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Chapter 1 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the problem of the conventional SiO2/poly-Si and why the 

high-k/metal gate structure is required will be explained.  The issues of high-k gate 

insulator such as interfacial layer and flat-band voltage roll-off are also previewed.  

Furthermore, the requirements of high-k nitride gate insulator and hafnium nitride 

gate insulator will be explained for replacing the conventional oxide high-k.  Finally, 

the purposes of this study and the outline of this thesis are summarized. 
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1.1 Trends of MOSFET scaling 

The integrated circuit (IC) industry has been able to maintain an impressive set of 

trends governing device and performance.  Silicon-based metal-oxide-semiconductor 

field effect transistor (MOSFET) technology has provided an enabling platform for 

continuous improvement in density, switching speed, and cost per transistor.  This 

improvement is achieved by reducing the dimensions of the key component of these 

circuits.  The scaling of MOSFETs follows the Moore’s law, which predicts the 

exponential increase in the number of transistors integrated on a chip [1].  Since the 

1970s, transistor density has doubled every 18 months.  This trend reflects the 

tremendous impact of continuously reducing transistor dimensions and adjusting circuit 

parameters in a coordinated manner.  In addition to gains in transistor density, the 

intrinsic switching delay for high-performance logic has historically decreased 17% per 

year.  Furthermore, the smallest line width or the minimum feature length has been 

reduced at a rate of about 13% per year [2].  At that rate, the minimum feature length 

will shrink to about 28 nm in the 2012.  In the future, digital ICs will be able to 

perform date processing and numerical computation at terabit-per-second rates.  As the 

device becomes smaller, it consumes less power.  Therefore, device miniaturization 

also reduces the energy used for each switching operation.  The energy dissipated per 

logic gate has decreased by over one million times since 1959. 
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1.2 High-k/metal gate structure for MOSFET  

In order to obtain the high on-current, the scaling of MOSFETs is necessary.  One of 

the key elements that allowed the successful scaling of silicon-based MOSFETs is 

certainly the excellent material and electrical properties of the gate dielectric so far used 

in these devices, that is SiO2.  This material indeed presents several important features 

that have allowed its use as a gate insulator.  First of all, amorphous SiO2 is able to be 

thermally grown on silicon with excellent control in thickness, uniformity, and naturally 

forms a very stable interface and realize a low density of intrinsic interface defects.  

Secondly, SiO2 presents an excellent thermal and chemical stability, which is required 

for the fabrication of transistors that includes annealing steps at high temperature. 

  All these superior properties allowed the fabrication of properly working MOSFETs 

with SiO2 gate insulator as thin as 1.5 nm [3-4].  However, further scaling of the SiO2 

gate insulator thickness is problematic.  The first problem arising from the scaling of 

the SiO2 layer thickness concerns the leakage current flowing through the MOS 

structure.  When, the thickness of the SiO2 layers becomes below 3 nm, carriers are 

able to flow through the gate dielectric by a direct tunneling mechanism [5-6].  This 

mechanism involves the tunneling of charge carriers through an energy barrier, the 

called direct tunneling process [7].  Therefore, in the most aggressive high 

performance technologies, high-k gate insulator should be introduced to replace the 

SiO2. 

  In this section, the problem of the conventional SiO2/Poly-Si structure and trends of 

high-k material will be described. 
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1.2.1 The problems of the conventional SiO2/poly-Si structure 

As mentioned above, SiO2 as a gate insulator and poly-Si as a gate electrode were 

used in the MOSFETs.  The SiO2 has some advantages such as good interface property, 

thermally stability, and wide bandgap (8.9 eV).  And the poly-Si electrode also has 

many advantages such as a self-align process with implantation of source and drain 

regions.  In recently, however, the limitation of the SiO2/poly-Si structure becomes 

remarkable, because of the leakage current and power dissipation due to the tunneling.  

Figure 1-1 shows current density as a function of the EOT for each application [2].  It 

is found that the leakage current of SiO2 is much larger than required value at high 

performance (HP) and low operation power (LOP).  Furthermore, SiO2/poly-Si 

structure has other problems such as the reducing of the capacitance due to the depletion 

of poly-Si electrode and the increasing of RC delay due to the high resistivity of poly-Si 

electrode.  Especially, the p
+
 poly-Si has been widely used.  The BF2 implantation is 

typically used to form the p
+
 poly-Si.  However, the p

+
 poly-Si is not able to suppress 

the boron penetration through the thin SiO2 into the Si substrate and causes the increase 

of interface states [8].  This results in a large threshold voltage (Vth) shift, a large 

charge trapping rate and a poor reliability of device.  It has also indicated that the more 

fluorine atoms pile up at the poly-Si/SiO2 and Si/SiO2 interfaces. 

  For the reason, it is found that the limitation of the SiO2 thickness is 1 - 1.2 nm and 

the SiO2 thickness approaches its limits.  An alternative way of increasing the 

capacitance is to use an insulator with a higher dielectric constant than that of SiO2.  

Moreover, there are many researches of metal gate electrode which has low resistivity. 
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Fig. 1-1 Requirement of current density and EOT for each application. 
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1.2.2 Trends of high-k material 

An insulator with a high dielectric constant is represented by high-k.  One could use 

a thicker gate layer and reduce the leakage current flowing through the structure and 

also improve the reliability of the gate insulator.  A lot of research efforts have been 

focused recently on the investigation of high-k gate insulator [8], for the potential 

replacement of SiO2 in advanced complementary metal-oxide-semiconductor (CMOS) 

technologies.  A list of materials studied is given in Table 1-1, with their relative 

dielectric constants and band gaps. 

The advantage of using high-k materials as a gate insulator in the next generations of 

MOSFETs is that using high-k (εr = 39) would allow us to use a 10 nm thick layer in 

order to achieve a capacitance equivalent to a 1 nm-thick SiO2.  The thickness 

becomes 10 times for the thickness of SiO2.  It is able to be reduced leakage current 

with same capacitance.   

However, the material that could potentially replace SiO2 as a gate insulator in 

advanced CMOS technologies should also satisfy other requirements as following [8]. 

 

- Good thermal stability in contact with Si, preventing the formation of a thick SiOx 

interfacial layer and the formation of silicide layers. 

- Low density of intrinsic defects at the Si/insulator interface and in the bulk of the 

material, providing high mobility of charge carriers in the channel and sufficient gate 

insulator lifetime. 

- A sufficiently large energy band gap, providing high energy barriers at the Si/insulator 

and metal gate/insulator interfaces, in order to reduce the leakage current flowing 

through the structure. 
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Table 1-1 Examples of high-k materials with relative dielectric constants and band gaps. 

 

- Compatibility of material with CMOS processing, like high thermal budgets. 

 

  The potential high-k gate insulator should thus meet most of these requirements. 

   

Next, the high-k gate insulators which were used in many researches are introduced. 

 

- Al2O3 [9-10] : Aluminium oxide is an amphoteric oxide with the chemical formula 

Al2O3.  It is an electrical insulator and has a relatively high thermal conductivity.  The 

εr and band gap are reported as 9 and 8.7 eV, respectively.  In case of Al2O3 which is 

deposited by atomic layer deposition (ALD) method using Al(CH3)3-H2O process, a thin 

interfacial layer (0.15 nm) was found after room temperature air exposure of thin Al2O3 

film (< 4nm).  Using an upper limit of 1 A/cm
2
 for the gate leakage current density, 

Al2O3 was concluded to be scalable down to EOT as 1.3 nm. 

 

- ZrO2 [11-12] : The εr and band gap of zirconium oxide are reported as 25 and 5.7 eV, 

respectively.  The ALD process is used based on the ZrCl4-H2O.  However, there is a 

problem which is particle transportation from the sources to the films.  It is known that 

the chlorine residues are preferentially located at the ZrO2-Si interface when the film is 

deposited.  Post deposition annealing (PDA) at 1000
o
C has been found to decrease the 

 SiO2 Al2O3 ZrO2 HfO2 Ta2O5 

εr 3.9 9 25 20 26 

Band gap [eV] 8.9 8.7 5.7 6 4.5 
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chlorine residue contents in the ZrO2 film. 

 

- HfO2 [13-15] : The εr and band gap of hafnium oxide are reported as 20 and 6 eV, 

respectively.  The ALD process with the HfCl4-H2O is used.  However, it also has 

same problem similar to ZrO2.  The crystallization was quite strongly dependent on the 

annealing condition and deposition method.  For example, ALD-HfO2 was crystallized 

at 700
o
C and DC sputtering-HfO2 was not crystallized at 900

o
C. 
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1.3 Issue of high-k gate insulator  

There are some issues of the high-k gate insulator such as EOT scaling, high-k 

reliability, mobility, and Vth roll-off.  The EOT scaling has been studied to replace SiO2.  

It is one of the key to obtain the high on-current for the next generation CMOS.  

Furthermore, Vth reliability is also important to reduce the power consumption. 

In this chapter, the interfacial layer between the high-k gate insulator and Si substrate 

and flat-band voltage (VFB) roll-off will be discussed. 

 

1.3.1 Interfacial layer between high-k gate insulator and Si substrate 

EOT scaling is very important in terms of high on-current and scaling of MOSFET.  

To obtain lower EOT, high dielectric constant material is required.  However, it is 

found that the deposition of high-k oxide films on silicon forms an interfacial layer with 

low dielectric constant.  Since this interfacial layer is in series with the deposited 

material, its EOT should be added to that of the high-k layer.  Figure 1-2 shows the 

formation of interfacial layer between high-k film and Si substrate.  When HfO2 is 

deposited on Si substrate, an ultrathin low-k interfacial layer, SiOx, forms at the HfO2/Si 

interface [16].  An interfacial layer grows either during the deposition of the high-k 

gate insulator or during post deposition annealing process (PDA).  It should be noticed 

that another low-k layer is formed at the high-k insulator/metal gate interface.  The 

presence of the low-k interfacial layer increases the EOT of the gate stack, and should 

thus be as thin as possible to achieve the sufficient EOT required by the International 

Technology Roadmap for Semiconductors (ITRS).  Furthermore, Harada et al. reported 

that the out-diffusion of silicon into HfO2 leads to an unintentional silicate interfacial 

layer, and this interfacial layer leads the lack of the reliability [17].  A number of 



11 

 

groups have shown that nitridation of the surface of the Si before high-k deposition will 

reduce the thickness of the interfacial layer, but most nitridation also increases the fixed 

charge density of the stack.  However, Park et al. found that the precursor appeared to 

form a silicate interfacial layer when deposited at 200
o
C, but this layer caused to phase 

separation into SiO2 and HfO2 when PDA was carried out at temperatures above 500
o
C 

[18].  It may be that the nitrogen content of these films is sufficient to suppress the 

up-diffusion of Si, while the typical metal organic sources do not form an oxynitride at 

the interface. 

  Therefore, it is important to suppress the interfacial layer.  Recently, the direct 

stacking of high-k gate insulator technique has been studied.  The direct contact 

architecture would eliminate the increase of EOT from the interfacial layer [19-20].  

This method is expected to suppress the interfacial layer formation. 

 

 

 

 

 

Fig. 1-2 Interfacial layer formation between high-k film and Si substrate [16]. 
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1.3.2 Flat-band voltage roll-off 

While employing metal electrodes with high-k dielectrics has many advantages such 

as elimination of poly depletion and better compatibility with high-k materials, such 

drastic modification of the CMOS process introduces several challenges.  The most 

difficult issue is obtaining metal gate electrodes with work function matching with the 

Si valence- and conduction-band edges, respectively.  This is important for gate stack 

electrical characteristics since Vth in scaled devices is controlled by the VFB, determined 

by the gate stack effective work function, which includes modifications to the work 

function values by charges and dipoles in the dielectric and its interfaces [21].  

However, when these gate stacks consisting of the metal electrode, high-k dielectric, 

and interfacial layer were used in devices of practical interest with scaled down of EOT, 

their effective work function values were found to be significantly less than those 

obtained in test structures with thicker gate stacks [22].  This phenomenon, which 

significantly limits the available options for high-k/metal transistor fabrication, is called 

VFB roll-off. 

VFB roll-off is dependent on some factors such as thickness of the interfacial layer, 

temperature, electrode work function, high-k thickness and composition.  Several 

models for VFB roll-off have been proposed [23-25], with each one being primarily 

focused on a limited subset of the VFB roll-off dependences on the gate stack 

components and processes.  In case of interfacial layer, if the thickness of the 

interfacial layer is thinner, it is easier to obtain small EOT as mentioned in chapter 1.3.1.  

Unfortunately, when the interfacial layer becomes less than 2 nm, a VFB shift emerges 

and it is a big challenge to simultaneously achieve low Vth [22].  Recent reports have 

attempted to explain this phenomenon by bulk charge generation, oxygen or bottom 
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interface dipole at high-k/SiO2 interfacial layer [23, 26].  However, the observed VFB 

roll-off is independent of EOT and it is contradictory to bulk charge generation.  

Furthermore, the model describing the dipole at the high-k/SiO2 interface fails to 

explain the VFB roll-off when the thickness of SiO2 becomes thinner [26].  Especially, 

the VFB roll-off was caused by oxygen vacancy.  Since the charge state of oxygen 

vacancies in the interfacial SiO2 layer depends on the position of the substrate Fermi 

level, the probability for a vacancy to be in a positive charge state (rather than in neutral 

one) increases in a gate stack fabricated with p-Si as shown in Fig. 1-3 [27]. 

Therefore, understanding of the VFB roll-off mechanism would guide process 

improvement toward mitigating the generation of oxygen vacancies in the interstitial 

SiO2 layer and suppressing the migration of oxygen vacancies from the high-k dielectric 

into the interfacial SiO2. 

 

 

 

Fig. 1-3 A schematic of oxygen vacancy in the MIS structure. 
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1.4 Nitride gate insulator  

The high-k material which is introduced to many applications includes oxygen.  It 

means that the interfacial layer is easy to be formed and affects to the limitation of EOT 

scaling and VFB roll-off.  To overcome these problems, we propose the use of nitride 

gate insulator. 

In this chapter, nitride gate insulator will be introduced, and especially, the hafnium 

nitride high-k gate insulator will be introduced as a purpose of this study. 

