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Aggressive scaling of CMOS integrated circuits requires continuous 

miniaturization of the MOS transistor structures, including gate dielectric 

thickness.  Conventional SiO2 is reaching its physical limitations as an insulator 

in terms of gate leakage current, uniformity control, and reliability requirements.  

High-k gate dielectrics, which have higher dielectric constants (k) than that of 

SiO2, have attracted a great deal of attention in the past few years, because of their 

potential for reducing gate leakage current while keeping the equivalent oxide 

thickness (EOT) thin.  HfO2 has emerged as one of the most promising 

candidates, since it possesses a dielectric constant of 22 – 25, a large band gap of 

5.6 eV with sufficient band offsets of larger than 1.5 eV, and is thermally stabile 

in contact with silicon.   



 vii

In this research, HfO2 MOS devices with polysilicon gate electrodes were 

investigated.  The HfO2 dielectric was found to be compatible with polysilicon 

gate electrode.  Minimum EOT of ~12 Å was achieved for the control process 

and it was scaled down to ~10 Å by a surface nitridation (SN) technique with an 

NH3 annealing.  Boron penetration was observed on the control HfO2 devices, 

but it was improved with the SN technique as well.  On the other hand, the SN 

technique exhibited adverse effects such as the degradations in mobility and 

negative bias-temperature instability on PMOSFET’s. 

Although inadequate channel mobility was a concern for the HfO2 

MOSFET’s, it was found that high-temperature (500 – 600°C) forming gas 

annealing (HT-FGA) was effective in improving the mobility as well as reducing 

interfacial state density.  The improvement was further enhanced with surface 

NO annealing, but it increased the EOT value.  With regard to the reliability 

characterizations, charge trapping due to gate voltage stress caused significant Vt 

shift on the HfO2 NMOSFET’s and could be a scaling limit of the dielectric.  

Deuterium (D2) annealing was found to be an excellent technique for suppressing 

the charge traps while maintaining the similar mobility enhancement as HT-FGA. 

Overall, HfO2 MOSFET’s with polysilicon gate electrodes demonstrated 

promising performance and reliability characteristics.  The HfO2-based 

dielectrics deserve to be further investigated as the future high-k gate dielectric. 
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CHAPTER 1 

Introduction and Motivation 

 

1.1  MOTIVATION FOR HIGH-K GATE DIELECTRICS 

The prosperity of modern integrated circuits has been realized with 

continuous shrinkage of MOS transistors.  Miniaturization of transistors has not 

only increased package densities, but also accelerated circuit speed and reduced 

power dissipation according to the renowned scaling rule [1].  Figure 1.1 shows 

a recent trend of the minimum feature size of transistors and the number of 

transistors per chip for DRAM and microprocessor chips [2].  Minimum feature 

size has been shrunk ten-fold in the last two decades.  As a result of this 

shrinkage and growing chip size, the number of transistors per chip has been 

doubled every one and a half years. 

 

Figure 1.1. Evolution of the number of transistors per chip and minimum feature 
size [2]. 
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Although there have been a number of barriers throughout the scaling 

history, such as “lithography limitation” at 1-µm technology node, they have been 

overcome by technological efforts up to the present time.  However, for the first 

time in the history of integrated circuits, we are confronted with a physical 

limitation: gate dielectric thickness.  Silicon dioxide (SiO2) has served as the 

primary gate dielectric material of MOS technologies since the beginning of 

integrated circuit production in the early 1960s.  SiO2 grown by high-

temperature oxidation possesses an excellent interface, thermal stability, thickness 

controllability, and good reliability.  Indeed, high quality SiO2 itself was one of 

the key reasons why the industry selected silicon as the starting material among a 

variety of semiconductors.   

Gate dielectric thickness must be shrunk according to the scaling rule.  

Figure 1.2 shows the requirements of the 2001 version of the ITRS technology 

roadmap for the equivalent oxide thickness (EOT) (a) and the leakage current (b) 

of the gate dielectric [3].  For the MPU application, EOT must be aggressively 

scaled to satisfy the requirement for high drain current, while low gate leakage 

current is the primary requirement for the low-power applications. 
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Figure 1.2. ITRS roadmap requirements [3] for EOT (a) and the gate leakage 
current (b) of the gate dielectric.  EOT’s for MPU and low standby-
power applications are shown in (a), and leakage currents for MPU, 
low operation-power, and low standby-power applications are shown 
in (b). 
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Figure 1.3 shows the theoretical calculation of tunneling current for 

various SiO2 thickness [4].  As the SiO2 thickness is scaled down, the gate 

leakage increases exponentially.  With regard to the ITRS roadmap, at the year 

of 2005, the EOT for the low standby power application needs to be reduced 

down to 1.6 – 2.0 nm, while the gate leakage current must be lower than 1.0 

nA/µm, which will be translated to ~2 A/cm2.  Figure 1.3 indicates that the 

leakage current for the given EOT is fairly challenging, and it will be impossible 

to satisfy this current requirement for the more advanced technologies.  Also in 

2005, the EOT for the MPU application needs to be scaled down to 0.8 – 1.3 nm, 

although the leakage requirement is relatively relaxed.  However, this thickness 

range can be achieved with only several monolayers of SiO2, which will induce a 

thickness control problem.  Reliability is another concern for SiO2 of this 

thickness range [5]. 

 

 

Figure 1.3. Simulation results of gate tunneling current for various SiO2 
thickness [4]. 
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Thinner EOT is required in order to achieve a higher gate capacitance.  A 

higher gate capacitance is necessary for attaining better control of the channel 

from the gate, and therefore for suppressing the short-channel effect and 

achieving higher drive current.  The gate capacitance Cox is expressed as, 

phys
ox T

k
C 0ε

= , (1.1)  

where, ε0 is the vacuum permittivity, k is dielectric constant of the dielectric (k = 

εox =3.9 for SiO2), and Tphys is the physical thickness of the film.  The larger Cox 

can be achieved by not only reducing Tphys but also increasing k of the dielectric.  

These dielectric materials with higher k than that of SiO2 are generally referred to 

as “high-k” materials.  For high-k dielectrics, the capacitance equivalent oxide 

thickness (CET) is defined as, 

phys
ox T
k

CET ε
= . (1.2) 

In the following sections of this chapter, we will study various kinds of the 

high-k materials from the literature and examine their suitability for the gate 

dielectric application. 

 

1.2  HIGH-K GATE DIELECTRIC CANDIDATES 

High-k gate dielectrics have attracted huge attention in recent years, but 

the range of the dielectric constant is fairly scattered from 7.5 of Si3N4 to >100 of 

ferroelectrics.  In sections 1.2.1 – 1.2.3, we will categorize the dielectrics into 

three groups; ultra high-k (k > 100), moderate high-k (4 < k < 10), and mid-range 
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high-k (with k between the former two).  Typical materials for each category will 

be evaluated.   

 

1.2.1  Ultra high-k materials 

Among ultra high-k materials, BST ((Ba,Sr)TiO3, k ~300) has been 

extensively studied for DRAM capacitor application originally [6] and for MOS 

application later [7].  However, low-k interfacial layer growth between the 

dielectric and silicon substrate prevents shrinkage of total CET.  Large hysteresis 

is another big problem for BST.  In addition to these issues related to the 

material properties, the ultra high-k materials have another device-related 

problem.  A recent study revealed that, with the ultra high-k dielectric for short-

channel MOSFET’s, the cross section of the dielectric will be rather a rectangular 

than a sheet, and therefore the channel potential will be controlled by not only the 

gate electrode but also the source and the drain [8].  For example, for an EOT of 

10 Å with an ultra high-k material with k ~ 300, Tphys will be ~ 770 Å or 77 nm, 

which is comparable to the channel length of the near-future technologies.  

Although this problem can be relieved by introducing a low-k interfacial layer [8], 

this will cancel out the advantages of the ultra high-k dielectric.  In conclusion, 

ultra high-k materials cannot be introduced into MOS production unless these 

issues are resolved. 
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1.2.2  Moderate high-k materials 

Si3N4 is a possible candidate for the near future technology nodes, due to 

its moderate k of 7.5, well-known material characteristics, and nice interface [9, 

10].  According to [9], Si3N4 has a better reliability than SiO2 in terms of TDDB 

and HEI, and an excellent interface results in mobility comparable to SiO2 [9].  

Nevertheless, because of its relatively low k, Si3N4 will not last for more than few 

technology nodes. 

Al2O3 is another candidate of moderate high-k materials with k = 10.  

Aluminum is a well-known element in the semiconductor industry, and can be 

readily introduced to the fabrication line.  Al2O3 MOSFET’s have already been 

reported even with short channel devices [11, 12].  However, although Al2O3 

MOSFET’s have shown well-behaved output characteristics, they have poorer 

carrier mobility than SiO2 due to interfacial fixed charges [11], in particular when 

phosphorous is used as n-type dopant for NMOSFET’s [12].  A more recent 

study quantitatively revealed that the mobility degradation of the Al2O3 

MOSFET’s was due to Coulomb scattering from the fixed charges in the 

dielectric [13].  Boron penetration for PMOSFET’s is also significant unless an 

NO interfacial layer is introduced [14].  On the whole, Al2O3 has too many 

problems to be used for the near-future technologies, and its dielectric constant is 

not high enough for more advanced technologies. 
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1.2.3  Mid-range high-k materials 

A variety of mid-range high-k materials have been reported as possible 

candidates for MOS gate dielectrics.  Ta2O5 has been most intensively studied 

until a few years ago, because of the experience in the industry for DRAM 

application [15].  MOS capacitors and transistors have also been fabricated [16 – 

19], with excellent features such as CET below 10 Å [18] and short-channel 

MOSFET devices [19].  These studies, however, generally agreed that Ta2O5 

was not thermally stable in contact with the silicon substrate or polysilicon gate, 

and therefore required interfacial barrier layers to prevent chemical reactions 

between Ta2O5 and silicon.  In [17] for example, TiN layer was inserted between 

the Ta2O5 and polysilicon gate.  However, the TiN interfacial layer at the gate 

electrode side canceled out the flexibility of work function of the polysilicon gate.  

On the other hand, a dielectric interfacial layer such as SiO2 in [16] resulted in the 

increase of the CET.  As a result, no simple process has been available for Ta2O5 

due to its thermal instability. 

