation, diffusion and trapping is of great importance in view of 
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its role in defects passivation as well as degradation of electronic structures. This is 

especially crucial as defect interactions continue to magnify as device dimensions shrink, 

demanding complete understanding of role of hydrogen in future MOSFET’s.  

In spite of abundance of knowledge derived essentially from electrical 

performance, unfortunately, little direct information is available on the actual location 

and concentration of hydrogen in high-κ dielectrics based CMOS structures and the 

effects of post processing in various ambients and forming gas (FG) anneal 

treatment.32,33 Complete understanding of the mechanisms involving hydrogen is still not 

available. This is mainly due to the obvious experimental difficulty in accurately 

quantifying and profiling hydrogen within the bulk of the films with reasonable 

sensitivity and depth resolution. 

  In this chapter, therefore a systematic study is performed that gives a better 

understanding of hydrogen trapping and its location and concentration in HfO2/Si (100) 

films on hydrogen anneal and other post processing treatment. Several thermal processing 

steps were performed to simulate the various steps involved in the fabrication of the 

CMOS device. Since these films were prepared via CVD techniques, which result in 

retention of lot of impurities such as hydrogen and carbon, the aim of the current study is 

to understand the post deposition annealing effects on hydrogen trapping in the bulk of 

these films. Elastic Recoil Detection Analysis data are used to characterize the evolution 

of hydrogen in HfO2/Si structures and to accurately quantify hydrogen. Detailed ERDA 

studies of hydrogen trapping in the bulk of HfO2/Si structures with correlation between 

processing conditions and hydrogen incorporation was investigated. NRA was used to 
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quantify carbon in these HfO2/Si structures and elucidate the carbon-hydrogen trapping 

correlation versus different semiconductor processing conditions. Grazing incidence X-

ray diffraction (GI-XRD) was utilized to detect crystallization in the films upon post 

deposition anneals and cross-sectional high resolution transmission electron microscopy 

(HR-TEM) was also used thus enabling the view of  transformation from amorphous to 

crystalline phase. 

In this chapter we investigate specifically the following:  

(i) Effect of FG annealing temperature on hydrogen trapping in HfO2.  
(ii) Effects of oxygen post annealing on hydrogen trapping in HfO2. 
(iii) Effects of carbon impurities on hydrogen trapping in HfO2. 
(iv) Effects of nitrogen pre annealing on hydrogen trapping in HfO2. 
(v) Comparison of hydrogen trapping in bulk HfO2 up on oxygen or nitrogen pre-

anneals. 
(vi) Effects of crystallization: a study on ion irradiation (Amorphization of HfO2 

films in this case) 
 
3.2 Experimental  
 
3.2.1 Sample Preparation  

The samples used in these experiments were prepared on 200 mm Silicon wafers 

(100) by Texas Instruments Inc. The HfO2 thin films (~80 nm) were deposited via CVD 

technique using hydrocarbon based precursors at 450 oC (proprietary). The HfO2 wafer 

was cut into small pieces, 1cm × 1cm for processing in different gas ambients and 

subsequent analysis. In this study, the structures utilized were uncapped. The thickness of 

the gate oxide was chosen to be in the order of ~80 nm. The thickness of the HfO2 films 

was determined by RBS. The reason for this choice is to achieve significant depth 

resolution and to study bulk properties of HfO2 and hence make sure that hydrogen 

signals from the bulk and interface regions are well separated. The focus of study in this 
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dissertation in only on the bulk materials properties for various high-κ dielectric thin 

films studied. 

 
3.2.2 Processing in O2, N2 and FG Anneals   
 

Rapid thermal post deposition anneals of the HfO2 films was performed ex-situ in 

oxygen and nitrogen ambient (1 Torr) at 1100oC, for 10 min in a JIPELEC Rapid 

Thermal Processing (RTP). Ramp times for RTA anneals were typically ~ 5-6 seconds. 

The samples were divided into two sets: Oxygen annealed HfO2 (O2 annealing) and 

Nitrogen annealed HfO2 (N2 annealing) and further subjected to forming gas [90% N2, 

10%H2] anneal (FG annealing). Some samples were annealed directly in FG without 

prior oxygen or nitrogen anneals. For typical anneals in this study in various 

atmospheres, the annealing chamber in the RTP  was first evacuated to ~30 mtorr and 

then heated to required anneal temperature in flowing gas at a pressure of 500 mtorr. In 

order to select the optimal temperature for FG anneals, temperature was varied between 

200 oC – 400 oC using a standard 30 minute anneal the flow diagram in figure 3.1 

illustrates the details of the experimental conditions and steps followed during these 

experiments to investigate the hydrogen trapping in these bulk 800 Ǻ HfO2 films. 
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   Figure 3.1: Flow diagram representing the process flow of the experiment. 

 

3.2.3 Characterization Techniques  

Rutherford Backscattering Spectrometry (RBS) data utilizing 1MeV He+ particles 

was collected to determine the thickness and composition of HfO2 film in the HfO2/Si 

gate dielectric stack. The SIMNRA simulation software was employed to calculate the 

thickness and composition respectively. HfO2 films were found to be stoichiometric with 

a thickness of ~78 nm as confirmed by RBS. RBS was used to measure possible oxygen 

deficiencies in the HfO2 films with an uncertainty of about 6 at % in these particular 

measurements.  

Due to the difficulties in measurement of hydrogen and the various limitations of 

techniques such as SIMS (that involves nondestructive nature of measurement) and NRA 
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XRD   : Crystallization 

Annealing in flowing O2 
1100oC, 10min 

As Deposited film 
CVD   Si 

HfO2(~80nm) 

 
  Si 

HfO2(~80nm) 

 
  Si 

HfO2(~80nm) 

Flow Diagram 

Annealing in FG, 
200oC- 400oC, 30min 

Forming Gas:  
N2 - 90%, H2-10% 

 

ERDA   : Hydrogen Analysis 
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(where ion beam irradiation imposes hydrogen redistribution in the films) etc, low energy 

ERDA was employed in the present study to measure directly the actual location and 

concentration of hydrogen in these films. Hydrogen trapping in the structures was 

determined by elastic recoil detection analysis (ERDA) measurements.34 The advantage 

of using ERDA over SIMS is the non destructive nature of this technique whereas in high 

energy NRA longer exposure times leads to redistribution of hydrogen that can be 

avoided using low mass incident ions as is the case in ERDA. This method allows 

quantitative hydrogen depth profiling with a depth resolution of 10 nm. Previous reports 

suggest the redistribution of hydrogen in the oxide films upon ion-beam irradiation 

during NRA in SiO2/Si (100) system.35,36,37  

Hydrogen trapping in the structures investigated was determined by ERD analysis 

measurements. The ERDA system at UNT is connected to the 3.0 MeV Pelletron 

accelerator. In these studies, a dedicated end station for multipurpose ion beam 

measurements was designed to include rotatable detectors that enabled simultaneous 

ERDA (specifically for measurement of hydrogen) and RBS measurements. The base 

pressure in the chamber where detection system is located was of the order of 10E -8 torr. 

The chamber is equipped with a precision manipulator which allows the adjustment of 

the sample angle and position. The most commonly used ion beam in this system is 4He 

with energy of 1 to 3 MeV. The ERDA and RBS system are mounted in such a way so as 

to enable recoil detection angles in the angular range from 0 to 40 degrees and 

backscattering angles in the angular range from 0 to 180 degrees. The distance of the 

ERD detector from the sample is adjustable. Stopping foils and detector apertures are 

 71



mounted in front of the detector also enabling determination of solid angle. All of these 

adjustments are possible within minutes and without breaking vacuum, thus allowing 

quick optimization of the parameters for different samples. The ERDA experimental 

setup was optimized for hydrogen measurements where the beam current was carefully 

chosen around ~100 nA to 200 nA thus carefully limiting the radiation and exposure time 

thus inhibiting hydrogen loss and allowing good reproducible measurements. This 

technique allows quantitative hydrogen measurement with a depth resolution of ~20 nm 

near the surface. The typical experimental setup employed in our studies includes 1.25 

MeV He+ ions that were impinged on the sample at an angle of 10o with the surface. A 

silicon surface barrier detector was placed at an angle of 20o with the direction of the 

beam to detect the recoiled particles. A 5μm thick Mylar foil was placed in front of the 

detector in order to stop the scattered He+ or heavier particles and to redistribute the 

energies of the recoiled particles in such a way that nearly background free detection was 

accomplished.  ERDA measurements were performed at room temperature and during the 

analysis the pressure in the measurement chamber was maintained a few times 10-7 torr. 

Figure 3.2 represents the ray diagram for the ERDA experimental setup utilized in 

experiments involved for this dissertation. 

NRA involving 12C (p, p) 12C nuclear reaction at 1.8MeV having scattering angle 

of detector as 168o was used in order to measure the carbon content in the films.38 

A Rigaku Ultima III x-ray diffraction system was used for the grazing incidence 

x-ray diffraction (GI-XRD) to detect crystallization of the thin films used in this 

dissertation.  
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Figure 3.2: Experimental setup of ERDA utilized in current experiments 

 

3.2.4 Irradiation of the Samples: Amorphization 

             In order to amorphize the HfO2 films (~80 nm thick); ion irradiation was carried 

for this study. After deposition and FG anneals of HfO2 films, the films were irradiated 

using Ar+ ions. Transport of ion in matter (TRIM), a Monte Carlo simulation program 

was used to determine appropriate irradiation energy and simulate the Ar+ distribution 

such that the Ar+ ions are located sufficiently far away from the HfO2/Si interface as 

shown in the figure 3.2. In this study, 3 MeV Ar+ ions were used to irradiate the HfO2/Si 

structures with a dose of 1014 atoms/cm2. Various studies have shown amorphization of 

crystalline structures even with low energy He+ ions where a dose of 1012 atoms/cm2 was 
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sufficient. 39,40,41,42,43  The choice of Ar+ ions and an irradiation dose 100 times more 

than what is required for amorphization to make sure that the irradiated HfO2 films would

be amorphous without the need to do micro structural analysis (XRD, TEM,…)

 

.  

A schematic in figure 3.3 illustrates the details of the experimental conditions and 

the representation of SRIM simulations at this energy. A flow chart in Figure 3.4 gives 

the details of the experimental conditions and steps followed during these experiments. 

Depth 

Si HfO2
Ar

HfO2

Ar distribution 
in Si 

 

Figure 3.3: Schematic representation of the ion irradiation carried using 3 MeV Ar+ ions 

and the range of distribution of Ar+ ions in the HfO2/Si structure obtained via TRIM 

illustrating implantation of the Ar+ ions way into the Si matrix far from the HfO2/Si 

interface.  
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Figure 3.4: Flow diagram showing detailed irradiation parameters and various steps 

involved in these experiments. 

 

3.3 Results and Discussions: HfO2/Si Structures 

    
3.3.1 RBS Results: HfO2/Si 

               Rutherford backscattering Spectrometry (RBS) was used to determine the 

composition and the thickness of HfO2 film.  The RBS spectrum in figure 3.5 represents 
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HfO2/Si sample annealed in oxygen at 1100 oC for 10 min. This RBS spectrum was 

obtained using 1 MeV He+ ion beam at 160o detection with respect to the incident 

direction.  The HfO2 film was found to be stoichiometric and thickness of the film was 

measured to be ~ 78 nm. As clear from the spectrum, the peak in the high energy channel 

region corresponds to hafnium from HfO2 and the substrate Si is also seen as the sharp 

edge in the lower energy channel region. The energy difference between the steps 

associated with Hf and Si at the surface and at the interface is directly proportional to the 

thickness of the oxide. The sharp edge of Si region in the given spectra specify that there 

is no interfacial reaction or diffusion occurring at the HfO2/Si interface, thus indicating  

thermally stable HfO2/Si interface on annealing up to temperatures  1100 oC in oxygen as 

well as nitrogen ambient (not shown here). HfO2/Si interface was therefore found to be 

thermally stable confirming the previously reported results which showed HfO2 to be 

thermally stable in contact with Si and considered as a viable candidate in future 

generation MOSFETs.12 

                    RBS was also employed to measure changes in the oxygen content in the 

HfO2 film. RBS spectra shown in figure 3.6 confirms no measurable change on anneal in 

oxygen or nitrogen. The uncertainty (error bar) on the detection of oxygen for this 

experimental condition was found to be ~ 6 atomic %. Based on these observations it 

suggests that there were no detectable oxygen deficiencies beyond the 6 % limit for this 

particular analysis. Small changes in oxygen deficiencies can also be indirectly seen in 

the electrical behavior of the structure and these measurements are planned for future 

studies in our laboratory. Future plans includes NRA using deuterium ion beam that is in 

 76



the process of being installed and would allow better determination of oxygen deficiency 

with higher accuracy than RBS. Further attempts in future will be carried out to measure 

and quantify oxygen vacancies using Positron Annihilation Spectroscopy (PAS).  
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Figure 3.5: RBS spectrum obtained by using He+ ions showing Hafnium and the oxygen 

regions of the HfO2/Si structure annealed in Oxygen at 1100oC for 10 min. Thickness and 

composition of HfO2 film is obtained via RBS. 
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Figure 3.6: RBS spectrum obtained by using He+ ions showing the oxygen region in an 

800 A HfO2/Si structure. This spectrum is plotted using background subtraction for 

oxygen region from the spectra in Figure 3.5 

 
3.3.2 Effects of Forming Gas Anneal Temperatures 
 
 
                  The effects of forming gas anneal on 80 nm HfO2/Si (100) sample was 

investigated as a function of annealing temperature. In order to characterize hydrogen 

distribution in bulk HfO2 films prior to FG anneal, HfO2 films were annealed in oxygen 

at 1100 oC, for 10 min in RTP that serves to prepare hydrogen free bulk oxide by 

desorbing deposition residuals and impurities adsorbed from air. Our results shows that 
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considerable amounts of hydrogen exist in the as deposited films and hence the oxygen 

anneals at high temperatures were attempted to drive the residual hydrogen out of these 

films. To determine the incorporation of hydrogen in these films, annealing in forming 

gas was carried out in a range of temperatures for 30 min. The choice for 30 minutes is 

dictated by standard semiconductor process where hydrogen passivates the Si dangling 

bonds thus reducing interface traps. Relative hydrogen yield for the pre oxidized samples 

annealed in FG for 30 min in 500 mtorr at temperatures of 200 oC, 300 oC, 350 oC and 

400 oC is shown in figure 3.7. This study is focused on hydrogen trapping in bulk HfO2 

and not the hydrogen trapping at the surface. Understanding hydrogen trapping at 

surfaces requires in-situ studies and is outside the scope of this particular research. Only 

the data in the bulk oxide region is of interest that is representative of hydrogen trapped 

in bulk HfO2 and is marked between the dashed lines as shown in figure 3.8. As described 

earlier in this chapter, thicker oxide films were chosen in this study to distinguish 

hydrogen signal from surface, interfacial region and bulk. The experimental setup is 

optimized such that the interfacial region lies far away from the region selected in the 

bulk between the dashed lines. As seen in the graph, the sample annealed at 300oC in FG 

shows maximum incorporation of hydrogen in bulk HfO2. Obviously, the FG annealing 

temperature strongly influences the amount of hydrogen trapping in HfO2 versus forming 

gas anneal temperature. The ion beam induced migration was not observed in these 

measurements and care was taken to reduce the beam currents to    ~100 nA for this 

analysis, consequently to obtain reproducible data points. Based on the choices of FG 

anneal temperatures, absolute temperature where enhanced hydrogen incorporation in the 
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bulk of  the oxide occurs, cannot be determined specifically but most prominently 

resulting in maximum incorporation at 300 oC. Here the temperatures are calibrated and a 

k-type thermocouple (RTP) is used to measure the temperature of the sample with error 

bar of 0-2 oC. 

                  The effect of the FG anneal on ~78 nm HfO2/Si sample was investigated as a 

function of annealing temperature. Figure 3.8 represents the relative trapped hydrogen as 

estimated from the integrated area between the dashed lines (Energy Channels: 100-200) 

from the ERDA hydrogen spectra in figure 3.7 for various FG anneal temperatures. The 

relative hydrogen yield is representative of the hydrogen trapped in bulk HfO2. It is 

evident that trapped hydrogen in bulk HfO2 increases with temperature to reach a 

maximum at 300oC and then decreases at higher temperatures. The hydrogen 

concentration was obviously higher for the as deposited and the processed HfO2/Si 

sample at 300 oC and is significantly reduced for temperatures 350 oC and 400 oC.  

          The differences in the hydrogen content in bulk of HfO2/Si structures at various FG 

anneal temperature can be assigned to the different bonding arrangements that results in 

the differences in the activation energies of H bonded to various defects and/or 

impurities. Further measurements using thermal desorption Spectroscopy will be helpful 

in determining the activation energy and FTIR would allow determination of the variety 

of bonding configurations. From the observed trend, a competition is established between 

hydrogen being incorporated and passivating the defects or forming impurities-H 

complex to that of the hydrogen desorbing from bulk HfO2. Electrical characterization 
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would allow us to also determine the differences in the characteristics due to the bulk and 

interfacial traps.  
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Figure 3.7: FG temperature dependence of the trapped hydrogen in bulk HfO2 of the as 

dep, post deposition anneal in O2. HfO2 films annealed in FG at different anneal 

temperatures for 30min 
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Figure 3.8: Relative hydrogen trapped in bulk of HfO2/Si structure vs. the pre-oxidized 

HfO2 at different FG Anneal temperatures for 30min 

 
 

Although it does not appear possible to decide based on only the results that we 

have on the hydrogen content variation in the bulk HfO2 films, for different FG anneal 

temperature a complete systematic study for different time temperature and pressure has 

to be carried out giving full kinetic analysis of the hydrogen reactions. Unfortunately the 

less number of data in fig 3.8 hardly allows us to derive the activation energy for the 
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hydrogen incorporation in term of an Arrhenius analysis. In another set of experiments, 

the trend of the desorption of hydrogen from the bulk of the oxide is planned to be 

studied giving the details of the activation energy of the hydrogen trapped at various sites 

at interface and bulk of the oxide films that will enable to differentiate the different 

bonding configurations such as Hf-OH, Hf-H, C-H, O-H etc. Also to be studied is the 

distribution of hydrogen in the oxide and at the interface and its release either from 

oxygen vacancy/deficiency complex, C-H, C-O or interfacial trapped charge that 

accounts for the distribution of activation energies for the passivation and depassivation 

mechanisms. The bonds rearrangements during the crystallization on high temperature 

anneal where grain boundaries occur also explain the densification and possibly can 

account for the differences in the hydrogen content on FG anneal. Figure 3.9 shows a 

competition is established between hydrogen being incorporated and passivating the 

defects with the hydrogen getting desorbed from the bulk of the oxide and being released. 

Anneals at 300oC, were found to have maximum incorporation in the bulk and therefore 

this temperature was chosen in forthcoming experiments where forming gas anneal was 

carried out. Although a full kinetic analysis of the hydrogen reactions has yet to be 

completed, a trend of desorption of hydrogen from the bulk of the oxide is obtained.  
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Figure 3.9: Schematic illustration representing hydrogen species diffusing into and out of 

the oxide showing the parameters pressure, temperature and time that effects hydrogen 

diffusion. 

 

3.3.3 Effects of O2 Post Anneals 

3.3.3.1 ERDA Results 

In order to measure the content of hydrogen trapping in bulk HfO2 films, prior to 

the FG anneal, ERDA spectra were recorded as shown in figure 3.7 for hydrogen in the as 

deposited HfO2 films and annealed in oxygen at 1100oC for 10 min. A single peak at the 

surface with a uniform distribution in the bulk region of the HfO2 films can be clearly 

seen. This is unlike SiO2 films where hydrogen is apparently non-uniformly distributed in 

the oxide layers concentrating mainly near the interface region in SiO2/Si system as 

reported by Wilde et al.37 It shows the hydrogen content of the as deposited sample 

recorded prior to the anneal compares favorably with the result obtained in as deposited 

HfO2 in figure 3.7, once again confirming the reproducibility in the measurements. It 

should be noted that the samples were transported through air and installed into the ion 
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beam vacuum system for hydrogen analysis. The HfO2 surfaces are, therefore, likely to 

have adsorbed water and hydrocarbons, which account for the surface H signal in the 

ERDA spectra. Varying amounts of contaminations are reflected by the differences in the 

integral intensities of the surface signal for different samples. Since the present study is 

focused on the H trapping in bulk of the HfO2 films, the surface hydrogen is not an issue. 

Surface hydrogen trapping is not the focus of this study it requires the development of a 

new in-situ experimental set up that is not available at this stage. One observes, hydrogen 

content in bulk HfO2 (marked between the arbitrary dashed lines) of as deposited HfO2 is 

most abundant. Annealing in oxygen significantly reduces hydrogen content in bulk. 

Further the ERDA spectra of HfO2 films annealed sequentially in oxygen and FG at    

300 oC for 30 min was recorded. Upon annealing in FG at 300 oC for 30 min, an increase 

in the hydrogen content throughout the bulk is observed, but not significant enough as in 

the case of as-dep HfO2. This difference in the hydrogen trapping in the bulk of the as 

deposited and the  O2+ FG annealed HfO2, is most likely due to the decrease in the 

oxygen vacancies/deficiency, carbon impurities in the CVD prepared HfO2 films, but 

may be also affected by hydrogen trapping in grain boundaries, following the expected 

crystallization. It was also seen and recorded that the hydrogen content measured does 

not change as a function of exposure due to irradiation before, during and after 

measurements. 

            For comparative studies, an energy (depth) region ranging from energy 

channel number 100 - 200 in figure 3.10 (dashed vertical lines) was arbitrary chosen as  
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Figure 3.10:Variation of hydrogen trapping in bulk of HfO2/Si structure: As Dep, O2 

Anneal, 1100oC-10min + FG Anneal, 400oC-30 min & O2 Anneal, 1100oC-10 min. 

 

representative region of the trapped hydrogen in bulk HfO2. The integrated area versus 

annealing conditions is plotted in figure 3.11. The relative intensities of the bars represent 

absolute differences in the bulk hydrogen trapping as derived from the previous figure. 

These data are obtained from the areas under the bulk region marked between the 

arbitrary dashed lines in ERDA spectra. The excess amount of hydrogen trapped in bulk 
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of as deposited HfO2, is believed to be due to the hydrogen trapped at the oxygen 

vacancies/deficiencies and carbon impurities since these HfO2 films are prepared via 

CVD employing hydrocarbon based precursors. The ratio of the trapped bulk hydrogen 

between the as deposited film and the (O2 +FG) anneal is approximately equal to 2:1. 