 

1.4.1 Properties of nitride gate insulator 

Nitride insulators are the candidate materials as a gate dielectric instead of oxide 

dielectrics to suppress interfacial layer formation.  The most of the nitride dielectrics 

reported so far, such as SiN or AlN [28-29].  Among the nitride insulators, SiN is also 

being investigated as possible replacement of SiO2.  SiN is much easier to integrate 

into existing CMOS processes, and therefore it is a more likely candidate for the first 

post-SiO2 gate dielectrics.  Therefore, many researchers have been studied SiN as a 

gate insulator [30-33].  Among these reports, the SiN formed by a novel Jet Vapor 

Deposition (JVD) technique with the water vapor annealing treatment showed good 

electrical properties with lower gate leakage current in the ultrathin regime (< 5 nm) as 

shown in Fig. 1-4 [31].  The JVD process relies on supersonic jets of a light carrier gas 

such as helium to transport depositing vapor from the source to the substrate, and has 

been used to synthesize a wide variety of thin films of metals, semiconductors, and 

insulators [34-35]. Because of the separation of the depositing species, and their short 

transit times, there is very little chance for gas-phase nucleation.  

Metal-insulator-semiconductor (MIS) capacitors formed by the JVD silicon nitride 
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deposited on Si substrates, exhibit a number of properties that are attractive for ULSI 

applications, including low leakage current, high breakdown strength, high resistance to 

hot-carrier damage, high resistance to boron penetration, and high resistance to 

oxidation. Compared to their MOSFET counterparts, metal-nitride-semiconductor 

(MNS) FET made of JVD silicon nitride exhibit reduced low-field transconductance 

and enhanced high-field transconductance [31]. 

Even though SiN has good electrical properties, it has a limitation to apply ULSI 

applications.  The critical point is that the dielectric constant of SiN is not high enough.  

The relative dielectric constant of SiN is about 7.  That is just 2 times higher than that 

of SiO2.  Therefore, new material with high relative dielectric constant beyond that of 

SiN is necessary. 

 

 

 

 

Fig. 1-4 C-V curve for the MIS diode with a JVD silicon nitride [31]. 
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1.4.2 Hafnium nitride (HfN) gate insulator 

The mononitride of hafnium of stoichiometry HfN is all metallic conductors [36].  

On the other hand, the higher nitride of hafnium is reported to be transparent insulators 

or semiconductors [37].  In general, the properties of group IV nitrides are 

well-understood for nitrogen poor materials [36], but the nitrogen-rich compositions 

remain an active area of research.  In addition, the nitrogen-rich HfN has high 

dielectric constant such as 30 [37]. 

  Figure 1-5 shows the structures of metallic and insulating HfN [38].  The metallic 

HfN has a NaCl cubic structure.  When the ratio of hafnium is either same or larger 

than that of nitrogen in the film, it shows metallic property.  However, when the ratio 

of nitrogen is larger than that of hafnium, the phase is changed from metal to insulator 

[36].  At that time, the structure is also changed as shown in Fig. 1-5(b).  The bulk 

resistivity of insulating HfN is larger than 1 Ωcm [39].  Lai et al. reported that the 

effects of N2 flow ratio and post metal annealing on the work function of HfNx gate 

electrode by dc reactive sputtering as shown in Fig. 1-6 [40].  It showed that the 

resistivity is modulated by N2 flow ratio.  It means that the phase would be changed by 

N2 flow ratio.  The mechanism of phase change from metal to insulator is explained as 

follows.  However, it was not sufficient to form the high-quality HfNx film by rf 

sputter.  In case of Zr3N4, zirconium is a transition metal which has a 4 d orbital as a 

valence band.  During the transformation of ZrN into Zr3N4 by N2
+
 bombardment, the 

d-band at the Fermi level is completely depleted.  The N 2p band grows as a 

consequence of a transfer of electrons from the d-band to new available N 2p states until 

the d-band is completely depopulated and the nitride becomes an insulator [40].  In this 

manner, HfN also has same mechanism.   
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  Kim et al. reported the atomic layer deposition of ultrathin insulating nitride layer 

such as Hf3N4 on p-Ge(100) substrate as an interfacial layer for HfO2 and it showed 

good electrical property with an EOT of 0.82 nm as shown in Fig. 1-7 [42]. 

  These properties of HfN are suitable for ultrathin gate insulator application 

.   

 

 

 

Fig. 1-5 Structures of (a) metallic and (b) insulating HfN [38]. 

(a) 

(b) 
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Fig. 1-6 Influence of the N2 flow ratio on the resistivity of the HfNx film [40]. 

 

 

 

 

Fig. 1-7 C-V curves of a WN/HfO2/Hf3N4/p-Ge MOS capacitor [42]. 
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1.5 Purpose and outline of this dissertation  

The main purpose of this study is to obtain under 0.5 nm-thick EOT using HfN gate 

insulator formed by electron-cyclotron-resonance (ECR) plasma sputtering.  Among 

the plasma source, because, the ECR source operates on microwave energy coupled to 

the natural resonant frequency of the plasma electrons in the presence of a static dc 

magnetic field and it is able to deposit metal and insulator with low damage.  

Amorphous film of nitrogen-rich HfN gate insulator was investigated for the first time.  

The details of strategies to accomplish this main purpose are itemized as follows.  

 

- The deposition conditions of HfN gate insulator are carefully optimized. 

 

- To improve the electrical properties, post deposition annealing is investigated in 

forming gas (N2/4.9%H2) and nitrogen ambient.  Furthermore, physical and chemical 

properties are also examined. 

 

- Dependence of deposition gas pressure condition and dependence of pre-sputtering 

condition are investigated for improvement of electrical properties.  Furthermore, to 

obtain beyond 0.5 nm-thick EOT, the characteristics of HfN gate insulator with various 

thicknesses are evaluated. 

 

- Reliability of HfN gate insulator is investigated.  Activation energy, time dependence 

dielectric breakdown, and stress induced leakage current are evaluated. 

 

- MISFET using HfN gate insulator is fabricated and evaluated. 



20 

 

Under these detailed strategies, the ultrathin HfN gate insulator formed by ECR 

plasma sputtering will be studied as a promising candidate for next generation high-k 

gate insulator. 

This thesis is composed of 6 chapters.  Figure 1-6 shows the outline of this thesis. 

 

In chapter 1, an overview of trends of MOSFET scaling is described.  And then, 

high-k/metal gate structure for MOSFET is introduced from the problem of 

conventional SiO2/poly-Si structure.  Next, issues of high-k gate insulator are 

explained such as interfacial layer and VFB roll-off.  Finally, the reason of using HfN 

gate insulator is explained. 

 

In chapter 2, the fabrication methods for HfN gate insulator based devices and their 

basic principles are discussed.  Especially, in order to deposit the hafnium nitride gate 

dielectric with a good performance, the damage to the dielectric by sputtering should be 

minimized.  Several issues and technologies on them are presented.  Finally, the 

characterization methods for HfN gate insulator based device are summarized. 

 

  In chapter 3, the fabrication of HfN gate insulator based devices and their basic 

principles are discussed.  Especially, in order to obtain the insulating properties of 

hafnium nitride film, the conditions should be optimized.  Furthermore, in order to 

improve the characteristics of HfN gate insulator, hydrogen annealing is investigated. 

 

  In chapter 4, the reliability for HfN gate insulator is discussed.  In order to calculate 

the activation energy, the measurement temperature dependence of leakage current 
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density is evaluated.  Furthermore, the time dependent dielectric breakdown (TDDB) 

is investigated compared to SiN.  Finally, the stress induced leakage current is also 

evaluated. 

 

  In chapter 5, the fabrication of metal-insulator-semiconductor field effect transistor 

(MISFET) using HfN gate insulator and its electrical properties are discussed.  First, 

the etching rate for the HfN should be investigated.  Finally, the characterization of 

electrical properties for the fabricated MISFET will be introduced. 

 

  In chapter 6, the obtained results in this study are summarized and concluded. 

Furthermore, the prospect of this research is discussed. 

 

 

 

Fig. 1-6 Outline of this thesis. 
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Chapter 2 

Fabrication and characterization methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the fabrication methods for hafnium nitride gate dielectric based 

devices and their basic principles are discussed.  Especially, in order to deposit the 

hafnium nitride gate dielectric with a good performance, the damage to the dielectric 

by sputtering should be minimized.  Several issues and technologies on them are 

presented.  Finally, the characterization methods for hafnium nitride gate dielectric 

based device are summarized.  



29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



30 

 

2.1 Fabrication methods 

Purpose of this study is to fabricate and evaluate a metal-insulator-semiconductor 

field effect transistor (MISFET) with ultrathin hafnium nitride (HfN) gate dielectric. To 

achieve the purpose, it is important to form a HfN gate dielectric on silicon substrate 

using Electron-cyclotron-resonance (ECR) plasma sputtering method. Moreover, we 

also used many instruments to fabricate MISFET such as rapid thermal annealing (RTA), 

thermal evaporation, mask aligner, ion implantation, and so on. 

In this section, the fabrication methods for HfN-based devices are described. 

 

2.1.1 Electron-cyclotron-resonance (ECR) plasma sputtering method 

When a solid surface is bombarded by atoms, ions, or molecules, many phenomena 

occur.  The kinetic energy of the impinging particles dictates which are the most 

probable events.  For low energies which exceed the binding energy of the target 

material, surface migration and surface damage effects are taking place.  At much 

higher energies (> 10 keV), the impinging particles travel well into the bulk of the 

sample before slowing down and depositing their energy.  Thus, such particles are 

most likely to be embedded in the target, and this mechanism is the basis of ion 

implantation.  Some fraction of the energy caused atoms from the surface to be 

dislodged and ejected into the gas phase.  This is called as sputtering.  

Among the plasma source, the ECR source operates on microwave energy coupled to 

the natural resonant frequency of the plasma electrons in the presence of a static dc 

magnetic field.  It is able to deposit metal and insulator.  Furthermore, it is an 

advantage to deposit thin film without substrate annealing [1, 2]. 

  In Fig. 2-1, there is a schematic of an ECR (AFTEX-3400UD-12) with a mirror 
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magnetic field around the wafer to confine the electron trajectory.  The microwave 

frequency allotted for industrial use is 2.45 GHz.  The resonance frequency of the 

electron will match this microwave frequency value when the magnetic field has a value 

of 875 gauss (G).  Thus, ECR plasma sources are constructed to establish these 

conditions, as shown in Fig. 2-1.  The plasma gas is fed into a chamber maintained at 

low pressure (e.g., 0.5 to 1.0 mTorr).  This chamber is surrounded with magnet coils 

that set up an axial dc magnetic field with B = 875 G.  Microwave power is absorbed 

by the electrons as described above.  If they have a component of motion parallel to 

the x-axis they will move in a path like spiral shape.  Enough electrons must gain 

energy from the microwave power to sustain the plasma through impact ionization.  

The ions produced in the plasma chamber diffuse out from it and are accelerated toward 

the wafer by the rf bias applied to the platform on which the wafers are mounted.  

Plasma densities of Ne = 10
12

/cm
3
 would be achieved toward the low end of the 

processing pressure range.  This density is comparable to the gas concentration itself.  

Thus, the fractional ionization of the gas in ECR plasmas would approach unity. 

  In this study, the HfN gate dielectric is deposited using Ar/N2 plasma by ECR plasma 

sputtering as shown in Fig. 2-1.  At that time, the Hf target is used.  In case of rf 

sputtering, it is difficult to nitrify the film.  However, ECR plasma sputtering is easy to 

nitrify the film and make high quality thin film deposition at room temperature.    

Furthermore, as mentioned above, the metal and insulator layers also are able to be 

deposited at the same chamber.  It means that the high-k/metal gate stack is able to be 

formed by in-situ process. 
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Fig. 2-1 Schematics of electron cyclotron resonance plasma sputter. 
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2.1.2 Cleaning of substrate 

Prior to use a bare Si substrate for integration process of electronic circuit, it should 

be chemically cleaned to remove the particles as well as any organic, ionic and metallic 

impurities from the surface.  This substrate cleaning process is important for desirable 

device operations and its reproducibility.  Generally, the ultra-clean wafer surface is 

required to satisfy the conditions as follows [3]. 

 

- No particle contamination 

- No metal contamination 

- No organic contamination 

- No water absorption 

- No native oxide 

- No atomic scale roughness of surface 

- Hydrogen-terminated surface 

- Electrical neutrality, no ionic contamination 

 

One of the most important chemicals used in full fabrication processes as well as 

substrate cleaning is ultra-pure water (UPW).  UPW is highly purified and filtered to 

remove all trace of ionic, particulate, and bacterial contamination.  The theoretical 

resistivity of pure water at 25
o
C is 18.2 MΩ-cm and has fewer than 1.2 colonies of 

bacteria per milliliter and no particle larger than 0.25 μm.  A typical cleaning process 

using hydrofluoric acid, which is usually called RCA (developed by Radio Corporation 

of America) cleaning method.  In this study, the substrate cleaning process was so 

designed as to control the ultra-clean Si surface and modified as given in Table 2-1. 
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Table 2-1 Substrate cleaning procedure. 

Cleaning procedure Removal object 

1. Immerse in (4:1) solution of H2SO4-H2O2 (SPM) for 10 min 

2. Wash in DI water for 10 min 

Organic, metal 

contamination 

3. Immerse in a (1:100) solution of HF-H2O for 20 s 

4. Wash in DI water for 10 min 
Oxide layer 

5. Immerse in (4:1) solution of H2SO4-H2O2 (SPM) for 10 min 

6. Wash in DI water for 10 min 

Organic, metal 

contamination 

7. Immerse in a (1:100) solution of HF-H2O for 20 s 

8. Wash in DI water for 10 min 
Oxide layer 

 

In this study, a cleaning step in a solution of sulfuric acid (H2SO4) and hydrogen 

peroxide (H2O2) (H2SO4:H2O2=1:4, SPM) was performed to remove any organic 

material and metallic impurities. In order to improve the impurity removability, SPM 

process was repeated twice.  The step in a solution of diluted hydrofluoric acid 

(HF:H2O=1:100) was performed to remove any oxide which might have been formed 

on the Si surface. 
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2.1.3 Rapid thermal annealing (RTA) 

The sputtering damage would be removed by annealing process.  After setting the 

sample in RTA, the chamber was pumped out to 10 Pa, and then the vacuum was purged 

by pure N2 gas.  This process was repeated three times to reduce oxygen concentration.  

Following the process, the annealing at 400 - 500
o
C for 10-30 min in nitrogen and 

forming gas (N2/4.9%H2) was performed for reducing the sputtering damage and 

improving the interface between the insulator and Si substrate.  A schematic of the 

RTA equipment used in this research is shown in Fig. 2-2. 