TiO2 also has been investigated, because of its relatively high dielectric 

constant (k ~ 80) [20 – 22].  However, similar to Ta2O5, TiO2 tends to form low-

k interfacial layer in contact with silicon [21].  Despite its higher k than Ta2O5, 

minimum CET has stayed above 20 Å [21, 22]. 

As we have seen on Ta2O5 and TiO2, thermal stability of high-k materials 

in contact with silicon is one of the key parameters necessary to realize high-k 

gate dielectrics.  Hubbard and Schlom [23] have studied thermodynamic stability 

of binary metal oxides in contact with silicon.  They have examined various 
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chemical reactions between binary metal oxides and silicon with respect to the 

change of Gibbs free energies.  Reactions include reduction of the metal oxides, 

formation of silicide or silicate, and change of the composition of the binary metal 

oxides.  As a result, only BeO, MgO, and ZrO2 were found thermodynamically 

stable in contact with silicon.  According to the theoretical calculations of 

dielectric constants [24], ZrO2 is the only high-k material with k = 22 among these 

three.  Although enough data were not available for HfO2 in [23], HfO2 is also 

expected to be thermally stable because of the chemical similarity between Zr and 

Hf. 

Besides the physical thickness, barrier height of gate dielectrics with 

respect to gate electrodes and silicon substrate is another important parameter to 

determine the gate leakage current.  It is generally accepted that a band gap of ~ 

5 eV and barrier heights of ~ 1.5 eV at both conduction and valence bands are 

necessary in order to suppress the tunneling current.  Figure 1.4 shows 

theoretical calculation results of band alignments for various high-k materials with 

respect to silicon [25].  ZrO2, HfO2, and ZrSiO4 satisfy these requirements.   
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Figure 1.4. Band alignments of high-k materials with respect to silicon [25]. 

ZrO2 and HfO2 emerged as promising high-k dielectrics for ultra-thin gate 

dielectric application almost at the same time [26, 27].  Their dielectric 

characteristics measured on MOS capacitors were similar to each other.  

MOSFET characteristics of these two dielectrics were also found well behaved 

[28, 29].  However, it was found that ZrO2 was not compatible with polysilicon 

gate electrode [30], unlike HfO2 that exhibited excellent MOSFET characteristics 

with the polysilicon gate [31].  Although it was demonstrated that nitrogen-

incorporated ZrO2 (ZrON) could show well-behaved C-V characteristics to some 

extent [32], it was also revealed that ZrON still reacted with the polysilicon and 

the gate leakage current increased with the polysilicon gate compared to those 

with metal gate electrodes [33].  In spite of the similar material properties and 

device characteristics with metal gates, incompatibility with polysilicon gate was 

one huge disadvantage of ZrO2 to HfO2.   
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1.3  PREVIOUS RESEARCH ON HFO2 

HfO2 has been a well-known high-k material [34], and has been used for 

several applications such as thin-film electroluminescent displays [35].  

Application for MOS gate dielectric was also investtigated as early as 1977 [36] 

with a CVD-deposited HfO2 film.  In [36], a dielectric constant of 22 – 25 was 

obtained from C-V measurements, and an energy gap of 5.68 eV was measured 

from an optical absorption analysis.  Interfacial state density (Nit) of 1 – 6 × 1011 

cm-2 at the HfO2/silicon interface was also obtained from C-V measurements.  

However, the physical thickness of 2000 – 3000 Å used in [36] is obviously not 

adequate for the upcoming 100-nm technology and beyond.  The material 

properties of HfO2 are summarized in Table 1.1 [37]. 

 
 Material property HfO2 SiO2

 Dielectric constant k 22 - 25 3.9

 Bandgap (eV) 5.6 9

 Band offset for electrons (eV) 1.5 3.5

 Band offset for holes (eV) 3.4 4.4

 Refractive index 2.2 1.46

 Lattice mismatch with Si (%) 5.8 -

 Thermal expansion coefficient
  (Si: 2.6 × 10-6 K-1) 5.3 × 10-6 K-1 5.0 × 10-7 K-1 

 

Table 1.1. Material properties of HfO2. 
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Recently, Lee et al. [27] reported MOS capacitors with ultra-thin HfO2 

gate dielectric.  With platinum (Pt) gate electrode on top, an EOT thinner than 9 

Å was achieved with reasonably low gate leakage current.  They also reported 

slight growth of a low-k interfacial layer between HfO2 and the silicon substrate.   

One of the concerns about metal gate is its thermal stability and alignment 

of the band structures.  Pt is not considered adequate for MOS gate application, 

in particular for NMOS, due to its large work function of 5.3 eV.  More recently, 

the same group has reported TaN metal gate with HfO2 [29], which has the same 

work function as n+ silicon and therefore is adequate as a gate electrode of 

NMOS devices.  The TaN/HfO2 stack was found thermally stable up to 900°C in 

terms of CET and gate leakage current. 

Kang et al. demonstrated HfO2 devices with polysilicon gate electrode for 

not only MOS capacitors [31] but also dual-gate MOSFET’s [38].  From the 

TEM pictures, a low-k interfacial layer was not observed at the top interface 

between the polysilicon gate and HfO2, indicating that HfO2 did not react with 

silicon during the polysilicon deposition and the following high-temperature 

process steps [31]. 

 

1.4  GATE ELECTRODES FOR HIGH-K GATE DIELECTRIC ERA 

Although the polysilicon gate electrode has been used in industry for a 

long time, it is also well known that the electrode has some adverse properties 

such as the poly depletion effect [39] and boron penetration [40].  These 

problems tend to be enhanced as the devices are scaled down.  Metal gate 
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electrodes have attracted a great deal of attention in recent years, since they can 

resolve these adverse effects of the polysilicon gate.  Among metallic materials, 

so-called mid-gap materials, which have a work function in the middle of the 

conduction and valence bands of silicon, have initially been considered as an 

optimum solution for gate electrode, because of the symmetry with respect to p- 

and n-type silicon substrates.  On the other hand, it is reported that a buried 

channel must be adopted for mid-gap gate electrodes in order to achieve 

adequately low Vt with high enough substrate doping concentration [41], which is 

not desirable for achieving short-channel devices.  

In order to maintain the advantages of the metal gate without sacrificing 

the immunity against the short-channel effects, many groups investigated the 

possibility of dual work function with metals.  These efforts include MoN – Mo 

by nitrogen implantation [42], TaSixNy [43], Ru – Ta alloys [44], and Ti1-xAlxNy – 

TaSixNy ternary metal nitrides [45].  However, no metal gate electrode has 

satisfied the comprehensive requirements of process compatibility, thermal 

stability, satisfactory device performance, and reliability up to the present time. 

With the technological barriers described above for the metal gate 

electrode candidates, the polysilicon gate electrode turns out to be still an 

attractive choice.  Dual work function can be easily achieved by changing the 

doping type.  The industry has a wealth of experience with polysilicon in terms 

of process, device, and reliability characteristics.  By introducing high-k gate 

dielectrics prior to the metal gate, the risk of implementing two new technologies 

at the same time will be reduced.  If any high-k is compatible with polysilicon, 
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the conventional CMOS process can be used just by replacing SiO2 with the high-

k dielectric.  Although the poly depletion effect will remain to be a concern, 

some applications such as low-power devices will have a less stringent 

requirement on Cox at the inversion condition.  The combination of the high-k 

dielectric and the polysilicon gate electrode will be attractive for all of these 

reasons. 

 

1.5  OUTLINE 

Chapter 1 has given a basic view of the scaling challenges and the 

requirements for future gate dielectrics and gate electrodes.  It was shown that 

HfO2 dielectric is a very attractive candidate due to its material properties 

including a compatibility with polysilicon gate electrode.  The following 

chapters will discuss the process, device, and reliability characteristics of the 

polysilicon/HfO2 gate stack. 

Chapter 2 will provide the basic process flow of the polysilicon gate HfO2 

MOSFET’s and the basic electrical characteristics of the MOS capacitors.  

Experimental data of C-V characteristics for both MOS capacitors and 

MOSFET’s, gate leakage current, and C-V frequency dispersion and hysteresis 

will be shown.  Issues such as the quantum-mechanical effect and the poly 

depletion effect are also discussed. 

Chapter 3 discusses the dopant penetration through HfO2 and the resulting 

electrical characteristics of the MOSFET’s.  After giving a historical review on 

the boron penetration through SiO2-based gate dielectrics, the effects of the 
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penetration on the HfO2 devices will be discussed in terms of Vt and Vfb shifts, 

MOSFET performance, gate leakage characteristics, and charge trapping 

behaviors.  A surface nitridation technique will be proposed as a possible 

solution to the boron penetration, and its effects on the performance and reliability 

of the HfO2 devices will be shown. 

Chapter 4 deals with the performance of the HfO2 MOSFET’s.  Channel 

carrier mobility is used as a figure-of-merit for evaluating the performance, and 

the standard split C-V measurement was implemented for calculating the mobility.  

Surface electron mobility of HfO2 NMOSFET’s with polysilicon gate electrode 

was studied in terms of the effects of a high-temperature forming gas (FG) 

annealing (HT-FGA).  The HT-FGA significantly improved the drive current or 

the surface electron mobility of the NMOSFET’s.  Interfacial state density (Dit) 

was evaluated using the charge pumping technique and found to be reduced by 

the HT-FGA. 

Reliability characteristics will be discussed in chapter 5, emphasizing the 

bias-temperature instability (BTI) analysis.  Vt shift due to BTI, in particular 

positive BTI on NMOSFET’s, was found to be a possible scaling limit of the 

HfO2 MOSFET’s.  The charge pumping measurements were extensively used to 

investigate the nature of the BTI degradation.  Vt degradation of NMOS PBTI 

was caused by charge trapping in the HfO2 film, not by the degradation of the 

interface.  D2 annealing instead of HT-FGA was investigated as a possible 

solution of BTI. 
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Finally, chapter 6 summarizes all the results from the fabrication and the 

electrical and reliability characterizations on these HfO2 MOSFET’s with the 

polysilicon gate electrode.  Issues and suggestions for future research will also 

be addressed. 
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CHAPTER 2 

Process Optimization and Dielectric Characteristics 

 

2.1  MOTIVATION 

The primary purpose of this chapter is to provide the basic process flow of 

the polysilicon gate HfO2 MOSFET’s and the basic electrical characteristics of 

the MOS capacitors.   