Another possibility is H trapping due to the crystallization on high temperature anneals 

where H gets trapped at the grain boundaries and interfaces, since during oxygen 

annealing, densification as well as crystallization occurs. In one of the theoretical review 

paper Robertson reported the presence of various charged states and the explained 

different levels of oxygen vacancies (that lies within the Si band gap and is harmful for 

the electrical properties of the devices) in HfO2.44  Oxygen vacancy is critical for leakage 

and trapping. The oxygen vacancy is the most likely intrinsic defect in HfO2 in terms of 

their formation energies. Let us consider the oxygen vacancy in HfO2. The vacancy can 

also trap one or two electrons. A trapped electron causes the adjacent Hf ions to distort 

asymmetrically, therefore it is necessary to either to minimize or passivate vacancy of 

oxygen. In order to determine the exact cause of the H trapping, we evaluated the 

differences for both ambient O2 and N2: reactive and inert. Anneal in inert ambient, N2, 

would let us determine the cause of the H trapping and hence anneals in N2 ambient were 

pursued and results of which will be discussed in the next section. 
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Figure 3.11: Comparison of relative hydrogen trapping in bulk HfO2 vs. annealing 

conditions as indicated: FG, O2 and O2+FG 

 
 
3.3.3.2 HR-TEM Results:  

Cross-section of as deposited and oxygen annealed HfO2/Si structures were 

analyzed using HR-TEM. The results of oxygen annealed HfO2/Si structures annealed at 

1100oC for 10 mins are as shown in the figure 3.12. The image displays the interface of 

HfO2 and Si with approximately 1 nm thick SiO2 at the interface. Note here that SiO2 at 

the interface is very thin and is due to the oxidation of Si at the interface. HfO2 after 
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oxygen anneal shows complete crystalline structure as seen in the image, whereas HfO2 

in as deposited condition (not shown here) showed complete amorphous structure. These 

HRTEM results further confirm the possibility of hydrogen getting trapped at the micro 

grain boundaries in a crystalline network. 

 

 

HfO2

Si
SiO2

         

 

Figure 3.12: Cross- sectional HRTEM image of HfO2/Si interface annealed in oxygen 

ambient at 1100oC for 10 mins. Crystalline nature in HfO2 film is clearly evident with ~2-

3nm of SiO2 at the interface as indicated in the image.  

 

3.3.3.3 XRD Results: 

Figure 3.13 shows GI-XRD results for 80nm thin film of HfO2 in as deposited, 

oxygen annealed and nitrogen annealed conditions. On annealing in oxidizing ambient 

such as oxygen and inert ambient such as nitrogen we notice crystallization occurs in the 
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film, although the peak intensities and structure for such different anneal appears to be 

same. The x-ray diffraction data of HfO2 confirms the result obtained by using HR-TEM 

where we see crystalline grains of HfO2 on anneal. As deposited HfO2 thin films are 

predominately amorphous. Pure HfO2 can exist in three crystalline phases at atmospheric 

pressures: the monoclinic phase (m-HfO2) is formed at room temperature, the tetragonal 

phase (t-HfO2) is formed at 1720 oC, and the cubic phase (c-HfO2) is formed at 2600oC.  

The crystallization occurs on annealing the structures either in oxygen and nitrogen 

ambient annealing leads to an almost complete crystallization. It is evident from the GI-

XRD data that strong peaks appears at 2θ 28o, 32o, 34o and these crystalline peaks 

corresponds to monoclinic whereas peaks at 36o and 42o correspond to tetragonal for the 

annealed samples as indicated in the figure below. The peak distribution shows a textured 

growth, a correlation between crystallization and hydrogen trapping hence was studied in 

the next chapters. Therefore we noticed a strong correlation between annealing 

temperature and crystallization although crystallization is same for the films annealed in 

oxygen and nitrogen, thus we conclude that hydrogen trapping in HfO2 films is due to the 

micro-structural defects present in the films and crystallization plays minimal role in 

hydrogen trapping in bulk of such films. 
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Figure 3.13: GI-XRD spectrum for HfO2 films on Si as processed and annealed in O2 and 

N2 at 1100oC for 10 mins. HfO2 crystallization is observed in the appearance of 

monoclinic and tetragonal HfO2 peaks as shown. 

 

3.3.4 Effects of N2 Post Annealing 

In another parallel study we performed anneals in nitrogen and compared the 

results with those obtained in oxygen anneals. As described in the previous sections, 

anneal in nitrogen desorbs most of the hydrogen from the film, leaving behind a 

hydrogen free film. In order to determine the behavior of incorporation of hydrogen in 
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inert ambient in the bulk of HfO2/Si structures anneals in nitrogen were pursued. Inert 

annealing ambient does not affect oxygen deficiency and the carbon impurities in the 

films. Figure 3.14 illustrates ERDA spectra of hydrogen in HfO2 for the as deposited, 

annealed in nitrogen at 1100oC for 10 min and annealed sequentially in nitrogen and FG 

at 300oC for 30 min. We are interested in the hydrogen trapped in the bulk of these films. 

Since the samples were transported from air to the vacuum chamber where the analysis 

was done, the surface is likely to adsorb water from ambient, further attempts to either rid 

the surfaces from contamination or to clarify its nature were not undertaken. Varying 

amounts of contaminations are reflected by the differences in the integral intensities for 

different samples. The spectra for clean Si seen in figure 3.14  gives an indication of  

hydrogen free sample after anneal at high temperature(> 900oC). The differences in the 

surface hydrogen peaks can vary as discussed earlier and depend on various parameters 

such as pressure and time it has been in loaded in the chamber. 

             As seen, hydrogen content is most abundant in the bulk (marked between the 

dashed lines) of as deposited HfO2 which is consistent with our previous observations. 

Also hydrogen incorporation in bulk is significantly reduced for the HfO2 annealed in 

nitrogen, similar behavior as observed in oxygen anneal HfO2 films. One of the reasons 

of the increase in the hydrogen content in the HfO2 films annealed in nitrogen and 

forming gas is due to the differences in the carbon impurities in the film as well as the 

oxygen vacancies in the films. Crystallization in these structures annealed in nitrogen is 

assumed to be the same as in the O2 annealed samples and therefore oxygen vacancies or 

carbon impurities in the films can possibly account for these differences. The 
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measurement of carbon content for the samples annealed in nitrogen will be carried in our 

future experiments and hence the correlation between the carbon impurities in O2 and N2 

annealed samples can be done.  

 

Energy Channel Number
100 150 200 250 300 350 400

B
ul

k 
H

yd
ro

ge
n 

Yi
el

d

0

50

100

150

200

250

300 As Dep
N2 Anneal
Clean Si
N2 + FG Anneal

 

 

Figure 3.14: Variation of hydrogen trapping in bulk of HfO2/Si structure as measured by 

ERDA: As Dep, N2 Anneal, 1100oC-10min + FG Anneal, 400oC-30 min, N2 Anneal, 

1100oC-10min and clean Si 
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3.3.5 Comparison of Bulk Hydrogen Trapping upon Oxygen and Nitrogen Anneals 

              For some of the HfO2 films, a comparative study of pre anneals in nitrogen 

and oxygen was carried out prior to the forming gas anneal at 1100oC for 10 mins each. 

The results in the previous set of experiments shows that on annealing in oxygen the 

amount of oxygen vacancies are known to reduce and in order to determine the 

differences in the bulk hydrogen trapping we performed these anneals in different 

ambient such as  

Anneal in Oxygen: Desorbs hydrogen, also compensates for oxygen deficiency and 

reduces Oxygen vacancies/carbon impurities breaks C-H bonds releasing Hydrogen. 

Anneal in Nitrogen: Desorbs hydrogen, does not affect Oxygen deficiencies/carbon 

impurities in the structure. 

Figure 3.15 shows that bulk hydrogen trapping in HfO2 films when pre annealed 

in oxygen and nitrogen ambient are almost the same. Whereas when these films were 

annealed back in FG at 300oC, the hydrogen trapping showed an interesting difference. 

The reason for this difference may be due to the crystallization and stress in the film that 

could account for hydrogen trapping in HfO2/Si structures. Another possibility is due to 

the presence of carbon impurities as seen from our results (explained in next section), in 

the films as anneals in nitrogen does not affect the carbon impurities and hence this 

change. Here we assume the crystallization effects due to oxygen and nitrogen anneals 

are same. Oxygen vacancies can also result in these changes and so further systematic 

studies are to be carried out in order to study the hydrogen incorporation in detail. 
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Figure 3.15: Comparison of the ratio of trapped hydrogen in O2 and N2 Annealed samples 

relative to as deposited HfO2 annealed sequentially in O2/N2 and FG 

 
 

3.3.6 Effects of Carbon Impurities on the Hydrogen Trapping: NRA  

3.3.4.1 NRA Results  

              To better understand the carbon and hydrogen trapping correlation and in order 

to determine the carbon content in the film we performed NRA involving 12C (p,p) 12C 

nuclear reaction at 1.8 MeV at a scattering angle of detector, 168o. At this energy C 
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resonance occurs, and therefore it is easier to determine very low contents of carbon in 

the film, as when the average C concentration is between ~0.5 and 2 at%, the C 

resonance technique can provide accuracy within about ±0.2 at%. Figure 3.16 shows the 

spectrum presenting resonance from carbon at 1.8MeV. To separate the two signals the 

incident beam energy must be increased, moving the maximum resonance deeper into the 

film. When the resonance is close to the surface the peak can be seen.  As the energy is 

increased the signal from the film carbon separates from the surface carbon signal (figure 

not shown here). In this manner the film and surface carbon can be discriminated. The 

resonance signal was centered in the film to insure an accurate measure of the carbon 

concentration in bulk HfO2 without contribution from adsorbed hydrocarbons at the HfO2 

surface. The ratio of the net area for the C resonant peak for the as deposited HfO2   was 

calculated to be almost double to the HfO2 annealed in Oxygen at 1100oC for 10 min. 

Therefore reduction in the carbon content was clearly noticed after the oxygen anneals. 

This decrease in the carbon impurities in the film after the oxygen anneal is most likely 

one of the possible reasons for the reduction in the bulk hydrogen trapping after the 

forming gas anneal and can be correlated to the carbon-hydrogen impurity complex. As 

mentioned earlier, the ratio of the bulk hydrogen trapped in the HfO2 as deposited film to 

the O2 +FG anneal approximately equals 2:1, similarly it can be noted that the ratio of 

carbon content for the oxygen annealed sample was found to be almost half of the carbon 

content in the as deposited film, which suggests that there is a strong correlation between 

the hydrogen content and the carbon impurities in the films.  
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Figure 3.16: C resonant peak obtained using NRA using 12C (p, p) 12C nuclear reaction at 

1.8 MeV, θ = 168o, Inset shows the difference in the C peak from as-dep and oxygen 

annealed samples. 

 

3.3.7 Effects of Crystallization: Ion Irradiation Induced Amorphization 

 

                Figure 3.17 shows ERDA spectra illustrating the bulk hydrogen trapped in the 

as deposited HfO2, HfO2 annealed in Oxygen at 1100oC for 10 min and annealed 

sequentially in FG at 300oC for 30 min. HfO2 annealed in O2 at 1100oC for 10 min and 

irradiated with a dose of 1E14 Ar+ at/cm2 followed by FG Anneal at 300oC for 30 min.  
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The samples were transported through air and installed into the vacuum system for 

ERDA analysis. It can be clearly seen from the spectra that the bulk hydrogen trapping is 

abundant for the as deposited HfO2. Whereas hydrogen incorporation in bulk significantly 

reduced for the HfO2 annealed in oxygen. However, when pre-oxidized HfO2 is annealed 

in FG at 400oC for 30 min, an increase in the hydrogen content in bulk is observed, but 

not as significant as observed in the as-dep HfO2. The decrease in the hydrogen in the 

bulk of the sample pre-oxidized HfO2  annealed in FG at 300oC for 30 min is most likely 

due to the decrease in the oxygen vacancies/deficiency or carbon impurities in the film. It 

can be observed that the hydrogen trapped in plot (c) is not significantly different than 

that of the pre-oxidized HfO2. Therefore it can be said that the fraction of hydrogen 

trapping defects for the pre-annealed samples were annealed or removed during the 

oxygen anneal. The possible reason for the reduction in hydrogen trapping in the bulk is 

due to the partial amorphization of crystallized HfO2 and possibly ion irradiation induced 

recombinations. In Figure 3.18 a relation between the relative bulk hydrogen trapping and 

forming gas anneal temperature is obtained. Basically it gives the ratio of the bulk 

trapped hydrogen in irradiated HfO2 relative to non-irradiated HfO2. It has been observed 

that the Ar irradiation of pre-oxidized HfO2 and annealing in forming gas at 350oC shows 

the lowest hydrogen trapping in bulk HfO2. 
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Figure 3.17: ERDA spectrum of HfO2 film on Si using He+ at 1.25MeV, reveals the 

changes in the hydrogen trapped in bulk of HfO2/Si structure for: (a) As Deposited (b) 

Annealed in O2 at 1100oC for 10 min followed by FG Anneal at 400oC for 30 min (c) 

Annealed in O2 at 1100oC for 10 min and irradiated with a dose of 1E14 Ar+ at/cm2 

followed by FG Anneal at 400oC for 30 min (d) Annealed in O2 at 1100oC for 10 min 
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Figure 3.18: Variation of hydrogen trapped in bulk of HfO2/Si structure for: (a) As 

Deposited (b) Annealed in O2 at 1100oC for 10 min (c) Annealed in O2 at 1100oC for 10 

min followed by FG Anneal at 400oC for 30 min (d) Annealed in O2 at 1100oC for 10 min 

and irradiated with a dose of 1E14 Ar+ at/cm2 followed by FG Anneal at 400oC for 30 

min 

              

         It is very clear that carbon impurities and crystallization are the most important 

parameters for hydrogen trapping in bulk HfO2 films. Future careful and detailed study 

decoupling carbon impurities and crystallization effects are required and or planned to 

fully understand hydrogen trapping in bulk HfO2. 
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3.4 Conclusion 

In conclusion, ERD measurements indicate that hydrogen trapping is most abundant 

in bulk of the as-dep HfO2. Here, hydrogen trapping in bulk HfO2 is dependent on the 

forming gas anneal temperature and is observed to be maximum at a temperature of 

300oC. It was shown that bulk hydrogen trapping is due to the strong dependence on 

carbon –hydrogen complex or it may also be due but to a less extent to oxygen deficiency 

(oxygen vacancy-hydrogen complex!). Another possible reason for the trapping of 

hydrogen in the bulk is due to the crystallization effects in the anneals in oxygen and 

nitrogen, although we confirmed crystallization to be the same we conclude the hydrogen 

trapping in HfO2 is due to various micro-structural defects present in the film. Trapping of 

hydrogen in HfO2/Si structures significantly depends on processing ambient 

(oxygen/nitrogen). Hydrogen trapping in bulk HfO2 is significantly reduced for pre-

oxidized HfO2 prior to forming gas anneal. An irradiation of pre-oxidized HfO2 and 

annealing in forming gas at 350oC shows the lowest hydrogen trapping in bulk HfO2. This 

is probably due to the amorphization of crystallized HfO2 and ion irradiation induced 

recombinations/reduction in micro-structural defects.  
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CHAPTER 4 
 

ERDA STUDY OF HYDROGEN UPTAKE AND CRYSTALLIZATION EFFECTS 
IN HfxSi1-xO2/Si STRUCTURES 

 

 

4.1 Introduction  

 Hafnium based high-κ materials have been widely studied as good alternatives to 

SiO2 and SiOxNy gate dielectrics beyond 45nm technology node.1,2 For a gate oxide 

thickness of less than 20 Å, conventional thermal SiO2 is not applicable owing to the 

excessive leakage currents. Hafnium based silicates, (HfO2)1−x (SiO2) x (known as HfSiO) 

have enticed attention, in recent years due to the high dielectric constant and good 

thermal stability  in contact with Si.3,4 It is a well known fact that trap transformations 

under annealing treatments in hydrogen ambient normally involve passivation of traps at 

thermal SiO2/Si interfaces by hydrogen.5,6 Similar behavior is observed for high–k 

dielectrics based Metal-Oxide-Semiconductor (MOS) structures and is indirectly 

confirmed by low interfacial state density traps from electrical characterization of MOS 

structures.7,8 

Hydrogen plays significant role in semiconductor technology because of its 

pervasiveness in various deposition and optimization processes of electronic structures. 

The most promising deposition methods for the ultra-thin high-k dielectrics is Chemical 

Vapor Deposition (CVD) and Atomic layer Deposition (ALD)  that uses hydrocarbon 

based precursors. ALD has many advantages such as homogeneous and pinhole free sub-
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nano layers when compared to sputtering based depositions.  However, ALD as well as 

CVD prepared films contain significant amount of carbon and hydrogen that may be 

detrimental to the electronic properties of the final device structure.  

On the other hand, hydrogen play a crucial role in various device degradation by 

influencing the charge states near the SiO2/Si interface.9,10 It has been reported that 

hydrogen in the bulk of the gate dielectric films is a potential source of device 

instabilities. 11,12 Additionally, some of the hydrogen ions under the action of electric 

field diffuse from the interface into the oxide bulk where it gets trapped to form positive 

fixed charge contributing to threshold voltage shifts, a concern in terms of device 

reliability. It was also shown that it is possible to passivate oxygen vacancies by 

introducing hydrogen into the gate stacks upon electric stress or irradiation, causing 

device 

s 

ost 

e 

peratures, which compromises the reliability of the entire CMOS 

structur

on of 

resulted in degradation of electrical performance of the devices.20,21,22 Eliminating the 

degradation.13  

The presence of H+ in gate dielectrics has been associated with positive fixed 

charge in SiO2.14,15
’
16

 Charge trapping or positive fixed charge in high-κ dielectric film

is believed to be significantly higher than SiO2.17,18 Hydrogen is also suggested as m

common impurity present in  MOS structures and plays a key role in negative bias 

temperature instabilities.19 Hydrogen can migrate into and out of the high-k/Si interfac

at relatively low tem

e. 

Processing of high-k dielectrics at high temperatures has lead to crystallizati

the films. As shown by many research studies, crystallization of these high-κ films 
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crystallinity of the dielectric, have suggested to reduce the intrinsic charge trapping and 

improvement in threshold voltage (Vth) instabilities.23  

As a result, it is important to understand the properties and behavior of hydrogen 

such as incorporation, diffusion and trapping of hydrogen in high-k dielectrics and its 

correlation with carbon impurities and crystallization with the final aim of controlling and 

using hydrogen to improve electronic performance of electronic structures. However, 

little studies giving direct information on the location and concentration of hydrogen in 

high-k based MOS interface regions and how it is affected by hydrogen annealing 

treatments is available.24,25 This is mainly due to the obvious experimental difficulty in 

accurately quantifying and profiling hydrogen within the bulk of the films with 

reasonable sensitivity and depth resolution. 

 In this chapter, a systematic study of HfxSi1-xO2/Si structures is carried that gives 

a better understanding of hydrogen trapping and its location and concentration in bulk as 

well as the interfaces of HfxSi1-xO2/Si structures on hydrogen anneal and other post 

processing treatment. The films in this study were prepared via CVD and as a result 

contain lot of hydrocarbon based impurities.  The preprocessing of the high-k dielectrics 

stacks in neutral ambient (N2) and oxidizing ambient (O2) prior to forming gas (FG) 

processing is performed to demonstrate the difference in hydrogen trapping in bulk in 

different ambient. Both NRA and ERDA are used to quantify carbon and hydrogen in 

these high-k dielectrics/Si structures and elucidate the carbon-hydrogen trapping 

correlation versus different semiconductor processing conditions and crystallization. GI-
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XRD was performed to detect the degree of crystallization in the films and hence to 

correlate with the crystallization and bulk hydrogen trapping in the film stacks. 

 

The aim of this chapter is to investigate specifically the following:  

(i) Effect of % SiO2 on hydrogen trapping in HfxSi1-xO2/Si (40%, 60%, 80% HfSiO). 
(ii) Effect of FG annealing temperature on hydrogen trapping in HfxSi1-xO2/Si (80% 

SiO2).  
(iii) Effects of thickness on hydrogen trapping in HfxSi1-xO2/Si (40% SiO2- 40nm, 

60nm and 80nm). 
(iv) Effects of oxygen post annealing on hydrogen trapping in HfxSi1-xO2/Si (80% 

SiO2).  
(v) Effects of nitrogen pre annealing on hydrogen trapping in HfxSi1-xO2/Si (80% 

SiO2) 
(vi) Comparison of hydrogen trapping in bulk HfxSi1-xO2 upon oxygen or nitrogen 

pre-anneals. 
(vii) Compare bulk hydrogen content in the as-deposited films and its dependence on 

the HfO2/SiO2 ratio in the HfxSi1-xO2 dielectric film. 
(viii) Effects of crystallization: a study on ion irradiation (Amorphization of HfxSi1-xO2 

films in this case) 
(ix) Compare bulk hydrogen content in the as-deposited films and its dependence on 

different degree of crystallization. 
 
 
4.2 Experimental 
 
4.2.1 Sample Preparation  

HfSixOy thin films were deposited on 200mm Si (100) p-type substrates by Texas 

Instruments Inc. The thickness of HfSiO films were 40 and 80 nm. The Hf silicate films 

were deposited via CVD methods using hydrocarbon based precursors at 450oC 

(proprietary). Three sets of Hf silicate films (HfSiO called henceforth) namely (HfO2)x 

(SiO2)1-x were prepared having 40% SiO2(60% HfO2), 60% SiO2(40% HfO2) and 80% 

SiO2(20% HfO2) fractions. After HfSixOy thin film deposition, the substrates were then 

cleaved to ~1cm2 sample sizes for the annealing procedures described below. In this 
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study, the structures utilized were uncapped. The thickness of the gate oxide was 

deliberately chosen to be in the order of ~80nm in one set where systematic studies have 

been carried. The thickness consideration is to examine the differences among the bulk 

and interface properties of HfSixOy and hence make sure they are well separated. For a 

comparison study, HfSiO films, 60nm thick were deposited via CVD methods using 

hydrocarbon based precursors at different temperatures 570 oC and 650 oC (proprietary). 

Three sets of HfSiO (~ 60 nm) were prepared having 30% SiO2 (70% HfO2), 40% SiO2 

(60% HfO2) and 60% SiO2 (40% HfO2) fractions. 

 
4.2.2 Processing in O2, N2 and FG Anneals  
 
 

The samples, HfSiO films were annealed ex-situ in oxygen or nitrogen 

atmospheres at 1100oC, for 10 min in flowing gaseous atmospheres, in a JIPELEC Rapid 

Thermal Processing (RTP). Typical ramp rate for such anneals was ~5 - 6 seconds. 