 

 

 

 

 

Fig. 2-2 A schematic of RTA system. 
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2.1.4 Thermal evaporation 

The vacuum thermal evaporation deposition technique consists in heating until 

evaporation of the material to be deposited as shown in Fig. 2-3.  The source vapor 

finally deposits on the cold substrate surface. In this study, Al was used as a top and 

bottom contact electrodes for a diode and a MISFET, using depostion equipment 

(VPC-260, ULVAC Co. Ltd.) under the pressure of 1x10
-5 

Torr during the depostion. 

 

 

 

 

 

Fig. 2-3 A schmatic of vacuum depostion equipment. 
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2.1.5 Thermal oxidation 

The thermal oxidation process is one of the key steps in the fabrication of silicon 

devices and integrated circuits.  The thermal oxidation of silicon is easily achieved by 

heating the substrate to a high temperature in an atmosphere containing either pure 

oxygen or water vapor.  Also, wet thermal oxidation generally proceeds with a faster 

rate than that of dry oxidation.  In this study, wet thermal oxide was formed by 

ultra-clean oxidation system, which includes high pure gases, a specialized water vapor 

generation tool.  And the thermally-grown oxides were used as an isolation field oxide 

between each MISFET. 

 

 

 

 

 

Fig. 2-4 A schmatic of ultra-clean furnace. 
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2.1.6 Photo lithography 

Photolithography is a process used in micro fabrication to selectively remove parts of 

a thin film or the bulk of a substrate.  It uses light to transfer a geometric pattern from 

a photo mask to a light-sensitive chemical photo resist (PR) on the substrate.  A series 

of chemical treatments then either engraves the exposure pattern into, or enables 

deposition of a new material in the desired pattern upon, the material underneath the 

photo resist. 

  First, PR is formed on substrate by the spin coating method.  Then, the PR coated 

wafer is prebaked at 90
 o

C for 20 min.  After prebaking, the PR coated wafer is 

exposed to a pattern of ultra violet light using mask as shown in Fig. 2-5.  Some of the 

PR is removed by a solution called a developer and annealed for 130 
o
C for 20 min.  

Finally, unnecessary part is etched by its only etchant. 

 

 

 

 

Fig. 2-5 A schmatic of mask aligner. 

development 

mask 

substrate 
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In order to produce an integrated circuit, thin films of various materials are used as 

barriers to implantation of impurity atoms, and as insulators between conductive 

materials and the silicon substrate.  Holes or windows are cut through this barrier 

material wherever impurity penetration or contact is desired.  Masks contain the 

patterns of windows which are transferred to the surface of the silicon substrate using a 

process called lithography.  There are many variations of the lithography process such 

as photo lithography, e-beam lithography, X-ray lithography and ion-beam lithography.  

In this study, in order to engrave the desired patterns on silicon substrate in the 

fabrication processes, only photo lithography was used.  

 

- Substrate preparation : The surface of substrate must be clean and dry to ensure a good 

adhesion of PR.  Prior to application of resist, the substrate cleaning was conducted, 

since the PR is hydrophobic.  Then, a liquid adhesion promoter (OAP, Tokyo Ohka Co. 

Ltd.) was coated at 500 rpm for 5 s followed by 4000 rpm for 20 s just prior to resist 

coating. 

 

- PR coating : PR used in this study was OFPR-800 (Tokyo Ohka Co. Ltd.) of 

positive-type.  The substrate was held on a vacuum stage and then spun at high speed 

for 20 s to produce a thin and uniform layer.  PR was coated at 500 rpm for 5 s 

followed by 5500 rpm for 20 s. 

 

- Pre-baking : A drying step called pre-baking or soft-baking was used to improve 

adhesion and to remove solvent from the PR.  In this study, pre-baking was conducted 

at a temperature of 90
o
C for 20 min at an oven. 
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- Exposure and development : Following mask alignment, the PR is exposed through 

the mask with ultraviolet light.  In this study, the exposure process was performed by 

contact-type mask aligner.  The exposure time was 12 s.  The PR was developed 

using the specified developer (MND-3, Tokyo Ohka Co. Ltd.), stirring for 90 sec. 

 

- Post-baking : Following exposure and development, and additional baking step was 

performed to harden the PR and improve adhesion to the substrate.  The post-baking 

was conducted at high temperature of 130
o
C for 20 min at an oven. 

 

- Removal of PR : After patterned windows are etched and ions are implanted, the PR 

layer must be removed from the surface.  Acetone can be used to remove PR which 

was post-baked at a temperature of 130
o
C.  However, the PR is changed in quality by 

plasma etching and ion implantation process, and thus PR cannot be removed by the 

acetone.  In this case, O2 ashing was used to remove the PR. 
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2.1.7 Induced coupled plasma-Reactive ion etching (ICP-RIE) 

In this study, induced coupled plasma-reactive ion etching (ICP-RIE) as a dry etching 

method is used to fabricate MISFET. Therefore, the origin and principle of ICP and RIE 

will be explained.  

ICP is a type of plasma source in which the energy is supplied by electric currents 

which are produced by electromagnetic induction, that is, by time-varying magnetic 

fields [4].  Furthermore, the plasma that is energized by inductively heating the gas 

with an electrical coil, and contains a sufficient concentration of ions and electrons to 

make the gas electrically conductive.  This etching system would produce high density 

plasmas which can be used to etch all kinds of silicon-based materials such as silicon, 

silicon dioxide, and silicon nitride.  

The plasma is contained inside a chamber which is surrounded by an inductive coil. 

An alternating magnetic field is induced by the RF coils located in front of the RF 

transducer, and this helps to produce high-density plasma due to confinement of 

electrons.  On the sample stage, RF source or DC bias can be added to achieve deep 

etching. 

  In this study, to etch SiN, the ICP-RIE was used.  Furthermore, after implantation, to 

remove the residue, the O2 ashing was also performed.  The conditions are shown in 

table 2-2 and 2-3.  
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Table 2-2 SiN removing condition. 

CF4/O2 flow rate 

[sccm] 

Antenna/Bias 

RF[W] 

Pressure 

[Pa] 

He pressure 

[Pa] 

Cooler 

temperature [°C] 

90/10 200/40 0.6 400 -15 

 

Table 2-3 O2 ashing condition. 

CF4/O2 flow rate 

[sccm] 

Antenna/Bias 

RF[W] 

Pressure 

[Pa] 

He pressure 

[Pa] 

Cooler 

temperature [°C] 

40 400/0 11.5 200 23 

 

 

 

 

 

Fig. 2-6 A schmatic of ICP-RIE. 
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2.1.8 Ion implantation 

Since ion implantation offers many advantages over diffusion for the introduction of 

impurity atoms into Si, it has been a very important technology in modern 

integrated-circuit fabrications.  An ion implantation apparatus is a high-voltage particle 

accelerator producing a high-velocity beam of impurity ions which can penetrate the 

surface of silicon wafers.  The basic parts of the system are schematically illustrated in 

Fig. 2-7. 

 

- Ion source : The ion source operates at a high-voltage and produces a plasma 

containing the desired impurity as well as undesired species.  This technique offers a 

wide range of flexibility in the choice of impurity.  In this study, BF3 and PH3 were 

used to implant Boron as a channel stopper and Phosphorous as a channel, respectively. 

 

- Mass spectrometer : An analyzer magnet bends the ion beam through a right angle to 

select the desired impurity ion.  The selected ion passes into the main accelerator 

column. 

 

- High-voltage accelerator : The accelerator column adds energy to the beam and 

accelerates the ions to their final velocity.  For protection from high-voltage and 

possible X-ray emission, the ion source and accelerator are mounted within a protective 

shield. 

 

- Scanning system : X- and y-axis deflection plates are used to scan the beam across the 

substrate to give uniform implantation and to build up the desired dose.  The beam is 
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bent slightly to prevent neutral particles from hitting the target. 

 

 

 

 

 

 

 

 

 

Fig. 2-7 A schmatic of ion implantation system. 

 

 

 

 

Ion Source 

Acceleration 

Tube X, Y Scanner 

Mass 

Spectrometer 

Silicon Wafer 



45 

 

2.2 Characterization methods 

The fabricated devices are characterized by various methods.  In this section, details 

of characterization methods are summarized. 

 

2.2.1 Capacitance-Voltage (C-V) method 

To measure the C-V characteristics of fabricated MIS diode, Agilent Technology 

4280A precision system was used with the varied measurement frequency from 10 kHz 

to 1 MHz.  C-V measurement is a technique for characterizing semiconductor 

materials and devices.  The applied voltage is varied, and the capacitance is measured 

and plotted as a function of voltage.  The technique uses a metal-semiconductor 

junction or a p-n junction or a MOSFET to create a depletion region, which is empty of 

conducting electrons and holes, but may contain ionized donors and electrically active 

defects or traps.  The depletion region with its ionized charges inside behaves like a 

capacitor.  By varying the voltage applied to the junction, it is possible to vary the 

depletion width.  The dependence of the depletion width upon the applied voltage 

provides information on the semiconductor's internal characteristics, such as its doping 

profile and electrically active defect densities.  Measurements were carried out at DC, 

or using both DC and a small-signal AC signal or using a large-signal transient voltage.  

C-V measurements can reveal oxide thickness, oxide charges, contamination from 

mobile ions, and density of interface state in wafer processes.  These measurements are 

important for the device after other process steps including lithography, etching, 

cleaning, dielectric and poly-silicon depositions, and metallization.  Once devices have 

been fully fabricated, C-V profiling is often used to characterize threshold voltages, 

flat-band voltage, hysteresis and other parameters during reliability and basic device 
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testing and to model device performance.   

 

- Equivalent oxide thickness (EOT) : An Equivalent oxide thickness is a distance, 

usually given in nanometers (nm), which indicates how thick a silicon oxide film would 

need to be to produce the same effect as the high-k material being used.  As the 

thickness approached 3 nm, leakage becomes a problem and alternate materials were 

necessary to increase the thickness while retaining the switching speed.  Materials 

having larger dielectric constants enable thicker films to be used for this purpose while 

retaining fast reaction of the transistor.  For example, a high-k material with dielectric 

constant of 39 (compared to 3.9 for silicon oxide) can be made ten times thicker than 

silicon oxide which helps to reduce the leakage of electrons across the dielectric pad.  

 

                                     
     

       
                         (2.1) 

 

  As shown in Eq. 2.1, when we know the thickness and dielectric constant of high-k 

layer, the EOT is obtained. 

 

- Flat-band voltage (VFB) : In solid-state physics, the work function is the minimum 

energy needed to remove an electron from a solid to a point outside the solid surface.  

For a metal, the Fermi level is inside the conduction band, indicating that the band is 

partly filled.  For a semiconductor or an insulator, the Fermi level lies within the band 

gap, indicating an empty conduction band; in this case, the minimum energy to remove 

an electron is about the sum of half the band gap and the electron affinity.  In MIS 

diode, the band is flat when we apply voltage.  At this point, the gap between the work 
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functions of metal and semiconductor is called flat-band voltage as shown in Eq. 2.2. 

 

                                                               (2.2) 

 

2.2.2 Current density-Voltage (J-V) method 

Current density-Voltage (J-V) of MIS diode is measured using an Agilent 4156C 

precision semiconductor parameter analyzer.  In an ideal MIS diode, the conductance 

of the insulating film is assumed to be zero.  However, real insulators show some 

degree of carrier conduction when the electric field or temperature is sufficiently high.  

Table 2-4 summarized the basic conduction processes in insulators.  It also emphasized 

the voltage and temperature dependence of each process that is used often to identify the 

exact conduction mechanism experimentally. 

 

- Tunneling : Tunneling is the most-common conduction mechanism through insulators 

under high fields.  The tunnel emission is a result of quantum mechanics by which the 

electron wave function can penetrate through a potential barrier. 

 

- Poole-Frenkel (PF) emission : The PF emission is due to emission of trapped electrons 

into the conduction band.  The supply of electrons from the traps is through thermal 

excitation.  At low voltage and high temperature, current is carried by thermally 

excited electrons hopping from one isolated state to the next. 

 

- Fowler-Nordheim (FN) tunneling : FN tunneling is similar to the tunneling.  

However, in case of FN tunneling, the carriers tunnel through only a partial width of the 
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barrier. 

 

- Schottky emission : The schottky emission process is similar to the process which 

thermionic emission over the metal-insulator barrier or the insulator-semiconductor 

barrier is responsible for carrier transport. 

 

 

 

 

Table 2-4 Basic conduction processes in insulators. 
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2.2.3 Scanning electron microscopy (SEM) 

  Scanning electron microscopy (SEM) form the most widely used surface 

characterization methods [5].  SEM uses electrons instead of light to image a sample.  

The electrons are generated by thermionic emission from a metal filament, and 

accelerated to ~25 keV.  A system of electrical and magnetic field optics is used to 

focus the beam to a spot ~10 nm in diameter on the sample surface.  A schematic of a 

typical scanning electron microscope is shown in Fig. 2-8.   

The sample surface must be electrically conducting, otherwise the electron beam 

would charge up the surface.  As diamond is an insulating material, the sample is given 

a thin (~10 nm) Au coating by glow discharge sputtering before SEM examination.  

SEM must be carried out under a high vacuum.  The electron beam is scanned across 

the sample via magnetic scan coils.  The current of electrons reflected from the surface 

is collected, amplified, and plotted as a two-d mens onal ‘m cro rap ’  ma e of  he 

signal intensity.  Features down to the spot size (~10 nm) may be resolved.  As such, 

SEM can only give information on the appearance, or morphology, of the sample 

surface, and not definitive proof that the surface is (for example) diamond.  By 

mounting the sample so it is viewed edge on its thickness can be measured.  In the 

present work, this allows us to determine the growth rate of the diamond film, as we 

know the amount of time for which growth was carried out for. 

 

 

 

 

 



50 

 

 

 

Fig. 2-8 A schematic of SEM. 
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2.2.4 Transmission electron microscopy (TEM) 

  Transmission electron microscopy (TEM) is a microscopy technique whereby a beam 

of electrons is transmitted through an ultra thin specimen, interacting with the specimen 

as it passes through.  An image is formed from the interaction of the electrons 

transmitted through the specimen; the image is magnified and focused onto an imaging 

device.  TEM is capable of imaging at a significantly higher resolution than light 

microscopes, owing to the small de Broglie wavelength of electrons.  This enables the 

instrument's user to examine fine detail, even as small as a single column of atoms, 

which is tens of thousands times smaller than the smallest resolvable object in a light 

microscope. 