The process flow will be provided in the section 2.2 with a detailed 

description of the sputtering process for HfO2 deposition.  A fair amount of 

effort was spent to establish the basic transistor process flow of HfO2 MOSFET’s 

at the beginning of the research, because of the material difference between HfO2 

and SiO2.  HfO2 etching just after dopant implantation and source/drain (S/D) 

oxidation after the etching were adopted in order to achieve a good contact from 

metal to S/D and suppressed gate leakage current at the S/D edge of the gate.  

This transistor fabrication flow has been used with some process modifications in 

the following chapters. 

C-V and gate leakage (J-V) characteristics were used to examine the basic 

dielectric characteristics of HfO2 MOS capacitors and transistors.  These 

characteristics will be discussed in terms of dependence on the various process 

conditions, such as physical thickness, post-deposition annealing (PDA), and 

dopant activation temperature.  Quantum mechanical (QM) effect and poly 
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depletion (PD) effects, which are two of the biggest obstacles to achieve an 

aggressive EOT with polysilicon gate electrode, will also be discussed. 

 

2.2  PROCESS OPTIMIZATION 

2.2.1  HfO2 MOSFET process flow [1] 

Devices were fabricated using the conventional self-align MOSFET 

process, and the process flow is summarized in Table 2.1.   

 
• Field oxidation and active patterning
• RCA or Piranha and HF (1:100) cleaning
• (Surface annealing in NH3 or NO)
• Reactive dc sputtering of HfO2

− Modulation technique with O ambient
• Post deposition annealing (PDA)

− 500°C 5min in N2
• Poly-Si deposition and patterning
• Dopant implantation
• S/D oxidation: 850 or 900°C 1min
• Low temperature oxide deposition
• Contact patterning
• Dopant activation

− 900 (PMOS) or 950°C (NMOS) 1min
• High-temperature FG anneal

− 500-600°C 30min
• Metal (Al) deposition and patterning
• Sintering in FG: 400-450°C 30min

 

Table 2.1. Process flow of HfO2 MOSFET’s with polysilicon gate electrode. 

As starting materials, 4-inch Si wafers with (100) orientation, which have 

doping concentrations of approximately 3 × 1015 cm-3 for both p and n-type 
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substrates, were used.  In some cases, (111) substrates were also used to compare 

their device characteristics with (100) substrates.  Initially, 400 nm field oxide 

was grown using conventional wet oxidation at 950°C after standard piranha 

cleaning (H2SO4 + H2O2 (4:1)).  Active area was formed by etching the field 

oxide using buffered oxide etch (BOE).  The patterning was performed with 

contact patterning, and the photo resist was removed using piranha cleaning. 

Immediately before the HfO2 deposition, wafers were cleaned using either 

RCA or piranha cleaning.  RCA cleaning consists of Standard Cleaning 1 (SC1, 

NH4OH + H2O2 + H2O (1:1:5), at 80°C) and 2 (SC2, HCl + H2O2 + H2O (1:1:5), 

at 80°C).  For most of the transistor wafers, RCA cleaning was performed rather 

than piranha cleaning in order to minimize the surface roughness.  These two 

cleanings will be compared in terms of their effects on mobility in chapter 4.  

Chemical oxide grown during these cleanings was removed in HF solution 

(1:100) before HfO2 deposition. 

Prior to HfO2 deposition, some selected wafers were annealed in NH3 or 

NO ambient, in order to examine the effects of the intentional interfacial layers on 

the MOSFET performance. 

HfO2 was deposited using a Kurt J. Lesker sputtering machine with a base 

pressure ≤ 5.0 × 10-7 Torr.  The deposition was carried out with DC magnetron 

sputtering of four inch Hf target (99.9 %).  A modulation technique [2, 3], where 

oxygen was introduced alternately during the sputtering, was used to reactively 

sputter the film.  Schematic diagram of the technique is shown in Figure 2.1.  

This technique is advantageous in minimizing the growth of interfacial SiO2 layer 
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by depositing Hf metal layer initially, and incorporating oxygen during the 

following periods.  The total pressure was kept to 40 mTorr throughout the 

deposition.  Oxygen flow rate was 10 sccm during the reactive sputtering 

periods, while the Ar flow rate was fixed to 20 sccm all the time. 
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Figure 2.1. Schematic view of HfO2 reactive sputtering with a modulation 
technique. 

Reoxidation of sputtered Hf metal was another method to deposit HfO2 on 

Si substrates, and it was demonstrated that this simple method was effective in 

reducing EOT [2].  However, it was found that NMOS carrier mobility was 

degraded with the reoxidation method.  Therefore, the reactive sputtering was 

mainly used in this dissertation. 

Prior to HfO2 deposition, some selected wafers were annealed in NH3 or 

NO ambient, in order to examine their effects on the device performance.  The 

deposited HfO2 was annealed (post-deposition annealing, PDA) in a Mini-brute 
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furnace at 500ºC for 5 min in N2 ambient with a N2 flow rate of 6 sccm to densify 

and complete the oxidation of the film.  HfO2 thickness was measured both 

before and after PDA using a single wavelength ellipsometer with the refractive 

index at 1.6 for thin films.  For the typical HfO2 films with physical thickness of 

50 Å, thickness change after PDA was within 1 Å, whereas thicker films showed 

a certain amount of reduction (e.g. 100 → 97 Å). 

Polysilicon (200 nm thick) was deposited using low-pressure CVD using 

silane (SiH4) at 550 or 580ºC in amorphous state, and patterned by wet etching in 

poly etching solution (HNO3 + NH4F + H2O (45:1:54)).  Phosphorous of 50 keV 

and BF2 of 60 keV were implanted with a dose of 5 × 1015 cm-2 on N and 

PMOSFET’s, respectively, to introduce the impurities to polysilicon gate and to 

form the self-aligned junction at source and drain.  The energies of the 

implantation were decided so that the impurities do not have significant tails at 

the dielectric interface when implanted into polysilicon gate. 

After the implantation, HfO2 remained on source and drain was removed 

using BOE.  HfO2 is known to be resistive to wet etching [4], and it was 

confirmed on our ultra-thin HfO2 (Figure 2.2).  HfO2 cannot be removed after 

high-temperature annealing, and therefore the etching process must be done 

before high-temperature processes such as dopant activation.  After the HfO2 

etching, source and drain (S/D) oxidation at 850 or 900ºC for 1 min by RTA using 

the AET chamber was then used to anneal out damages incurred during the 

polysilicon etch and the implantation.   
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Figure 2.2. Dependence of HfO2 etching in BOE on the annealing temperature. 

150 nm of low-temperature oxide (LTO) was then deposited as a poly-

metal-dielectric (PMD), and contact holes were formed by BOE wet etching.  

Dopant activation was done at 900 and 950°C for 1 min typically for PMOS and 

NMOS, respectively, using RTA.  It was found that 900°C was at least necessary 

to fully activate the dopant in the polysilicon gate (Figure 2.3).  Effects of the 

activation conditions on dopant penetration will be discussed in detail in the next 

chapter. 
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Figure 2.3. Sheet resistance of N and P type polysilicon gate electrodes as a 
function of the activation temperature. 

Selected wafers were annealed in the FG ambient with 4 % of H2 at the 

temperatures of 500 and 600°C for 30 min, in order to examine the effects of the 

high-temperature FG (H2:N2, 4 %) annealing (HT-FGA) [1, 5].  This annealing 

was applied prior to Al interconnect deposition to avoid junction spiking at the 

S/D regions.  The effects of HT-FGA will be discussed in detail in chapter 4. 

Sputter-deposited Aluminum (Al) was used as a metal interconnect layer.  

Wafers were HF-dipped (1:100) for 2 min in order to remove native oxide that 

was grown during dopant activation and HT-FGA.  The Al layer was deposited 

using a Varian sputtering machine with a base pressure of ≤ 7 × 10-7 Torr and an 

Ar pressure of ~ 3 mTorr during the process.  The Al interconnect was patterned 

using wet etching at 35°C in a commercial Al etching solution.  Al layer was 

also deposited on the backside of the wafers to reduce the backside (substrate) 
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resistance and appropriately evaluate the C-V characteristics.  Finally, another 

FG annealing was applied in a Mini-brute furnace to lower down the contact 

resistance at relatively lower temperatures (400-450°C) for 30 min.   

 

2.2.2  Electrical characterization 

C-V characteristics of MOSCAP’s were measured using an HP4194A 

impedance/gain-phase analyzer typically at 1 MHz. The gate voltage was swept 

from 1 to –3 V and from –1 to 3 V for N and PMOSCAP’s, respectively.  The 

obtained maximum capacitance at the accumulation region was used to calculate 

the capacitance equivalent oxide thickness (CET) using the following equation, 

oxC
k

CET 0ε
= , (2.1) 

where ε0 is the permittivity of free space (8.85 × 10-14 F/cm), the dielectric 

constant k was fixed to 3.9 of SiO2, and Cox is the capacitance per unit area 

measured at the accumulation region. 

For conventional SiO2, CET calculated using the equation (2.1) with the 

dielectric constant k = 3.9 will yield a thickness identical to that measured by 

material analyses.  This agreement relies on the classical approximation, in 

which carriers responding to the small voltage signal of C-V measurements have 

their peak concentration at the interface between the dielectric film and the Si 

substrate [6].  However, with ultra-thin gate dielectrics, a narrow potential well 

is formed by a dielectric potential barrier and sharp potential bending induced by 

a strong field, and the energy levels of carriers are divided into discrete subbands 

[7].  The distribution of carriers has its peak at a distance from the interface, 
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resulting in a smaller capacitance than that calculated from equation (2.1).  The 

centroid of the electron distribution with the QM consideration is typically 10 – 

12 Å deeper than that of classical one [8].  Since the dielectric constant of the Si 

(11.9) substrate is ~3 times larger than that of SiO2 (3.9), measured capacitance, 

which includes the QM effect, is 3 – 4 Å thicker than physical thickness [9]. 

The equivalent oxide thickness (EOT) is defined as an equivalent 

thickness that does not include the QM effect and is simply the thickness 

contribution from the dielectric.  EOT in this dissertation was calculated using 

the NCSU’s CVC program [10].  This program calculates the QM effect by 

using a semi-classical approximation, which assumes the additional band bending 

and bulk charges to the classical calculation due to the distant centroid [11].  