Employed atmospheres were 500 mtorr of O2, N2 and FG respectively. The samples were 

divided in two sets: Oxygen annealed HfSiO (O2 annealing) and Nitrogen annealed 

HfSiO (N2 annealing) and subsequently forming gas (90% N2 and 10%H2) anneal (FG 

annealing) was performed on each set of samples. Other post deposition anneals were 

also performed ex-situ in FG. Such anneals in various gaseous atmospheres in the RTP 

was performed by first evacuating the annealing chamber to ~ 30  mtorr and then ramped 

to desired temperature required in flowing gas at a pressure of 500 mtorr. To determine 

the optimal temperature for maximum hydrogen incorporation, using a standard 30 

minute anneal, anneals were performed in a range of temperature from 200oC – 400oC. 
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The flow diagram, in figure 4.1 illustrates the details of the experimental conditions and 

steps followed during these experiments to examine the hydrogen trapping in bulk 800Ǻ 

of HfSiO films. 

 

 
 
 
  Si 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4.1: Experimental flow diagram representing the process flow for the H studies in 

Hf silicate films. Hydrogen and Carbon were analyzed by ERDA and NRA respectively. 
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4.2.3 Hydrogen Characterization  

Rutherford backscattering spectrometry (RBS) data utilizing 2 MeV He+ 

particles was collected to determine the thickness and composition of the HfSiO /Si gate 

dielectric stack. The SIMNRA simulation software was employed to calculate the 

thickness and composition respectively. HfSiO films were found to be stoichiometric 

with a thickness of ~ 78 nm. RBS was used to measure possible oxygen deficiencies in 

the HfSiO films with an uncertainty of about 6 at % in these particular measurements. A 

point to be noted here is oxygen vacancies are different from oxygen deficiencies and 

hence in our results we conclude oxygen deficiencies may be not present in the films with 

a 6 at % certainty. Although as seen from our previous measurements in HfO2,  oxygen 

vacancies does play to a lesser extent a role in the bulk hydrogen trapping in Hf-based 

thin films. 

           Hydrogen trapping in the structures was determined by elastic recoil detection 

analysis measurements (ERDA).26  Due to the difficulties in measurement of hydrogen 

and the various limitations of techniques such as SIMS, NRA, etc, low energy ERDA 

was employed in the present study to measure directly the actual location and 

concentration of hydrogen in these films. ERDA has been widely used for quantitatively 

profiling hydrogen and its isotopes over past several years. The advantage of using 

ERDA over SIMS is the non destructive nature of this technique whereas in NRA longer 

exposure times leads to redistribution of hydrogen that can be avoided using low mass 

incident ions as is the case in ERDA. For these measurements, a dedicated end station 

used for multipurpose ion beam measurements was designed to include rotatable 
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detectors, for simultaneous ERDA and RBS measurements. This method is especially 

indicated to investigate light elements (Z<10) in which other techniques such as RBS 

have low efficiency. The ERDA results correspond to the recoil detection particles 

through the silicon surface barrier detectors (SSBD), which serves to generate an initial 

signal. The ERDA experimental setup was optimized for hydrogen measurements where 

the beam current was carefully chosen around ~100-200 nA allowing good reproducible 

measurements. This technique allows quantitative hydrogen measurement with a depth 

resolution of ~20 nm near the surface. For these experiments 1.25 MeV He+ ion were 

impinged on the sample at an angle of 10o with the surface. A silicon surface barrier 

detector was placed at an angle of 20o with the direction of the beam to detect the recoiled 

particles. A 5 μm thick Mylar foil was placed in front of the detector in order to stop the 

scattered He+ or heavier particles.  ERDA measurements were performed at room 

temperature and during the analysis the pressure in the measurement chamber was 

maintained a few times 10-7 Torr. NRA involving 12C (p, p) 12C nuclear reaction at 1.8 

MeV having scattering angle of the detector as 168o  was used  in order to measure the 

carbon content in the films. 

 
4.2.4 Irradiation of the Samples 
 

 

HfSiO films (~80 nm thick) with 80% SiO2 fraction were chosen for this study. 

As seen in the previous chapter where crystallization was one of the major factor in the 

bulk hydrogen trapping in HfO2 films, a controlled crystallization study was carried on 

Hf-silicate. Si ion irradiation was used in these structures. After deposition and O2/N2 
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anneals the films were irradiated using high  energy silicon ,Si+, with three different 

doses of 1×1012 at/cm2, 1×1014 at/cm2, 1×1015 at/cm2 and 1×1016 at/cm2 @ 3MeV. 

SRIM,27 a Monte Carlo simulation program was used to determine appropriate irradiation 

energy and simulate the Ar+ distribution followed by FG anneals of HfSiO films. 

Simulations results indicate that these irradiation conditions result in Si ion distribution 

such that the Ar+ ions are located sufficiently far away from the HfSiO/Si as shown in the 

Figure 4.2 with penetrating into the Si substrate. Various studies early on have shown 

amorphization of crystalline structures even with low energy He+ ions where a dose of 

1012 atoms/cm2 was sufficient. 28,29,30,31,32  The choice of Si+ ions and an irradiation dose

100 times more than what is required for amorphization is a guarantee that the irradiated 

HfSiO films would be amorphous as seen in chapter 3. The various levels of Si+ dose 

offers differences in the crystallinity in these films. These differences are confirmed via 

thin-film grazing XRD. 

 

A schematic in figure 4.3 illustrates the details of the experimental conditions and 

the representation of SRIM simulations at this energy. 
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Figure 4.2: Schematic representation of SRIM simulations where ion irradiation carried 

using 3 MeV Si+ ions illustrating the range of distribution of Si+ ions in the HfSiO/Si thus 

confirming the implantation of the Si ions way into the Si matrix  
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Figure 4.3: Flow diagram of the various steps involved in the ion irradiation study 

showing the irradiation details used in these experiments. 

 
 
 
4.3 Results and Discussions: HfSiO/Si Structures 
 
4.3.1 RBS Results: HfSiO/Si Structures 
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respect to the incident beam direction having different SiO2 contents as shown in figure 

4.4. The energy difference between the steps associated with Hf and Si at the surface and 

at the interface is directly proportional to the thickness of the oxide. As SiO2 content 

increases the Si from the HfSiO is seen to have higher bump indicating different levels of 

SiO2. HfO2 has maximum hafnium peak area whereas 80% SiO2 having the lowest 

content of Hf. Hafnium peak area changes for different Hf-silicate films as indicated in 

the figure. Hf and Si concentration was also evaluated by RBS across the wafer. 

Excellent uniformity is observed for the samples measured. This is extremely important 

for the hydrogen trapping studies shown in the following chapters, where a uniform 

thickness is critical for the data analysis. Thickness of the oxide/silicate is obtained by 

assuming an oxide density to be 78nm. 
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Figure 4.4: Rutherford backscattering spectrum of He from HfxSi1-xO2 on Si. The 

thickness of the oxide was calculated from the energy difference between the yield for Hf 

and Si at the surface and that for Hf and Si at the interface. 

            

              It is worth mentioning that there was no change in the RBS spectrum even after 

anneals in different processing environments such as oxygen and nitrogen. The sharp 

edge of Si region in the given spectra reveal no significant interfacial reaction or 

diffusion occurring at the HfxSi1-xO2/Si interface, thus indicating  thermally stable HfxSi1-

xO2/Si interface on annealing up to temperatures  1100 oC in oxygen as well as nitrogen 

ambient (not shown here). 

             RBS was also used to measure and characterize changes in the oxygen content 

in the HfSiO films before and after high temperature oxygen anneal. RBS results (not 

HfO2
Hf in HfSiO 

Si in HfSiO 

O 
in HfSiO 
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shown here) verify no measurable change on anneal in oxygen or nitrogen. The 

uncertainty (error bar) on the detection of oxygen for this experimental condition was 

found to be ~ 6 atomic %. Based on these observations we suggest no detectable oxygen 

deficiencies beyond the 6 % limit for this particular analysis. Small changes in oxygen 

deficiencies can also be indirectly seen in the electrical behavior of the structure and 

these measurements are planned for future studies in our laboratory. 

 

4.3.2 Effect of % SiO2 on Hydrogen Trapping in HfxSi1-xO2/Si  

    4.3.2.1: ERDA- Hydrogen (80nm) 
 

            Hydrogen distribution was characterized using Elastic Recoil Detection Analysis 

(ERDA) in as deposited HfxSi1-xO2/Si structures having x=1, 0 and 0.6. The samples 

were transported ex-situ for this analysis after the deposition. Figure 4.5 clearly shows  

hydrogen concentration is significantly higher in SiO2 than HfO2 and depends on the 

Hf/Si ratio. Maximum hydrogen incorporation in bulk of these structures is achieved in 

the structures with maximum SiO2 content. It was also found that as SiO2 content in the 

film increases, hydrogen trapping increases. Furthermore, this graph concentrates on the 

bulk of the as-deposited films, since the present study is focused on the H trapping in 

bulk of the HfSiO films, the surface hydrogen is not an issue. Surface hydrogen trapping 

is not the focus of this study it requires the development of a new in-situ experimental 

set up that is not available at this stage. Bulk hydrogen trapped in this case is represented 

by dashed lines on the spectrum between energy channels 150 – 250. The variation in 

hydrogen concentration is probably due to the variation in Si-H, Hf-H etc bonds. Also 
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this could probably be due to the oxygen vacancies or impurities such as carbon present 

in the films due to the precursors used in chemical vapor deposition (CVD) for 

depositing dielectric thin films. 
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Figure 4.5: 1.2 MeV He+ ERDA spectra of hydrogen distribution in 80 nm HfxSi1-xO2/Si 

samples having 0 % SiO2 (Blue), 40% SiO2 (Red) and 100% SiO2 (Green) contents in the 

as deposited condition. Hydrogen trapping is found to increase as a function of SiO2  
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          In figure 4.6 hydrogen depth profile in HfxSi1-xO2 films having 40% SiO2 and 80% 

SiO2 content is shown. This profile clearly shows the hydrogen distribution in 800A 

HfxSi1-xO2 /Si structure and confirms that as SiO2 content in the film increases, hydrogen 

trapping increases as seen in the previous ERDA spectra in case of different composition 

of Hf-silicate structures. From the spectrum the two dotted lines shows the area of 

interest representing bulk of the HfxSi1-xO2 film, marked between energy channels 100-

300 by dashed lines as indicated in the figure. The strong peak at the energy 

corresponding to the sample surface is also seen clearly and is not of interest to us in this 

study and hence forth we will focus our study only on the bulk and not the surface of the 

filmstructure.
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Figure 4.6: 1.2 MeV He+ ERDA spectra showing hydrogen distribution in HfxSi1-xO2/Si 

samples (80nm) having 40 % SiO2 (Blue) and 80% SiO2 (Red) in the as deposited 

condition.  

 

           In figure 4.7 ERDA results are shown where hydrogen distribution in 60nm Hf-

silicate structures with different SiO2 contents that are grown at different deposition 

temperatures are indicated. For different SiO2 contents bulk trapped hydrogen increases 

linearly with increase in SiO2 content. Moreover, if we compare Hf-silicate films with 
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30% SiO2, for 570oC and 650oC deposition temperatures, it was found that samples with 

lower deposition temperature had maximum bulk hydrogen trapped in the films. When 

the films are characterized for carbon impurities it was observed that films deposited at 

higher temperatures had less carbon and as seen from ERDA results films grown at 

higher temperatures (650oC in this case)  has less hydrogen. This states there is a 

correlation of bulk hydrogen trapping and carbon impurities present in the film and hence 

we do controlled carbon study in the case of HfSiO in detail which is discussed further in 

the next chapter. 
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Figure 4.7: ERDA spectrum showing hydrogen distribution in an 600A HfxSi1-xO2/Si 

structures having 30%, 40% and 60% SiO2 grown at different deposition temperatures.  

Spectra shows higher hydrogen trapped for 570oC than 650oC. 

 
 
4.3.2.2: NRA- Carbon (80nm) 
 
            In order to investigate whether part of the hydrogen inside the films possibly 

could be in the form of C-H bonds from the various hydrocarbon based deposition 

precursors, we employed the elastic 12C (p, p )12C nuclear reaction33 to quantify carbon in 

Hf-silicate films. Figure 4.8 shows the carbon peak obtained using this resonance 
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technique described. The magnification of the spectrum between channel 280 and 295 

reveals the carbon peak and is clearly seen in the inset of the graph. It was found that as 

SiO2 content in the Hf-silicate film increases, carbon content in the film decreases. 

Details on the measurement of carbon peak which is obtained as a resonance are 

described in chapter 3. As noted from the spectrum there is significant difference between 

the bulk carbon content for 40% SiO2 and 80% SiO2 structures. Evidently in the as 

deposited samples for lower SiO2 content (40% in this case) bulk hydrogen trapped in the 

films is lower whereas carbon content in the films is higher. This typically shows an 

inverse relationship between hydrogen and carbon in the CVD prepared films. This also 

implies that C-H bonds from the hydrocarbon based precursors break during deposition 

process and form bonds of C and H with the other species in the films. We propose that 

Hf-H and Si-H are formed by breaking Hf-O and Si-O thus replacing O from the Hf-

silicate films making the film oxygen deficient. Although chemical bonding information 

for these films is not shown here there is a possibility of H and C being bonded with Hf  

and Si. 
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Figure 4.8: C resonant peak obtained using NRA using 12C (p, p) 12C nuclear reaction at 

1.8 MeV, θ = 168  in an 800A HfxSi1-xO2/Si structure, Inset shows Carbon peak from as-

dep 40 % SiO2 (Blue) and as-dep 80% SiO2 (Red) samples. 

 

        Hf-silicate films with different SiO2 contents were also measured with GI-XRD 

and were found to be completely amorphous and their behavior on anneal in oxygen and 

nitrogen will be discussed in the further sections.  

 

o
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4.3.3 Effect of FG Annealing Temperature on Hydrogen Trapping in HfxSi1-xO2/Si (40% and 
80% SiO2) 
 
 
             In order to determine temperature where maximum incorporation of hydrogen 

occurs on forming gas anneal, various Hf-silicate films were treated with oxygen and 

nitrogen ambient followed by forming gas. The effects of forming gas anneal on 80 nm 

HfxSi1-xO2/Si (100) sample was investigated as a function of annealing temperature. To 

investigate hydrogen distribution in bulk HfxSi1-xO2 films ( 40% SiO2 and 80% SiO2) 

prior to FG anneal, HfxSi1-xO2 films were annealed in oxygen and nitrogen at 1100oC, for 

10 min in RTP that serves to prepare hydrogen free bulk oxide by desorbing deposition 

residuals and impurities adsorbed from air. Our results as seen in previous ERDA data 

reveals that considerable amounts of hydrogen exist in the as deposited film that gets 

trapped with impurities such as carbon, oxygen vacancies/deficiencies as well as the 

grain boundaries and hence oxygen as well as nitrogen anneals at high temperatures were 

attempted to drive the residual hydrogen out of these films. To investigate the 

incorporation of hydrogen in these films, annealing in forming gas was carried out in a 

range of temperatures as indicated in the figures for 30 min respectively. The choice of 

30 minutes is dictated by standard semiconductor process where hydrogen passivates the 

Si dangling bonds thus reducing interface traps.5  Relative hydrogen yield for the pre 

oxidized samples annealed in FG for 30 min in 500 mtorr at temperatures of 300 oC, 

350oC, 400oC and 450oC for 40% SiO2 and 80% SiO2 is shown in figure 4.9 and 4.10. 

Relative hydrogen yield for the pre nitrided samples annealed in FG for 30 min in 500 
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mtorr at temperatures of 300oC, 350oC, 400oC and 450oC for 40% SiO2 and 80% SiO2 is 

shown in figure 4.11 and 4.12. 

 

                This study is focused on hydrogen trapping in bulk HfxSi1-xO2 and not the 

hydrogen trapping at the surface. Understanding hydrogen trapping at surfaces requires 

in-situ studies and is outside the scope of this particular research. As described earlier in 

this chapter, thicker oxide films were purposely chosen in this study to distinguish 

hydrogen signal from surface, interfacial region and bulk. The experimental setup is 

optimized such that the interfacial region lies far away from the region selected in the 

bulk between the dashed lines. As seen in the graph, the sample annealed at 300oC in FG 

shows maximum incorporation of hydrogen in both 40% as well as 80 % SiO2 Hf-silicate 

films. Evidently, the FG annealing temperature strongly influences the amount of 

hydrogen trapping in HfxSi1-xO2 films versus forming gas anneal temperature. The ion 

beam induced migration was not observed in these measurements and care was taken to 

reduce the beam currents to   ~100 nA for this analysis, consequently to obtain 

reproducible data points. Based on the choices of FG anneal temperatures, absolute 

temperature where enhanced hydrogen incorporation in the bulk of  the oxide occurs, 

cannot be determined specifically but most prominently resulting in maximum 

incorporation at 300 oC. Here the temperatures are calibrated and a k-type thermocouple 

(RTP) is used to measure the temperature of the sample with error bar of 0-2 oC. 

                  Figure 4.9(b), 4.10(b), 4.11(b), 4.12(b) represents the relative trapped 

hydrogen derived from the integrated area between the dashed lines (energy channels: 
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100-300) from the ERDA hydrogen distribution spectra as seen in figure 4.9-12 for 

various FG anneal temperatures. The relative hydrogen yield is representative of the 

hydrogen trapped in bulk HfxSi1-xO2. It is evident that trapped hydrogen in bulk HfxSi1-

xO2 increases with temperature to reach a maximum at 300oC and then decreases at higher 

temperatures. The hydrogen concentration was obviously higher for the as deposited and 

the processed HfxSi1-xO2/Si sample at 300oC and is significantly reduced for temperatures 

350 oC and 400 oC.  

          The differences in the hydrogen content in bulk of HfxSi1-xO2/Si structures at 

various FG anneal temperature can be assigned to the different bonding arrangements that 

results in the differences in the activation energies of H bonded to various defects and/or 

impurities. It should be noted that bulk hydrogen trapped is significantly different on pre 

anneals in oxygen and nitrogen ambient, this part will be covered in the later sections of 

this chapter and here we focus on simply the forming gas anneal temperature where 

maximum incorporation in observed. One also observes that amount of bulk hydrogen 

trapped in case of Hf-silicate with 80% SiO2 is significantly low as compared to 40% 

SiO2 content structures thus the changes in the bulk trapped hydrogen is significant in 

case of Hf-silicates with less SiO2 content. 
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Figure 4.9:  (a) ERDA spectra of trapped hydrogen in bulk in an 800A HfxSi1-xO2/Si (40 

% SiO2) structure in as dep, post deposition anneal in O2 and samples annealed 

sequentially in O2 followed by various FG anneal temperatures. HfxSi1-xO2/Si structures 

annealed in FG at different anneal temperatures in the range from 300 o C- 450 o C for 30 

min at 50o intervals. 
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Figure 4.9:  (b) Bar graph showing hydrogen concentration between channels 100 – 300, 

relevant for this study as determined from  figure 4.9 (a) in HfxSi1-xO2/Si (40% SiO2) at 

the temperatures and conditions indicated, that clearly shows the differences in the bulk 

hydrogen trapped.  
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 Figure 4.10:  (a) ERDA spectra of trapped hydrogen in bulk in an 800A HfxSi1-xO2/Si 

(80 % SiO2) structure in as dep, post deposition anneal in O2 and samples annealed 

sequentially in O2 followed by various FG anneal temperatures. HfxSi1-xO2/Si structures 

annealed in FG at different anneal temperatures in the range from 300 o C- 450 o C for 

30min at 50o intervals. 
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Figure 4.10:  (b) Bar graph showing hydrogen concentration between channels 100 – 300, 

relevant for this study as determined from  figure 4.10 (a) in HfxSi1-xO2/Si (40% SiO2) at 

the temperatures and conditions indicated, that clearly shows the differences in the bulk 

hydrogen trapped. 
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Figure 4.11: (a) ERDA spectra of trapped hydrogen in bulk in an 800A HfxSi1-xO2/Si (40 

% SiO2) structure in as dep, post deposition anneal in N2 and samples annealed 

sequentially in N2 followed by various FG anneal temperatures. HfxSi1-xO2/Si structures 

annealed in FG at different anneal temperatures in the range from 300 o C- 450 o C for 

30min at 50o intervals. 
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Figure 4.11:  (b) Bar graph showing hydrogen concentration between channels 100 – 300, 

relevant for this study as determined from  figure 4.11 (a) in HfxSi1-xO2/Si (40% SiO2) at 

the temperatures and conditions indicated, that clearly shows the differences in the bulk 

hydrogen trapped. 
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Figure 4.12:  (a) ERDA spectra of trapped hydrogen in bulk in an 800A HfxSi1-xO2/Si (80 

% SiO2) structure in as dep, post deposition anneal in N2 and samples annealed 

sequentially in N2 followed by various FG anneal temperatures. HfxSi1-xO2/Si structures 

annealed in FG at different anneal temperatures in the range from 300 o C- 450 o C for 

30min at 50o intervals. 
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Figure 4.12:  (b) Bar graph showing hydrogen concentration between channels 100 – 300, 

relevant for this study as determined from  figure 4.12 (a) in HfxSi1-xO2/Si (80% SiO2) at 

the temperatures and conditions indicated, that clearly shows the differences in the bulk 

hydrogen trapped. 
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4.3.4 Effects of Thickness on Hydrogen Trapping in HfxSi1-xO2/Si. 

4.3.4.1 RBS Results 

 

Rutherford backscattering Spectrometry (RBS) was utilized to determine the 

composition and the thickness of HfSiO film. A Rutherford backscattering spectrum of  

HfSiO/Si structures obtained using 2 MeV 4He at 160o detection with respect to the 

incident beam direction having varying SiO2 contents and a thickness of approximately 

60nm as shown in figure 4.13 grown at temperatures 650oC. The energy difference 

between the steps associated with Hf and Si at the surface and at the interface is directly 

proportional to the thickness of the oxide. As SiO2 content increases the Si from the 

HfSiO is seen to have higher bump indicating different contents of SiO2.  30% SiO2- 

HfSiO has maximum Hf peak area whereas 60% SiO2 having the lowest content of Hf. 