 

Fig. 2-9 A schematic of TEM. 

http://upload.wikimedia.org/wikipedia/commons/2/25/Scheme_TEM_en.svg
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2.2.5 X-ray photoelectron spectroscopy (XPS) 

  X-ray photoelectron spectroscopy (XPS) is a technique used to investigate the 

composition of deposited films by ionizing surface atoms and measuring the energy of 

ejected photoelectrons.  The method requires the sample of interest to be bombarded 

with low energy X-rays, produced from an aluminum or magnesium source, with energy 

of hv.  These X-rays cause electrons to be ejected from either a valence or inner core 

electron shell.  The energy of the electron, E, is given by E = hv - E1 - Ф, w ere  1 is 

  e b nd n  ener y of   e a om and Ф  s   e work function of the sample.  Thus, it is 

possible to calculate the binding energy of the ejected electron, and therefore identify 

the atom (and its chemical state) from which the electron originates.  In order to 

prevent surface contamination, analysis is carried out under ultra high vacuum (< 10
-10

 

Torr).  As shown in Fig. 2-10, X-rays are directed onto the sample and the resulting 

photoelectrons are then focused onto the entrance slit of a concentric hemispherical 

analyzer.  Here a negative and positive potential are applied to the outer and inner 

cylinders, respectively, such that the central line between the cylinders is a line of zero 

potential.  Scanning the potentials allows control of the energy of electrons that are 

allowed to pass through the analyzer and onto the detector, usually a channel electron 

multiplier. 
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Fig. 2-10 A schematic of XPS. 
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2.2.6 Atomic force microscopy (AFM) 

  The surface morphology of HfN film was observed by Atomic force microscopy 

(AFM, Digital Instrument NanoScope IIIa) as shown in Fig. 2-11.  The basic principle 

and explanation of AFM is as follows. 

The AFM consists of a cantilever with a sharp tip (probe) at its end that is used to 

scan the specimen surface.  The cantilever is typically silicon or silicon nitride with a 

tip radius of curvature on the order of nanometers.  When the tip is brought into 

proximity of a sample surface, forces between the tip and the sample in AFM 

measurements include mechanical contact force, van der waals forces, capillary forces, 

chemical bonding, electrostatic forces, magnetic forces, Casimir forces, solvation forces, 

etc.  Typically, the deflection is measured using a laser spot reflected from the top 

surface of the cantilever into an array of photodiodes.  Other methods that are used 

include optical interferometer, capacitive sensing or piezoresistive AFM cantilevers.  

These cantilevers are fabricated with piezoresistive elements that act as a strain gauge.  

If the tip was scanned at a constant height, a risk would exist that the tip collides with 

the surface, causing damage.  Hence, in most cases a feedback mechanism is employed 

to adjust the tip-to-sample distance to maintain a constant force between the tip and the 

sample.  Traditionally, the sample is mounted on a piezoelectric tube that can move the 

sample in the z direction to maintain a constant force, and the x and y direction for 

scanning the sample.  Al erna  vely a ‘ r pod’ conf  ura  on of   ree p ezo crys als 

maybe employed, with each responsible for scanning in the x, y, and z directions.  This 

eliminates some of the distortion effects seen with a tube scanner.  

The AFM would be operated in a number of modes, depending on the application.  

In general, possible imaging modes are divided into static (also called contact) modes 
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and a variety of dynamic (or non-contact) modes where the cantilever is vibrated.  In 

this study, a non-contact mode was used to investigate the morphology characteristics. 

 

 

 

 

 

 

 

Fig. 2-11 A schematic of AFM. 
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2.2.7 Ellipsometer 

  Figure 2-12 shows a schematic of ellipsometer.  Upon the analysis of the change of 

polarization of light, which is reflected off a sample, ellipsometry yields information 

about layers that are thinner than the wavelength of the probing light itself, even down 

to a single atomic layer.  Ellipsometry probes the complex refractive index or dielectric 

function tensor, which gives access to fundamental physical parameters and is related to 

a variety of sample properties, including morphology, crystal quality, chemical 

composition, or electrical conductivity.  It is commonly used to characterize film 

thickness for single layers or complex multilayer stacks ranging from a few angstroms 

or tenths of a nanometer to several micrometers with an excellent accuracy.  In this 

study, to evaluate the thickness of HfN film, the ellipsometer was used.  The details are 

shown in appendix C. 

 

 

 

Fig. 2-12 A schematic of ellipsometer. 

http://upload.wikimedia.org/wikipedia/commons/2/27/Ellipsometry_setup.svg
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Chapter 3 

Formation and evaluation of HfN gate insulator 

formed by ECR plasma sputtering 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the fabrication of hafnium nitride gate dielectric based devices and 

their basic principles are discussed.  Especially, in order to obtain the insulating 

properties of hafnium nitride film, the conditions should be optimized.  Furthermore, 

in order to improve the characteristics of hafnium nitride gate insulator, hydrogen 

annealing is investigated.  
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3.1 Introduction 

As mentioned in chapter 1, the hafnium nitride gate insulator is investigated by ECR 

plasma sputtering method in this chapter.  First, to obtain insulating property for HfN 

film, we deposited HfN film with various Ar/N2 flow ratio to optimize the deposition 

condition.  And then, the electrical characteristics were evaluated. 

In section 3.2, the formation of HfN film on p-Si(100) will be studied with various 

Ar/N2 flow ratio.  Then, the effect of hydrogen annealing for HfN gate insulator will 

be studied in section 3.3, including nitrogen annealing.  Finally, the dependence of 

pre-sputtering condition will be studied to improve the electrical characteristics in 

section 3.4. 
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3.2 Formation of HfN gate insulator 

In this section, the formation of HfN film on p-Si(100) will be studied with various 

Ar/N2 flow ratio.  The electrical characteristics are investigated by fabrication of the 

MIS diode with HfN gate insulator. The MIS diodes were fabricated using a 

conventional top gate structure on p-Si(100) substrate. 

 

3.2.1 Fabrication process 

In this experiment, MIS diodes with HfN gate insulator were fabricated on the p-type 

Si(100) as shown in Fig. 3-1.  The p-Si(100) substrate was chemically cleaned using 

SPM and DHF for two times.  Then, HfN films were deposited by ECR plasma 

sputtering with a hafnium target at sputtering gas pressure of 0.19 Pa at room 

temperature.  At that time, Ar/N2 flow ratio was changed from 20% to 28% to obtain 

optimization condition.  The resistivity of HfN thin films is changed by the N2 flow 

ratio [1].  Therefore, we chose the N2 ratio over 20% to obtain amorphous thin film 

with dielectric property.  Before the deposition, the Ar/N2 pre-sputtering was carried 

out for 10 min.  Finally, Al electrodes were deposited by evaporation.   

The fabricated Al/HfN/p-Si(100) MIS diodes were characterized by 

capacitance-voltage (C-V) and current-voltage (J-V) using the Agilent 4284A and 

Agilent 4156C, respectively. 
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Fig. 3-1 Schematics of fabrication process for MIS diode with HfN gate insulator. 
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3.2.2 Formation of HfN gate insulator 

Figure 3-2 shows the C-V and J-V characteristics for the fabricated MIS diodes with 

various Ar/N2 flow ratio.  The Ar/N2 flow ratio was changed from 20% to 28%.  At 

that time, the sputtering gas pressure was same as 0.19 Pa.  First, as shown in Fig. 

3-2(a), the capacitance was increased as the N2 flow ratio was increased at 100 kHz.  

Furthermore, it was found that the VFB shift was also reduced as the N2 flow ratio was 

increased.  Figure 3-2(b) shows J-V characteristics with various Ar/N2 flow ratio.  As 

before, the leakage current density was low enough at N2/(Ar+N2) = 28%.  We can 

guess that when the N2 flow ratio was changed, the Hf/N ratio was also changed.  

Nitrogen ratio for Hf in the HfN film is a factor to change insulating property.  

Therefore, it was found that when the N2 flow ratio was increased, the electrical 

properties were improved.  We also investigated over N2/(Ar+N2) = 28%.  The result 

shows in Fig. 3-3(a).  In this case, when the HfN film was deposited by ECR plasma 

sputtering, the plasma became unstable due to the limitation of machine.  In Fig. 3-3(b), 

Hf 4f XPS spectra with different gas flow ratio was shown.  The take-off angle was 80
o
.  

Under N2/(Ar+N2) = 28%, the spectra of Hf 4f show a doublet shape due to spin-orbital 

splitting into the Hf 4f5/2 and Hf 4f7/2.  And the doublet shape was shifted as the gas 

flow ratio was increased.  It means that the Hf-N bonds were increased.  However, 

the doublet shape was shifted back at N2/(Ar+N2) = 40%.  The Hf-N bonds should be 

decreased due to the instability of plasma. 

  From these C-V and J-V characteristics, we chose the deposition condition as Ar/N2 = 

20/8 sccm. 
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Fig. 3-2 (a) C-V and (b) J-V characteristics of the fabricated MIS diodes with various 

Ar/N2 flow ratio. 

 

(a) 

(b) 
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Fig. 3-3 (a) C-V characteristics of the fabricated MIS diodes at N2/(Ar+N2) = 40% and 

(b) Hf 4f XPS spectra with different gas flow ratio (take-off angle: 80
o
). 
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(b) 
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3.3 Effect of hydrogen annealing for HfN gate insulator 

The effect of hydrogen annealing for HfN gate insulator will be studied in this section, 

including nitrogen annealing.  First, we explain about hydrogen annealing effect.  

And then, the electrical characteristics are investigated by fabrication of the MIS diode 

with hydrogen and nitrogen annealing for the HfN gate insulator.  

 

3.3.1 Effect of hydrogen annealing 

In consideration of this study, there are two points for selecting insulator.  First it is 

necessary to suppress interfacial layer formation.  Second one is high-k nitride 

insulator to overcome a problem which is an oxygen vacancy.  For such a reason, we 

focused on high-k nitride insulator such as SiN or AlN [2, 3].  For SiN gate dielectrics, 

numerous attempts have been reported, however, nitride/Si interface properties as well 

as high densities of bulk traps still are the issue to introduce in scaled CMOS [4].  To 

overcome this problem, X. Wang et al. reported that a modest anneal treatment in a 

steam furnace yields remarkable improvement of transconductance as well as its current 

drivability for devices containing nitrided while preserving their excellent reliability.  

They investigated the effect of anneal either in forming gas (FG, N2/5%H2) or water 

vapor at 400
o
C for 30 min.  The water vapor anneal treatment has been demonstrated 

to improve the properties and reliability of nitride/Si interface, while it does not have 

any noticeable effect on thermal oxide [5, 6]. 

According to the mechanism proposed by Balk, the active (nascent or atomic) 

hydrogen diffuses through pores and reaches the Si-insulator interface and reacts as to 

 

                                                             (3.1) 
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form a silane bond. It is further suggested that, even when the oxide is dense but 

deficient in oxygen, hydrogen will diffuse via single ionized oxygen vacancies as ionic 

hydrogen, H
+
.  The observed reduction of the interface in molecular hydrogen would 

therefore be dependent upon the ratio between H and H2 and/or between H
+
 and H2 at 

500°C.  This in turn will depend upon the corresponding equilibrium dissociations 

constants [7]. 

 

3.3.2 Fabrication process 

In this experiment, MIS diodes with HfN gate insulator were fabricated on the p-type 

Si(100) as shown in Fig. 3-4.  p-Si(100) substrate was cleaned by sulfuric-peroxide 

mixture (SPM) and dilute-hydrofluoric (DHF).  Then, HfN film was deposited by ECR 

plasma sputtering with a hafnium target at sputtering gas pressure of 0.19 Pa (Ar/N2 : 

20/8 sccm) at room temperature.  The back pressure of the chamber was 1 x 10
-4

 Pa.  

Before the deposition, the Ar/N2 pre-sputtering was carried out for 10 min.  The post 

deposition anneal (PDA) was carried out at 400 - 500
o
C for 10 min in FG (N2/4.9%H2) 

and nitrogen ambient utilizing rapid thermal anneal (RTA) system (ULVAC 

MILA-3000).  The flow rate of gases was approximately 1 SLM.  Finally, Al 

electrodes were deposited by evaporation.  The fabricated Al/HfN/p-Si(100) MIS 

diodes were characterized by C-V, J-V, and Transmission electron microscopy (TEM).  

The EOTs were evaluated using exponential potential based quantum mechanical 

extraction (EPOQUE) method [8]. 
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Fig. 3-4 Schematics of fabrication process for MIS diode with annealing. 
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3.3.3 Comparison of annealing ambient for HfN gate insulator 

First, the PDA in nitrogen ambient was carried out to improve the electrical 

characteristics for the HfN gate insulator.  The C-V and J-V characteristics were shown 

in Fig. 3-5.  As shown in Fig. 3-5(a), the capacitance was remarkably reduced 

compared by the as-deposited sample.  The hump was found as well.  Furthermore, 

the frequency dispersion was observed in the C-V curves.  In Fig. 3-5(b), it was found 

that the J-V characteristic was not improved by N2 annealing.  When depositing the 

HfN film on Si, the sputtering system was used.  It means that the sputtering damage 

should be considered at the interface during the deposition of the film.  Therefore, to 

improve the interface characteristic, the PDA in N2 ambient was performed.  However, 

there is no improvement by N2 annealing. 

  We considered that the interface characteristic is an important factor to improve the 

electrical characteristics.  Therefore, the FGA was introduced to improve the interface 

characteristic.  F.H.P.M. Habraken and P. Balk et al. reported that the active hydrogen 

diffuses through pores and reaches the Si-SiN interface and reacts as Si-H to form a 

silane bond [9, 10].  B. Swaroop further suggested that the effect of hydrogen was 

observed for the SiN-Si interface annealed in atomic hydrogen, which reduced the Dit 

[7].  Because the nitrogen-hydrogen gas mixture was used for anneal, the formation of 

Si-N-H bonding (or hydrogen passivation) would reduce the chance to generate 

interface states, which led to improve the electrical characteristics [11].  The FGA was 

performed at 400 - 500
o
C for 10 min.  At that time, the deposition condition was kept 

as Ar/N2 = 20/8 sccm.  As shown in Fig. 3-6, the capacitances were remarkably 

improved by FGA at 400 - 500
o
C.  Furthermore, the hump was also disappeared.  As 

mentioned above, the FGA leads to improvement of interface properties.  The 
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hydrogen reaches the Si-HfN interface and reacts as Si-H.  Therefore, it was found that 

the hydrogen leads to improvement of electrical properties of the HfN gate insulator. 