EOT obtained from this program was typically thinner than CET by ~ 3 Å for our 

polysilicon gate HfO2 devices.  EOT will be used in the most part of this 

dissertation as a figure of merit for the electrical thickness of the dielectrics. 

MOSCAP gate leakage as a function of gate voltage, a J-V characteristic, 

and other I-V characteristics such as MOSFET Id-Vg and Id-Vd were measured 

using an HP4156A precision semiconductor parameter analyzer.  During the J-V 

measurement, the optic light was kept on to supply sufficient minority carriers in 

the substrate and therefore measure the J-V characteristics on both accumulation 

and inversion regions.  Different devices were used for positive and negative 

bias conditions so that the characteristics were not disturbed due to the stress 

effects such as stress-induced leakage current (SILC).  Split C-V measurement 

for mobility analysis [12] and charge pumping current measurement [13] were 
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extensively used to evaluate the performance of the HfO2 MOSFET’s.  The 

details of these measurements will be discussed in chapters 4 and 5. 

 

2.3  HFO2 MOS CAPACITORS 

2.3.1  Basic C-V and J-V characteristics 

HfO2 MOS capacitors with polysilicon gate have similar C-V behaviors as 

those for SiO2 (Figure 2.4) [14].  The fitting curve from the NCSU CVC 

program is shown as well.   The EOT extracted from the fitting was 13.1 Å, 

which was ~3 Å thinner than CET of 16.4 Å.  A well-behaved C-V curve was 

also observed for a PMOSCAP with p+ polysilicon gate (Figure 2.5).  On the 

other hand, Vfb is located around 0 V, although ideal Vfb must be around +0.7 V 

for lightly doped n-type substrate with p+ polysilicon gate.  While we will show 

in chapter 3 that HfO2 PMOSCAP has a large degree of boron penetration, the 

negative shift observed on Figure 2.5 cannot be explained by the boron 

penetration, which should have a positive shift.  This significant amount of the 

negative shift should be attributed to positive charges in HfO2 film.  Similar 

negative shifts were reported on CVD-deposited HfO2 [15] and PVD-deposited 

HfSiON [16].  The origin of the positive charges is not clear at this moment.  A 

detailed discussion regarding the effects of boron diffusion on PMOS 

characteristics is found in chapter 3. 
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Figure 2.4. C-V characteristics of a HfO2 NMOSCAP with the simulation result 
from the NCSU CVC program. 
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Figure 2.5. C-V characteristics of a HfO2 PMOSCAP with the simulation. 
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Typical J-V characteristics are shown in Fig. 2.3 for different dopant 

activation temperatures.  Well-behaved J-V characteristics were observed 

regardless the activation temperatures.   
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Figure 2.6. Gate leakage characteristics of HfO2 MOSCAP’s.  Dopant 
activation temperature did not strongly alter the leakage behaviors. 

Frequency dispersion of C-V characteristics is a critical concern to any 

high-k dielectric.  While the gate dielectric needs to sustain the dielectric 

characteristics up to the operating high frequencies (i.e. >2 GHz for the most up-

to-date logic LSI), some of the high-k dielectric could loose their high dielectric 

constants due to fundamental mechanism such as ionic polarization [17].  HfO2 

MOSCAP’s have negligible frequency dispersion (Figure 2.7), except high 

voltage and Vfb regions.  The larger capacitance at the high voltage region at the 

lower frequencies is attributed to a leakage current.  We used the two-frequency 

method [18] on our thinnest sample (EOT ~ 10 Å), and confirmed that this 
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increase was due to leakage current.  The slight increase of the capacitance at Vfb 

is due to interfacial states (Dit) that could respond to the measurement 

frequencies.  This Dit term can be eliminated by high-temperature FG annealing, 

which will be discussed in chapter 4.  A more recent study examined the 

frequency dispersion of HfO2 and ZrO2 in short channel CMOS devices [19].  

Similar to SiO2, these dielectrics maintained k up to 20 GHz. 

0

10

20

30

40

50

60

-3 -2 -1 0 1

10 KHz
100 KHz
1 MHz

C
ap

ac
ita

nc
e 

(p
F)

Gate Voltage (V)

         CET~16.3 Å  at 1 MHz
(12.3 Å  with QM correction )

Area = 2.5 x 10- 5/cm2

 

Figure 2.7. Negligible frequency dispersion was observed on HfO2 MOSCAP’s. 

Hysteresis measurements on C-V characteristics were evaluated to 

estimate the amount of charge traps in HfO2.  These charge traps could result in 

the instability of Vt in the actual devices.  It is generally agreed that the 

hysteresis must be below 20 mV.  C-V measurements between –2 and 2V were 

repeated back and forth, and the fourth cycle of the C-V curves was used to 

measure the Vfb difference between the upward and downward curves.  Earlier 
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cycles were not taken to avoid initial charging of the existing traps.  Figure 2.8 

shows negligible hysteresis on a HfO2 NMOSCAP.  CET dependence of the 

hysteresis is shown in Figure 2.9, where HfO2 satisfies the requirement of 20 mV 

at the thickness below 19 Å.  Thicker films have a larger amount of charge traps. 
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Figure 2.8. Hysteresis characteristics of a HfO2 NMOS capacitor. 
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Figure 2.9. Hysteresis dependence on CET of HfO2.  Hysteresis is negligible 
for CET below 19 Å. 
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Although the hysteresis measurement on MOSCAP’s is a handy method to 

estimate the charge traps and is widely used, there are some disadvantages 

regarding its accuracy.  First of all, hysteresis measurements on MOSCAP’s 

cannot stress the dielectric at the inversion region.  When measured in a typical 

dark condition, the channel of MOSCAP’s cannot be fully inverted at the 

inversion region due to insufficient generation of minority carriers, and therefore 

the dielectric field is smaller than appears on MOSFET’s in the inversion region.  

Secondly, the stress condition cannot be quantitative since it is decided by the 

ramping speed of C-V meters and the manual switching when changing the 

sweeping direction.  Bias-temperature instability (BTI) measurement, in which 

constant voltage stress is applied and device characteristics are measured 

periodically, is a more quantitative method to evaluate the charge traps or 

interfacial degradation [20 – 22].  BTI will be discussed in chapter 5. 

 

2.3.2  Physical thickness 

HfO2 MOSCAP’s with a wide range of physical thickness were fabricated.  

Electrical CET is plotted as a function of physical thickness measured by 

ellipsometry (Figure 2.10) for both platinum (Pt) and polysilicon gate electrodes 

[14].  Effective dielectric constant of HfO2 layer and equivalent thickness of the 

interfacial layer can be calculated from the slope and the y-intercept of the plot, 

respectively.  It was found that while the dielectric constant k was similar 

between the two electrodes (~22 and ~24 for polysilicon and Pt, respectively), the 

interfacial layer thickness was thicker for polysilicon (~10 and 7 Å for polysilicon 
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and Pt, respectively).  The additional thermal budget of polysilicon deposition 

and dopant activation for the polysilicon samples grew the thicker interfacial layer 

without changing k of the HfO2 film. 

The gate leakage current of the HfO2 MOSCAP’s was reduced for the 

thicker films.  Figure 2.11 compares leakage current dependence on the 

equivalent thickness (Jg-EOT) between HfO2 and SiO2.  For the entire thickness 

range explored, HfO2 had lower leakage current than SiO2 by four orders of 

magnitude or more. 
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Figure 2.10. CET as a function of physical thickness.  Thicker interfacial layer 
was grown on polysilicon gate samples than those with Pt gate. 



 38

10-7

10-4

10-1

102

0 10 20 30 40 50

SiO
2

HfO
2

Jg
 @

 V
g=

1.
0V

 (A
/c

m
2 )

EOT (Å)

NMOS
with n+ Gate

 

Figure 2.11. Gate leakage current dependence on equivalent oxide thickness for 
HfO2 and SiO2.   

While it was confirmed that HfO2 had a lower leakage current than SiO2, 

there is a question whether the leakage current mechanism is universal throughout 

different oxide thickness or not.  Ghetti et al. showed that the mechanism could 

change from quantum-mechanical tunneling to trap-assisted current as the 

dielectric thickness increased [23], if the trap density was high enough.  In order 

to examine the mechanism, temperature dependence of the leakage current was 

investigated for two kinds of HfO2 MOSCAP’s with different dielectric thickness.  

Figure 2.12 shows Jg-Vg characteristics.  The temperature dependence of Jg for 

an EOT of 13 Å is surprisingly small, when taking into account Vfb shift at higher 

temperatures.  On the other hand, the HfO2 MOSCAP with a 25-Å EOT showed 

a much larger temperature dependence (Figure 2.13).  It was concluded that the 

leakage current mechanisms are direct tunneling and trap-assisted tunneling for 
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the 13 and 25 Å devices, respectively.  The result indicates the extrapolation of 

the Jg-EOT relationship may need to be modified from the simple straight line to 

two different curves according to the different mechanisms. 
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Figure 2.12. Jg-Vg characteristics of HfO2 MOS capacitors with an EOT ~ 13 Å 
for three different temperatures.  Negligible temperature 
dependence was observed. 
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Figure 2.13. Large temperature dependence indicates a trap-assisted mechanism 
of the current with an EOT ~ 25 Å. 
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2.3.3  Thermal budgets: PDA and dopant activation 

Post-deposition annealing is a critical process step which effects the EOT 

and leakage current of HfO2 MOSCAP’s [2, 14].  On one hand, a smaller 

thermal budget is preferred to suppress the increase of the interfacial layer.  On 

the other hand, a larger thermal budget is necessary to complete the oxidation of 

the HfO2 layer and to obtain a more robust interface that is advantageous to 

achieve higher mobility.  Figure 2.14 shows EOT and leakage current 

dependence on PDA temperatures (400, 500, and 600°C) for the similar physical 

thickness of  ~50 Å.  As expected, CET was minimum at the lowest 400°C, 

while the leakage current was the lowest at 600°C.  On the other hand, it was 

found that mobility of HfO2 MOSFET’s was the lowest on the lowest PDA 

temperature (400°C), which is not desirable for the optimization of the HfO2 

MOSFET’s.  Therefore, 500°C was used as the standard PDA temperature in 

this dissertation. 
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Figure 2.14. PDA temperature dependence of CET and Jg. 
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Among all the process steps in the HfO2 MOSFET fabrication, the dopant 

activation step has the highest temperature and could have been the most critical 

step affecting the equivalent oxide thickness of the HfO2 devices.  Figure 2.15 

shows a summary of the activation temperature dependence of CET and Jg of 

NMOS capacitors.  Despite a temperature higher than any other steps, CET did 

not increase even after the 1000°C dopant activation.  Figure 2.16 shows TEM 

cross sections of NMOS capacitors with activation temperatures of 900 and 

1000°C.  The physical thickness of the interfacial layer was not changed 

between 900 and 1000°C activations.  It is speculated that additional growth of 

the low-k interfacial layer during the dopant activation was prevented since the 

polysilicon gate electrode functions as a diffusion barrier against oxygen.  Figure 

2.16 also indicates crystallization of the HfO2 layer for both of the temperatures, 

whereas the extent of the crystallization was larger for 1000°C.  It should be 

emphasized that CET and Jg were not significantly affected by the crystallization. 
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Figure 2.15. CET increased as PDA temperature went up, while Jg decreased. 
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Figure 2.16. Interfacial layer thickness was not different between 900 and 1000°C 
activations.  HfO2 crystallization was more pronounced on 1000°C 
sample. 