Hf and Si concentration was also evaluated by RBS across the wafer. The width (function 

of thickness) of the Hf peak increases increasing thickness of the films (figure not shown 

here). Excellent uniformity is observed for the samples measured. This is extremely 

important for the hydrogen trapping studies shown in the following chapters, where a 

uniform thickness is critical for the data analysis. Thickness of the oxide/silicate is 

obtained by assuming an oxide density and found to be 59nm. 
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Figure 4.13: A typical RBS spectra of 4He from HfxSi1-xO2/Si structures 60nm thick 

deposited at 650oC. The thickness of the oxide was calculated from the energy difference 

between the yield for Hf and Si at the surface and that for Hf and Si at the interface. 

     

             Figure 4.14 shows bulk hydrogen trapped in HfSiO/Si structures for different 

film thicknesses as indicated in 40% SiO2 samples. It was found 400A films trapped 

lowest amount of bulk hydrogen, whereas 800 A trapped considerably high amounts of 

bulk hydrogen.  Therefore we observe bulk trapped hydrogen is significantly different in 
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bulk trapped hydrogen for various HfSiO having different thickness, and increases 

linearly with thickness thus evidencing significant hydrogen trapped in bulk regions. 

Another interesting point to note here is bulk trapped hydrogen in case of 600A varies as 

per the growth conditions of these films. For the samples grown at 570oC deposition 

temperature bulk hydrogen trapped is maximum as compared to the samples deposited at 

650oC. This is due to the release of hydrocarbon based impurities at higher deposition (as 

in case of 650oC) temperature growth of the films. Similar behavior was confirmed when 

carbon contents were measured in these 600A Hf-silicate films. 
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Figure 4.14: ERDA spectrum showing hydrogen distribution in various HfxSi1-xO2/Si 

structures having 40 % SiO2 - 400A (Blue) and 600A (Red and Green) and 800A (Cyan) 

in as deposited condition. Bulk hydrogen trapped is significantly different with respect to 

different processing conditions and thickness. 

 

             Figure 4.15 shows ERDA results on 80 % SiO2 HfSiO/Si structures for different 

film thicknesses as indicated. It was found 400A films trapped lowest amount of bulk 

hydrogen, whereas 800 A trapped considerably high amounts of bulk hydrogen.  
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Therefore we observe bulk trapped hydrogen significantly different in bulk trapped 

hydrogen for various HfSiO having different thickness, and increases linearly with 

thickness as observed in previous case too. In case of 400A bulk region represented by 

hydrogen depth scale in terms of energy channel ranges from 250- 400 whereas in case of 

800A bulk region represented by energy channel ranges from 100-300.  Surface hydrogen 

peak is not the focus of this study and hence our main focus henceforth will be bulk 

regions. We can therefore conclude that bulk hydrogen trapping in Hf-based high-κ films 

is significantly higher for thicker films. 
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Figure 4.15: ERDA spectrum of hydrogen distribution in HfxSi1-xO2/Si structures having 

80 % SiO2 - 400A (Blue) and 800A (Red) in as deposited condition. Graph here is an 

evidence of effect of thickness on hydrogen trapping and thus shows bulk hydrogen 

trapping increases as thickness increases. 
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4.3.5 Effects of Oxygen Post Annealing on Hydrogen Trapping in HfxSi1-xO2/Si (40% 

and 80% SiO2).  

             In order to measure the content of hydrogen trapping in bulk HfxSi1-xO2/Si (40% 

and 80% SiO2) films, prior to the FG anneal, ERDA spectra were recorded as shown in 

figure 4.16 and figure 4.17 for hydrogen in the as deposited films and annealed in oxygen 

at 1100oC for 10 min. We also note a single peak at the surface with a uniform 

distribution in the bulk region of these films. It should be noted that the samples were 

transported through air and installed into the ion beam vacuum system for hydrogen 

analysis. The HfO2 surfaces are, therefore, likely to have adsorbed water and 

hydrocarbons, which account for the surface H signal in the ERDA spectra. Varying 

amounts of contaminations are reflected by the differences in the integral intensities of 

the surface signal for different samples. Since the present study is focused on the H 

trapping in bulk of the HfO2 films, the surface hydrogen is not an issue. Surface hydrogen 

trapping is not the focus of this study it requires the development of a new in-situ 

experimental set up that is not available at this stage. Hydrogen content in bulk HfxSi1-

xO2/Si(marked between the arbitrary dashed lines) of as deposited HfxSi1-xO2/Si is most 

abundant, whereas annealing in oxygen significantly reduces hydrogen content in bulk of 

the films. On sequential anneal in oxygen and FG at 300 oC for 30 min was recorded, we 

observe, an increase in the hydrogen content throughout the bulk is observed, but not 

significant enough as observed in the case of as-dep HfxSi1-xO2/Si structures. This 

difference in the hydrogen trapping in the bulk of the as deposited and the  O2+ FG 
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annealed HfxSi1-xO2/Si, is most likely due to the decrease in the oxygen 

vacancies/deficiency, carbon impurities in the CVD prepared HfxSi1-xO2/Si films, but 

may be also affected by hydrogen trapping in grain boundaries, following the expected 

crystallization. Though in HfxSi1-xO2/Si films with higher SiO2 fraction (i.e. 80% SiO2 in 

this case) one observes less changes in the bulk hydrogen trapped as compared to the 

40% SiO2. We propose that hydrogen trapping in the bulk depends on the number of Si 

atoms available in the bulk and lesser SiO2 fraction more is the hydrogen trapping in the 

bulk. 
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Figure 4.16: ERDA results of hydrogen distribution in an 800A HfxSi1-xO2/Si structures 

for 40% SiO2 on oxygen anneal and oxygen followed by forming gas thus showing effect 

of oxygen anneals. 
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Figure 4.17: ERDA results of hydrogen distribution in an 800A HfxSi1-xO2/Si structures 

for 80% SiO2 on oxygen anneal and oxygen followed by forming gas thus showing 

effect of oxygen anneals. 
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4.3.6 Effects of Nitrogen Pre Annealing on Hydrogen Trapping in HfxSi1-xO2/Si 

(40% and 80% SiO2)  

 

Figure 4.18 and 4.19 shows ERDA data that presents hydrogen distribution in 

HfxSi1-xO2/Si (40% and 80% SiO2) that shows effect of nitrogen pre-anneal on hydrogen 

trapping in bulk of Hf-silicate films. In order to determine the behavior of incorporation 

of hydrogen in inert ambient in the bulk of HfxSi1-xO2/Si structures anneals in nitrogen 

were pursued that desorbs most of the hydrogen from the film, leaving behind a film with 

minimal hydrogen. Inert annealing ambient does not affect oxygen deficiency and to less 

extent also the carbon impurities in the films, so we discuss the results that were 

obtained. Figure 4.18 and 4.19 represents ERDA spectra of hydrogen in HfxSi1-xO2/Si for 

the as deposited, annealed in nitrogen at 1100oC for 10 min and annealed sequentially in 

nitrogen and FG at 300oC for 30 min. We are interested in the hydrogen trapped in the 

bulk of these films and will be the focus of our study. Varying amounts of contaminations 

are reflected by the differences in the integral intensities of surface peak for different 

samples. Hydrogen distribution in clean Si sample was also plotted in figure for reference 

of hydrogen trapped in bulk regions that gives an indication of  hydrogen free sample 

after anneal at high temperature (> 900oC). This Si sample was used to subtract 

background for the quantitative hydrogen trapped in bulk for all the films. The 

differences in the surface hydrogen peaks can vary as discussed earlier and depend on 

various parameters such as pressure and time it has been in loaded in the chamber. 
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             It was found that hydrogen content is most abundant in the bulk (marked 

between the dashed lines) of as deposited HfxSi1-xO2/Si which is consistent with our 

previous observations. Further hydrogen incorporation in bulk was found to be 

significantly reduced for the HfxSi1-xO2/Si annealed in nitrogen, similar to the spectra 

observed in oxygen anneal HfxSi1-xO2/Si films. Whereas when the HfxSi1-xO2/Si  

structures were annealed sequentially in nitrogen followed by forming gas anneal, a 

significant amount of bulk hydrogen was trapped in the films though not as much as 

hydrogen trapped found in bulk As deposited films. One of the reasons of the increase in 

the hydrogen content in the HfxSi1-xO2/Si films annealed in nitrogen followed by forming 

gas is due to the differences in the carbon impurities in the film as well as to less extent 

on the oxygen vacancies in the films. Crystallization in these structures annealed in 

nitrogen is different in the O2 annealed samples and will be discussed in the later 

sections. Therefore crystallization, carbon impurities and to a less extent oxygen 

vacancies in the films can possibly account for the difference in bulk hydrogen content 

where bulk hydrogen trapped is higher in nitrogen anneal. The measurement of carbon 

content for the samples annealed in nitrogen will be discussed in the next sections of this 

chapter.  
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Figure 4.18: ERDA results of hydrogen distribution in an 800A HfxSi1-xO2/Si structures 

for 40% SiO2 on nitrogen anneal and nitrogen followed by forming gas thus showing 

effect of nitrogen anneals. 
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Figure 4.19: ERDA results of hydrogen distribution in an 800A HfxSi1-xO2/Si structures 

for 80% SiO2 on nitrogen anneal and nitrogen followed by forming gas thus showing 

effect of nitrogen anneals. 
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4.3.7 Comparison of Hydrogen Trapping in bulk HfxSi1-xO2 upon Oxygen or 

Nitrogen Pre-Anneals 

4.3.7.1 ERDA Results 

 

Figure 4.20 and figure 4.23 represents ERDA data for hydrogen distribution in 

 HfxSi1-xO2/Si having 40% and 80% SiO2 fraction that shows a comparison of bulk 

hydrogen trapped in these films up on oxygen and nitrogen anneals. A clean Si hydrogen 

trapped in the bulk is also plotted to compare with the oxygen and nitrogen annealed Hf-

silicate samples. From the spectra we observe the bulk trapped hydrogen in both the Hf-

silicate samples is significantly high as indicated. Whereas we can observe bulk trapped 

hydrogen in nitrogen annealed Hf-silicate is appreciably higher than that found in the 

oxygen annealed samples. This explanation is quite clear when we notice the changes in 

bulk trapped hydrogen on the bar graph as seen in figure 4.21 for 40% SiO2 fraction and 

in figure 4.24 for 80% SiO2 fraction.  

                From our previous discussions on HfO2 films we are aware that anneal in 

Oxygen tend to desorb hydrogen, compensates for oxygen deficiency and reduces 

Oxygen vacancies/carbon impurities by breaking C-H bonds and thus releasing hydrogen. 

Whereas anneal in Nitrogen or in inert ambient tend to desorb hydrogen although not 

affecting Oxygen deficiencies/carbon impurities in the structure. Figure 4.21 and 4.24 

shows bulk hydrogen trapping in Hf-silicate films when pre annealed in oxygen and 

nitrogen ambient annealed back in FG at 300oC, the hydrogen trapping showed an 

interesting difference. This difference can be seen clearly in figure 4.23 and figure 4.25 
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for 40% SiO2 and 80% SiO2. It is evident here the difference in bulk hydrogen trapping is 

significantly less for higher amount of SiO2 in the film as in case of 80% SiO2. We notice 

in figure 4.22  and figure 4.25 for 40% SiO2 and 80% SiO2 where bulk trapped hydrogen 

is clearly seen to be higher than bulk trapped hydrogen in oxygen anneals when relative 

change in bulk trapped hydrogen in O2 and N2 annealed samples normalized to as 

deposited 40% SiO2 and for samples annealed sequentially in O2/N2 and FG respectively.  

The reason for this difference may be due to the hydrogen being trapped in the grain 

boundaries due to the crystallization or micro-structural defects or possibly due to stress 

in the film. Also we confirmed the presence of carbon impurities as seen from our results 

(explained in next section), in the films annealed in nitrogen affects to a very less extent 

on the carbon impurities and hence this change. On anneal in oxygen ambient C-H bond 

breaks and hence H removal is achieved by H2O. Here we notice the crystallization 

effects due to oxygen and nitrogen anneals are different unlike as seen in HfO2 films as 

seen in previous chapter. To understand the effect of crystallization on bulk hydrogen 

trapping we have performed experiments where we intentionally amorphize the films 

with various ion fluences and as a result measure bulk trapped hydrogen and its 

correlation to crystallization in these films. Oxygen vacancies can also result in these 

changes and so further systematic studies are to be carried out in order to study the 

hydrogen incorporation in detail. In this section we propose bulk hydrogen trapped is 

most probably due to the carbon impurities in the film, crystallization of the films and to 

a less extent due to oxygen vacancies or micro-structural defects in the film. A detailed 
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discussion is given in the next sections in this dissertation on carbon impurities and 

crystallization studies in such Hf-based dielectric thin films. 
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Figure 4.20: Comparison of ERDA results of hydrogen distribution in an 800A HfxSi1-

xO2/Si structures for 40% SiO2 hydrogen trapping in bulk HfxSi1-xO2 (40% SiO2) upon 

oxygen and nitrogen pre-anneals. 
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Figure 4.21: Comparison of the bulk trapped hydrogen in O2 and N2 annealed samples 

relative to as deposited HfSiO (40% SiO2) and samples annealed sequentially in O2/N2 

and FG respectively. 
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Figure 4.22: Comparison of relative change in bulk trapped hydrogen in O2 and N2 

annealed samples normalized to as deposited HfSiO (40% SiO2) and samples annealed 

sequentially in O2/N2 and FG respectively. 
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Figure 4.23: Comparison of ERDA results of hydrogen distribution in an 800A HfxSi1-

xO2/Si structures for 80% SiO2 hydrogen trapping in bulk HfxSi1-xO2 (40% SiO2) upon 

oxygen and nitrogen pre-anneals. 
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Figure 4.24: Comparison of the bulk trapped hydrogen in O2 and N2 annealed samples 

relative to as deposited HfSiO (80% SiO2) and samples annealed sequentially in O2/N2 

and FG respectively. 
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Figure 4.25: Comparison of relative change in bulk trapped hydrogen in O2 and N2 

annealed samples normalized to as deposited HfSiO (80% SiO2) and samples annealed 

sequentially in O2/N2 and FG respectively. 

 

4.3.7.2 NRA Results 

 

                To account for the understanding of carbon and hydrogen trapping correlation 

and in order to determine the carbon content in the film we performed NRA involving 

12C (p, p) 12C nuclear reaction at 1.8 MeV at a scattering angle of detector, 168o. At this 
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energy C resonance takes place, and therefore it is easier to determine very low contents 

of carbon in the film, as when the average C concentration is between ~0.5 and 2 at%, the 

C resonance technique can provide accuracy within about ±0.2 at%. In figure 4.26 and 

figure 4.27 we present NRA spectra that show resonance from carbon content from the 

bulk of the Hf-silicate films at 1.8MeV. To separate the two signals the incident beam 

energy must be increased, moving the maximum resonance deeper into the film. When 

the resonance is close to the surface the peak can be seen.  As the energy is increased the 

signal from the film carbon separates from the surface carbon signal (figure not shown 

here). In this manner the film and surface carbon can be discriminated. By analyzing the 

spectra obtained by this reaction we can separate as well as differentiate the surface 

carbon from the bulk carbon.  The resonance signal was centered in the film to ensure an 

accurate measure of the carbon concentration in bulk Hf-silicate films without 

contribution from adsorbed hydrocarbons at the Hf-silicate surface. For 40% SiO2 content 

Hf-silicate films we notice the carbon content in the as deposited sample is maximum 

whereas on oxygen anneal there is a significant reduction in the carbon content Whereas 

when we observe the carbon content in the nitrogen annealed sample, it shows 

significantly higher amount of carbon still present in the Hf-silicate films. Carbon content 

confirms the decrease in the carbon impurities in the film after the oxygen anneal is one 

of the possible reasons for the reduction in the bulk hydrogen trapping after the forming 

gas anneal and can be correlated to the carbon-hydrogen impurity complex.  For 80% 

SiO2 content Hf-silicate films we notice the carbon content in the as deposited sample is 

maximum, whereas as compared to 40% SiO2, there is very small increase/change in the 
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carbon content of the films on nitrogen anneals, similar to the behavior of hydrogen in 

80% SiO2 fraction. The behavior of carbon thus evidences similar behavior of hydrogen 

trapped in bulk of the Hf-silicate films after forming gas anneals where we found 

consistent change in both carbon and hydrogen in the films, which suggests that there is a 

strong correlation between the hydrogen content and the carbon impurities in the films.  
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Figure 4.26: C resonant peak obtained using NRA using 12C (p, p) 12C nuclear reaction at 

1.8 MeV, θ = 168o in an 800A HfxSi1-xO2/Si structure (40% SiO2), Inset shows the 

difference in the C peak from as-dep (Blue), oxygen annealed (Red) and nitrogen 

annealed (Green). 
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Figure 4.27: C resonant peak obtained using NRA using 12C (p, p) 12C nuclear reaction at 

1.8 MeV, θ = 168o in an 800A HfxSi1-xO2/Si structure (80% SiO2), Inset shows the 

difference in the C peak from as-dep (Blue), oxygen annealed (Red) and nitrogen 

annealed (Green). 
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4.3.7.3 GI-XRD Results 

 

Figure 4.28 shows GI-XRD spectra for the 40% SiO2 content Hf-silicate films 

achieved at grazing angle of 15o in order the determine the crystalline nature of the films. 

As observed in the spectra crystallization occurs on annealing the structures either in 

oxygen and nitrogen ambient. Therefore crystallization seems to be independent of the 

annealing ambient. The absence of crystalline peaks in case of as deposited Hf-silicate 

films represents its amorphous nature. Annealing leads to an almost complete 

crystallization. Crystalline peaks corresponding to monoclinic and tetragonal HfO2 were 

detected for the annealed samples as indicated in the figure below. Figure 4.29 shows GI-

XRD spectra for the 80% SiO2 content Hf-silicate films in order to determine the 

crystalline nature of the films. A similar behavior of the appearance of crystalline peaks 

corresponding to monoclinic and tetragonal HfO2 was detected. Although one can 

observe the intensity of the peaks that are attributed to HfO2 crystalline signature peaks 

were lower as compared to those in 40% SiO2 fraction Hf-silicate films on oxygen and 

nitrogen anneals. Another point to note here is we see intensity of the crystalline peaks 

less in 80% SiO2 films as compared to 40% SiO2 this is definitely due to the difference in 

the SiO2 fraction in the films. For Hf-silicate samples on sequential anneals in oxygen or 

nitrogen followed by forming gas, one observes the crystalline peaks shows significant 

reduction. This shows the forming gas ambient most likely induces some amorphization 

in the Hf-silicate films that is confirmed by the reduction in the intensity of the crystalline 

peaks corresponding to the monoclinic and tetragonal HfO2. A small fraction of the 
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crystalline behavior after forming gas anneal still exists and this difference causes a 

portion of  change in the bulk hydrogen trapped after forming gas anneals as we observed 

in figure 4.24 and 4.26 respectively. The peak distribution shows crystalline nature, a 

correlation between crystallization and hydrogen trapping hence was studied in detail as 

discussed in the later sections in this chapter. 
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Figure 4.28:  XRD results from a 800A HfxSi1-xO2/Si structure having 40 % SiO2 

processed as per the conditions indicated in the figure. HfSiO crystallization is seen in the 

appearance of monoclinic and tetragonal HfO2 and SiO2 peaks. The symbols in the figure 

represent phases for monoclinic (m) and tetragonal (t) HfO2. As deposited films seems to 

be amorphous. 
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Figure 4.29:  XRD results from a 800A HfxSi1-xO2/Si structure having 80 % SiO2 

processed as per the conditions indicated in the figure. HfSiO crystallization is seen in the 

appearance of monoclinic and tetragonal HfO2 and SiO2 peaks. The symbols in the figure 

represent phases for monoclinic (m) and tetragonal (t) HfO2. As deposited films seems to 

be amorphous. 
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4.3.7.4 Comparison of Crystallization upon Oxygen and Nitrogen Processing of    
                         HfxSi1-xO2 Thin Films 
 
 
              Figure 4.30 and 4.32 shows GI-XRD spectra where a comparison of HfO2, 

40% and 80% SiO2 content Hf-silicate films achieved at grazing angle of 15o in order the 

determine the degree of crystallinity in the films. As observed in the spectra 

crystallization occurs on annealing the structures either in oxygen and nitrogen ambient. 

To attribute the crystalline phase(s), the positions of Bragg peaks were compared to the 

joint Committee on Powder Diffraction Standards (JCPDS). Therefore crystallization 

seems to be independent of the annealing ambient. Although one of the interesting points 

here is as the Hf content in the HfxSi1-xO2 thin films increases degree of crystallinity seem 

to increase as well. It is also evident from figures 4.31 and figure 4.44 which shows bulk 

trapped hydrogen increases in HfxSi1-xO2 thin films as Hf content in the films increases.  