  The film thicknesses were determined by the cross-sectional TEM.  The 

cross-sectional TEM images of the as-deposited film and 400
o
C FGA film for the 

HfN/p-Si(100) structures were shown in Fig. 3-7.  In Fig. 3-7(a), we confirmed no 

interfacial layer for the as-deposited sample.  However, after 400
o
C FGA, the 

interfacial layer was slightly formed, as shown in Fig. 3-7(b).  Physical thickness of 

the film after 400
o
C FGA was slightly increased to 4.1 nm compared to the as-deposited 

film (3.6 nm).  Furthermore, it was found that the interfacial layer was formed after 

FGA.  This is probably because of the oxidation during the FGA process by the 

residual oxygen in the FGA ambient.  From the TEM images, the relative dielectric 

constant for 400
o
C FGA sample was obtained as 15.1.  However, the reported value of 

the relative dielectric constant for HfN film is about 30.  The obtained value of the 

relative dielectric constant is insufficiency.  Therefore, there is a chance to improve the 

electrical characteristic more. 

  We compared the J-V characteristics for the as-deposited and FGA film.  Figure 

3-8(a) shows the FGA temperature dependence of J-V characteristics.  The leakage 

current was decreased by FGA.  Figure 3-8(b) summarized the leakage the current 

densities versus EOTs.  After the FGA, the leakage current density at VFB-1 V was 

decreased approximately one order of magnitude, and 2.2 x 10
-4

 A/cm
2
 was obtained for 

the 400
o
C FGA sample. 

  Finally, deposition time dependence of electrical properties was investigated.  After 

decreasing the deposition time to 40 s, the EOT was not deceased as shown in Fig. 3-9.  

When the film thickness was deceased, the influence of interfacial layer was grown. 
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Fig. 3-5 (a) C-V and (b) J-V characteristics of the fabricated MIS diodes with FGA. 
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Fig. 3-6 C-V characteristics of (a) 400
o
C and (b) 500

o
C FGA for the fabricated MIS 

diodes. 
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Fig. 3-7 Cross-sectional TEM images for (a) as-deposited and (b) 400
o
C FGA sample. 
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Fig. 3-8 (a) FGA temperature dependence of J-V characteristics and (b) EOT versus 

current densities. 
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Fig. 3-9 Deposition time dependence of EOT 
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3.4 Improvement of electrical properties 

In section 3.3, we discussed the effect of hydrogen annealing.  After the FGA, the 

electrical characteristics were remarkably improved compared to the N2 annealing.  

However, the obtained value of the relative dielectric constant as 15.1 is insufficiency.  

Therefore, we will discuss the dependence of deposition gas pressure and pre-sputtering 

condition to improve the electrical characteristics for the HfN gate insulator in this 

section. 

 

3.4.1 Dependence of deposition gas pressure condition 

In generally, when the film is formed by plasma method, the electrical characteristic 

should be changed by deposition condition such as deposition pressure, substrate 

temperature and so on.  Especially, the deposition condition is an effective factor.  To 

obtain a better properties film, the deposition gas pressure should be lower due to 

plasma damage.  For that reason, we investigated the dependence of deposition gas 

pressure for the HfN gate insulator.  In section 3.3, the Ar/N2 gas flow ratio was fixed 

as 20/8 sccm.  In this section, N2/(Ar+N2) was fixed as 28% and then the deposition 

gas pressure was changed from 0.04 to 0.19 Pa.  After depositing, the FGA was also 

carried out at 400
o
C for 10 min.  Figure 3-9 shows the C-V and J-V characteristics 

with various deposition pressures.  When the deposition gas pressure was changed, 

there is no large difference of the maximum capacitance in Fig. 3-10(a).  However, it 

was found that the hump was observed at Ar/N2 = 10/4 and 2.5/1 sccm.  Furthermore, 

the flat band voltage was shifted at low gas pressure.  In Fig. 3-10(b), the leakage 

current density was low at Ar/N2 = 20/8 sccm.  It means that interface trap and positive 

trap charge were injected as the deposition gas pressure becomes lower.  From the 
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results, the improvement of the HfN film was not obtained by lowering of the 

deposition gas pressure.   

In Fig. 3-11, the XPS spectra (take-off angle: 80
o
) of Hf 4f, N 1s, and Si 2p were 

shown with various deposition gas pressures.  The spectra of Hf 4f show a doublet 

shape due to spin-orbital splitting into the Hf 4f5/2 and Hf 4f7/2.  However, the spectra 

was shifted for Ar/N2 = 20/8 sccm.  In the N 1s spectra, Hf-N bonds also observed.  

However, Si-O bonds were also observed in the Si 2p spectra.  Furthermore, it was 

found that the Hf-O bonds were also observed in the O 1s spectra.  The surface and 

film were oxidized.  Therefore, the relative dielectric constant was lower than the 

reported value.   
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Fig. 3-10 (a) C-V and (b) J-V characteristics with various deposition gas pressures. 
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Fig. 3-11 the XPS spectra (take-off angle: 80
o
) of (a) Hf 4f, (b) N 1s, (c) Si 2p, and (d) 

O 1s with various deposition gas pressures. 
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3.4.2 Dependence of pre-sputtering condition 

3.4.2.1 Comparison of annealing ambient 

Until now, the HfN film was deposited by ECR plasma sputtering in Ar/N2 ambient.  

At that time, the pre-sputtering was carried out before the deposition of the HfN film 

using Ar/N2 gas for 10 min to clean the Hf target.  In case of ECR plasma deposition, 

there are two deposition modes (metal mode and oxide mode) as shown in Fig. 3-12 

[12].  The oxide mode is that the target is oxidized through the Ar/O2 pre-sputtering 

before deposition.  Through the use of oxide mode, the high-quality oxide film was 

able to be deposited compared to the metal mode.  In this manner, when the HfN film 

is deposited, the nitride mode was used to form a high-quality HfN film through the 

Ar/N2 pre-sputtering.  However, it is difficult to form uniform nitride on the surface of 

the Hf target.  As shown in Fig. 3-13, the deposited HfN layer was oxidized over 20%.  

In order to suppress oxygen incorporation, therefore, before the deposition of HfN film, 

Ar pre-sputtering for Hf-target cleaning carried out for 10 min instead of Ar/N2 

pre-sputtering.  The schematic diagram for the various pre-sputtering condition was 

shown in Fig. 3-14.  The PDA was also carried out at 400
o
C for 30 min in FG and 

nitrogen ambient for comparison utilizing RTA system.  The flow rate of gases was 

approximately 1 SLM. 

  Figures 3-15(a) and (b) show C-V characteristics for the fabricated samples after 

PDA in FG and N2 ambient, respectively.  In case of N2 annealing, the capacitance was 

much smaller than that of the FGA sample.  Furthermore, the frequency dispersion and 

hysteresis were observed in the C-V curves.  On the contrary, the small frequency 

dispersion and negligible hysteresis were obtained for the FGA sample.  The 

capacitance was also increased remarkably compared to N2-annealed sample.  And 
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comparing the previous data using Ar/N2 pre-sputtering, the capacitance was increased 

about 2 times.  Even though the electrical property was improved by FGA, the small 

frequency dispersion was observed.  Y. Lu et al. proposed a dual-frequency method for 

eliminating the frequency dispersion effect for high leakage devices [13].  By 

measuring capacitance and dissipation at two different frequencies, we obtained the 

result by applying technique as shown in Fig. 3-15(c).  The two curves were found to 

be completely overlapped.  It serves to demonstrate the efficacy of the technique.  

After frequency correction, the EOT of 0.6 nm was obtained.  Figure 3-16 shows N 1s 

spectra of the HfN film with different pre-sputtering condition.  Before the deposition 

of the HfN film, the Hf-N bonds were observed.  After FGA, the Hf-N bond was 

disappeared for the Ar/N2 pre-sputtering.   However, the Hf-N bond was remained for 

the Ar pre-sputtering.  It means that the Hf-N bond for the Ar pre-sputtering is stronger 

than that for the Ar/N2 pre-sputtering after FGA.  As the pre-sputtering condition was 

changed from Ar/N2 to Ar, the EOT was greatly reduced.   

  The film thickness was determined by the cross-sectional SEM and TEM.  The 

cross-sectional SEM and TEM images of the 400
o
C FGA films for the HfN/p-Si(100) 

structure which were deposited for 5 and 1 min, respectively, were shown in Fig. 3-17.  

In Fig. 3-17(b), we confirmed no interfacial layer also.  Physical thicknesses of the 

film after 400
o
C FGA were 18 and 4 nm, respectively.  From the TEM image, the 

relative dielectric constant for 400
o
C FGA sample was obtained as 26.  The obtained 

value of the relative dielectric constant is closed to the reported value.  It means that 

the Ar pre-sputtering leads to improve the electrical characteristic of HfN gate insulator.  

Next, the density of interface states (Dit) was evaluated.  The Terman method was 

performed to evaluate Dit [14].  Figure 3-18 shows Dit for the fabricated MIS diode 
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after FGA.  For 400
o
C FGA, we can see that the Dit was as low as an order of 10

11
 

cm
-2

eV
-1

.  It was suggested that the FGA causes diffusion of hydrogen at the interface 

of nitrogen-rich HfN film and p-Si(100), and then the electrical properties were 

improved by hydrogen annealing effect and Ar pre-sputtering.  Furthermore, the fixed 

charge density of the film was estimated to be 3.6 x 10
12

 cm
-2

 from the VFB shift (0.11 

V).  Figure 3-19 shows J-V characteristic of the fabricated MIS diode after FGA and 

N2 anneal.  The leakage current of 3.7 x 10
-3

 A/cm
2
 (@ VFB -1 V) in case of N2 anneal 

decreased to 6.2 x 10
-4

 A/cm
2
 in case of FGA. 

 

 

 

Fig. 3-12 Deposition rate with different deposition mode such as metal mode and oxide 

mode [12]. 
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Fig. 3-13 Depth profile of atomic concentrations for Hf, Si, N, and O in the deposited 

film with Ar/N2 pre-sputtering. 

 

 

 

 

Fig. 3-14 A Schematic diagram for the various pre-sputtering conditions. 
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Fig. 3-15 C-V characteristics using Ar pre-sputtering for (a) FGA, (b) N2 annealing, and 

(c) dual-frequency method of FGA sample. 
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Fig. 3-16 N 1s spectra for the HfN film for (a) Ar/N2 pre-sputtering and (b) Ar 

pre-sputtering. 
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Fig. 3-17 Cross-sectional SEM and TEM images for 400
o
C FGA sample using Ar 

pre-sputtering. 

(a) 

(b) 
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Fig. 3-18 Dit as a function of surface band bending for the MIS diode with FGA. 
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Fig. 3-19 J-V characteristics for the MIS diode with FGA and N2 annealing. 
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3.4.2.2 Dependence of hydrogen annealing temperature 

  We found that the Ar pre-sputtering leads to improve the electrical properties for the 

HfN gate insulator.  In this section, we investigated dependence of hydrogen annealing 

temperature for the HfN gate insulator.  After the deposition of HfN film, the hydrogen 

annealing was carried out at 600 and 800
o
C for 30 min.  The C-V characteristics are 

shown in Fig. 3-20.  When the hydrogen annealing was carried out over 600
o
C for 30 

min, the capacitances were decreased compared by 400
o
C annealed sample.  In general, 

the hydrogen was escaped from the interface over 500
o
C.  Therefore, the hydrogen 

annealing was performed below 500
o
C.  In this reason, the hydrogen annealing cannot 

affect to the electrical properties.  Furthermore, we also measured the film roughness 

using AFM as shown in Fig. 3-21.  The RMS roughnesses were 0.14, 0.18, and 0.18 

nm at 400, 600, and 800
o
C FGA, respectively.  The results are summarized in Table 

3-1.  As increased the annealing temperature, the RMS roughness was increased.  It is 

found that the RMS roughness affects to the electrical properties. 

 

 

Table 3-1 RMS roughness for the various annealing temperatures. 

Annealing temperature RMS roughness 

400
o
C 0.14 nm 

600
o
C 0.18 nm 

800
o
C 0.18 nm 

. 
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Fig. 3-20 C-V characteristics for (a) 600 and (b) 800
o
C FGA. 
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Fig. 3-21 RMS roughness for HfN film at (a) 400, (b) 600, and (c) 800
o
C FGA. 

(a) 400
o
C 

(b) 600
o
C 

(c) 800
o
C 
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3.4.3 Atomic concentration of HfN films 

In order to evaluate the nitrogen concentration of HfN, we first deposited 30 nm-thick 

HfN film (Ar/N2 = 20/8 sccm) with 400
o
C FGA for 30 min, and then the XPS depth 

profile measurements were performed.  Figure 3-22(a) shows the depth profile of 

atomic concentrations for Hf, Si, N, and O in the film.  The surface of film was 

oxidized in air and less than 5% oxygen occupied in the film.  Furthermore, the film 

was not oxidized.  In the HfN film, the atomic concentration ratio of hafnium and 

nitrogen was confirmed as 1:1.2 by the XPS depth profile.  Figures 3-22(b) and (c) 

show the XPS spectra of Hf 4f and N 1s obtained from the Ar
+
 etching cycles in the film 

for the sample formed with FGA, respectively.  As shown in Fig. 3-22(b), the spectrum 

of Hf 4f shows a doublet shape due to spin-orbital splitting into the Hf 4f5/2 and Hf 4f7/2.  

The binding energy of Hf 4f7/2 centered at 15.1 eV was determined to correspond to the 

Hf-N bond in the nitrogen-rich HfN film, which was consistent with the reported values 

by Fix et al. for the nitrogen-rich HfN film [15].  The binding energy of 397.4 eV was 

attributed to the Hf-N bond in the nitrogen-rich HfN film as shown in Fig. 3-22(c).  

Moreover, the XPS spectrum of Si 2p shows only Si-Si bonding at the interface in Fig. 

3-22(d).  It means that there is no IL such as SiN or SiON.  We confirmed that the 

deposited film became an insulator without IL from the results mentioned above.   