2.3.4  Poly depletion effect 

In addition to the QM effect, poly depletion effect (PDE) is another issue 

that degrades the capacitance at the inversion region.  Polysilicon gate has been a 

key technology for realizing self-align process and dual work function by 

implanting different doping types.  However, the polysilicon depletion region 

induced during operating conditions contributes as a series capacitance to the gate 

capacitance and therefore degrades the gate capacitance.  In addition, this 

degradation is more pronounced on the thinner gate dielectrics [24, 25].  Figure 

2.17 (a) shows C-V characteristics of NMOSFET’s.  The inversion capacitance 

of NMOSFET’s is degraded by ~25 % compared to that of the accumulation 

capacitance due to PDE.  Similar degradation was observed on PMOSFET’s also 

(Figure 2.17 (b)), but the extent was more significant (~40 %).  This is probably 
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due to the lower activation temperature applied to PMOS (900°C) than that to 

NMOS (950°C).  The temperature was decreased for PMOS in order to avoid 

too much boron penetration.  The correlation between PDE and the boron 

penetration will be discussed with some more details in chapter 3. 
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Figure 2.17. MOSFET C-V characteristics for NMOS (a) and PMOS (b). 
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The extent of PDE was calculated in [24], 

)(1
1

Sioxpox

inv

CETWC
C

εε+
= , (2.2)  

where Wp is the depletion layer width in polysilicon.  Cinv/Cox was calculated 

using equation (2.2).  PDE is more severe for the thinner CET and the lower poly 

doping concentration.  The simulation results are shown on Figure 2.18.  The 

25 % degradation obtained on the HfO2 NMOSFET matched well with the 

prediction, since the CET of the device was ~16 Å and doping concentration was 

~ 1 × 1020 cm-3 from the resistivity measurement (Figure 2.3). 
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Figure 2.18. Theoretical calculation of poly depletion effect dependence on poly 
doping concentrations. 

Figure 2.19 shows the measured physical thickness dependence of the 

CET’s at both accumulation and inversion conditions.  Interestingly, regardless 

of the physical thickness, the difference between the two conditions was nearly 
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constant at ~5 Å.  Consequently, Cinv/Cox is more degraded for the thinner 

physical thickness. 
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Figure 2.19. Physical thickness dependence of equivalent oxide thickness at 
accumulation (CETacc) and inversion (CETinv) regions. 

2.3.5  Surface nitridation technique 

Surface nitridation (SN) technique is effective in reducing the EOT of 

high-k gate dielectrics, and it was explored with various materials such as Ta2O5 

[26], ZrO2 [27], and HfO2 [15, 28, 29].  MOS capacitors with the SN technique 

generally showed thinner EOT while TEM analysis on these films revealed that a 

physically thicker interfacial layer had been formed.  Therefore, interfacial 

layers with a higher dielectric constant were expected with the SN technique 

compared to those without the technique, where SiO2-like interfacial layer was 

observed by XPS analysis [30].  Various chemical compositions of the 

interfacial layer were reported for the SN technique, including non-stoichiometric 
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SiNx [31] and silicates [27].  It is also generally agreed that NH3 annealing, in 

particular at a lower temperature, yields SiON layer with high nitrogen 

concentration [32].  The SN technique forms layers with a higher dielectric 

constant and could result in a smaller EOT, despite the increased physical 

thickness. 

Reduction in EOT was also observed on our HfO2 NMOS capacitors with 

polysilicon gate electrode.  Figure 2.20 shows C-V characteristics of NMOS 

capacitors with and without the SN technique.  EOT was reduced by ~3 Å using 

the SN technique.  Figure 2.21 shows gate leakage current dependence on EOT.  

Unlike those of HfO2 prepared with the SN technique and a TaN metal gate [28], 

our NMOS capacitors with polysilicon gate did not show a clear decrease of 

leakage current for a given EOT although the scalability was extended with some 

increase in the leakage current.  A minimum EOT of 10 Å was achieved with the 

SN technique. 

0

1

2

3

-2.5 -2 -1.5 -1 -0.5 0

With SN, EOT ~ 10 Å
w/o SN, EOT ~12 ÅC

ap
ac

ita
nc

e 
(µ

F/
cm

2 )

Gate Voltage (V)

NMOSCAP's
HfO

2
 T

phys
 ~ 50 Å

 

Figure 2.20. C-V characteristics comparison between those with and without the 
SN technique.  The SN technique reduced EOT by ~3 Å. 
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Figure 2.21. Jg dependence on EOT.  The SN technique extended the scalability 
of HfO2 with polysilicon gate down to 10 Å. 

Effects of the SN technique on dopant penetration and MOSFET mobility 

will be discussed in chapters 3 and 4. 

 

2.4  SUMMARY 

In summary, chapter 2 described a detailed fabrication process flow and 

basic electrical characteristics of HfO2 devices.  The process flow was discussed 

emphasizing integration of the HfO2 dielectric into MOSFET fabrication.  One 

of the initial problems was etchablity of HfO2 after high-temperature processes, 

and was resolved by etching the film just after dopant implantation and before its 

activation.  S/D oxidation was implemented to cure damages incurred during the 

implantation and this HfO2 etching.   
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Well-behaved C-V and J-V characteristics were obtained with polysilicon 

gate HfO2 MOS capacitors, indicating that HfO2 was compatible with the high-

temperature processes of polysilicon gate.  Whereas the dielectric constant of the 

HfO2 layer was comparable between the polysilicon gate and Pt metal gate 

samples, slight increase of the low-k interfacial layer was observed on polysilicon 

gate samples from a comparison between physical and electrical thickness.  

HfO2 NMOS capacitors have lower gate leakage current than that of SiO2 by 4 

orders or more, and showed excellent frequency dispersion and hysteresis 

characteristics.  While NMOS capacitors exhibited ideal Vfb, PMOS C-V curves 

showed negative shifts, indicating positive charges in the HfO2 film.  Electrical 

thickness was discussed in terms of the quantum mechanical effect.  The 

measured curves were simulated to calculate EOT, and a minimum EOT of ~12 

and ~10 Å were obtained for without and with the surface nitridation technique, 

respectively.  A significant amount of poly depletion effect was observed on the 

inversion capacitance of HfO2 MOSFET’s, but they are still within the limits 

predicted for SiO2 MOSFET’s. 

The following chapters will discuss the detailed characteristics of HfO2 

MOSFET’s. 
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CHAPTER 3 

Dopant Penetration through HfO2 Gate Dielectrics 

 

3.1  MOTIVATION 

This chapter will discuss dopant penetration through HfO2 and the 

resulting electrical characteristics of the MOSFET’s.  Boron penetration through 

gate dielectrics has been a big issue since dual-gate CMOS technology was 

employed.  We will first review the nature and the history of the boron 

penetration problem for SiO2 and SiON dielectrics in section 3.2. 

The experimental setup and the results will be discussed in section 3.3.  It 

will be shown that the HfO2 dielectric suffered boron penetration and it resulted in 

instabilities of Vt and Vfb.  There is a trade-off between the extents of boron 

penetration and dopant activation.  The boron atoms that penetrated into the Si 

substrate also caused channel mobility degradation.  Gate leakage characteristics 

and charge trapping behaviors were not strongly affected by boron penetration.  

A surface nitridation (SN) technique was examined as a possible solution for 

boron penetration.  It was found that the SN technique was effective for blocking 

the penetration, although it had an adverse effect of mobility degradation. 
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3.2  DOPANT PENETRATION THROUGH SIO2 AND SION 

3.2.1  SiO2 and SiON 

Polysilicon has served as a primary gate electrode material for more than 

three decades, and it was n+-doped polysilicon that had been predominantly used 

for gate electrodes of both N and PMOSFET’s for a long time.  The n+ gate on 

PMOSFET’s was adequate for achieving buried channel devices, which had 

higher hole mobility than surface channel PMOSFET’s, and was also effective in 

reducing the process cost by using the same n+ gate for both N and PMOSFET’s.  

However, the buried channel devices had disadvantages such as poor turn-off 

characteristics and lower punchthrough voltage, and could not survive the 

technology node of 0.35 µm or beyond.  Dual-gate technology, where n+ and p+ 

doping are used for N and PMOSFET’s, respectively, has since then been 

implemented in order to achieve the surface channel devices.  The surface 

channel PMOSFET was found effective in resolving short channel effects and 

punchthrough problems, and therefore in achieving sub-micron devices [1].  The 

surface channel PMOSFET was also adequate for operating at liquid-nitrogen 

temperature without freeze-out effect [2]. 

The surface channel PMOSFET’s need to use boron as a dopant for the p+ 

gate.  On the other hand, boron has been known to segregate into SiO2 [3].  

Therefore in the presence of the heavily doped p+ gate, the SiO2 gate dielectric 

takes up boron, and the segregated boron in the SiO2 can diffuse into the Si 

substrate.  This is the boron penetration problem.  The boron penetration 

problem was observed even for relatively thick gate oxide (12.5 nm) by Wong 
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and Lai [4], and strong dependence on process parameters was already reported.  

They found that the penetration was enhanced by hydrogen in the SiO2 film.  