The absence of crystalline peaks is a signature of its amorphous nature.  Pure HfO2 can 

exist in three crystalline phases at atmospheric pressures: the monoclinic phase (m-HfO2) 

is formed at room temperature, the tetragonal phase (t-HfO2) is formed at 1720oC, and the 

cubic phase (c-HfO2) is formed at 2600oC. It is known that SiO2 glass rises the 

crystallization temperatures of HfO2 and ZrO2 oxides when it is added to them.34 As seen 

HfxSi1-xO2 thin films with 80% SiO2 is almost amorphous and hence adding Si to the 

HfxSi1-xO2 films on anneal forms SiO2, which is mostly in amorphous form. This data 

directly confirms bulk trapped hydrogen in HfxSi1-xO2  thin films is higher for the films 

with higher Hf content and is strongly dependent  on the degree of crystallization of the 

films. 
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Figure 4.30:  XRD results from a 800A HfxSi1-xO2/Si structure with HfO2, 40%  and 80 % 

SiO2 processed in oxygen ambient. Crystallization is evident in the form of monoclinic 

and tetragonal peaks. The symbols in the figure represent phases for monoclinic (m) and 

tetragonal (t) phases of HfO2.  
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Figure 4.31: Comparison of relative change in bulk trapped hydrogen in O2 annealed 

samples normalized to as deposited HfO2, 40% and 80% SiO2 Hf-silicate films and 

samples annealed sequentially in O2 and FG respectively. Arrow indicates increasing Hf 

content. 
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Figure 4.32:  XRD results from a 800A HfxSi1-xO2/Si structure with HfO2, 40%  and 80 % 

SiO2 processed in nitrogen ambient. Crystallization is evident in the form of monoclinic 

and tetragonal peaks. The symbols in the figure represent phases for monoclinic (m) and 

tetragonal (t) phases of HfO2.  
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Figure 4.33: Comparison of relative change in bulk trapped hydrogen in N2 annealed 

samples normalized to as deposited HfO2, 40% and 80% SiO2 Hf-silicate films and 

samples annealed sequentially in N2 and FG respectively. Arrow indicates increasing Hf 

content. 
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4.3.8 Compare Bulk Hydrogen Content in the As-Deposited Films and Its Dependence 

on the HfO2/SiO2 Ratio in the HfxSi1-xO2 Dielectric Film  

 
          Figure 4.34 ERDA spectra representing comparison in the bulk hydrogen trapped 

in 80 nm SiO2/Si and HfO2/Si and HfSiO/Si structures. One observes bulk hydrogen 

trapped is maximum in SiO2 films. As compared to HfO2, hydrogen trapped in the bulk 

significantly is higher in SiO2. For  Hf-silicate film here shown with 40% SiO2 fraction, 

one notices the bulk hydrogen trapped is considerably higher than HfO2 samples. Thus it 

can be interpreted from the ERDA results shown that H concentration is significantly 

higher in SiO2 than HfO2 and depends on the Hf/Si ratio. As SiO2 content in the films 

increases hydrogen trapped in bulk of films increases almost linearly. This is due to the 

Si-H bonds and due to the carbon impurities present in the films that are incorporated 

because of the hydrocarbon based precursors from deposition and majority of the 

contribution of hydrogen trapped in bulk comes from oxygen vacancies. 
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Figure 4.34: ERDA spectra of hydrogen distribution in an 800A HfO2, 40% SiO2 HfxSi1-

xO2, SiO2 on Si structure in as deposited condition. A standard Si sample is plotted for 

the reference for background in bulk of the films. 
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4.3.9 Compare Bulk Hydrogen Content in the As-Deposited Films and Its Dependence on 

Different Degree of Crystallization 

   

In these ending sections we address the effects of crystallization on the hydrogen 

trapping in bulk of Hf-silicate samples for 40% and 80% SiO2 fraction. A controlled 

crystallization study was carried on Hf-silicate samples to correlate crystallization and 

bulk hydrogen trapped in the films. Si ion irradiation was used in these structures 

annealed in oxygen and nitrogen ambient to amorphize the structures. After pre-anneals 

the films were irradiated using high energy silicon, Si+, with three different doses of 

1×1012 at/cm2, 1×1014 at/cm2, 1×1015 at/cm2 and 1×1016 at/cm2, where bulk trapped 

hydrogen was studied after FG anneals of Hf-silicate films. Before we discuss the ERDA 

results on Hf-silicate samples with different irradiation dose, we discuss RBS results after 

irradiation at different levels of dose to determine homogeneity in the thickness and thus 

composition of Hf-silicate. The homogeneity test allows us to compare the hydrogen 

distribution in Hf-silicate films after forming gas anneals, so that any inconsistencies in 

thickness would not allow proper quantification of hydrogen content trapped in bulk after 

forming gas anneals. Figure 4.35 presents a Rutherford backscattering Spectrometry 

spectra obtained using 1 MeV He+ ion beam at 160o detection with respect to the incident 

direction on Hf-silicate (40% SiO2) sample. We found all the Hf-silicate samples used in 

these experiments, on Si+ irradiation were of uniform thickness that is clearly seen in the 

figure below. No significant inconsistencies in the Hf peak area of the RBS spectrum 

confirms the homogeneity in thickness of the samples irradiated. Similar homogeneity in 
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thickness was obtained in case of 80% SiO2 (figure not shown here) fraction Hf-silicate 

films. 
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Figure 4.35: RBS spectrum obtained by using He+ ions showing hafnium and oxygen 

regions of the HfSiO (40% SiO2)/Si structures irradiated with different dose of Si+ ions as 

indicated in the figure. Homogeneity in thickness and composition is observed. 
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                 Effects of amorphization on bulk hydrogen trapped in 40% SiO2 and 80% SiO2 

films for the annealing condition and irradiation dose as indicated in figure 4.36 and 4.37 

is studied. The previous results evidence the trapping of hydrogen at the micro structural 

defects and grain boundaries on crystallization, therefore this section elucidate the role of 

crystallization in depth on bulk hydrogen trapping.  The figures mentioned below shows 

bulk trapped hydrogen as a function of various annealing conditions as derived from the 

bulk region(between energy channels number 100-300)  in the ERDA spectra (not shown 

here) for both 40% and 80% fractions of SiO2 in Hf-silicate films. It can be clearly seen 

from the spectra that the bulk hydrogen trapping is abundant incase of as deposited 

samples. Whereas hydrogen incorporation in bulk significantly reduced for the Hf-silicate 

films annealed in oxygen as well as nitrogen as discussed in previous sections. GI-XRD 

results discussed earlier showed the crystallization occurs in Hf-silicate samples up on 

anneal in oxygen and nitrogen at 1100oC for 10 mins. Therefore to obtain an amorphous 

structure after oxygen and nitrogen anneals Si+ ion irradiation was performed with 

varying dose to determine the bulk hydrogen trapped. However, when pre-oxidized Hf-

silicate films is annealed in FG at 300oC for 30 min, we see an increase in the hydrogen 

content in bulk is observed, but not as significant as observed in the as-dep Hf-silicate. 

The decrease in the hydrogen in the bulk of the sample pre-oxidized Hf-silicate annealed 

in FG at 300oC for 30 min is most likely due to the decrease in the oxygen 

vacancies/deficiency or carbon impurities in the film. It can be observed that the 

hydrogen trapped in irradiated samples on forming gas anneal is not significantly 

different than that of the pre-oxidized/nitrided Hf-silicate sample. One also notices the 
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decrease in the bulk trapped hydrogen in case of 1×1016 at/cm2 Si+ irradiated sample as 

compared to the 1×1014 at/cm2, than Therefore we suggest that the fraction of hydrogen 

trapping defects for the pre-annealed samples were annealed or removed during the 

oxygen and nitrogen anneal. The possible reason for the reduction in hydrogen trapping 

in the bulk is due to the partial amorphization of crystallized Hf-silicate and possibly ion 

irradiation induced recombinations.  
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Figure 4.36: Bar graph showing hydrogen concentration between channels 100 – 300, 

relevant for this study as determined from ERDA spectra in HfxSi1-xO2/Si (40% SiO2)  

[figure not shown here] at the temperatures and conditions indicated. These plots show 

effect of Si+ ion irradiation on bulk trapped hydrogen. 
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Figure 4.37: Bar graph showing hydrogen concentration between channels 100 – 300, 

relevant for this study as determined from  ERDA spectra in HfxSi1-xO2/Si (80% SiO2) [ 

figure not shown here] at the temperatures and conditions indicated. These plots show 

effect of Si+ ion irradiation on bulk trapped hydrogen. 

 

 
4.3.10 Effects of Crystallization: A Study on Ion Irradiation (Amorphization of HfxSi1-xO2 

Films in this Case) 

This section explains and presents the GI-XRD results on Si+ ion irradiation  

where one notices the various degree of crystallization as observed in Hf-silicate films on 

using different ion fluences that further corroborates the results obtained in ERDA 

analysis. Figure 4.38 represents a GI-XRD spectrum that shows the XRD peaks for an 

Hf-silicate film having 40% SiO2 content as a function of different annealing conditions 

as indicated. As seen from the data peaks as deposited Hf-silicate shows a broad band 
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which represents amorphous character of a film. We notice on oxygen anneal almost 

complete crystallization occurs as discussed in previous sections. Crystalline peaks 

corresponding to monoclinic and tetragonal HfO2 were detected and are marked as 

indicated in the figures. One notices the intensity of the peaks that are attributed to HfO2 

crystalline signature peaks  reduces as compared to the oxygen annealed sample in case 

of  Hf-silicate sample irradiated with 1×1012 at/cm2 dose of Si+ ions. It was seen that on 

irradiating the Hf-silicate sample at higher fluence gradually the intensity of the peak 

corresponding to the crystalline HfO2, starts reducing and finally complete amorphous 

films is obtained for ion fluence of 1×1016 at/cm2. This confirms that partial 

amorphization of crystallized Hf-silicate films and possibly ion irradiation induced 

recombinations being one of the major contributor of the bulk trapped hydrogen in the 

Hf-silicate films. A similar set of experiments were performed on 80% SiO2 HfSiO thin 

films and that shows a trend of the crystalline peak intensity reduction similar to one seen 

for 40% SiO2 films, therefore amorphization of  the films is observed in case of 80% 

SiO2 samples and is represented in the figures 4.41, 4.42 and 4.43 respectively. Although 

it is evident from the intensity of the peaks in case of 80% SiO2 is less as compared to the 

40% SiO2 O2/N2 annealed film. It is known that SiO2 glass rises the crystallization 

temperatures of HfO2 and ZrO2 oxides when it is added to them. Figures 4.40 and 4.43 

shows a comparison of bulk trapped hydrogen in O2/N2 annealed samples in case of 40% 

and 80% SiO2 Hf-silicate films and samples annealed sequentially in N2 and FG 

respectively. HfxSi1-xO2/Si structure having 40 % SiO2 on irradiation with a dose of Si+ 

ions followed by FG anneal is shown as 1012= 1×1012 at/cm2, 1014= 1×1014, 1015= 
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1×1015 at/cm2 at/cm2, 1016= 1×1016 at/cm2 as indicated. We can clearly see the bulk 

trapped hydrogen in the films on using higher fluences decreases and GIXRD results 

confirms the bulk trapping is strongly dependent on the crystalline nature of the films. 
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Figure 4.38:  XRD results from a 800A HfxSi1-xO2/Si structure having 40 % SiO2 on 

irradiation with a dose of Si+ ions processing conditions as indicated in the figure. XRD 

peak intensity shows significant reduction on irradiation showing some degree of 

amorphization. Crystallization is seen in the appearance of monoclinic and tetragonal 

HfO2 and SiO2 peaks in oxygen annealed structures. The symbols in the figure represent 

phases for monoclinic (m) and tetragonal (t) HfO2. As deposited films seems to be 

completely amorphous. 
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Figure 4.39:  XRD results from a 800A HfxSi1-xO2/Si structure having 40 % SiO2 on 

irradiation with a dose of Si+ ions processing conditions as indicated in the figure. XRD 

peak intensity shows significant reduction on irradiation showing some degree of 

amorphization. Crystallization is seen in the appearance of monoclinic and tetragonal 

HfO2 and SiO2 peaks in nitrogen annealed structures. The symbols in the figure represent 

phases for monoclinic (m) and tetragonal (t) HfO2. As deposited films seems to be 

completely amorphous. 
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Figure 4.40: Comparison of bulk trapped hydrogen in O2/N2 annealed samples in case of 

40% SiO2 Hf-silicate films and samples annealed sequentially in N2 and FG respectively.  

HfxSi1-xO2/Si structure having 40 % SiO2 on irradiation with a dose of Si+ ions followed 

by FG anneal is shown as 1012= 1×1012 at/cm2, 1014= 1×1014, 1015= 1×1015 at/cm2 

at/cm2, 1016= 1×1016 at/cm2 as indicated. 
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Figure 4.41:  XRD results from a 800A HfxSi1-xO2/Si structure having 80 % SiO2 on 

irradiation with a dose of Si+ ions processing conditions as indicated in the figure. XRD 

peak intensity shows significant reduction on irradiation showing some degree of 

amorphization. Crystallization is seen in the appearance of monoclinic and tetragonal 

HfO2 and SiO2 peaks in oxygen annealed structures. The symbols in the figure represent 

phases for monoclinic (m) and tetragonal (t) HfO2. As deposited films seems to be 

completely amorphous.  
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Figure 4.42:  XRD results from a 800A HfxSi1-xO2/Si structure having 80 % SiO2 on 

irradiation with a dose of Si  ions processing conditions as indicated in the figure. XRD 

peak intensity shows significant reduction on irradiation showing some degree of 

amorphization. Crystallization is seen in the appearance of monoclinic and tetragonal 

HfO2 and SiO2 peaks in nitrogen annealed structures. The symbols in the figure represent 

phases for monoclinic (m) and tetragonal (t) HfO2. As deposited films seems to be 

completely amorphous. 
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Figure 4.43:  Comparison of bulk trapped hydrogen in O2/N2 annealed samples in case of 

80% SiO2 Hf-silicate films and samples annealed sequentially in N2 and FG respectively. 

HfxSi1-xO2/Si structure having 80 % SiO2 on irradiation with a dose of Si+ ions followed 

by FG anneal is shown as 1012= 1×1012 at/cm2, 1014= 1×1014, 1015= 1×1015 at/cm2 

at/cm2, 1016= 1×1016 at/cm2 as indicated. 
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4.4 Conclusion 

 

In summary, ERDA data indicate that hydrogen trapping is most abundant in bulk of 

the as-dep Hf-silicate having 80% SiO2 fraction. Hydrogen trapping in bulk HfxSi1-xO2/Si 

structures for all films ranging from 0-100% SiO2 fraction is dependent on the forming 

gas anneal temperature and is observed to be maximum at a temperature of 300oC. It was 

shown that bulk hydrogen trapping is due to the strong dependence on the carbon – 

hydrogen complex or it may also be due but to a less extent due to oxygen 

deficiency/Oxygen vacancy-Hydrogen complex. Another factor contributing for the 

trapping of hydrogen in the bulk is due to the crystallization effects during the anneals in 

oxygen and nitrogen ambient. An irradiation of pre-oxidized HfxSi1-xO2 and annealing in 

forming gas at 300oC shows the lowest hydrogen trapping in bulk HfxSi1-xO2. This is due 

to the amorphization of crystallized HfxSi1-xO2 films and ion irradiation induced 

recombinations/reduction in micro-structural defects. GI-XRD data corroborates small 

fraction of the bulk trapped hydrogen gets trapped at the grain boundaries on 

crystallization of these films that depends on %SiO2 fraction present in them. Trapping of 

hydrogen in HfxSi1-xO2/Si structures significantly depends on processing ambient, i.e, 

Oxygen/Nitrogen that was studied. Hydrogen trapping in bulk HfxSi1-xO2 is significantly 

reduced for pre-oxidized/nitrided HfO2 prior to forming gas anneal. H concentration is 

significantly higher in SiO2 than HfO2 and depends on the Hf/Si ratio. H uptake at the 

interface is similar for HfO2 and SiO2 and is independent of the Hf/Si ratio in the HfxSi1-

xO2. There is a strong dependence on oxygen pre-processing (Oxygen 
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vacancies/deficiencies hydrogen-carbon impurities. Finally, bulk trapped hydrogen in 

HfxSi1-xO2  thin films is higher for the films with higher Hf content and is strongly 

dependent  on the degree of crystallization of the films. 
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CHAPTER 5 
 

HYDROGEN INCORPORATION AND CARBON IMPURITY DEFECTS IN 
HfOXNy/Si STRUCTURES 

 
 
5.1 Introduction 
 
                Replacement of SiO2/SiOxNy with high-κ dielectrics and its implementation in 

a complementary metal-oxide-semiconductor (CMOS) process is currently a subject of 

intensive research.1 Hf-based high-κ materials are the leading candidates amongst the 

various alternate gate materials studied so far.2 Hafnium silicate materials have been 

established as an option with higher thermal stability and higher channel electron 

mobility. One of the issues with HfSixOy pseudo-binary alloys is their moderate dielectric 

constant of 12–16 (depending on the composition) and phase separation in HfO2 and SiO2 

regions upon annealing at high-temperatures.3 To mitigate this problem nitrided hafnium 

oxide and hafnium silicates have been proposed. Although, more recent work has shown 

that nitrogen incorporation in high-κ dielectrics have been focused with the aim of 

improving crystallization characteristics, better scalability to sub-1 nm EOT, electron 

mobility, charge trapping, thermal stability and thus reliability.4,5 Indeed, the nitridation 

of high-κ films, either during or after deposition have shown to reduce boron penetration 

and oxygen diffusion in or out of the film, inhibit the crystallization as a result reducing 

gate leakage current.6,7 

However, the use of CVD and ALD precursors to grow these gate dielectric films 

inevitably introduce significant impurities such as carbon, hydrogen, etc as discussed in 
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previous chapters. The role of such impurities in high- κ dielectrics in relation to both 

leakage current and hydrogen trapping is not yet well understood. For instance, it is 

possible that carbon incorporated into the high- κ film creates defect states that might 

result in increased gate leakage current. Anneals in hydrogen ambient at low 

temperatures are used in conventional MOS fabrication processes to passivate the 

electrically active defects where hydrogen is known to tie to the silicon dangling bonds at 

the Si/SiO2 interface.8,9,10Also, the relatively high background level of hydrogen-

containing molecules (H2, H2O, NH3, HF, etc) in typical CMOS processing conditions, 

associated to the hydrogen high mobility might result in significant amount of hydrogen 

trapping in the CMOS structures. Hydrogen is known to have most ambivalent (both 

beneficial and harmful effects) behavior in MOS devices. The presence of hydrogen in 

these materials is known to be detrimental where it can cause serious reliability issues 

due to negative biased temperature instability (NBTI).11,12  

Hydrogen can migrate into and out of the high- κ/Si interface at relatively low 

temperatures, which compromises the reliability of the entire CMOS structure. The 

presence of H+ in gate dielectrics has been associated with positive fixed charge in 

SiO2.13,14
’
15

’
16 Charge trapping or positive fixed charge in high-κ dielectric films is 

believed to be significantly higher than SiO2.17,18  Thus, hydrogen plays major role in 

semiconductor technology, due to its pervasiveness in a variety of processes such as 

deposition and post annealing of electronic structures. Therefore, it is important to 

understand the properties and behavior such as incorporation, diffusion and trapping of 

hydrogen in high-κ dielectrics and its correlation with carbon impurities and 
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crystallization. This is especially crucial given that as defect interactions magnify as 

device dimensions shrink, thus a thorough understanding of mechanisms of hydrogen 

phenomenon is of paramount importance. Despite wealth of electrical knowledge19,20,21 

there is little direct information about the actual location and concentration of hydrogen 

and effects under hydrogen annealing in high-κ dielectrics based MOS devices. 22,23,24 

In this paper we present the role of carbon impurities in hydrogen trapping in 

high- κ dielectrics. HfON(C)/Si thin dielectric films were prepared using reactive DC 

sputtering with controlled introduction of carbon impurity content by varying the CH4 

flow relative to a fixed Ar/O/N flow ratios. RBS, NRA, ERDA and XPS are used for 

extensive physico-chemical characterization. Hydrogen trapping and release in the 

HfON(C)/Si structures that were subjected to a combination of sequential anneals 

involving forming gas, oxygen and nitrogen were evaluated. The correlation between 

carbon impurity content and hydrogen trapping will be discussed. 

 

This chapter focuses on specifically the following topics:  

(i) Comparison of hydrogen trapping in as deposited HfON/Si and HfONC/Si gate 
stacks. 

(ii) Effects of oxygen post annealing on hydrogen trapping in HfON/Si and 
HfONC/Si gate stacks. 

(iii) Effects of nitrogen pre annealing on hydrogen trapping in HfON/Si and 
HfONC/Si gate stacks. 

(iv) Comparison of hydrogen trapping in bulk HfON/Si and HfONC/Si gate stacks 
up on oxygen or nitrogen pre-anneals. 

(v) Effect of % carbon content on hydrogen trapping in HfON/Si and HfONC/Si gate 
stacks. 
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5.2 Experimental 
 
5.2.1 Sample Preparation, HfOXNy/Si. 

In this study, the investigated thin films were all sputtered from a Hf target as 

described below. HfOxNy thin films (~80 nm) were deposited on 100mm Si (100) p-type 

substrates by physical vapor deposition (PVD – plasma sputtering) methods from a Hf 

target using a mixture of Ar:O2:N2. The silicon substrates were prepared using a 

conventional HF-last process.25 After HfOxNy thin film deposition, the substrates were 

then cleaved to ~ 1cm2 sample sizes for the annealing procedures described below. In this 

study, the structures utilized were uncapped. The thickness of the gate oxide was 

deliberately chosen to be in the order of ~ 80nm. The thickness consideration is to 

examine the differences among the bulk and interface properties of HfOxNy and hence 

make sure they are well separated. X-ray photoelectron spectroscopy (XPS) studies 

(figure not shown) indicate that nitrogen is well incorporated in the bulk of the films, thus 

confirming high N/O ratio present in the HfOxNy films. 

 
 
 5.2.2 Sample Preparation, HfOXNyCz/Si: Controlled Carbon Impurities Study 
 

For controlled carbon impurities study, hafnium oxynitride films (~ 80nm thick) 

with increasing levels of carbon impurity were selectively prepared by physical vapor 

deposition (PVD) or otherwise called plasma sputtering methods from a Hf target using 

different CH4/Ar ratios during the sputter deposition process. HfOXNyCz/Si thin dielectric 

films were prepared with controlled introduction of carbon impurity content by changing 

the CH4 flow relative to a fixed Ar:O2:N2 flow ratios. The silicon substrates were 
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prepared using a conventional HF-last process. After HfOxNy thin film deposition, the 

substrates were then cleaved to ~ 1cm2 sample sizes for the annealing procedures 

described below. Three sets of HfOXNyCz films (HfONC called henceforth) were 

prepared having various levels of carbon content. X-ray photoelectron spectroscopy 

(XPS) studies indicate that carbon is well incorporated in the bulk of the films, and thus 

confirming different levels of carbon contents present in the HfONC films. UV-Ozone 

oxidation of the HfONC films was performed before the XPS analysis (figure not 

shown), which confirms carbon in the bulk of the films. 

 
5.2.3 Processing in O2, N2 and FG Anneals  
 

The samples were annealed ex-situ in oxygen or nitrogen atmospheres at 1100oC, 

for 10 min in flowing gaseous atmospheres, in a JIPELEC Rapid Thermal Processing 

(RTP). Typical ramp rate for such anneals was ~5-6 seconds. Employed atmospheres 

were 500 mtorr of O2, N2 and FG respectively. The samples were divided in two sets: 

Oxygen annealed HfON and HfONC (O2 annealing) and Nitrogen annealed HfON and 

HfONC (N2 annealing) and subsequently forming gas (90% N2 and 10% H2) anneal (FG 

annealing) was performed on each set of samples. Such anneals in various gaseous 

atmospheres in the RTP was performed by first evacuating the annealing chamber to ~ 30 

mtorr and then ramped to desired temperature required in flowing gas at a pressure of 500       

mtorr. The anneal in FG was performed at 300 oC for 30 mins for maximum hydrogen 

incorporation as previously discussed in chapter 3 and 4. The flow diagram, in figure 5.1 

illustrates the details of the experimental conditions and steps followed during these 

experiments to examine the hydrogen trapping in bulk 800Ǻ of HfON and HfONC films. 
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Figure 5.1: Experimental flow diagram representing the process flow for the H studies in 

Hf silicate films. Hydrogen and Carbon were analyzed by ERDA and NRA respectively. 