Next, we also evaluated the nitrogen concentration of the HfN films at different Ar/N2 

flow ratio.  Figure 3-23 shows the depth profile of atomic concentrations for Hf, Si, N, 

and O in the films which were deposited at N2/(Ar+N2) = 12 and 20%.  At that time, 

the deposition gas pressure was same as 0.19 Pa.  Comparing Fig. 3-22(a), the oxygen 

occupied less than 10%.  Furthermore, the atomic concentration ratio of hafnium and 

nitrogen was different.  Nitrogen ratio is larger than hafnium.  However, N fraction 
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for Hf was smaller than that of Fig. 3-22(a).  It leads to poor electrical properties.  It 

means that the nitrogen ratio for hafnium is an important factor.  The relationship 

between the N fraction for Hf and EOT is summarized in Fig. 3-24.  As increasing the 

N fraction for Hf, the EOT was also increased.  In this study, the nitrogen-rich HfN 

film showed good electrical properties at 1:1.2. 
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Fig. 3-22 (a) Depth profile of atomic concentrations for Hf, Si, N, and O in the 

deposited film, (b) Hf 4f, (c) N 1s, and (d) Si 2p XPS spectra. 
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Fig. 3-23 Depth profile of atomic concentrations for Hf, Si, N, and O in the 

deposited films (a) N2/(Ar+N2) = 12% and (b) 20%. 
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Fig. 3-24 EOT versus Hf/N ratio for the HfN gate insulator. 
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3.4.4 Thickness dependence of HfN gate insulator 

In section 3.4.2, we confirmed the HfN film thickness through TEM image when the 

HfN film was deposited for 60 s.  In order to reduce EOT for HfN gate insulator, we 

investigated dependence of film thickness through deposition time from 60 to 15 s.  

The deposition gas pressure and Ar/N2 flow ratio were same.  And the all samples 

were annealed at 400
o
C for 30 min using FG.  Figure 3-25 shows the thickness 

dependence of C-V and J-V characteristics.  As decreased the deposition time, the 

capacitance was also decreased dramatically, and the hump was observed.  In J-V 

characteristics, the leakage currents were also increased with reducing the deposition 

time.  We guessed that the obtained energy was changed for HfN film, when the film 

thickness was decreased.  It is necessary to find an optimum annealing condition.  

Therefore, we changed annealing condition for the HfN film. 

Figure 3-26(a) shows C-V characteristics with various annealing conditions for 15 s 

deposited HfN film.  When the annealing temperature was increased to 500
o
C, the 

capacitance was also increased.  However, the hump was remained.  It means that the 

hydrogen diffusion is not sufficient in the interface.  The annealing time was increased 

from 10 to 20 min, the hump was disappeared and the capacitance was also increased.  

Furthermore, the hysteresis was not observed.  The hydrogen was diffused sufficiently 

to the interface for 20 min annealing.  By measuring capacitance and dissipation at two 

different frequencies for the 20 min annealed sample, we obtained the result by applying 

technique as shown in Fig. 3-26(b).  After frequency correction, the EOT of 0.5 nm 

was obtained.  This value is the lowest EOT in the high-k nitride dielectric.  Figure 

3-27 shows a leakage current as a function of EOT for the fabricated Al/HfN/p-Si(100) 

MIS diodes.  The leakage current was measured at the VFB -1 V.  The reported data 
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for direct-contact high-k HfO2 and HfSiON are also plotted for comparison [16-17].  

The leakage current of the gate stack fabricated in this work is much lower than those of 

direct-contact HfO2 with k = 13 and HfSiON. 
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Fig. 3-25 (a) C-V and (b) J-V characteristics with various deposition times. 
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Fig. 3-26 (a) C-V characteristics with various annealing conditions for 15 s deposited 

HfN film and (b) dual-frequency method of the 500
o
C 20 min annealed sample. 
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Fig. 3-27 Jg as a function of EOT for Al/HfN/p-Si(100) gate stack with direct-contact 

HfO2 and HfSiON gate stacks. 
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3.5 Summary 

The HfN gate insulator was investigated by ECR plasma sputtering method in this 

chapter.  The MIS diodes with HfN gate insulator were fabricated to discuss their 

characteristics.  The obtained results would be summarized as follows.  

 

- The HfN films were deposited by ECR plasma sputtering method with various Ar/N2 

flow ratio.  From the C-V and J-V characteristics, we confirmed that the deposited 

HfN film showed insulating property.  At Ar/N2 = 20/8 sccm, the capacitance was the 

highest and the leakage current was low enough.  

 

- The effect of hydrogen anneal for HfN gate insulator was investigated.  The 

capacitance was increased and the hump was disappeared by FGA compared to nitrogen 

annealing.  The EOT was 1.12 at 400
o
C FGA for 30 min.  Furthermore, it was found 

that there is an interfacial layer after FGA from the cross-sectional TEM image.   

 

- After the FGA, the electrical characteristics were remarkably improved.  However, 

the obtained value of the relative dielectric constant as 15.1 is insufficiency.  

Furthermore, the oxygen was occupied over 20 % in the HfN film.  Therefore, we 

investigated the dependence of deposition gas pressure and pre-sputtering condition to 

suppress the oxygen.  From the dependence of deposition gas pressure, we could not 

obtain to improve the electrical properties.  However, the capacitance was remarkably 

increased by Ar pre-sputtering, because it is difficult to form uniform nitride on the 

surface of the Hf target.  In order to suppress oxygen incorporation, therefore, before 

the deposition of HfN film, Ar pre-sputtering for Hf-target cleaning carried out.  After 
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frequency correction, the EOT of 0.6 nm was obtained.  Through the cross-sectional 

TEM image, the thickness of the 400
o
C FGA HfN film was 4 nm.  We confirmed no 

interfacial layer also.  The relative dielectric constant for 400
o
C FGA sample was 

obtained as 26.  The obtained value of the relative dielectric constant is closed to the 

reported value.  The Dit was as low as an order of 10
11

 cm
-2

eV
-1

.  Ar pre-sputtering 

leads to the formation of the HfN with strong Hf-N bond. 

 

- Atomic concentrations for Hf, Si, N, and O were calculated by XPS the depth profile.  

It was found that less than 5% oxygen occupied in the film.  In the HfN film, the 

atomic concentration ratio of hafnium and nitrogen was confirmed as 1:1.2.  We also 

evaluated the nitrogen concentration of the HfN films at different Ar/N2 flow ratio.  

When the N fraction for Hf was small, it leads to poor electrical properties.  

 

- In order to reduce EOT for HfN gate insulator, we investigated dependence of film 

thickness through deposition time from 60 to 15 s.  As decreased the deposition time, 

the capacitance was also decreased dramatically, and the hump was observed.  

However, the EOT of 0.5 nm was obtained at 500
o
C FGA for 20 min.  Comparing 

other researches, the leakage current was much lower than those of direct-contact HfO2 

with k = 13 and HfSiON. 
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Chapter 4 

Reliability of HfN gate insulator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the reliability for hafnium nitride gate insulator is discussed.  In 

order to calculate the activation energy, the measurement temperature dependence of 

leakage current density is evaluated.  Carrier transport mechanism is investigated 

for the diode with the HfN gate insulator.  Furthermore, the TDDB is investigated 

compared to SiN.  Finally, the stress induced leakage current is also evaluated.  
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4.1 Introduction 

High-k gate dielectrics such as Hf-based oxides are being implemented in Si 

complementary metal-oxide-semiconductor (CMOS) technology to alleviate the rapid 

gate current increases associated with aggressive dielectric thickness scaling [1-3].  

Replacement of SiO2 as a gate dielectric is most urgent for low power circuits where 

gate leakage related power consumption and reliability are serious limitations [4-6].  

There are some reliability issues for the high-k dielectric such as charge trapping, 

instability of threshold voltage (Vth), negative bias temperature instability (NBTI), and 

time dependent dielectric breakdown (TDDB). 

In this section, we will present our experimental results of the reliability for 

nitrogen-rich HfN gate insulator.  TDDB has been reported for ultrathin gate insulators, 

showing that thinner insulators have a higher sensitivity to measurement temperature [7].  

Although high-k dielectrics have shown excellent reliability at room temperature, the 

reliability at high temperatures may still be concerns.  We evaluated activation energy 

(EA), carrier transport mechanism, and the TDDB characteristics for the HfN gate 

insulator.  Furthermore, the stress induced leakage current is also evaluated. 
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4.2 Measurement temperature dependence of electrical properties 

In this section, we will present our experimental results on the temperature effect on 

the reliability of HfN gate insulator with an equivalent oxide thickness (EOT) of 0.6 nm.  

Measurements temperature was from 298 to 398 K. 

 

4.2.1 C-V characteristics 

First, the measurement temperature dependence of C-V characteristics was shown in 

Fig. 4-1.  The measurement frequency was 1 MHz and all C-V curves were normalized.  

As the temperature was changed from 298 to 398 K, the C-V curves were shifted toward 

negative direction and the hysteresis became larger.  We consider that the fraction of 

interface trap density (Dit) is increased when the capacitor is subjected to positive 

charge-temperature change and that it dominates the C-V behavior of the sample under 

test.   
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Fig. 4-1 Measurement temperature dependence of C-V characteristics. 
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4.2.2 J-V characteristics 

  Next, the measurement temperature dependence of J-V characteristics was shown in 

Fig. 4-2(a).  The leakage current density increases by almost two orders of magnitude 

with temperature from 298 to 398 K.  The variation in leakage current density near the 

flatband voltage (VFB) as a function of temperature is shown in Fig. 4-2(b).  Near the 

VFB, the leakage current densities were changed linearly.   

  From the results in section 4.2.1 and 4.2.2, we will evaluate the EA for the HfN gate 

insulator. 
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Fig. 4-2 (a) Measurement temperature dependence of J-V characteristics and (b) leakage 

current density as a function of temperature near the VFB. 
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4.2.3 Evaluation of activation energy 

  In chemistry, activation energy is a term introduced in 1889 by the Swedish scientist 

S. Arrhenius that is defined as the energy that must be overcome in order for a chemical 

reaction to occur.  Activation energy may also be defined as the minimum energy 

required starting a chemical reaction. The activation energy of a reaction is usually 

denoted by EA.   

  To calculate the EA, the leakage current density is plotted in Arrhenius scale and 

shown in Fig. 4-3. The Arrhenius plot for HfN film shows a linear dependence and the 

measured data were fitted by the following relation [8]: 

 

                                     (4.1) 

 

where kB is the Boltzmann constant (8.617 x 10
-5

 eVK
-1

), and T is the absolute 

temperature.  The calculated value of EA was found to be 1.6 eV.  If the EA is smaller 

than half of the Si band gap energy (EA < Eg/2), the leakage current is explained by the 

Poole-Frenkel emission mechanism [9].  It means that there are traps in the film and 

these traps lead to larger leakage current as well.  Therefore, it was found that the HfN 

film is stable and has lower traps. 
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Fig. 4-3 Arrhenius plot of leakage current density for the HfN gate insulator. 
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4.3 Carrier transport mechanism for the HfN film 

In this section, various types of charge conduction mechanisms through a gate oxide 

will be described in relation to MIS application.  There are many carrier transport 

mechanism of leakage current in the insulator.  Among them, some mechanisms 

should be considered for the HfN film such as Poole-Frenkel (PF) emission, Schottky 

(SC) emission, and Fowler-Nordheim (FN) tunneling as shown in Fig. 4-4.  We 

already mentioned in section 4.2.3, the HfN film is stable and has lower traps.  To 

confirm that result, J-V equations of each mechanism are transformed into the linear 

form. 

PF is a kind of trap assisted transport mechanism.  It relies on electrons or holes 

hopping into/out-of traps, which means that the trap density in the insulator leads to the 

PF conduction.  The PF emission is given by equation 4.2. 

 

        
              

  
                       (4.2) 

 

where  
 

,   , and k are the PF barrier height and dynamic dielectric constant, 

Boltzmann’s constant, respectively.  If the carrier transport mechanism of the HfN film 

is PF, ln(Ig/Vg) vs Vg
1/2

 should accord whit linear relationship.  The PF emission plot is 

shown in Fig. 4-5(a).  In the ln(Ig/Vg) vs Vg
1/2 

plot, it was not shown linear relationship, 

which means that PF emission is not the main mechanism for the HfN film.  It fits well 

with the result of the EA.  Furthermore, the  
 

 is extracted from eq. 4.2.  The 

extracted PF barrier was 0.89 eV at room temperature.   

SC emission is a field-assisted thermionic emission of an electron over a surface 

barrier.  SC emission is given by equation 4.3 
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                      (4.3) 

 

where     
       

    which is termed as the effective Richardson constant.  m* is 

the effective electron mass in oxide.  
 

 and h are the Schottky barrier height and 

Planck’s constant, respectively.  For current conducting through an insulator that is 

following SC emission, a plot of ln(Ig) vs Vg
1/2 

must be in a linear form.  As shown in 

Fig. 4-5(b), ln(Ig) vs Vg
1/2 

accord with linear relationship.  This indicates that SC 

emission is the main conduction mechanism. 

FN tunneling is a kind of electric filed assisted tunneling.  The current-voltage 

equation under FN tunneling is given by equation 4.4. 

 

  
  

       

        
 

 

      

 

 

 
                   (4.4) 

 

where  
 

 is the barrier height between the semiconductor and insulator.  If the main 

carrier transport mechanism is FN tunneling, a plot of ln(Ig/Vg
2
) vs Vg

-1 
should be in a 

linear form.  Figure 4-5(c) shows that ln(Ig/Vg
2
) vs Vg

-1 
fits linear relationship which 

means FN tunneling is also the main mechanisms. 

  The J-V characteristics was investigated to obtain carrier transport mechanism for the 

HfN film.  It was found that the main transport mechanisms for the diode with the HfN 

gate insulator are SC emission and FN tunneling.  PF emission is not responsible for 

the diode with the HfN gate insulator.  Furthermore, as increasing the measurement 

temperature, the carrier transport mechanism was not changed. 
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Fig. 4-4 Different carrier transport mechanisms (a) SC emission, (b) PF emission, and 

(c) FN tunneling. 
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Fig. 4-5 (a) PF emission, (b) SC emission, and (c) FN tunneling plots for the fabricated 

diode with HfN gate insulator. 
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4.4 Time dependent dielectric breakdown characteristics 

Of all the reliability issues associated with high-k dielectrics, Time dependent 

dielectric breakdown (TDDB) has been most intensively studied.  TDDB is a failure 

mechanism in MOSFETs, when the gate oxide breaks down as a result of long-time 

application of relatively electric field.  The breakdown is caused by formation of a 

conducting path through the gate oxide to substrate due to electron tunneling current, 

when MOSFETs are operated close to or beyond their specified operating voltages.  