This issue has been extensively discussed as the industry started incorporating the 

dual-gate technology into development.  Sun et al. reported boron penetration on 

0.5 µm CMOS technology with a gate oxide thickness (tox) of 10 nm, and found 

that the diffusion enhancement by hydrogen was observed not only for forming 

gas (FG) annealing but also by moisture from wet gate oxidation or steam 

annealing [5].  Baker et al. observed the enhancement of the penetration with 

fluorine incorporation, which was introduced when BF2 was used as a source of 

boron implantation [6].  They also observed that the penetration was suppressed 

when the technology was combined with TiSi2 salicide or a co-implant of 

phosphorous into boron-doped p+ gate electrodes.  The same group showed that 

deposition of the polysilicon in an amorphous state can suppress the penetration, 

and this technique can be combined with rapid thermal annealing (RTA) in order 

to achieve sufficient dopant activation [7].  Nitridation of SiO2 (nitrided oxide or 

oxynitride, SiON) appeared to be a solution to this boron penetration problem.  

Morimoto et al. demonstrated that thermally nitrided oxide was immune to 

penetration even with a BF2 implantation [8].  They showed that SiON could be 

scaled down to 2.6 nm without boron penetration.  Various nitridation 

techniques were investigated and succeeded in suppressing the penetration, 

including N2O annealing [9], NO oxidation [10], nitrogen implantation [11], and 

plasma nitridation [12].  A more recent study by Cao on SiO2 down to 17 Å 
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revealed that the diffusivity of boron in SiO2 was further enhanced at the thinner 

tox, and nitridation was inevitable in this thickness range [13]. 

A model to explain boron diffusion in SiO2 and its various process 

dependences was proposed by Fair [14].  In the model, network former 

impurities such as boron can diffuse in SiO2 by reacting with the network or with 

network defects.  Process parameters such as oxidation ambient and 

incorporation of fluorine or hydrogen can increase the concentrations of such 

network defects and result in enhanced boron diffusion through SiO2.  Fair also 

explained the thickness dependence of the boron penetration with enhanced 

generation of these defects due to SiO generation at the interface. 

 

3.2.2  Other high-k materials 

There have been very limited reports on boron penetration through high-k 

gate dielectrics, primarily because there are few high-k dielectrics that are 

compatible with a polysilicon gate electrode. 

Al2O3 is one of a few high-k dielectrics that can have a polysilicon gate 

directly on top of it, and short channel devices were already demonstrated [15, 

16].  However, Al2O3 without any intentional interfacial layer exhibited a 

significant amount of boron penetration even with relatively thick films (50 – 70 

nm in physical thickness and EOT of 37 Å) [17].  They suppressed penetration 

by employing a very thin (~5 Å) interfacial SiON layer.  Another interesting 

observation on Al2O3 was the dependence of mobility degradation on the doping 

type.  Inadequate mobility was one of the biggest problems for Al2O3 [15].  Lee 
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et al. found that PMOS mobility degradation was increased when the doping type 

of a polysilicon gate was switched from p+ (boron) to n+ (phosphorous) [16].  

Phosphorous tends to segregate into Al2O3 and forms non-bridging oxygen, which 

results in negative charges that degrade channel mobility. 

Lee et al. reported that ZrO2 without any surface treatment showed a 

flatband voltage (Vfb) shift due to the boron penetration with dispersive C-V 

characteristics [18].  However, it was revealed by Nieh et al. that ZrO2 was 

reactive with a polysilicon gate and would form a silicide layer.  The gate 

leakage current of polysilicon gate ZrO2 MOSCAP’s increased compared to those 

with metal gates, even though polysilicon/ZrO2 showed somewhat well-behaved 

C-V characteristics [19].  Therefore it was concluded that ZrO2 was not 

compatible with a polysilicon gate electrode. 

Boron penetration through HfO2, its effects on electrical characteristics, 

and the SN technique as a potential solution will be discussed in the following 

sections. 

 

3.3  DOPANT PENETRATION THROUGH HFO2 [20] 

HfO2 MOSFET’s were fabricated with our standard fabrication flow 

described in chapter 2.  High-temperature FG annealing was not performed on 

the samples measured in this chapter, since the FG annealing was performed after 

dopant activation and therefore should not cause any significant effect on the 

dopant penetration. 
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For doping the polysilicon gate electrode and the self-aligned source and 

drain, phosphorous at 30 keV and BF2 at 60 keV were implanted with dose of 5 × 

1015 cm-2 for NMOS and PMOS, respectively. 

The first major process split was the thermal budget of the dopant 

activation.  A wide range of temperatures from 850 to 1000ºC was explored to 

investigate its effects on MOSFET characteristics.  For a more precise analysis 

of the Vfb shift, the temperature was fixed at 950ºC and the duration was varied. 

For selected wafers, the SN technique was used to investigate its effects 

on the boron penetration.  The SN technique was originally intended to grow an 

intentional SiN layer between HfO2 and the Si substrate to prevent the growth of 

low-k interfacial layer.  With the SN technique, the wafer surface was annealed 

in an NH3 ambient prior to the HfO2 deposition.  In this particular experiment, 

600ºC for 30 sec was used in an AET chamber for RTA.  

 

3.3.1  Effects of dopant penetration on C-V and I-V characteristics 

Figures 3.1 and 3.2 show Id-Vg and Id-Vd characteristics of p+ polysilicon 

gate HfO2 PMOSFET’s, in which the dopant has been activated at 900°C for 1 

min. Both curves are well behaved with excellent subthreshold swing of 72 

mV/dec.  
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Figure 3.1. Well-behaved Id-Vg characteristics were observed for a HfO2 
PMOSFET. 
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Figure 3.2. Well-behaved long channel Id-Vd characteristics were observed for a 
HfO2 PMOSFET. 
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The C-V characteristics are shown on Figure 3.3, where the accumulation 

C-V of PMOSCAP’s are shown on the positive Vg side and the split C-V of 

PMOSFET’s are shown on the negative side.  A thin EOT value of 15.1 Å was 

obtained from the devices annealed at 900°C for 1 min.  The positive shifts of Vt 

and Vfb at higher activation temperatures indicate boron penetration from the 

polysilicon gate to the substrate.  Meanwhile, the 850°C device showed 

degraded capacitance due to insufficient activation.  It should be noted that with 

p+ gate on a lightly doped n-type substrate (~3 × 1015 cm-3) the ideal Vfb should be 

around ~0.7 V, but the measured Vfb was 0 – 0.2 V for all the fabricated PMOS 

devices.  This negative shift indicates that there were positive charges inside 

HfO2 films in the PMOS devices, regardless of the extent of the boron 

penetration. 
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Figure 3.3. Slight positive shifts for Vt and Vfb on C-V characteristics with larger 
thermal budgets.  C-V distortion was observed for the 850°C 
sample, on the other hand. 
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The positive Vt shift due to the boron penetration was also observed in Id-

Vg curves as the activation temperature increased (Figure 3.4). 
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Figure 3.4. Id-Vg characteristics of PMOSFET’s.  Positive Vt shift was observed 
at higher activation temperatures. 

Secondary-ion mass spectrometry (SIMS) analysis was performed to 

confirm the boron penetration indicated on the electrical characterizations.  

Samples were prepared on blank silicon wafers, and the same process flow was 

applied to these wafers except the field oxide formation.  The polysilicon gate 

electrode was etched away prior to the analysis in order to obtain a more accurate 

profile in the HfO2 and Si substrate layers.  The SIMS analysis confirmed boron 

penetration at higher thermal budgets (Figure 3.5).  It should be noted that with 

the activation at 950°C for 1 min, the boron penetration was so severe that C-V 

characteristics did not show normal accumulation characteristics, and the drain 

current of PMOSFET’s could not be turned off. 
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Figure 3.5. SIMS analysis confirmed the boron penetration at larger thermal 
budgets. 

Channel hole mobility was evaluated using the split C-V method [21].  

All the equations and parameters regarding the split C-V method will be given in 

chapter 4.  While mobility saturated to the universal curve of SiO2 at high 

effective fields for all the conditions, it was degraded at lower fields for higher 

activation temperatures (Figure 3.6).  This degradation can be attributed to the 

increase in Coulomb scattering from diffused boron atoms. 
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Figure 3.6. Channel carrier mobility at lower fields is degraded at higher 
activation temperatures. 

Unlike PMOS, the NMOS Vfb with a thinner EOT of 12.4 Å was stable up 

to 950°C for 1 min activation (Figure 3.7), indicating no significant phosphorous 

penetration effects. 
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Figure 3.7. Flatband voltage of NMOSCAP’s was stable up to 950 °C (∆Vfb ~ 20 
mV) for activation of 1 min. 
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3.3.2  Surface nitridation (SN) technique: A possible solution 

Figure 3.8 compares C-V characteristics of PMOSCAP’s with and without 

the SN technique.  The SN technique was effective in scaling the EOT of 

polysilicon gate HfO2 PMOSCAP’s, as it was for TaN gate devices [22].  The 

EOT was decreased by ~3 Å for the SN samples compared to those without the 

SN technique with similar HfO2 physical thickness. 
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Figure 3.8. The SN technique enhanced the PMOS capacitance, which translated 
into the EOT reduction of ~3 Å. 

Figure 3.9 compares PMOSCAP’s with and without the SN technique in 

terms of Vfb shift due to boron penetration for different durations of activation 

with a fixed temperature of 950°C.  While those without the SN technique 

showed a steep increase in Vfb at 30 sec, those with the SN remained unchanged 

up to a 30 sec activation and reasonable C-V characteristics were observed even 

for 60 sec.  The effect of the SN technique was confirmed through SIMS 

analysis (Figure 3.10), where the concentration of penetrated boron was strikingly 
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reduced in the silicon substrate.  With a 30 sec activation, the boron penetration 

was negligible, and even with 60 sec the concentration was greatly suppressed 

compared to the PMOSCAP’s without the SN technique.  It should be noted that 

the improvement in Vfb stability was achieved along with thinner EOT. 
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Figure 3.9. Flatband voltage shift was suppressed by surface nitridation. 
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Figure 3.10. SIMS analysis confirmed suppression of the boron penetration by the 
SN technique. 
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One possible drawback of surface nitridation is the quality of the 

dielectric/substrate interface.  Figure 3.11 compares PMOSFET channel mobility 

between devices with and without SN technique.  The mobility of the SN 

devices was degraded by ~40 %.  It was reported that the interface between pure 

silicon nitride and silicon substrate had a large constraint compared to that of SiO2 

and silicon, and thus possesses a large defect density and degraded quality [23].  