 
5.2.4 Characterization Techniques  

Rutherford Backscattering Spectrometry (RBS) data utilizing 1 MeV He+ 

particles was collected to determine the thickness and composition of the HfONC/Si gate 

dielectric stack. The SIMNRA simulation software was employed to calculate the 

thickness and composition respectively. RBS was used to measure possible oxygen 

deficiencies in the HfONC films with an uncertainty of about 6 at % in these particular 

measurements. 

ERDA   : H Analysis 
NRA     : C Analysis 

Annealing in flowing O2 
1100oC, 10min 

As Deposited Hf based 
film 

 
  Si 

HfONC(~80nm) 

Flow Diagram 

Annealing in FG, 300oC, 30min 
Forming Gas: N2 - 90%, H2-10% 

 

Si 

ERDA   : Hydrogen 

Clean 

  Si 

HfONC(~80nm)

  Si 

HfONC(~80nm)

  Si 

HfONC(~80nm)

Ar, N2, Ar+CH4

~0%C ~2%C ~5%C ~10%C

 
  Si 

HfONC(~80nm) 

  Si 

HfONC(~80nm)

  Si 

HfONC(~80nm)

  Si 

HfONC(~80nm)

~0%C ~2%C ~5%C ~10%C

196



              Due to the difficulties in measurement of hydrogen and the various limitations of 

techniques such as SIMS, NRA, etc, low energy ERDA was employed in the present 

study to measure directly the actual location and concentration of hydrogen in these 

films. Hydrogen trapping in the structures was determined by elastic detection recoil 

analysis measurements.26 The advantage of using ERDA over SIMS is the non 

destructive nature of this technique whereas in NRA longer exposure times leads to 

redistribution of hydrogen that can be avoided using low mass incident ions as is the case 

in ERDA. For these measurements, a dedicated end station for multipurpose ion beam 

measurements was designed. The chamber contains two silicon surface barrier detectors 

(SSBD) for energy analysis of scattered ions (RBS) and recoiled particles (ERDA). Both 

detectors being rotatable can be varied in angle as required. The ERDA experimental 

setup was optimized for hydrogen measurements where the beam current was carefully 

chosen around ~100-200 nA allowing good reproducible measurements. This technique 

allows quantitative hydrogen measurement with a depth resolution of ~20 nm near the 

surface. For these experiments 1.25 MeV He+ ion were impinged on the sample at an 

angle of 10o with the surface. A silicon surface barrier detector was placed at an angle of 

20o with the direction of the beam to detect the recoiled particles. A 5 μm thick Mylar foil 

was placed in front of the detector in order to stop the scattered He+ or heavier particles.  

ERDA measurements were performed at room temperature and during the analysis the 

pressure in the measurement chamber was maintained a few times 10-7 Torr. NRA 

involving 12C (p, p) 12C nuclear reaction at 1.8MeV having scattering angle of  detector as 

168o  was used  in order to measure the carbon content in the films. 
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5.3 Results and Discussions: HfONC/Si Structures 
 
5.3.1 RBS Results: HfONC/Si Structures 
 

           Rutherford backscattering Spectrometry (RBS) was utilized to determine 

the composition and the thickness of HfONC film. A Rutherford backscattering spectrum 

from the HfONC samples obtained using 2 MeV He+ on HfONC /Si at 160o detection 

with respect to the incident beam direction having varying carbon contents (figure not 

shown here). Excellent uniformity is observed for the samples measured. This is 

extremely important for the hydrogen trapping studies shown in the following chapters, 

where a uniform thickness is critical for the data analysis. Thickness of the oxynitride is 

obtained by assuming an oxide density to be approximately 78nm.  

 

5.3.2 Comparison of Hydrogen Trapping in As-Deposited HfON/Si and HfONC/Si Gate 

Stacks 

Figure 5.2 shows ERDA results presenting hydrogen distribution in a ~80nm 

HfONC/Si structures in as deposited condition. The ERDA analysis was performed ex-

situ after the deposition of HfONC films. It was found that bulk hydrogen trapped in 

case of 10% CH4-HfONC/Si structure demonstrate maximum incorporation as clear 

from the spectra below. Similar to the previous studies on Hf-based high-κ dielectric 

materials, this study is focused on hydrogen trapping in bulk HfONC and not the 

hydrogen trapping at the surface. Understanding hydrogen trapping at surfaces requires 

in-situ studies and is outside the scope of this particular research. Only the data in the 

bulk oxide region is of interest that is representative of hydrogen trapped in bulk HfONC 
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films and is marked between the dashed lines as shown in figure below. As described, 

thicker oxide films were chosen in this study to distinguish hydrogen signal from 

surface, interfacial region and bulk. The experimental setup is optimized such that the 

interfacial region lies far away from the region selected in the bulk between the dashed 

lines. The ion beam induced migration was not observed in these measurements and care 

was taken to reduce the beam currents to ~100 nA for this analysis, consequently to 

obtain reproducible data points.  Hydrogen trapped in bulk of the HfONC/Si structures 

was found to be lowest in case of the sample with 0% CH4 content. Further we observe 

hydrogen trapped in the bulk of HfONC/Si shows a trend where bulk hydrogen trapped 

increases as percentage carbon in the film increases. This suggests that there is a strong 

correlation between the hydrogen content and the carbon impurities in the films and will 

be explored in detail in the following sections of this chapter. 
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Figure 5.2: 1.2 MeV He ERDA spectra of hydrogen distribution in HfONC/Si structures 

having 0 %, 2%, 5% and 10% CH4 in the as deposited condition. Hydrogen trapping is 

maximum for 0% CH4 – HfONC in as deposited condition.  

 

5.3.3 Effects of Oxygen Post Annealing on Hydrogen Trapping in HfON/Si and 

HfONC/Si Gate Stacks 

            To determine the effect of oxygen post annealing on hydrogen trapping in 
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HfONC/Si films, HfONC films that are produced with carbon contents (CH4)= 0%, 2%, 

5% and 10% were annealed in oxygen at 1100oC for 10 min followed by forming gas 

anneal at 300oC for 30 mins. The incorporation of hydrogen in the bulk of these films on 

annealing in forming gas was carried out in a range of temperatures for 30 min. It was 

also seen and recorded that the hydrogen content measured does not change as a function 

of exposure due to irradiation before, during and after measurements. The maximum bulk 

hydrogen trapped was achieved at 300oC and hence this temperature was used in all the 

other experiments that ease to distinguish the effects of change in hydrogen in bulk of 

these structures. The choice of 30 minutes is dictated by standard semiconductor process 

where hydrogen passivates the Si dangling bonds thus reducing interface traps. Annealing 

in oxygen significantly reduces hydrogen content in bulk for all the four different 

HfONC/Si structures having various carbon contents as seen in figure 5.3(a). Further the 

ERDA results of all HfONC/Si structures annealed sequentially in oxygen and FG at 

300oC for 30 min was recorded which is as shown in figure 5.3(b). Upon annealing in FG 

at 300oC for 30 min, an increase in the hydrogen content throughout the bulk is observed, 

but not significant enough as in the case of as-dep structures. This difference is difficult 

to notice in the ERDA spectrum and hence the bulk trapped hydrogen is plotted versus 

annealing conditions for each percentage of carbon content in HfONC/Si structures in 

figures 5.5 through 5.8. Hence we can clearly observe where bulk trapped hydrogen in 

case of O+FG anneal is significantly less than in as deposited films. This difference in the 

hydrogen trapping in the bulk of the as deposited and the  O2+ FG annealed HfONC/Si 

structures, is most likely due to the decrease in the oxygen vacancies/deficiency, but may 
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be also affected by hydrogen trapping in grain boundaries, following the expected 

crystallization. Another factor that accounts for this difference is definitely related to the 

carbon impurities that are intentionally added in these PVD based films that behave 

similar to the CVD prepared films where carbon are present as impurities in the films that 

comes form the hydrocarbon based precursors. GI-XRD results in figure 5.4 shows of 

800A HfONC/Si structure with 5% and 0% CH4 content processed in oxygen ambient. 

The symbols in the figure represent phases for monoclinic (m) and tetragonal (t) phases 

of HfO2.Crystallization is evident in the form of monoclinic and tetragonal peaks, though 

we notice the difference in the intensity of the monoclinic as well as tetragonal peaks for 

both films and the intensity decreases as CH4 content in the films increases. This also 

explains a very strong behavior of carbon impurities on bulk hydrogen trapping in such 

films. 
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Figure 5.3:  (a) ERDA spectra of trapped hydrogen in bulk in an 800A HfONC/Si  

structure in as dep, post deposition anneal in Oxygen. Hydrogen content is significantly 

reduced after oxygen anneals.  
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Figure 5.3:  (b) ERDA spectra of trapped hydrogen in bulk in an 800A HfONC/Si 

structure in as dep, post deposition anneal in O2 and samples annealed sequentially in O2 

followed by FG anneal temperatures. 
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Figure 5.4:  XRD results of 800A HfONC/Si structure with 5% and 0% CH4 content 

processed in oxygen ambient. Crystallization is evident in the form of monoclinic and 

tetragonal peaks. The symbols in the figure represent phases for monoclinic (m) and 

tetragonal (t) phases of HfO2. 

 

5.3.4 Effects of Nitrogen Post Annealing on Hydrogen Trapping in HfON/Si and 

HfONC/Si Gate Stacks 

Similar to the study of effect of oxygen anneals on bulk trapped hydrogen in  
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HfONC/Si structures, we studied the effect of nitrogen post annealing on hydrogen 

trapping in HfONC/Si films, HfONC films that are produced with carbon contents= 0%, 

2%, 5% and 10% were annealed in nitrogen at 1100oC for 10 min followed by forming 

gas anneal at 300oC for 30 mins. The incorporation of hydrogen in the bulk of these films 

on annealing in forming gas was carried out in a range of temperatures for 30 min. The 

maximum bulk hydrogen trapped was achieved at 300oC and hence this temperature was 

used in all the other experiments that ease to distinguish the effects of change in 

hydrogen in bulk of these structures. The choice of 30 minutes is dictated by standard 

semiconductor process where hydrogen passivates the Si dangling bonds thus reducing 

interface traps. Annealing in nitrogen significantly reduces hydrogen content in bulk for 

all the four different HfONC/Si structures having various carbon contents as seen in 

figure 5.5(a) though being higher than the bulk trapped hydrogen on oxygen anneals. 

Further the ERDA results of all HfONC/Si structures annealed sequentially in nitrogen 

and FG at 300oC for 30 min was recorded which is as shown in figure 5.5(b). Upon 

annealing in FG at 300oC for 30 min, an increase in the hydrogen content throughout the 

bulk is observed similar to the oxygen annealed samples, but not significant enough as in 

the case of as-dep structures. This difference is difficult to notice in the ERDA spectrum 

and hence the bulk trapped hydrogen is plotted versus annealing conditions for each 

percentage of carbon content in HfONC/Si structures in figures 5.7 through 5.10. Hence 

we can clearly observe where bulk trapped hydrogen in case of N+FG anneal is 

significantly less than in as deposited films. This difference in the hydrogen trapping in 

the bulk of the as deposited and the N2+ FG annealed HfONC/Si structures, is most likely 

206



due to the decrease in the oxygen vacancies, but may be also affected by hydrogen 

trapping in grain boundaries, following the expected crystallization that is assumed to be 

different in case of oxygen anneal and nitrogen anneal. Another factor that accounts for 

this difference is definitely related to the carbon impurities that are intentionally added in 

these PVD based films that behave similar to the CVD prepared films where carbon are 

present as impurities in the films that comes form the hydrocarbon based precursors. It 

was also seen and recorded that the hydrogen content measured does not change as a 

function of exposure due to irradiation before, during and after measurements. 

The measurement of carbon content for the samples annealed in nitrogen as well as 

oxygen annealed samples will be discussed in the next sections of this chapter that gives 

us a better understanding of the subject and hence the correlation between the carbon 

impurities in O2 and N2 annealed samples achieved. 
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Figure 5.5:  (a) ERDA spectra of trapped hydrogen in bulk in an 800A HfONC/Si 

structure in as dep, post deposition anneal in N2 
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Figure 5.5:  (b) ERDA spectra of trapped hydrogen in bulk in an 800A HfONC/Si 

structure in as dep, post deposition anneal in N2 and samples annealed sequentially in N2 

followed by FG anneal temperatures. 
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Figure 5.6:  XRD results from 800A HfONC/Si structure with 5% and 0% CH4 content 

processed in nitrogen ambient. Crystallization is evident in the form of monoclinic and 

tetragonal peaks. The symbols in the figure represent phases for monoclinic (m) and 

tetragonal (t) phases of HfO2. 
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Figure 5.7: Comparison of the bulk trapped hydrogen in O2 and N2 annealed samples in 

an 800A HfONC film with 0% carbon and samples annealed sequentially in O2/N2 and 

FG respectively. 
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Figure 5.8: Comparison of the bulk trapped hydrogen in O2 and N2 annealed samples in 

an 800A HfONC film with 2% carbon and samples annealed sequentially in O2/N2 and  

FG respectively 
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Figure 5.9: Comparison of the bulk trapped hydrogen in O2 and N2 annealed samples in 

an 800A HfONC film with 5% carbon and samples annealed sequentially in O2/N2 and 

FG respectively 
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Figure 5.10: Comparison of the bulk trapped hydrogen in O2 and N2 annealed samples in 

an 800A HfONC film with 10% carbon and samples annealed sequentially in O2/N2 and 

FG respectively. 
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5.3.5 Comparison of Hydrogen Trapping in Bulk HfON/Si and HfONC/Si Gate Stacks 

upon Oxygen or Nitrogen Pre-Anneals 

 

             A comparison for the bulk hydrogen trapped on anneals in oxygen, nitrogen and 

on sequential anneal in oxygen/nitrogen followed by forming gas anneal is shown in the 

figure 5.11 below for all compositions of HfONC/Si having carbon contents 0%, 2%, 5% 

and 10%. All these data are derived from the ERDA spectra of hydrogen distribution as 

shown in bulk regions (marked between the arbitrary dashed lines), discussed earlier in 

this chapter and plotted together for comparison. The results in the previous set of 

experiments shows that on annealing in oxygen the amount of oxygen vacancies are 

known to reduce therefore to study the effect of inert ambient on the bulk hydrogen 

trapping we performed these anneals in different ambient such as oxygen and inert 

ambient. Anneal in Oxygen tend to desorb hydrogen, compensates for oxygen deficiency 

and reduces Oxygen vacancies/carbon impurities by breaking C-H bonds and thus 

releasing hydrogen. Whereas anneal in Nitrogen or in inert ambient tend to desorb 

hydrogen although not affecting Oxygen deficiencies/carbon impurities in the structure. 

Figure below shows bulk hydrogen trapping in Hf-silicate films when pre annealed in 

oxygen and nitrogen ambient annealed back in FG at 300oC, the hydrogen trapping 

showed an interesting difference. The reason for this difference may be due to the 

hydrogen being trapped in the grain boundaries due to the crystallization and stress in the 

film. Another possibility is due to the presence of carbon impurities as seen from our 

results (explained in next section in detail), in the films as anneals in nitrogen does not 
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affect the carbon impurities and hence this change. On anneal in oxygen ambient C-H 

bond breaks and hence H removal is achieved by H2O. Here we assume the 

crystallization effects due to oxygen and nitrogen anneals are same. To understand the 

effect of crystallization on bulk hydrogen trapping we have performed experiments where 

we intentionally amorphize the films with various doses and thus measure bulk trapped 

hydrogen. Oxygen vacancies can also result in these changes. 
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Figure 5.11: Comparison of the bulk trapped hydrogen on O2 and N2 annealed samples in 

an 800A HfONC film with 0%, 2%, 5% and 10% CH4 content and samples annealed 

sequentially in O2/ N2 and FG respectively. It clearly shows an increase in the bulk 

hydrogen trapped as in case of forming gas anneals. 

 

 

 

 

217



5.3.5.1 GI-XRD Results 

              

                Figure 5.12 shows XRD results of 800A HfONC thin film with 5% CH4 

content processed in oxygen, and nitrogen ambient. Crystallization is evident in the form 

of monoclinic and tetragonal peaks. The symbols in the figure represent phases for 

monoclinic (m) and tetragonal (t) phases of HfO2. As deposited films seems to be 

amorphous. One notices the intensity of the peaks that are attributed to HfO2 crystalline 

signature peaks reduces in case of oxygen annealed films as compared to the nitrogen 

annealed. Thus the degree of crystallinity is dependent on the annealing ambient in such 

films. Other HfONC films with 0%, 2% and 10% CH4 also showed similar results (data 

not shown here). These results confirm the differences we observed in our ERDA results 

where bulk hydrogen trapped is higher in nitrogen annealed samples as compared to the 

oxygen annealed samples. In order to determine the effects of carbon impurities in the 

films, we performed NRA measurements on these films and the results are discussed in 

the later part of this chapter. 

                     Figure 5.13 shows bulk trapped hydrogen in HfONC/Si film with 0%, 2%, 

5% and 10% CH4 content as shown on the left Y axis and on right Y axis intensity of 

crystallized peak that is a measure of degree of crystallinity in the films. It is clearly seen 

from the plot as the bulk trapped hydrogen increases, degree of crystallinity decreases as 

shown with increasing CH4 content in HfONC thin films. This shows crystallization of 

the HfONC films does play a significant role in bulk hydrogen trapping although when 
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carbon impurities are present in the films, it plays a stronger role in hydrogen trapping 

and we discuss these results in the next section. 
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Figure 5.12:  XRD results from 800A HfONC/Si structure with 5% CH4 content 

processed in oxygen, and nitrogen ambient. Crystallization is evident in the form of 

monoclinic and tetragonal peaks. The symbols in the figure represent phases for 

monoclinic (m) and tetragonal (t) phases of HfO2. As deposited films seems to be 

amorphous. 
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Figure 5.13: Bulk trapped hydrogen in HfONC/Si film with 0%, 2%, 5% and 10% CH4 

content as shown on the left Y axis increases as degree of crystallinity as shown on right 

Y axis in the films decreases with increasing CH4 content in HfONC thin films. 
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5.3.6 Effect of % Carbon Content on Hydrogen Trapping in HfON/Si and HfONC/Si 

Gate Stacks 

                In this section we study the effect of carbon impurities that are added 

intentionally in the Hf-based dielectric materials to correlate hydrogen trapping and 

carbon impurities existing in the films. Figure 5.13 shows carbon content in the film 

using NRA involving 12C (p,p) 12C nuclear reaction at 1.8 MeV at a scattering angle of 

detector, 168o for the HfONC/Si structures with carbon= 0%, 2%, 5% and 10% in as 

deposited conditions. At this energy C resonance takes place, and therefore it is easier to 

determine very low contents of carbon in the film, as when the average C concentration is 

between ~0.5 and 2 at%, the C resonance technique can provide accuracy within about 

±0.2 at%. To separate the two signals the incident beam energy must be increased, 

moving the maximum resonance deeper into the film. When the resonance is close to the 

surface the peak can be seen.  As the energy is increased the signal from the film carbon 

separates from the surface carbon signal (figure not shown here). In this manner the film 

and surface carbon can be discriminated. By analyzing the spectra obtained by this 

reaction we can separate as well as differentiate the surface carbon from the bulk carbon.  

The resonance signal was centered in the film to ensure an accurate measure of the 

carbon concentration in bulk Hf-silicate films without contribution from adsorbed 

hydrocarbons at the Hf-silicate surface. Therefore, these results confirms the presence of 

carbon in HfONC bulk and further confirms the increase in carbon contents as 

incorporated intentionally during the physical vapor deposition of the films as shown in 

the figure. 
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Figure 5.14: C resonant peak obtained using NRA using 12C (p, p) 12C nuclear reaction at 

1.8 MeV, θ = 168o in an 800A HfONC/Si structure, Carbon peak shown here is from as-

dep samples. 

 

                Figure 5.14 shows carbon content in the film using NRA involving 12C (p,p) 

12C nuclear reaction at 1.8 MeV at a scattering angle of detector, 168o for the HfONC/Si 

structures with carbon= 0%, 2%, 5% and 10% for anneals as indicated. For all samples 

we notice the carbon content in the as deposited sample is maximum whereas on oxygen 

222



anneal there is a significant reduction in the carbon content. Whereas when we observe 

the carbon content in the nitrogen annealed sample, it shows significantly higher amount 

of carbon still present in the Hf-based films. Carbon content seen in the graph confirms 

the decrease in the carbon impurities in the film after the oxygen anneal  is one of the 

possible reasons for the reduction in the bulk hydrogen trapping after the forming gas 

anneal and can be correlated to the carbon-hydrogen impurity complex. The behavior of 

carbon thus evidences similar behavior of hydrogen trapped in bulk of the Hf-based films 

after forming gas anneals where we found consistent change in both carbon and hydrogen 

in the films, which suggests that there is a strong correlation between the hydrogen 

content and the carbon impurities in the films.  
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Figure 5.15: C resonant peak obtained using NRA using 12C (p, p) 12C nuclear reaction at 

1.8 MeV, θ = 168o in an 800A HfONC/Si structure having CH4 = 0%, 2%, 5% and 10% 

as indicated giving a comparison of Carbon peak for as-dep, oxygen and nitrogen 

anneals. 
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5.4 Conclusion 

 

In conclusion, ERDA data indicate that hydrogen trapping is most abundant in bulk of 

the as-dep HfONC/Si having 10% carbon fraction. Hydrogen trapping in bulk HfONC/Si 

structures for all films ranging from 0-10% carbon fraction is dependent on the forming 

gas anneal temperature and is observed to be maximum at a temperature of 300oC. It was 

shown that bulk hydrogen trapping is due to the strong dependence on the carbon – 

hydrogen complex and to a less extent on crystallization of the films. Also to a very less 

extent oxygen deficiency/Oxygen vacancy-Hydrogen complex plays a role in bulk 

hydrogen trapping. Trapping of hydrogen in HfONC/Si structures significantly depends 

on processing ambient, i.e, Oxygen/Nitrogen that was studied. Hydrogen trapping in bulk 

HfONC/Si is significantly reduced for pre-oxidized/nitrided HfONC/Si prior to forming 

gas anneal. There is a strong dependence on oxygen pre-processing (Oxygen 

vacancies/deficiencies hydrogen-carbon impurities. Anneal in Nitrogen or in inert 

ambient tend to desorb hydrogen although not affecting Oxygen deficiencies/carbon 

impurities in the structure. NRA data confirms the correlation of carbon-hydrogen 

complex on adding carbon impurities intentionally to the films.  
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CHAPTER 6 
 

CONCLUSIONS 
 

 

In this section, the general conclusions of this dissertation are given. For conclusions 

from research specific to a chapter topic, the reader is recommended to read the last 

section of each chapter.  