Breakdown is said to occur when the voltage across the dielectric suddenly drops.  

This test is frequently referred to as the constant voltage time to breakdown test shown 

in Fig. 4-6. 

When we apply the constant voltage, current and times are recorded until breakdown.  

Results from the test indicate that the time to breakdown is dependent on the value of 

the current density Jinj=Iinj/A, where the Ainj and Jinj are an injected current and current 

density, respectively.  When a constant voltage is applied, QBD can be determined by 

equation 4.5. 

 

Fig. 4-4 Technique for obtaining the time to breakdown by applying constant voltage. 
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                         (4.5) 

 

The reliability of high-k gate dielectrics is dominated by the breakdown of the 

interfacial layer rather than the high-k layer itself [10].  However, there is no 

interfacial layer between the HfN gate insulator and Si substrate.  Therefore, we 

evaluated the TDDB characteristic for the HfN gate insulator compared with SiN gate 

insulator formed on Si directly using a constant voltage stress method at room 

temperature.  A. Nakajima et al. reported TDDB characteristic for SiN formed by 

atomic layer deposition (ALD) [11].  Figure 4-7 shows the TDDB characteristics for 

Al/HfN/p-Si(100) at 14.2 MV/cm and 20 MV/cm.  Under constant dielectric field (14 

MV/cm) stressing for ALD-SiN gate insulator (EOT = 2.6 nm), the breakdown occurred 

after stressing for 120 s.  At the same electric field, there was no breakdown for the 

HfN film.  Moreover, the breakdown did not occur at the high electric filed.  The 

calculated Qinj at 14.2 and 20 MV/cm for 1000 s were 52 and 132 C/cm
2
, respectively.  

For the ALD-SiN film, the QBD was 8-30 C/cm
2
.  Comparing with this result, the HfN 

gate insulator showed better TDDB characteristic.  Generally, in the oxide high-k 

dielectrics, the accumulation and link-up of defects inside oxide high-k dielectric under 

a constant voltage stress causes the formation of a conductive percolation path which is 

due to randomized trapping and detrapping of electrons at oxygen vacancy [12].  In 

case of nitride dielectrics, however, there is no oxygen vacancy that means no change to 

occur breakdown due to oxygen vacancy.  For ALD-SiN, it has better stability of Si-N 

bonds compared to other SiN.  Therefore, the interface trap density of ALD-SiN is 

smaller than that of the SiO2 near the conduction band edge.  However, the small 

amount of stress induced leakage current is believed to be caused by the trap in the 
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ALD-SiN bulk region [11].  On the other hand, as mentioned in section 4.2.3, the HfN 

film is stable.  This is the reason that the HfN gate insulator showed better TDDB 

characteristic. 
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Fig. 4-7 TDDB characteristics at 14.2 and 20 MV/cm for 1000 s. 
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4.5 Reliability for high electric field bias 

A popular method of measuring the neutral trap density buildup is to measure the 

stress-induced leakage current (SILC), which is widely accepted to be due to 

trap-assisted tunneling [14-16].  SILC is therefore directly linked to the trap density in 

the oxide.  Furthermore, SILC is important from the reliability point of view when 

studying the degradation of the insulating films during high-field stress. 

Figure 4-8 shows the behavior of SILC, which is the difference in gate leakage 

current between the before- and after-stressed devices.  The 20 MV/cm of constant 

electric field was biased for 1000 s at room temperature.  As shown in Fig. 4-8, even 

after constant voltage stress, no significant stress induced leakage current was observed.  

This is consistent with the low charge trapping rate for room temperature. 
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Fig. 4-8 J-V curves before and after 20 MV/cm stress for 1000 s. 
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4.5 Summary 

  In this chapter, the reliability for hafnium nitride gate insulator was discussed.  The 

EA from the measurement temperature dependence of leakage current density, carrier 

transport mechanism, TDDB characteristic, and SILC was discussed.  The obtained 

results can be summarized as follows. 

 

- Temperature effect on the electrical properties was evaluated.  From the measurement 

temperature dependence of J-V characteristics, the EA was calculated.  The EA was 1.6 

eV for the HfN film.  It was found that the HfN film is stable and has lower traps. 

 

- The main transport mechanisms for the diode with the HfN gate insulator are SC 

emission and FN tunneling.  PF emission is not responsible for the diode with the HfN 

gate insulator.  Furthermore, as increasing the measurement temperature, the carrier 

transport mechanism was not changed. 

 

- TDDB characteristics for Al/HfN/p-Si(100) with the 0.6 nm EOT at 14.2 MV/cm and 

20 MV/cm were evaluated.  Comparing the SiN film, the HfN gate insulator showed 

better TDDB characteristic.   

 

- SILC was also investigated for the reliability of the 4 nm thick HfN film.  After 

constant voltage stress about 20 MV/cm for 1000 s, no significant stress induced 

leakage current was observed.  This is consistent with the low charge trapping rate for 

room temperature. 
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Chapter 5 

Fabrication of MISFET with HfN gate insulator 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the fabrication of metal-insulator-semiconductor field effect 

transistor (MISFET) using HfN gate insulator and its electrical properties are 

discussed.  First, the etching rate for the HfN should be investigated.  Finally, the 

characterization of electrical properties for the fabricated MISFET will be 

introduced.  
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5.1 Introduction 

Purpose of this study is to fabricate and evaluate a metal-insulator-semiconductor 

field effect transistor (MISFET) with ultra thin hafnium nitride (HfN) gate insulator.  

In chapter 3 and 4, we investigated MIS capacitors using HfN gate insulator, and it 

showed good electrical properties such as 0.5 nm EOT with sufficiently low leakage 

current density and interface trap density.   

In this chapter, we fabricate and evaluate a MISFET with HfN gate insulator.  First, 

the etching rate for the HfN should be investigated.  And then, the characterization of 

electrical properties for the fabricated MISFET will be introduced. 
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5.2 Fabrication process 

We fabricated the MISFET with 4 nm-thick HfN film gate insulator.  The fabrication 

schematic is shown in Fig. 5-1.  In appendix A, the used masks are illustrated.  The 

fabrication process is explained as follow.  The detailed fabrication process with 

figures is shown in appendix B. 

 

 

Fabrication process of MISFET with HfN gate insulator 

 

Substrate : SiN(80 nm)/SiO2(50 nm)/p-Si(100), NA = 1 x 10
15

 cm
-3

 

 

(1) Activation area patterning (MASK #1) 

(2) SiN remove by ICP-RIE 

 CF4/O2 : 50/10 sccm, 300 s 

(3) Channel stopper implantation using BF3 gas 

 Dose : 1 x 10
14

 cm
-3

, Acceleration energy : 100 keV 

(4) Wet oxidation for field oxide (LOCOS) 

 1150
o
C/30 min 

(5) SiN remove by H3PO4 @160
o
C  

(6) Wet oxidation to protect S/D  

 850
o
C/5 min 

(7) S/D diffusion region patterning (MASK #2) 

(8) S/D implantation using PH3 gas 

 Dose : 5 x 10
15

 cm
-3

, Acceleration energy : 20 keV 
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(9) O2 ashing by ICP-RIE 

 O2 : 50 sccm, 300 s 

(10) HfN film deposition 

 Thickness : 4 nm, FGA : 400
o
C/30 min 

(11) Al deposition to protect the insulator 

(12) Contact hole patterning (MASK #3)  

(13) Al remove (contact hole region) by H3PO4/HNO3 = 50 ml : 3 ml @40
o
C  

(14) HfN remove (contact hole region) by 1% DHF  

(15) Remove PR by acetone 

(16) Al deposition for electrode pad 

(17) Pad electrode patterning (MASK #4)  

(18) Al remove by H3PO4/HNO3 = 50 ml : 3 ml @40
o
C  

(19) Remove PR by acetone 

(20) Al deposition (back side) 
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Fig. 5-1 (a) Schematic of MISFET fabrication process and (b) microscope image for the 

fabricated MISFET. 

 

 

 

(a) 

(b) 
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5.3 Investigation of etching rate for HfN film 

Before the fabrication of MISFET, the etching rate for the HfN film should be 

investigated.  First, the 4 nm-thick HfN film was deposited by ECR plasma sputtering 

in Ar/N2 ambient.  At that time, the pre-sputtering was carried out before the 

deposition of the HfN film using Ar gas for 10 min.  The post deposition anneal (PDA) 

was also carried out at 400
o
C for 30 min in forming gas (N2/4.9%H2) ambient for 

comparison utilizing RTA system.  The flow rate of gases was approximately 1 SLM.  

The HfN film can be etched by DHF or a mixed solution (HF : H2O2 : H2O = 1 : 2 : 40) 

[1].  In this time, the HfN film was etched by 1% DHF.  The HfN films were dipped 

in 1% DHF until the surface became hydrophobic.  The result is tabulated in Table 5-1.  

After 15 s, the surface became hydrophobic.  The HfN film was etched perfectly by 1% 

DHF for 15 s.  To confirm this result, we deposited the 4 nm thick HfN film and then 

etched for 5 - 25 s.  Next, the top and bottom Al electrodes were evaporated.  Finally, 

we compared J-V characteristics with as-cleaned sample (do not deposit the HfN film).  

The schematic and J-V characteristics showed in Fig. 5-2 and 5-3, respectively.  As 

shown in Fig. 5-3, after 15 s etching, the currents densities were almost same with 

as-cleaned sample.  However, the current densities were little bit different due to the 

effect of DHF in low electric field.  From J-V characteristics, we confirmed the etching 

condition of the 4 nm thick HfN film.  Using this condition, we fabricated the MISFET 

with 4 nm thick HfN film gate insulator. 

Table 5-1 Etching rate for the HfN film. 

Etching time 

by 1% DHF 
5 s 10 s 15 s 20 s 25 s 

Surface property hydrophilic hydrophilic hydrophobic hydrophobic hydrophobic 
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Fig. 5-2 Schematic of etching process for the 4 nm-thick HfN film 
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Fig. 5-3 J-V characteristics with various etching conditions. 
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5.4 Device characteristics 

  First, the typical ID-VD characteristic of the fabricated MISFET is shown in Fig. 5-4.  

It is a first report of the MISFET characteristics with the HfN gate insulator.   

Next, the ID-VG characteristic with W/L = 90/5 μm are shown is Fig. 5-5(a).  

Furthermore, the C-V characteristic is also shown in Fig. 5-5(b).  The C-V 

characteristic was obtained in the test element group (TEG) of the same sample.  The 

EOT calculated at 100 kHz was 0.7 nm.  This value is lower compared to the result in 

chapter 3.  Because, the MISFET was fabricated using LOCOS.  It means that the 

activation region is surrounded by SiO2.  TEG is also located in the same place.  

Therefore, the value of EOT was affected.   

Using this capacitance, the slope of the ID
1/2

-VG, and equation 5.1, the saturation 

mobility was calculated [2].   

 

μ
   

     
  

    
     

   

         
                (5.1) 

 

The saturation mobility, On/Off ratio, and subthreshold swing at W/L = 90/5 μm were 

32.4 cm
2
/Vs, 10

4
, and 180 mV/dec., respectively.  Furthermore, the field-effect 

mobility in the linear regime is extracted from the transconductance, which is defined as 

 

   
   

   
                           (5.2a) 

   
       

       
                             (5.2b) 

For small VD, the mobility in the linear regime is calculated from the relationship. 

μ
   

 
   

      
                        (5.3) 
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  The mobility in the linear regime was 63.5 cm
2
/Vs.  At low effective fields, carrier 

mobility is dominated by Coulomb scattering, which is more effectively screened at 

higher effective fields.  At moderate effective fields, phonon scattering determines the 

mobility.  Finally, in the high-effective field regime, surface roughness scattering limits 

the carrier mobility.  The universal nature of the carrier mobility is attributed to the 

phonon and surface roughness mobilities.  However, these values are not sufficient.  

Actually, the source and drain region should be overlapped with gate.  For this reason, 

the calculated value became lower.  Therefore, the effective gate length should be 

considered to obtain accurate value. 

  To calculate the effective gate length, the parameter extraction occurred.  We 

measured the ID-VD characteristics with various gate lengths from 10 to 2μm.  Figure 

5-6 shows the equivalent circuit of n-MISFET.  Using this schematic, the effective 

channel length is given by  

 

overlapMASKchan LLL 2                     (5.4) 

 

where LMASK is a design value and Loverlap is a overlapped length between S/D region 

and gate.  From Fig. 5-6, the effective can be calculated by  

 

  DSoverlapMASKDS

DS

DS
measured RLLAR

I

V
R // 2          (5.5) 

 

where A is a constant and RS/D is a resistivity of S/D.  We already measured the ID-VD 

characteristics with various gate lengths from 10 to 2 μm.  The RS/D can be obtained 
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from the approximation slope of the measured values with various gate lengths.  

Figure 5-7 shows the Rmeasured-LMASK plot of the MISFET.  From 10 to 2 μm, the 

gradual channel approximation (GCA) can be applied.  Therefore, we can obtain 

accurate value of Loverlap. From Fig. 5-7, it was found that the 2Loverlap was 1 μm.  

Effective channel length was reduced about 1μm due to the lateral diffusion of the 

source/drain dopant ions.   

  Next, we compared the ID-VG characteristics for W/L = 90/10 and 90/5 μm as shown 

in Fig 5-8.  As increased VD from 0.05 to 1 V, off-current was increased.  For the 

reason, on/off ratio also was decreased.  The electric field induced from drain affected 

to the off-current.  When the gate voltage is below Vth, the p-Si substrate forms a 

potential barrier between n
+
 source and drain and limits the electron flow from source to 

drain.  In the long-channel case, the increase in depletion layer region width of the 

drain junction will not affect the potential barrier height.  Nevertheless, when the 

channel length is short enough, the increase in drain voltage decreases the potential 

barrier height.  As a result, subthreshold current increases [2].  Therefore, in case of 

W/L = 90/5 μm, the subthreshold current increased larger compared to W/L = 90/10 μm.   

Figure 5-9 shows the IG-VG characteristics for W/L = 90/10 and 90/5 μm with various 

drain voltages.  When the drain voltage increased, the gate currents also increased.  