According to [23], possible solutions include (i) reduce the thickness of the pure 

nitride layer down to a monolayer and (ii) use oxynitride as an interfacial layer 

and reduce the nitrogen concentration. 
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Figure 3.11. PMOSFET channel mobility was degraded by the SN technique. 

More recent studies on the nitridation of HfO2 layer revealed that the 

nitridation of the top layer [24] or the whole layer [25] were also effective in 

suppressing the boron penetration, while minimizing the mobility degradation.  

It was also found that HfSiO was more capable of incorporating nitrogen and 
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resulting HfSiON was immune to the boron penetration with a little degradation 

in the dielectric constant k [26].  Further studies are undergoing in our group 

regarding the nitridation of Hf-related high-k dielectrics. 

 

3.3.3  Reliability concerns 

Figure 3.12 shows typical Jg-Vg characteristics of PMOSFET’s.  Carrier 

transport through HfO2 is almost independent of the activation condition, while 

breakdown voltage is degraded for the higher thermal budgets.  Charge trapping 

characteristics were tested using constant current stress (CCS) (Figure 3.13).   It 

was found that boron penetration did not alter the trapping behavior significantly, 

although slight decreases of the monitored voltage were observed for smaller 

thermal budgets. 
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Figure 3.12. Jg-Vg characteristics of PMOSFET’s do not change significantly for 
different activation conditions. 



 68

1

1.5

2

2.5

3

1 10 100 1000

850 °C 1 min
900 °C 1 min
950 °C 20 sec
950 °C 1 min

G
at

e 
V

ol
ta

ge
 (V

)

Time (sec)

Dopant Activation

PMOSCAP 5 x 10-5 cm2

Ig = 10 mA/cm2

 

Figure 3.13. Vg as a function of time during CCS was not strongly altered by the 
boron penetration.  Slightly larger degradation in the Vg shift was 
observed for the smaller thermal budgets. 

Time-dependent dielectric breakdown (TDDB) was evaluated on 

PMOSCAP’s [27].  One striking difference from TDDB on NMOSCAP’s, which 

we will discuss in chapter 5, is that the gate leakage current showed a gradual 

increase without clear breakdown.  Figure 3.14 shows time dependent current 

both at the stressing condition (2.5 V) and the periodic monitoring condition (1.5 

V).  Although some devices showed soft-breakdown-like behavior, the leakage 

current gradually increased without hard breakdown.  In order to extrapolate 

lifetime, a practical breakdown criterion of 100 mA/cm2 at 1.5 V was set and 

evaluated for various bias conditions (Figure 3.15).  A fairly tight distribution 

was observed.  
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Figure 3.14. Time evolution of gate leakage current on PMOS capacitors.  While 
stressing at 2.5 V, leakage has been periodically monitored at 1.5 V. 
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Figure 3.15. Tight distributions of time to leakage current of 100 mA/cm2 on 
PMOS capacitors were observed.  The tail of 2.5 V was from soft 
breakdown-like behaviors. 
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A 50 % time-to-failure (to 100 mA/cm2) was extrapolated in Figure 3.16 

for the devices with and without the SN technique.  Both devices showed similar 

behaviors with the 10-year lifetime at Vg of 1.7 V and 1.5 V, respectively.  It 

should be noted that, despite the fact that boron in HfO2 is more concentrated for 

the SN devices due to the barrier effect of the SN layer [20], it did not exacerbate 

the degradation. 
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Figure 3.16. Lifetime extrapolation of PMOS capacitors for time to leakage 
current of 100 mA/cm2. 

Another big reliability concern with HfO2 PMOSFET’s is the negative 

bias temperature instability (NBTI).  This will be discussed in chapter 5. 

 

3.4  SUMMARY 

This chapter discussed dopant penetration through the HfO2 dielectric, 

emphasizing boron penetration on PMOS devices.  The boron penetration was 
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indicated by Vfb and Vt shifts on C-V and I-V characteristics, and it was physically 

confirmed by SIMS analysis.  Although reducing the thermal budget for the 

dopant activation process helped to reduce the penetration, it also resulted in 

insufficient dopant activation.  The diffused boron caused not only the Vt shift 

but also mobility degradation due to Coulomb scattering.   

The SN technique was useful in both reducing EOT and preventing the 

boron penetration.  For a similar physical thickness of ~50 Å, the SN technique 

reduced the EOT from ~15 to ~12 Å for HfO2 PMOSCAP’s.  Boron penetration 

was suppressed with the SN technique so that the activation annealing duration 

could be extended twice as long as that for the control samples.  However, 

mobility degradation remained a major drawback.   

The next chapter will discuss HfO2 MOSFET performance in terms of 

mobility, interfacial state density, and the effects of high-temperature FG 

annealing. 
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CHAPTER 4 

HfO2 MOSFET Performance and Effects of High-Temperature 
Forming Gas Annealing 

 

4.1  MOTIVATION 

The main topic of this chapter is the performance of HfO2 MOSFET’s.  

Section 4.2 will discuss the impact of channel mobility on the performance of 

short-channel devices, and will give the methodology of the evaluation techniques 

used.  The experimental results will be discussed in section 4.3.  Surface 

electron mobility of HfO2 NMOSFET’s with a polysilicon gate electrode was 

studied in terms of the effects of high-temperature forming gas (FG) annealing.  

The high-temperature FG annealing significantly improved the drive current or 

the surface electron mobility of the NMOSFET’s.  Improvements were also 

observed in the subthreshold swings and the C-V characteristics, indicating a 

reduction in the interfacial state density (Dit).  The Dit reduction was 

quantitatively confirmed by charge pumping current measurements.  The 

mobility enhancement was achieved without degrading the equivalent oxide 

thickness (EOT) or the gate leakage current.  Different surface preparations, such 

as NH3 or NO annealing, were explored to examine their effects on the 

NMOSFET performance.  Mobility enhancement due to high-temperature FG 

annealing was also observed on these samples.  Whereas NH3 surface nitridation 

was effective in scaling EOT, the NO-annealed sample exhibited the highest 
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mobility.  Similar improvements were also observed on HfO2 PMOSFET’s, in 

terms of subthreshold swings, drive current, and surface hole mobility. 

 

4.2  AN OVERVIEW OF MOSFET PERFORMANCE 

In this section, the methodology used in this chapter will be discussed.  

Although channel mobility is widely used for evaluating the performance of 

CMOS technologies, it is also well known that the drain current of short-channel 

devices is degraded from that predicted for long-channel devices using low-field 

mobility.  Section 4.2.1 will connect the mobility to short-channel device 

performance.  Sections 4.2.2 and 4.2.3 will discuss the mobility and charge 

pumping current measurements used in this dissertation, respectively. 

 

4.2.1  Low-field mobility and saturation current of short channel devices 

Performance of MOSFET technology is generally evaluated in terms of 

the drain current at the saturation condition (i.e. Vd = Vg = Vdd), and the simplest 

form of the saturation current for a long channel device is expressed as [1], 

2
)( 2

tg
oxeffdsat

VV
L

WCI
−

= µ , (4.1) 

where µeff is the effective channel carrier mobility, Cox is the gate capacitance at 

the inversion condition, and W and L are the width and the length of the channel, 

respectively.  Idsat is proportional to µeff, and µeff is one of the key parameters to 

achieve high-performance CMOS technology. 



 77

The MOSFET channel mobility is generally degraded compared to the 

mobility observed in silicon crystalline [1], due to discontinuity of the crystalline 

structure, roughness at the dielectric/Si substrate interface, dopants, and various 

charges in the dielectric.  On the other hand, Sabnis and Clemens observed on 

NMOSFET’s with a SiO2 gate dielectric a universal relationship between the µeff 

and the effective field in the channel Eeff [2], 

Si

binv
eff

QQ
E

ε
η )( +

= , (4.3) 

where η is a dimensionless fitting constant, Qinv is inversion charge density, Qb is 

substrate charge density, and εSi is the dielectric constant of the Si substrate.  

This universal relationship for NMOSFET’s is fitted well with an η of 1/2, which 

agrees with the number calculated for the average field experienced by channel 

electrons [3].  An η of 1/3 – 1/2.5 is generally used for SiO2 PMOSFET’s [4, 5]. 

For shorter channel devices, on the other hand, equation (4.1) is not valid 

anymore, since the velocity of the carriers starts deviating from a linear function 

of the lateral channel field at high fields in a short channel.  Sodini et al. 

modeled the velocity dependence on the lateral field as [6], 

C

eff

EE
E

v
+

=
1

µ
, CEE ≤  (4.3) 

 satv= , CEE >  (4.4) 

where E is the lateral electric field, EC is the critical field, at which the carriers are 

velocity-saturated and is equal to 2vsat/µeff, where vsat is the saturation velocity at 

high fields.  The velocity approaches µeffE at the low field limit.  By using 

equation (4.3), the saturation current equation for short channel devices is 

modified to, 
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It should be noted that at the long channel limit (L → ∞), equation (4.5) 

approaches equation (4.1).  On the other hand, for the short channel limit (L → 

0), the equation will approach, 

)( tgoxsatdsat VVCWvI −= . (4.6) 

With this limit, the saturation current does not depend on the channel length or 

mobility µeff, but on the saturation velocity vsat. 

While the above discussion on carrier velocity assumes the drift-diffusion 

approximation under thermal equilibrium, this model may not apply to the very 

short channel devices.  Laux and Fischetti used a Monte-Carlo simulation and 

found that, at the short channel limit, some of the carriers did not experience 

scattering and the average velocity could exceed vsat [7].  This phenomenon is 

called velocity overshoot.  The drain current of short channel devices is not 

limited by vsat, but by some other mechanism. 

Lundstrom pointed out from scattering theory that the drain current at the 

saturation condition was dominated by the thermal injection velocity vT at the 

source side [8].  At the short channel limit, the drain current is still expressed by 

equation (4.6), but vsat will be replaced with vT.   