In this dissertation, a systematic study of hydrogen trapping and the role of carbon 

impurities and crystallization in various alternate gate dielectric candidates, HfO2/Si, 

HfxSi1-xO2/Si, HfOxNy/Si and HfON(C)/Si have been presented. It was demonstrated a 

strong correlation between processing conditions, carbon impurities defects, 

crystallization and hydrogen incorporation and trapping, exists and is quantified. 

In conclusion, ERD measurements indicate that hydrogen trapping is most abundant 

in bulk of the as-dep HfO2 and is dependent on the forming gas anneal temperature which 

being maximum at a temperature of 300oC. It was shown that bulk hydrogen trapping is 

due to the strong dependence on to the carbon-hydrogen complex or it may also be due 

but to a very less extent oxygen deficiency (Oxygen vacancy-Hydrogen complex!) which 

is confirmed. Also trapping of hydrogen in the bulk is due to the crystallization effects in 

the anneals in oxygen and nitrogen. Trapping of hydrogen in HfO2/Si structures 

significantly depends on processing ambient (Oxygen/Nitrogen). Hydrogen trapping in 

bulk HfO2 is significantly reduced for pre-oxidized/pre-nitrided HfO2 prior to forming 

gas anneal. There is a strong dependence on oxygen pre-processing (Oxygen 
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vacancies/deficiencies hydrogen-carbon impurities. An irradiation of pre-oxidized HfO2 

and annealing in forming gas at 350oC shows the lowest hydrogen trapping in bulk HfO2. 

This is shown to be due to the amorphization of crystallized HfO2 and ion irradiation 

induced recombinations/reduction in micro-structural defects.  

In summary, ERDA data indicate that hydrogen trapping is most abundant in bulk of 

the as-dep Hf-silicate having 80% SiO2 fraction. Hydrogen trapping in bulk HfxSi1-xO2/Si 

structures for all films ranging from 0-100% SiO2 fraction is dependent on the forming 

gas anneal temperature and is observed to be maximum at a temperature of 300oC. It was 

shown that bulk hydrogen trapping is due to the strong dependence on the carbon – 

hydrogen complex or it may also be due but to a less extent due to oxygen 

deficiency/Oxygen vacancy-Hydrogen complex. Another factor contributing for the 

trapping of hydrogen in the bulk is due to the crystallization effects during the anneals in 

oxygen and nitrogen ambient. An irradiation of pre-oxidized HfxSi1-xO2 and annealing in 

forming gas at 300oC shows the lowest hydrogen trapping in bulk HfxSi1-xO2. This is due 

to the amorphization of crystallized HfxSi1-xO2 films and ion irradiation induced 

recombinations/reduction in micro-structural defects. GI-XRD data corroborates small 

fraction of the bulk trapped hydrogen gets trapped at the grain boundaries on 

crystallization of these films that depends on %SiO2 fraction present in them. Trapping of 

hydrogen in HfxSi1-xO2/Si structures significantly depends on processing ambient, i.e, 

Oxygen/Nitrogen that was studied. Hydrogen trapping in bulk HfxSi1-xO2 is significantly 

reduced for pre-oxidized/nitrided HfO2 prior to forming gas anneal. H concentration is 

significantly higher in SiO2 than HfO2 and depends on the Hf/Si ratio. H uptake at the 
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interface is similar for HfO2 and SiO2 and is independent of the Hf/Si ratio in the HfxSi1-

xO2. There is a strong dependence on oxygen pre-processing (Oxygen 

vacancies/deficiencies hydrogen-carbon impurities. Finally, bulk trapped hydrogen in 

HfxSi1-xO2  thin films is higher for the films with higher Hf content and is strongly 

dependent  on the degree of crystallization of the films. 

In conclusion, ERDA data indicate that hydrogen trapping is most abundant in bulk of 

the as-dep HfONC/Si having 10% carbon fraction. Hydrogen trapping in bulk HfONC/Si 

structures for all films ranging from 0-10% carbon fraction is dependent on the forming 

gas anneal temperature and is observed to be maximum at a temperature of 300oC. It was 

shown that bulk hydrogen trapping is due to the strong dependence on the carbon – 

hydrogen complex and to a less extent on oxygen deficiency/Oxygen vacancy-Hydrogen 

complex which is confirmed. Trapping of hydrogen in HfONC/Si structures significantly 

depends on processing ambient, i.e, Oxygen/Nitrogen that was studied. Hydrogen 

trapping in bulk HfONC/Si is significantly reduced for pre-oxidized/nitrided HfONC/Si 

prior to forming gas anneal. There is a strong dependence on oxygen pre-processing 

(Oxygen vacancies/deficiencies hydrogen-carbon impurities. Anneal in Nitrogen or in 

inert ambient tend to desorb hydrogen although not affecting Oxygen deficiencies/carbon 

impurities in the structure. NRA data confirms the correlation of carbon-hydrogen 

complex on adding carbon impurities intentionally to the films.  
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A. Elastic Recoil Detection Analysis (ERDA) 

A.1 Introduction  

Elastic Recoil Detection (ERD) is one of the most useful modern ion beam 

analysis techniques for easy depth profiling of light elements (e.g. H, D), and this depth 

profiling technique was first introduced in 1976.1 ERD is a nuclear technique used to 

obtain elemental concentration depth profiles in thin films. An energetic ion beam, 

usually He, C or O ions is directed at the sample to be depth profiled and (as discussed in 

the RBS section below) there is an elastic nuclear interaction with the atoms of the 

sample. The incident energetic ions typically have MeV of energy, enough to kick out 

(recoil) the atoms being struck. The technique depends on putting in an appropriate 

detector to detect these recoiled atoms. When a sample is mounted at a glancing angle 

with respect to an ion beam, the beam causes a minority of target atoms to be recoiled 

from the surface. The energy with which they recoil depends on their mass and on the 

recoil angle. At known geometries, the energy dispersive detectors can thus identify and 

quantify the recoiled atoms. Depth profiles are obtained by deconvoluting the energy lost 

as the ions travel into and exit from the sample.7  From the measured energy spectrum of 

the recoils a concentration depth profile can be calculated. The effects of hydrogen are 

studied in many materials using ERDA since H is important for present and future 

technical applications. 
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ERD is often performed using a relatively low energy (2MeV) 4He beam 

specifically to depth profile hydrogen. In this technique multiple detectors are used, at 

backscattering angles to detect heavier elements by RBS and a forward (recoil) detector 

to simultaneously detect the recoiled hydrogen.The detection of scattered ions from the 

incident ion beam is normally suppressed in order to avoid background. The easiest and 

most common method is the use of a foil which stops the scattered ions, but allows the 

passing of the recoils which have a lower stopping power. The recoil detector has to have 

a "range foil": a thin film (typically few micrometers thick Mylar) to preferentially stop 

the incident He beam scattered into the forward direction.  

ERD uses high energy (~1MeV/ amu) heavy ion beams to kinematically recoil 

and depth profile low atomic number target atoms (1≤ Z ≤ 9). However, the heavy ion 

projectile need only have a mass greater than target atom and in fact alpha particles are 

commonly used to obtain recoil spectra for hydrogen and its isotopes.2 The great 

advantage of ERD is that all the atoms of the sample can be recoiled if a heavy incident 

beam is used, so a complete analysis of the sample is immediately available. For 

example, a 200MeV Au beam can be used with a gas ionization detector. With the right 

recoil angle, the scattered incident beam is kinematically prohibited, and therefore, does 

not enter the detector. Alternatively, a 35 MeV Cl (or 50MeV I) beam is often used with 

a time-of-flight detector: this is good for light elements (or transition metals) in silicon. 

The analysis of hydrogen is important in many areas of materials science. Hydrogen has a 

high diffusivity coefficient in many materials and is probably the most common impurity 

in thin film materials. Hydrogen also has important effects on the chemical, physical and 
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electrical properties of many materials. The analysis of hydrogen is difficult or 

impossible for many traditional materials analysis methods. It depends on the application, 

whether the incorporation of hydrogen is desired. For example, the mechanical stability 

of materials such as zirconium, which is used in nuclear industry, is reduced by the 

incorporation of hydrogen.  

For low ion energies (<0.3 MeV/amu) the scattering cross section can be 

calculated assuming Rutherford scattering. For higher energies experimentally measured 

cross section has to be used in most cases. The depth profile calculation can be done 

directly from the spectrum as described by Doyle or by using spectrum simulation 

programs such as SIMNRA or RUMP.2,3 The accuracy is about 10%, limited by the 

uncertainties in the stopping power values of the sample material, experimental cross 

section values and geometrical uncertainties. The ERD method provides absolute 

concentration values and is not affected by matrix effects. Furthermore ERD is non 

invasive, e.g. the sample is not damaged on a macroscopic scale. More information about 

hydrogen analysis with ERD and other methods can be found in a review from W.A. 

Lanford  and references therein.4  
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Figure A.1: Schematic representation of an elastic collision between a projectile 

of mass M1, atomic number Z1 and energy Eo and a target of mass M2 , atomic number Z2 

which is at rest before the collision. After the collision, the target mass is recoiled 

forward at an angle Φ with an energy E2 

Although the use of ERD is becoming a relatively common tool in materials 

analysis, most researchers use ERD only qualitatively (i.e. for elemental identification or 

profile shapes), in contrast to the quantitative analyses done with RBS. Yet, both in its 

concept and in its elementary execution, ERD is a simple experiment. The physical 

concepts governing ERD and RBS are identical. 

Much like RBS6 , ERD depends on only four physical concepts: 

1] The kinematic factor describes the energy transfer from a projectile to a target nucleus 

in an elastic two- body collision. 

2] The differential scattering cross section gives the probability for the scattering event to 

occur. 

M1 Z1 

Φ 

M2 Z2 

Eo 
E2 

M2  
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3] The stopping powers give the average energy loss of the projectile and the recoiled 

target atom as they traverse the sample (thereby giving a method for establishing a depth 

scale). 

4] The energy straggling gives the statistical fluctuation in the energy loss. 

 

 A.2 Experimental  

The ERD system at UNT is connected to the 3.0 MeV Pelletron accelerator. The 

detection system is located in the chamber which has a base pressure of 10E -7 torr. The 

chamber is equipped with a precision manipulator which allows the adjustment of the 

sample angle and position. The ERD system is mounted on a turntable which enables 

recoil detection angles in the angular range from 0 to 40 degrees. The distance of the 

ERD detector from the sample is adjustable. Two wheels containing a selection of 

stopping foils and detector apertures are mounted in front of the detector and allow the 

selection of solid angle, rectangular or curved slit and energy range. All of these 

adjustments are possible within minutes and without breaking vacuum, thus allowing 

quick optimization of the parameters for different samples.  

              The most commonly used ion beam in this system is 4He with energy of 1 to 3 

MeV.  Hydrogen trapping in the structures was determined by ERD analysis 

measurements. In these measurements, a 1.25 MeV He+ ion beam was impinged on the 

sample surface at an angle of 10o with the surface. A silicon surface barrier detector was 
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placed at an angle of 20o with the direction of the beam. A 5 μm Mylar foil was situated 

in front of the detector in order to stop the scattered heavy particles and to redistribute the 

energies of the recoiled particles in such a way that nearly background free detection was 

accomplished. During the analysis the pressure in the analysis chamber was a few times 

10-7 Torr. 
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Figure A.2: Experimental setup of ERDA utilized in current experiments 
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A.3 Calibration  

The accuracy of the solid angles is checked by the use of an alpha-source with 

known activity. The calibration is verified using H implanted Si wafers and Kapton as 

standards.  

A.4 Time requirements  

The time requirements for the measurement of one sample depend strongly on the 

sample itself and the required information. A better depth resolution or a lower 

concentration of the analyzed element does generally lead to a longer acquisition time. 

The typical analysis time is on the order of 1 h. including loading and unloading of the 

sample the total time per sample is typically 2 h.  

A.5 Elements  

The system is used routinely for the analysis of 1H and 2H. Hydrogen 

measurements have been carried out on a wide range of materials such as 

semiconductors, metals and polymers. Considering the maximum available beam energy, 

the upper limit of detectable elements is probably carbon.  

A.6 Limits  

The limits in term of depth range, depth resolution and sensitivity are difficult to 

quantify because they depend on each other (e.g. a better depth resolution can be obtained 
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by sacrificing depth range and sensitivity). For the described system the best depth 

resolution is about 15 nm.  

B Rutherford Backscattering Spectroscopy (RBS) 

B.1 Introduction 

Over the last few decades Rutherford Backscattering (RBS) has developed into 

one of the most popular technique for thin film analysis.5 RBS is based on collisions 

between atomic nuclei and derives its name from Lord Ernest Rutherford, who in 1911 

was the first to present the concept of atoms having nuclei.  This technique makes use of 

high energy (MeV) ion beams, and is based on the kinetics of elastic scattering and the 

energy loss of the energetic primary and (back) scattered ions. In RBS, light ions (usually 

He or H) with energies ranging from 0.5 – 3 MeV, impinge on a target, with the number 

and energy of ions backscattered in the direction of a detector being determined. Since 

the collisions with the target nuclei are elastic, one can derive the mass of the scattering 

centers from the measured energies of the scattered particles making use of the laws of 

conservation of energy and momentum. The excellent ability to extract quantitative data 

about abundances of elements of this method is due to the precise knowledge of the 

Rutherford scattering cross sections for light elements. Since RBS is based on nuclear 

phenomena, quantification is not disturbed by chemical effects such as composition. RBS 

is ideally suited for determining the concentration of trace elements heavier than the 

major constituents of the substrate. However, its sensitivity for light masses (Z < 10), and 

for the composition and structure of samples well below the surface, is poor. 
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energy loss of the energetic primary and (back) scattered ions. In RBS, light ions (usually 

He or H) with energies ranging from 0.5 – 3 MeV, impinge on a target, with the number 

and energy of ions backscattered in the direction of a detector being determined. Since 

the collisions with the target nuclei are elastic, one can derive the mass of the scattering 

centers from the measured energies of the scattered particles making use of the laws of 

conservation of energy and momentum. The excellent ability to extract quantitative data 
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Figure B.1. Schematic representation of an elastic collision between a projectile of mass M1, 
velocity v, and energy E0 and a target mass M2, which is initially at rest. After the collision, 
the projectile and the target mass have velocities and energies v1, E1, and v2,E2, respectively. 
The angles θ and φ are positive as shown.7  
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about abundances of elements of this method is due to the precise knowledge of the 

Rutherford scattering cross sections for light elements. Since RBS is based on nuclear 

phenomena, quantification is not disturbed by chemical effects such as composition. RBS 

is ideally suited for determining the concentration of trace elements heavier than the 

major constituents of the substrate. However, its sensitivity for light masses (Z < 10), and 

for the composition and structure of samples well below the surface, is poor. 

One of the main drawbacks of RBS is its poor sensitivity for light elements 

present in a heavier matrix. This is caused by the relatively low value of the cross section, 

σ, for backscattering for light elements (σRBS α Z2, Z is the atomic number) and the fact 

that the energy of a particle will be low when it is backscattered from a light element, 

therefore being difficult to separate from the spectrum background.  

 

B.2 Fundamentals 

B.2.1 Kinematic Factor 

The collisions between the incoming ion and the target can be described in terms 

of Coulomb repulsion between the two nuclei.7 The energy fraction transferred can be 

calculated from the laws of conservation of energy and momentum and is given by the 

kinematic factor K, which is the ratio of the projectile energy after a collision to the 

projectile energy before a collision:6 
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 Where E is the incident ion energy, M1 and M2 are the masses for the incident 

and target atoms, respectively. θ is the scattering angle. (Fig B.1). 

There is much greater separation between the energies of particles backscattered from 

light elements than from heavy elements, because a significant amount of momentum is 

transferred from the incident particle to a light target atom. As the mass of the target atom 

increases, less momentum is transferred to the target atom and the energy of the 

backscattered particle asymptotically approaches the incident particle energy. RBS has 

good mass resolution for light elements, but poor mass resolution for heavy elements. 

For example, when He++ strikes light elements such as C, N, or O, a significant 

fraction of the projectile's energy is transferred to the target atom and the energy recorded 

for that backscattering event is much lower than the energy of the incident beam. It is 

usually possible to resolve C from N or P from Si, even though these elements differ in 

mass by only about a few atomic mass units (amu). 

However, as the mass of the atom being struck increases, a smaller and smaller 

portion of the projectile energy is transferred to the target during collision, and the energy 

of the backscattered ion asymptotically approaches the energy of the incident beam. It is 

not possible to resolve W from Ta, or Fe from Ni when these elements are present at the 

same depths in the sample, even though these heavier elements also differ in mass by 
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only a few amu. However, the use of alternate technique such as XPS and PIXE (Particle 

Induced Photoelectron Spectroscopy) can be coupled with RBS to identify which 

elements is present. Even though RBS may not be able to determine the specific elements 

which are present, if the elements are identified by another technique, RBS can be used to 

quantitatively determine the number of atoms present. 

 An important related issue is that He will not scatter backwards from H or He 

atoms in a sample. Elements as light as, or lighter than the projectile element will instead 

scatter at forward trajectories with significant energy. Thus, these elements cannot be 

detected using classical RBS. However, by placing a detector so that these forward 

scattering events can be recorded, these elements can be quantitatively measured using 

the same principles as RBS. (see fig B.7). 

B.2.2 Scattering Cross section 

The relative number of particles backscattered from a target atom into a given 

solid angle for a given number of incident particles is related to the differential scattering 

cross section. The scattering cross section is proportional to the square of the atomic 

number of the target atom. 
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where Z1, Z2 are the atomic number of the incident and target atoms, respectively. E is the 

incident ion energy. 
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B.2.3 Stopping Power 

Only a small fraction of the incident particles undergo a close encounter with an 

atomic nucleus and are backscattered out of the sample. The vast majority of the incident 

He atoms end up implanted in the sample. When probing particles penetrate to some 

depth in a dense medium, the projectile dissipates energy due to interactions with 

electrons (electronic stopping) and to glancing collisions with the nuclei of target atoms 

(nuclear stopping). This means that a particle which backscatters from an element at 

some depth in a sample will have measurably less energy than a particle which 

backscatters from the same element on the sample surface. The amount of energy a 

projectile loses per distance traversed in a sample depends on the projectile, its velocity, 

the elements in the sample, and the density of the sample material. Typical energy losses 

for 2 MeV He ranges between 100 and 800 eV/nm. This energy loss dependence on 

sample composition and density enables RBS measurements of layer thicknesses, a 

process called depth profiling. 

The majority of energy loss is caused by electronic stopping, which behaves 

(roughly) like friction between the probing particles and the electron clouds of the target 

atoms. Nuclear stopping is caused by the large number of glancing collisions which occur 

along the path of the probing atom. Nuclear stopping contributes significant energy losses 

only at low particle energies.6 The ratio of energy loss to two-dimensional atom density 

for a given material is known as its stopping cross section (ε), commonly measured in 
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units of eV-cm. Since the majority of energy loss is caused by interactions with electrons, 

the electronic structure of the target material has a significant affect upon its stopping 

power. In order to calculate the energy loss per unit of depth in a sample, one can 

multiply the stopping cross section times the density of the sample material (atoms/cm2). 

Sample densities can vary significantly. It is necessary to know the density of the sample 

material in order to calculate the depth of a feature or the linear thickness of a layer by 

RBS. The natural thickness units for RBS are atoms/cm2. 

B.4 Instrumentation 

The components of a backscattering system are shown in Fig B.8. The source 

generates a beam of collimated and mono energetic particles of energy E0. A typical 

experimental setup will provide a current of 10 to 100 nA of 2.0 MeV He+ ions in a 1-

mm2 area. These particles impinge on the sample (or target), which is the object to be 

analyzed. Almost all of the incident particles come to a rest within the sample. A very 

few (much less than 1 in 104) are scattered back out of the sample.  
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The output from the detector, preamplifier, and amplifier system is an analog 

signal, where the voltage is proportional to the energy of the particle. This signal is 

processed by a multichannel analyzer, which utilizes an analog to digital converter to 

subdivide the analog into a series of equal increments. Each increment is referred to as 

channel. The relation between the energy of a detected particle and the channel number 

in  which that particle is counted is a characteristic of the system and must be determined 

experimentally, generally by using well known standards such as Rh, Au, C, etc. 

 

C Nuclear Reaction Analysis (NRA) 
 

C.1 Introduction 

Nuclear reaction analysis (NRA) is a nuclear method used to obtain concentration 

vs. depth distributions for certain target  elements in a solid thin film. The technique of 

NRA has been studied in detail using scientometric methods.8,7  If irradiated with selected 

projectile nuclei at known kinetic energies, Ekin, these target elements can undergo a 

nuclear reaction under resonance conditions for sharply defined resonance energy. The 
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Figure B.2. Conceptual layout of a backscattering spectrom
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reaction product is usually a nucleus in an excited state which immediately decays, 

emitting ionizing radiation. The nuclear reactions are isotope specific with no direct 

relationship between the mass of the target nucleus and the energy of the detected 

particles. 

1] There is no natural background from high Z components of the target. 

2] Isotope tracing is very easy. 

3] The composition of the target usually cannot be measured by one measurement. 

The energy of the reaction products is usually higher than the energy of the 

incident beam. 

1] The backscattered particles are well separated from the reaction products in the 

spectrum. 

2] Special detectors with large sensitive depth should be used to detect high energy 

protons. 

Usually the cross section of the nuclear reactions is much lower than that of the 

RBS. There is no analytical form for nuclear cross sections.  To obtain depth information, 

the initial kinetic energy of the projectile nucleus (which has to exceed the resonance 

energy) and its stopping power (energy loss per distance traveled) in the sample has to be 

known. To contribute to the nuclear reaction the projectile nuclei have to slow down in 

the sample to reach the resonance energy. Thus each initial kinetic energy corresponds to 

a depth in the sample where the reaction occurs (the higher the energy, the deeper the 

reaction). More than one reaction is possible on a certain nucleus which results in 

different particles (or the same particles with different energies when the target nucleus 
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has a number of excited states close to the ground state and part of the energy is taken up 

by the γ-ray production. 

For example, a commonly used reaction to profile hydrogen is 

15N + 1H → 12
H C + α + γ (4.965MeV)  

With a resonance at 6.385 MeV the energetic emitted γ ray is characteristic of the 

reaction and the numbers that are detected at any incident energy is proportional to the 

concentration at the respective depth of Hydrogen in the sample. The H concentration 

profile is then obtained by scanning the 15N incident beam energy. Hydrogen is an 

element inaccessible to RBS due to its low mass, although it is often analyzed by Elastic 

Recoil Detection as described in the previous section. 