Especially, the gate current increased dramatically at the VD = 1 V.  It is related to the 

result of subthreshold current.  As the drain voltage increased, the drain and gate 

currents increased.  Fig. 5-10 shows log(ID)-VG and gm-VG characteristics against VG 

for the present device at VD of 1 V.  The Vth was 0.05 V.  The On/Off ratio and 

subthreshold swing at W/L = 90 μm/5 μm were ~10
3
 and 200 mV/dec., respectively.  

In addition, maximum drain-source saturation current (IDS,sat) and peak extrinsic 
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transconductance (eq. 5.2b) were 20.2 μA/μm and 20.5 mS/mm, respectively.  We 

obtained RS/D = 36 kΩ-μm from Fig. 5-7.  This high value leads to the reduction of 

electrical properties.  With relatively refinements to the gate-to-channel separation, 

reduction of S/D resistance, and optimized fabrication process, the improvement of 

electrical properties should be expected. 

In case of diode with HfN gate insulator, the electrical properties are better compared 

with other insulator.  However, after applying to the MISFET, the electrical properties 

fell short of the expectation.  Therefore, the overall process needs to consider and 

fabrication process should be carried out more carefully. 
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Fig. 5-4 ID-VD characteristic of the fabricated MISFET. 
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Fig. 5-5 (a) ID-VG characteristic of the fabricated MISFET and (b) C-V characteristic in 

the TEG of the same sample. 
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Fig. 5-6 Equivalent circuit of n-MISFET. 
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Fig. 5-7 Rmeasured-LMASK plot of the MISFET. 
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Fig. 5-8 ID-VG characteristics for (a) W/L = 90/10 and (b) 90/5 μm. 
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Fig. 5-9 IG-VG characteristics for (a) W/L = 90/10 and (b) 90/5 μm. 
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Fig. 5-10 Log-scale ID-VG and gm-VG characteristics of the MISFET (W/L = 90 μm/5 μm) with 

HfN gate dielectric. 
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5.5 Summary 

  The MISFETs with 4 nm thick HfN gate insulator were fabricated for the first time.  

Moreover, the etching rate for the HfN film was investigated.  The obtained results are 

summarized as follows. 

 

- The etching rate for the HfN film was investigated.  In this time, the HfN film was 

etched by 1% DHF.  After etching for 15 s, it was found that the HfN film was etched 

perfectly by 1% DHF. 

 

- The MISFETs with 4 nm thick HfN gate insulator were fabricated and evaluated at 

first time.  In the ID-VD characteristic, it was found that the MISFETs showed a 

traditional operation.  However, the saturation mobility, On/Off ratio, and subthreshold 

swing at W/L = 90/5 μm were 63.5 cm
2
/Vs, 104, and 180 mV/dec., respectively.  In 

particular, the n-MISFET exhibits IDS,sat = 20.2 μA/μm and gm = 20.5 mS/mm.  The 

improvement of fabrication process will realize good device characteristics. 
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Chapter 6 

Conclusions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this chapter, the results obtained in this study are summarized.  The meanings 

and significance of this study are clearly elucidated from the obtained results.  And 

then, future prospects of this study are also pointed out to help one improve the device 

performances. 
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6.1 Main results obtained from this study 

Recently, the scaling of equivalent oxide thickness (EOT) is a great challenge in the 

complementary metal oxide semiconductor (CMOS) technology.  For a small EOT, the 

use of high-k gate dielectrics which have high dielectric constant than that of SiO2 has 

been required.  However, most of the high-k dielectrics contain oxygen, which leads to 

the interfacial layer formation.  It leads to the limitation of EOT scaling down.  

Therefore non oxygen gate insulator should be researched.  That is, the object of my 

study was fabrication of ultrathin HfN gate insulator. In this thesis, in order to fabricate 

devices with ultrathin HfN gate insulator, a number of trial-and-errors-approaches were 

performed in fabrication processes and related technologies were proposed.  The 

obtained results from this study are summarized as follows. 

 

- The HfN films were deposited by ECR plasma sputtering method with various Ar/N2 

flow ratio.  From the C-V and J-V characteristics, we confirmed that the deposited 

HfN film showed insulating property.  At Ar/N2 = 20/8 sccm, the capacitance was the 

highest in accumulation and the leakage current was low enough. 

 

- The effect of hydrogen annealing for HfN gate insulator was investigated.  The 

capacitance was increased and the hump was disappeared by FGA compared to nitrogen 

annealing.  The EOT was 1.12 at 400
o
C FGA for 30 min.  However, it was found that 

there is an interfacial layer after FGA.  

 

- We investigated the dependence of deposition gas pressure and pre-sputtering 

condition.  From Ar pre-sputtering, the EOT of 0.6 nm was obtained.  Through the 
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cross-sectional TEM image, the thickness of the 400
o
C FGA HfN film was 4 nm. We 

confirmed no interfacial layer also.  The relative dielectric constant for 400
o
C FGA 

sample was obtained as 26.  The obtained value of the relative dielectric constant is 

closed to the reported value.  The Dit was as low as an order of 10
11

 cm
-2

eV
-1

. 

 

- Atomic concentrations for Hf, Si, N, and O were calculated by XPS the depth profile 

of.  It was found that less than 5% oxygen occupied in the film.  In the HfN film, the 

atomic concentration ratio of hafnium and nitrogen was confirmed as 1:1.2 by the XPS 

depth profile. 

 

- In order to reduce EOT for HfN gate insulator, we investigated dependence of film 

thickness through deposition time from 60 s to 15 s.  As decreased the deposition time, 

the EOT of 0.5 nm was obtained at 500
o
C FGA for 20 min. 

 

- From the measurement temperature dependence of J-V characteristics, the EA was 

calculated.  The EA was 1.6 eV for the HfN film.  It was found that the HfN film is 

stable and has lower traps. 

 

- The main transport mechanisms for the diode with the HfN gate insulator are SC 

emission and FN tunneling.  PF emission is not responsible for the diode with the HfN 

gate insulator.  Furthermore, as increasing the measurement temperature, the carrier 

transport mechanism was not changed. 

 

- TDDB characteristics for Al/HfN/p-Si(100) at 14.2 MV/cm and 20 MV/cm were 
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evaluated with the 0.6 nm EOT HfN film.  Comparing the SiN film, the HfN gate 

insulator showed better TDDB characteristic.  Furthermore, after constant voltage 

stress about 20 MV/cm for 1000 s, no significant stress induced leakage current was 

observed. 

 

- The etching rate for the HfN film was investigated.  In this time, the HfN film was 

etched by 1% DHF.  After etching for 15 s, it was found that the HfN film was etched 

perfectly by 1% DHF. 

 

- The MISFETs with 4 nm-thick HfN gate insulator were fabricated and evaluated at 

first time.  In the ID-VD characteristic, it was found that the MISFETs showed a 

traditional operation.  The saturation mobility, On/Off ratio, and subthreshold swing at 

W/L = 90/5 μm were 63.5 cm
2
/Vs, 10

4
, and 180 mV/dec., respectively.   

 

All the results briefed above are demonstrated in the devices with ultrathin HfN gate 

insulator.  Finally, it can be concluded from the results that this HfN gate insulator is a 

promising candidate for the next generation CMOS application. 
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6.2 Future prospects 

  In this study, the ultrathin HfN gate insulator showed good electrical properties.  

Above all, 0.5 nm thick EOT was obtained using nitride insulator in the world’s first.  

This point is very encouraging.  And it shows great promise in the high-k field.  

  From this result, a few proposals are addressed. 

 

- Recently, the interface roughness between gate insulator and silicon substrate is one of 

the issues in the MOSFETs as well as the interface roughness between gate insulator 

and electrode.  Therefore, interface roughness should be investigated.  Furthermore, 

as improving the roughness of the film, the interface trap density will be deceased. 

 

- When the HfN film was annealed over 600
o
C, the EOT was increased.  It means that 

the thermal stability should be improved.  HfN electrode has a superior thermal 

stability.  Therefore, it is expected that HfN/HfN/Si structure will show good electrical 

properties.  The former HfN is a metal, and the latter HfN is an insulator. 

 

- The 0.5 nm EOT was achieved using ECR plasma sputtering.  The value is a 

requested one in 2022 from the ITRS.  However, the fabricated device is 

2-dimensional structure.  Therefore, the HfN gate insulator should be investigated on 

3-dimensional structure. 
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Appendix A Mask for MISFET 

 

 

 

Mask #1 for MISFET 

 

 

 

Mask #2 for MISFET 

 

 

Mask #2 

 

Activation Region 

    100 μm x 100 μm 

Gate width 

    90 μm 

Gate length 

    1, 2, 3, 5, 7, 10μm 

 

─  Mask #2 

┄┄   Mask #1 

 

Mask #1 

 

Activation Region 

    100 μm x 100 μm 

Gate width 

    100 μm 

Gate length 

    1, 2, 3, 5, 7, 10μm 

 

─  Mask #1 

┄┄   Device size 
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Mask #3 for MISFET 

 

 

 

Mask #4 for MISFET 

 

 

Mask #4 

 

Activation Region 

    100 μm x 100 μm 

Gate width 

    100 μm 

Gate length 

    1, 2, 3, 5, 7, 10μm 

 

─  Mask #4 

┄┄   Mask #1 

 

 

Mask #3 

 

Activation Region 

    100 μm x 100 μm 

Gate width 

    90 μm 

Gate length 

    1, 2, 3, 5, 7, 10μm 

 

─  Mask #3 

┄┄   Mask #1 
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Appendix B Planar MOSFET process 

 

Substrate: SiN(80 nm)/SiO2(50 nm)/p-Si(100) Nsub=10
15

 cm
-3

 

 

1. SPM, DHF cleaning 

 

2. Activation area patterning (Mask #1) 

 

3. SiN removal by ICP-RIE 

CF4/O2: 90/10 sccm 

Etching time: 30 s 

 

4. Channel stopper implantation 

Source gas: BF3 

Dose: 1 x 10
14

 cm
-2

 

Beam energy: 100 keV 

 

5. SPM, DHF cleaning 

 

6. Wet oxidation for field oxide 

1150
o
C/30 min 

 

7. SiN removal 

H3PO4 @ 160
o
C/20 min 

 

8. SiO2 removal 

DHF: 15 min 

 

9. Wet oxidation for field oxide 

850
o
C/10 min 

 

10. S/D diffusion region patterning (Mask #2) 

 

11. S/D diffusion region implantation 

Source gas: PH3 

Dose: 5 x 10
15

 cm
-2
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Beam energy: 20 keV 

12. photo-resist removal 

SPM: 10min, rinse: 10min 

 

13. O2 ashing by ICP-RIE 

O2: 40 sccm/20 min 

 

14. SPM, DHF cleaning 

 

15. Activation annealing in RTA 

N2: 0.8 sccm @ 1000
o
C/2 min 

 

16. SiO2 removal 

DHF: 3 min 

 

17. HfN (4 nm) deposition by ECR-sputtering 

Ar/N2: 20/8 sccm, 0.19 Pa 

Micro-wave/RF: 500/500W 

Deposition time: 1 min 

 

18. FGA in RTA 

N2/4.9%H2:1 L/min @ 400
o
C/30 min 

 

19. Al evaporation 

 

20. Contact holes patterning (Mask #3) 

 

21. Al removal 

H3PO4 50 ml + HNO3 3 ml @ RT 

Etching: 2 min, rinse: 10 min 

 

22. HfN removal by DHF 

Etching: 40 sec, rinse: 10 min 

 

23. photo-resist removal 

Acetone: 3 min, methanol: 3 min, rinse: 3 min 
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24. Al evaporation 

 

25. Electrode pad patterning (Mask #4) 

 

26. Al removal 

H3PO4 50 ml + HNO3 3 ml @ RT 

Etching: 4 min, rinse: 10 min 

 

27. photo-resist removal 

Acetone: 3 min, methanol: 3 min, rinse: 3 min 

 

28. Al evaporation 
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Appendix C Ellipsometry result 

 

 

 

Ellipsometry for the HfN film. 
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Appendix D Characteristics for the Hf/HfON/p-Si(100) diode 

 

  We investigated Hf/HfON/p-Si(100) diodes to apply n-MISFET.  The Hf electrode 

was deposited by RF and ECR sputter.  To confirm the Hf electrode property, we also 

investigated Al/HfON/p-Si(100) diode for comparison.  Figure D-1 shows C-V 

characteristics for Al/HfON/p-Si(100) and Hf/HfON/p-Si(100) structure.  In case of 

Hf/HfON/p-Si(100) structure, the EOT became larger than that of Al/HfON/p-Si(100) 

structure.  Hf is easy to oxidize in air.  Therefore, the reduction of capacitance was 

due to it.  To prevent oxidization of Hf electrode, we used HfN electrode as a capping 

layer on Hf electrode.  The HfN thickness was 50 nm.  Furthermore, to confirm the 

work function modulation by Hf electrode, Hf thickness was changed from 5 to 20 nm.  

All films were deposited by ECR plasma sputtering and the samples were annealed at 

800
o
C for 1 min in nitrogen ambient.  Especially, HfN film was deposited at sputtering 

gas pressure of 0.19 Pa (Ar/N2 : 20/0.8 sccm) at room temperature.  Figure D-2 shows 

the C-V characteristics with various Hf thickness for the HfN/Hf/ HfON/p-Si(100) 

structure.  As increasing the Hf thickness, the C-V curves were shifted toward negative 

direction.  It means that the work function is able to be modulated by Hf electrode 

thickness.  However, despite of HfN electrode capping, the electrical properties were 

not improved.  Table D-1 shows the resistance of HfN electrode with various Hf 

thicknesses.  As shown in Table D-1, the resistance of HfN electrode was higher than 

that of Hf electrode.  The reduction of capacitance was due to the high resistance of the 

electrode. 

 

 

 

Table D-1 The resistance of HfN electrode with various Hf thicknesses. 

(nm) HfN/Hf 50/20 HfN/Hf 50/15 HfN/Hf 50/10 HfN/Hf 50/5 Hf 50 

Sheet Resist 

(ohm/sq) 
118 140 133 154 31 

Resistance 

 (μohm/cm) 
826 914 800 848 157 
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Fig. D-1 C-V characteristics for (a) Al/HfON/p-Si(100), (b) Hf/HfON/p-Si(100) by rf, 

and (c) Hf/HfON/p-Si(100) structure by ECR sputter. 

 

 

(a) 

(b) 

(c) 
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Fig. D-2 C-V characteristics with various Hf thickness for the HfN/Hf/ HfON/p-Si(100) 

structure. 

 

 