NRA can also be used non-resonantly, for example, deuterium can easily be 

profiled with a 3He beam without changing the incident energy by using the reaction. 

3He + D = α + p 18.353 Me  

The energy of the fast proton detected depends on the depth of the deuterium atom in the 

sample. 

3.2 Filtering methods of unwanted particles 

The geometry in NRA can be either backward or forward, depending on the 

circumstances. The scattering geometry is the same as that in RBS except that in NRA 

some filtering equipment is placed in front of the detector. The filtering techniques are as 

follows and we will discuss one of the following in this section. 

1] Absorber Foil. 

2] Electrostatic or magnetic deflection. 
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3] Time-of-Flight. 

4] Thin detector. 

5] Coincidence. 

C.2.1 Electrostatic or magnetic deflection (also electrostatic detector and 

magnetic spectrometers) technique. 

 This technique is based on the effects of the magnetic and electrostatic fields on 

energetic charged particles. The deflection distance depends on the energy, mass and 

charge of the particle at a constant electrostatic or magnetic field so that the different 

particles are separated in space. This method gives better depth resolution but is 

complicated to use. 

 

C.3.2 Measurement Methods 

C.2.1 Resonant Depth Profiling: 

 The depth resolution of NRA is generally poor because of the absorber. The depth 

resolution can be improved if resonances exist. The detector signal goes through a 

windowed single channel analyzer- where the energy window is set to include only the 

reaction products from the resonance reaction; to a multicolor. The energy can either be 

changed manually or by an automatic energy scanning system. The measured spectrum 

represents the convolution of the concentration profile and energy spread of the detection 

system.  
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D X-ray Diffraction (XRD) 

D.1 Introduction 

When an X-ray beam produced using a high energy is passed through a crystal, it 

is diffracted at specific angles depending on the X-ray wavelength, the crystal orientation, 

and the structure of the crystal. Since single crystal X-ray diffraction was first observed 

in Laue’s experiment in 1912, XRD has been developed and become one of the most 

important non-destructive characterization tools for analyzing a wide range of materials 

such as metals, polymers, ceramics and semiconductors. 

 

D.2 Fundamentals of XRD 

The basis of X-ray diffraction is Bragg’s law derived by the English physicists Sir 

W.H. Bragg and his son Sir W.L.Bragg in 1913. Bragg’s law describes the condition for 

constructive interference for X-ray scattering from atomic planes of a crystal. Figure 

shows schematic diagram of X-ray diffraction condition. The condition for X-ray 

diffraction is given by Bragg’s law, 

nλ =2dsinθ 

Where n, an integer, is the order of diffraction, λ is the wavelength (Ao) of the incident 

X-ray, d is the inter-plane spacing of the crystal, and θ s the angle between the incident 

X-ray and the lattice plane. The angle between 2θ the incident X-ray and scattered X-ray 

is called the Bragg angle. This equation represents the mathematical relationship of all 

components to allow for X-ray diffraction. 
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When an X-ray beam passes through the sample at Bragg angle, it will be diffracted in a 

distinct pattern that corresponds to the lattice structure of any crystalline substance 

present in the sample. The resulting diffracted pattern intensity is counted at specific 

angles with rotating detector. A plot of intensity vs. Bragg angle gives XRD spectra. 

 

D.3 Thin Film measurement  

XRD can be used for thin film measurement. Techniques that are widely used for 

thin film include grazing angle incident X-ray diffraction measurements, rocking curve 

measurements, and pole figure measurements. The grazing incident X-ray diffraction 

(XRD) measurement is the most common method for thin films and is used in our 

experiments, For grazing incident X-ray diffraction, the incidence angle at which the 

parallel  X-ray beam strikes the specimen is fixed at a grazing angle (0.5oC in our 

experiments) relative to the sample surface while the detector rotates to collect the 

diffracted X-rays as shown in figure…A diffraction pattern from randomly oriented 

polycrystalline films to close to the sample surface can be obtained. High angular 

resolution is required is required for think film measurement. 

 

D.4 X-ray diffraction suite 

A multilayer mirror and a four-axis stage are the basic building blocks for the 

Rigaku Ultima III thin film system. Measurements at low angles using the thin film 

attachment for parallel-beam geometry allow the study of thin films and multilayer’s. A 
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photo of the Ultima III X-ray diffractometer is shown in figure …It consists of three main 

parts: 

X-ray source, optics and detector. The SA-HF3 X-ray generator uses a high-frequency 

inverter method and generates stable Cu Kα X-rays from a sealed X-ray tube for XRD. 

The importance of X-ray optics is rising to meet the ever increasing requirements of 

many demanding applications in X-ray diffraction. The cross beam optic (CBO) provides 

both a multilayer optic, so both Bragg-Brentano and incident parallel beam geometries 

are possible systems, e.g. a Ge monochromator, can easily be mounted in order to suit a 

wide variety of applications such as reflectivity, rocking curve and reciprocal lattice 

mapping measurements. The 4-axis thin film sample stage and rotary attenuator are 

controlled by dedicated software to achieve automatic sample positioning prior to data 

collection. A scintillation counter is used as a detector. An annealing attachments permits 

in-situ examination of film structure up to 1500oC. 

 

 

UltimaIII X-ray diffractometer with the attachment for thin film measurement. 

1:X-ray tube, 2: Cross beam optics, 3: Incident optics, 4: 4 inch thin film stage, 5: 

Receiving, 6: Rotary attenuator, and 7: Scintillation counter. A new Rigaku Rapid Image 

Plate Diffractometer system is also available for small spot (30nm-300nm) XRD work(). 

The digital image plate system enables the acquisition of diffraction data over a 204oC 

with a rapid laser scanning readout system. An integrated annealing attachment permits 

the in-situ examination of film structure up to 900oC on this system. A complete set of 
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control, database and analysis workstations and software are associated with these new 

systems. Figure: A new Rigaku rapid Image Plate Diffractometer system for small spot 

(30nm-300nm) XRD work. 

 

D.5 Database 

The joint Committee on Powder Diffraction Standards (JCPDS) is an organization 

that maintains a database of inorganic and organic spectra. The JCPDS Powder 

Diffraction File (PDF) is the standard database for X-ray powder diffraction data. It 

contains full information on particular phases, including cell parameters. The PDF 

search/match function is extremely efficient due to the look-up software MDI Jade 7 and 

a high performance PC-computer. 

 
 
 
E X-ray Photoelectron Spectroscopy (XPS) 
 

E.1 Introduction. 

X-ray Photoelectron Spectroscopy (XPS) utilizes soft X-ray photons (1 – 2 KeV) 

to ionize surface atoms and the energy of the ejected electrons (due to the photo electric 

effect) is detected and measured. Excellent reviews have been published by Siegbahn9 

and Briggs and Seah.10  

XPS has its origins in the investigation of the photo-electric effect. It was at 

Lehigh University where the idea of developing XPS as an analytical tool was first 
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conceived by Steinhardt.11 Decisive developments were achieved by Siegbahn at Uppsala 

University (Sweden).12 

When used to study solids, XPS has a number of powerful attributes including a 

high (and variable) range of sensitivities to structures on the outermost surface (<10 nm) 

of the solid, an ability to identify such structures chemically, and a reasonable capacity 

for quantification of elemental composition, as well as structure thickness, especially 

when combined with ion-sputter profiling. As a method for characterizing surface 

composition, there is no other technique that can compare with XPS, in terms of the 

wealth of useful information, reliability of the data, and ease of interpretation. In addition 

to the above, an XPS imaging mode has emerged that was hardly even anticipated 10 

years ago. Since its introduction in 1970, the technique has produced a tremendous 

quantity of useful information, both for academic and industrial scientists. These 

developments have had strong influences on our views of surface chemistry, physics and 

engineering. Improvements in spectrometer technology have resulted in major 

improvements in energy resolution and counting efficiency over the past 20 years. These 

improvements have dramatically increased the level of confidence in the energy 

determination of photo electron peak positions, and the ability to carry out analyses with 

much better statistical significance.  

E.2 Fundamentals 

A photon of sufficiently short wavelength can ionize an atom, producing an 

ejected free electron. The kinetic energy KE of the electron (photoelectron) depends on 

the energy of the photon hν expressed by the Einstein photoelectric law: 
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  BEhKE −= ν                                                    (1) 

where BE is the binding energy of the particular electron to the atom concerned. All of 

photoelectron spectroscopy is based on equation 1. Since hν is known, a measurement of 

KE determines BE.  

 In reality, another variable must be taken into account: the spectrometer work 

function (φs). Equation 1 becomes: 

sBEhKE φν −−=     (1a) 

Details of these calculation and energy diagrams are given in appendix C.  

As an example, consider what happens when a material is subjected to X-rays of 

1486.6 eV. The energy diagram of Fig E.1 represents the electronic structure of such a 

material.  The photoelectric process for removing an electron from the K level, the most 

strongly bond level, is schematically shown. Alternatively, for any individual atom, an L, 

M, or N electron might be removed. In an ensemble of many atoms, all three processes 

will occur, and three groups of photoelectrons with three different KE will therefore be  
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Figure E.1. Schematic representation of the electronic levels in the 
atom 10

produced. Using equation 1, a BE scale can be substituted for the KE, and a direct 

experimental determination of the electronic energy levels in the atom is obtained. 

 

E.3 Instrumentation 

XPS requires an ultra-high vacuum (<10-9 Torr) to prevent contamination of the 

surface of the specimen during analysis.13 Therefore, the instrument normally consists of 

a preparation chamber to carry out initial cleaning and specific experiments, and an 

analytical chamber with a photon source, an electron energy analyzer and a detector, 

together with the equipment to clean and maintain the specimen surface. (Fig E.2) 

The specimen is moved into the analytical chamber where it is irradiated by the 

photon source. The ejected photoelectrons are focused onto the entrance slit of the 

electrostatic analyzer by an electromagnetic lens system. The electrons then pass through 

the analyzer.  These electrons are detected by using an electron multiplier (usually 

channeltron), which is essentially a tube with the internal surfaces coated with a material 

256



Fo

Cooling water

Anode face 1

Fila

Filament 1

Anode fac

cusing 
shield

ment 2

e 2

which produces a large number of secondary electrons when an energetic electron hits the 

surface. As electrons are accelerated down the tube, impinging on the walls, they produce 

more electrons in such a manner that the initial single electron interaction gives a large 

resultant signal. The multiplication factor can be as high as 106.  The spectrometer might 

contain several of these channeltrons across the exit to increase the acquisition speed of 

the analyzer.    

 

Figure E.2. A schematic diagram of an X-ray photoelectron spectrometer system.13 
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Figure 5.3 Schematic diagram of a dual anode X-ray.10 
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E.3.1 X

 a lip with 

 power of 

roducing an X-ray spectrum 

characteristic of the material coating the anode. 

-Ray Sources 

The design of a dual anode X-ray source is shown schematically in Fig. E.3. The 

water-cooled anode is manufactured from copper with the top face machined to

each side coated with a different X-ray producing material, i.e. aluminum and 

magnesium. Two filaments are positioned to the side and slightly below these face. A 

single filament is selected to produce X-rays from the respective anode faces. Electrons 

from the filament are accelerated to high voltage, typically 15 KV to maximum

1kW. The electrons bombard the anode surface p
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The X-ray spectrum from these sources will consist of the characteristic peak 

superimposed on a background of Bremsstrahlung radiation that extends to the incident  

Figure E.4 schematic diagram showing the design requirements for an X-ray 
monochromator source on an photoelectron spectrometer.13 
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energy of 15 keV, together with subsidiary characteristic peaks which can also excite 

photoelectrons and produce photo peaks in the XPS spectrum.  Most commercially 

available XPS systems (as the VG system used in this thesis) are equipped with a dual 

anode coated with a layer of aluminum and magnesium approximately 10 μm thick 

giving a choice of Kα peaks from these elements at 1486.6 and 1253.6 eV respectively.  

The large Bremsstrahlung background radiation produces photoelectrons and 

increases the background on the XPS spectrum while the subsidiary characteristic X-ray 

peaks produce unwanted peaks in the spectrum. These subsidiary peaks are removed and 

the background reduced by using a monochromator, such as a quartz crystal with the 

conditions arranged such that only the main characteristic X-ray peak satisfies the Bragg 

condition for diffraction. Also, the monochromator eliminates any stray electrons coming 

from the source from hitting the sample surface, since the source is not in the line of sight 

with the sample. This is especially important for samples that are susceptible to electron 

stimulated desorption.  Normally aluminum monochromatic X-ray sources are 

commercially available on XPS instruments (Fig E. 4). 

E.3.2 Electron Energy Analyzer 

The photoelectrons ejected from the specimen surface are focused onto the 

entrance slit of a concentric hemispherical analyzer (Fig E.5). A negative potential is 

applied to the outer cylinder and a positive potential to the inner cylinder such that in 

ideal circumstances the central line between the two cylinders is the line of zero potential. 

Electrons enter the analyzer over a range of angles, + α, governed by the width of the  
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entrance slit, the distance of this slit from the specimen and the focusing arrangement 

employed to extract the photoelectrons. The energy resolution, ΔE, of this analyzer is 

given by:10 

Figure E.5 Transmission of electrons through a concentric hemispherical analyzer.13 
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Where E is the energy of the incident X-rays, R0 is the radius and d is the width of 

the slit. To increase sensitivity α must be as large as possible but this degrades the energy 
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Figure E.6. a) Schematic representation of the electronic energy levels of a C atom 
and the photo-ionization of a C 1s electron. b) Auger emission relaxation process 
for the C 1s hole-state produced in a). c) Schematic of the KE distribution of 
photoelectrons ejected from an ensemble of atoms subjected to 1486.6 eV X-rays.10  

resolution, ΔE. A compromise is normally reached and it is arranged that , 

and equation 2 becomes: 

0
2 2/ Rd≈α

E
R
dE

0

63.0=Δ      (3) 
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In this case the energy resolution increases linearly with decreasing slit width, d.  

Details on the analyzer are given in appendix C (LEMD-XPS upgrade).  

5.4 Chemical analysis 

The electron energy levels of an atom can be divided into two types: core levels, 

which are tightly bound to the nucleus; and valence levels, which are only weakly 

bounded. For the carbon atom shown in Fig. E.6, the C 1s level is a core level and the C 

2s and 2p levels are valence levels. The valence levels of an atom are the ones that 

interact with the valence levels of other atoms to form chemical bonds in molecules and 

compounds. The character and energy is changed markedly by this process, becoming 

characteristic of the new species formed. The core-level electrons of an atom have 

energies that are nearly independent on the chemical species in which the atom is bound, 

since they are not involved in the bonding process. Thus, in nickel carbide, the C 1s BE is 

within few eV of its value for Ni metal. The identification of core-level BEs thus provides 

unique signatures of the elements. All elements in the periodic table can be identified in 

this manner, except for H and He, which have no core levels transitions. Approximate 

BEs of the electrons in all elements in the periodic table up to Z ≈ 70 are plotted in 

different available handbooks and textbooks.14  

E.5 Quantitative analysis 

 For a sample that is homogeneous in the analysis volume, the number of 

photoelectrons per second in a specific spectral line is given by:14 

ATynfI λσθ=      (1) 
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where n is the number of atoms of the element per cm3 of sample, f is the x-ray flux in 

photons/cm2-s, σ is the photoelectric cross-section for the atomic orbital of interest in 

cm2, θ is an angular efficiency factor for the instrument, y is the efficiency in the 

photoelectric process, λ is the mean free path of the photoelectrons in the sample, A is the 

area of the sample from which photoelectrons are detected, and T is the detection 

efficiency for electrons emitted from the sample. From (1), 

ATyf
In
λσθ

=      (2) 

the denominator in equation 2 can be assigned the symbol S, defined as the atomic 

sensitivity factor. If we consider a strong line from each of two elements, then: 
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A generalized expression for determination of the atomic fraction of any 

constituent in sample Cx, can be written as an extension of (3): 
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Values for Sx are tabulated in tables,10,14 although in general the manufacturer 

provides specific values for their equipment.  

 

F Rapid Thermal Annealing (RTA) 

F.1 Introduction 

Rapid Thermal Annealing (RTA) is an alternative to standard furnace annealing 

and has become invaluable to the semiconductor industry. Advantages of RTA include 
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short annealing times and precise control of the annealing profile. Substrates can be 

rapidly heated for recrystallization, dopant activation or diffusion, and then rapidly 

cooled. 

F.2 Fundamentals of the Jet First 200 

 

Our Jet First 200 RTA machine is equipped with a Process Image Management 

system (PIMS) PC control which provides accurate and repeatable full process control 

including gas flow, vacuum, ramp and soak time, annealing temperature and cooling. The 

12 infrared halogen lamps are installed inside a water-cooled and mirror polished 

aluminum reflector. The ventilation fan provides sufficient air cooling of the lamps 

(300lmin). The lamps heat the specimen through the quartz window and provide heating 

rates of up to 150oC/sec to a maximum temperature of 1200oC. The process temperature 

is monitored by either K type thermocouples or a high temperature optical pyrometer. 

The process chamber is a cold-walled chamber with water cooled mirror-polished metal 

walls. There is no risk of contamination from the reaction chamber because of the water-

cooled walls. The maximum diameter of the specimen is up to 4 inches. This system can 

achieve vacuum levels of 10-2 Torr using a mechanical pump. The following process 

gases are available for our RTA system: argon, nitrogen, oxygen and forming gas 

(90%N2 and 10% H2). 

F.3 Temperature Calibration 
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In order to reduce the offset between the set-point and the actual temperature as 

measured by a thermocouple or pyrometer, a temperature calibration must be performed 

separately under both thermocouple control. The calibration curve for the K type 

thermocouple is known and is expressed in equation (1) 

 

T=V*130 

 

where T is temperature(oC) and V is the voltage (V). The set-point and the actual 

temperature measured by the thermo couple used for temperature control. The pyrometer 

measures a quantity of infrared radiation which depends on substrate emissivity which 

varies with material composition (silicon, graphite etc) and temperature of substrate. The 

temperature control system (proportional type) and variable types of substrates used to 

contribute to an offset between set-point and actual temperature measured by pyrometer. 

The calibration mode allows the users to minimize this offset. Whenever the substrate 

type or the process conditions are changed,. Calibration should be performed and 

different pyrometer calibration tables must be created. 

 

F.4 Calibration Conditions 

 

The calibration procedure must be performed at atmospheric pressure to get a 

better thermal contact between the thermocouple and the substrate. In order to prevent 
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any cooling effects in the thermocouple measurement during the calibration process, the 

process should be run without gas flow. 

 

 

F.5 Calibration Recipe 

For thermocouple calibration, the recipe is configured with a temperature range 

from 50oC to 1000oC at even steps of 50oC. The soak time for each step is 20 sec. 

For Pyrometer calibrations, the temperature range is set from 400oC to 1000oC. Once the 

pyrometer is calibrated at 1000oC, the thermocouple is removed from the chamber, and 

pyrometer calibrations are performed up to 1200oC if necessary. 

 

Thermocouple calibration Process 

1] Install a Si substrate in the chamber and ensure that there is a good contact between 

thermocouple and the Si substrate. 

2] Create and save a recipe for thermocouple calibration. 

3] Run the process and save the process historical. 

4] Go to “Historical menu” and download the process history. From the thermocouple 

curve, note the measured temperature values. 

5] Calculate the correction factor for each set point ( setting) as follows: 

Current−correction + setting− readout/readout * 1000= new − correction 

6] Replace the current-correction factor in the thermocouple calibration table with the 

new-correction. 
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7] Run the same process again to check the accuracy of the calibration. Repeat the 

procedure until the offset is less than ± 2oC. 

F.6 Pyrometer Calibration Process 

Once the thermocouple calibration is done, the pyrometer calibration can be 

performed. 

 

1] From the pyrometer curve of the history saved during the last thermocouple 

calibration, note the pyrometer voltage values for each thermocouple temperature 

according to the set-points. Choose any table from ”Pyrometer calibration”, input the 

values into the voltage column and save the pyrometer calibration table. 

2] Run the process with pyrometer calibration table under pyrometer control, and save the 

historical data for the entire process upon completion. 

3] Note the pyrometer temperature value for each set-point value from the pyrometer 

curve of the historical data saved in the previous step. 

4] Calculate and enter the new-correction factor based on equation (2) in the pyrometer 

calibration table. Save the modified table. 

5] Run the process under the pyrometer control, and repeat the calibration until the 

difference between the set-point and the pyrometer temperature values is less than ±2oC. 

 

Insert TC calibration and Pyrometer calibration curves… 
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New pyrometer calibration tables can be created for the RTA annealing of 

different substrates and processes. The calibration results are shown in figure….. The 

offset between the thermocouple temperature value and the set-point is less than ±2oC for 

the process under thermocouple control. The temperatures measured by thermocouple 1 

also correlate well with the temperatures measured by the pyrometer. Similar results are 

also observed for process under pyrometer control. 

 

F.7 Temperature Calibration for Si Pieces 

 

In most cases, the RTA is used for small specimens (2cm×2cm) rather than a 4inch 

wafer. The small specimens are placed upon a 4 inch wafer in the RTA reactor chamber, 

and are physically closer to the lamps then the wafer itself. Therefore the temperature 

read by the thermocouple or the pyrometer is not the actual temperature of the small 

specimens. The validity of the studies for the MOS structures and thin films strongly 

depends on the precise control of the annealing temperatures. Therefore it is critical to 

properly measure the actual temperature of these samples at different set-points. In order 

to determine the small sample temperature, the head of a K type thermocouple is attached 

to the Si piece using high temperature ceramic glue. After the glue is solidified the small 

Si piece with the thermocouple is placed on a 4inch wafer to run RTA annealing under 

pyrometer control. The temperature difference between the pyrometer and the attached 

thermocouple at different set-points is observed; an example plot is shown in the figure. 

The offset increases with increasing set-point. At the temperatures below 600oC, the 
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offset is less than 20oC. However, it increases to ~50oC at temperatures above 950oC. 

This offset between the temperature of the pyrometer and the actual temperature of the 

sample must be considered before the RTA annealing. 

 

F.8 Operation 

1] Creating and editing a recipe. 

The PIMS software provides easy programming control and monitoring of the Jet first 

system. The time, temperature, temperature control, mode flow gases. And vacuum 

control can be set in each step, up to 50 steps. In order to clean the reactor, each recipe 

should include couple of pump/purge cycles. 

2] Download your recipe and start process. Before running a process, check that the 

vacuum pump is ready and that water, compressed air and gas supplies are sufficient and 

properly configured. 
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