)( tgoxTdsat VVCWvI −= . (4.7) 

This vT is larger than vsat by a factor of 1.5 – 2 [3].  His group evaluated Idsat of 

existing technologies and found that it was still far less than the ballistic limit 

given by equation (4.7) [9].  In the Lundstrom’s theory, the deviation of Idsat 
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from the ballistic limit comes from a backscattering effect at the source edge of 

the channel, and this backscattering is correlated to the mobility µeff.  With the 

scattering theory, the saturation current for the intermediate channel length can be 

written as [8], 
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, (4.8) 

where µn
0 is the low-field mobility, and E(0+) is the channel electric field.   

Having said that the ballistic limit of the drain current exists as equation 

(4.7), how close are we to this limit with the most up-to-date technologies?  Is it 

still meaningful to use the long-channel mobility as a figure-of-merit for transistor 

performance?  Lochtefeld and Antoniadis carefully evaluated the electron 

velocity at the source side of the NMOSFET channel with Leff < 50 nm [10].  

The measured velocity was merely ~40 % of the anticipated thermal velocity, and 

it was therefore confirmed that the mobility had a contribution to the saturation 

drain current.  The same group also examined the correlation between the long 

channel mobility and the carrier velocity at the source side for a similar 

technology with Leff ~ 45 nm by intentionally applying a mechanical strain on the 

wafer [11].  They found that the correlation factor of δveff/δµeff was 0.44 – 0.46.  

It was concluded that the low-field mobility was still of crucial importance to 

carrier velocity and hence to saturated drive current. 
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4.2.2  Measurement methodology 

The effective mobility at low lateral fields is calculated using the gradual 

channel approximation, 

)()(
)(

ginv

dd
geff VQLW

VI
V =µ , (4.9) 

where Qinv is the inversion charge density.  Qinv was conventionally calculated 

using the charge sheet model, 

)()( tgoxginv VVCVQ −= . (4.10) 

The charge sheet model assumes that when Vg is larger than Vt, the surface 

potential φS is pinned at 2ψB and the rest of the gate voltage will be used as the 

voltage across the gate oxide.  However, this simple equation results in an error 

in Qinv, particularly in the low field regime (Vg ~ Vt), where the surface potential 

does not follow the charge sheet model.  Instead, the split C-V method is being 

widely used in order to accurately evaluate Qinv [12]. 

∫ ∞−
= gV

gggsginv dVVCVQ )()( , (4.11) 

where Cgs is the capacitance between gate and channel.  One concern regarding 

this split C-V method is that Cgs tends to be underestimated due to the channel 

resistance, when C-V is measured at high frequencies.  Although we typically 

measure C-V characteristics at 1 MHz, it was confirmed by measuring the 

frequency dispersion that the MOSFET C-V was not distorted by this high 

frequency, except a slight increase of the capacitance at Vg ~ Vfb due to Dit present 

in the devices. 

For the calculated Qinv from equation (4.11), the effective field and 

mobility were calculated using equations (4.3) and (4.9), respectively.  In 
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equation (4.3), η of 1/2 and 1/2.5 were used for N and PMOSFET’s, respectively.  

The measured µeff-Eeff relationships were compared to the universal curves of SiO2 

MOSFET’s.  The equations were taken from [5] and can be expressed as, 

67.1, )75.0(1
630

eff
neff E+

=µ , (4.12) 

and 

)45.0(1
185

,
eff

peff E+
=µ , (4.13) 

for N and PMOSFET’s, respectively. 

 

4.2.3  Interfacial state density Dit and charge pumping current measurement 

Interfacial state density Dit is another important parameter to evaluate the 

MOSFET performance.  Large Dit will lead to the Vt instability, degradation in 

subthreshold swing, and mobility degradation due to the trapped charges in Dit [4, 

13].  The Dit distribution in the Si band-gap at the dielectric/Si substrate interface 

was conventionally evaluated by a quasi-static C-V measurement [14].  

However, as the gate dielectric thickness has been scaled down to the regime 

where the direct tunneling current is significant, C-V characteristics at low 

frequencies cannot be quantitatively measured.  Charge pumping current 

measurement is effective in quantitatively evaluating the Dit [15].  The charge 

pumping current measurement exploits the recombination current between 

trapped inversion carriers at the interfacial states and substrate majority carriers (it 

“pumps” the inversion charges to the substrate).  The charge pumping current Icp 

was most simply expressed as, 
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itGcp NfAI ⋅⋅= , (4.14) 

where AG is the gate area, f is the gate pulse frequency, and Nit is the surface 

charge density.  Groeseneken et al. gave a more detailed analysis on the charge 

pumping current measurement [16].  They studied dynamics of the carriers 

during the charge pumping, found that interfacial states within a fraction of the 

band-gap could contribute to the pumping, and succeeded in explaining the 

current dependence on the various measurement conditions.  The resulting 

charge pumping current for square pulses can be expressed as, 
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where, vth is the thermal velocity of the carrier, ni is the intrinsic carrier 

concentration in silicon, σn and σp are the capture cross sections of electrons and 

holes, respectively, ∆Vg is the height of the gate pulse, and tf and tr are the falling 

and the rising time of the pulse, respectively.  For the following sections, the 

charge pumping current measurement was used to evaluate the interface quality of 

the HfO2 MOSFET’s.  Typically, measurement set-ups are f = 1 MHz, ∆Vg = 2 V 

(±1 V), tf = tr = 50 nsec, and AG = 5 × 10-5 cm2.  Since the interfacial layer 

between HfO2 and the Si substrate has a composition close to SiO2 [17], σn = σp = 

4 × 10-16 cm2 and vth = 1.55 × 107 cm/s were taken from [16]. 
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4.3  EXPERIMENTAL RESULTS 

4.3.1  High-temperature forming gas annealing [18, 19] 

One of the major challenges in the high-k gate dielectrics is controlling the 

quality of the interface between the high-k dielectric and the Si substrate.  It was 

revealed by an XPS analysis that HfO2 with polysilicon gate electrode formed an 

interfacial layer between HfO2 and the Si substrate that has a composition close to 

SiO2 [17].  On the contrary, surface electron mobility in the HfO2 NMOSFET’s 

was generally inferior to that of SiO2 [20, 21].  The degraded mobility was often 

observed along with poor subthreshold swings, indicating that Dit was not 

minimized.  In this section, we will discuss the carrier mobility in HfO2 

MOSFET’s in terms of the effects from high-temperature (>400°C) forming gas 

(FG) annealing.  The high-temperature FG annealing was intended to reduce the 

Dit between HfO2 and Si substrate, and to examine the effect of the Dit reduction 

on the electron mobility.  It was found that the high-temperature FG annealing 

was effective in improving the electron mobility.  Dit reduction was confirmed 

through electrical characterizations such as C-V curves, subthreshold swings, and 

charge pumping currents.   

Different surface preparations such as NH3 or NO annealing were also 

compared on HfO2 NMOSFET’s to investigate their effects on the EOT and the 

MOSFET performance.  Prior to HfO2 deposition, these selected wafers were 

annealed in NH3 and NO ambient for 30 sec at 600 and 700°C, respectively. 

In order to examine the effects of the high-temperature FG annealing, 

selected wafers were annealed in the FG ambient with 4 % of H2 in N2 at the 



 84

temperatures of 500 and 600°C for 30 min after the S/D activation and the contact 

etching.  This annealing was applied prior to Al interconnect deposition to avoid 

junction spiking at the S/D regions. 

 

4.3.2  HfO2 NMOSFET performance 

Id-Vg characteristics of HfO2 NMOSFET’s with an EOT of 13 Å are shown 

in Figure 4.1 (a) and (b) in linear and log scales, respectively, comparing three 

different FG annealing temperatures.  As the FG annealing temperature 

increased, the current drive increased along with a slight reduction in threshold 

voltages (Figure 4.1 (a)).  The subthreshold characteristics are shown in Figure 

4.1 (b), and the trend of the subthreshold swings is summarized in the inset.  The 

subthreshold swings were decreased as the FG annealing temperature increased.  

Using the 600°C FG annealing, the subthreshold swing was reduced down to 64 

mV/dec, which is close to the Dit-free ideal value (i.e. 60 mV/dec). 
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(b) 

Figure 4.1. Id-Vg characteristics of the HfO2 NMOSFET’s with an EOT of 13 Å, 
for three different FG annealing temperatures, in linear (a) and log 
(b) scales, respectively. 

Id-Vd characteristics in Figure 4.2 confirmed the improvement in the drive 

current in the saturation region also.  The relationship between effective mobility 
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(µeff) and effective field (Eeff) of channel electron was evaluated for different FG 

annealing temperatures in Figure 4.3.  The mobility was calculated using the 

split C-V method [4] using equation (4.11).  η = 1/2 was used for NMOSFET’s 

[4, 5].  Universal relationship between µeff and Eeff for SiO2 NMOSFET’s [5] is 

also shown to compare with the measured data on HfO2.  The mobility was 

enhanced at the higher FG annealing temperatures for whole range of Eeff, 

although it was inadequate compared to the universal curve.   
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Figure 4.2. Id-Vd characteristics of the HfO2 NMOSFET’s with an EOT of 13 Å 
for FG annealing at 400 and 600°C.  Drain current at the saturation 
region was also improved at the 600°C FG annealing. 
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Figure 4.3. Effective channel electron mobility (µeff) of HfO2 NMOSFET’s as a 
function of effective electric field (Eeff), for three different FG 
annealing temperatures. 

C-V characteristics of NMOSFET’s are compared between 400 and 600°C 

FG annealing (Figure 4.4).  Capacitance at both accumulation and inversion 

regions were not degraded by the high-temperature FG annealing.  The reason 

for the slight enhancement of the capacitance for the 600°C FG annealing is not 

clear at this moment.  Dit reduction at the 600°C FG annealing was observed as 

the steeper increases of the capacitance at both flatband and threshold voltages. 
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Figure 4.4. C-V characteristics of HfO2 NMOSFET’s.  Steeper C-V curves at 
the vicinities of both Vfb and Vt indicate the reduction in Dit for the 
higher FG annealing temperature. 

Charge pumping current is effective in quantitatively evaluating the Dit 

[16].  Figure 4.5 (a) shows the measured charge pumping currents on the HfO2 

NMOSFET’s.  Linear dependence of the current on the frequency was observed, 

and the current was reduced at the higher FG annealing temperatures.  Dit was 

calculated using Groeseneken’s formula [16], and summarized in Figure 4.5 (b).  

At the 600°C FG annealing, Dit was reduced down to 3.7 × 1011 cm-2.   
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Figure 4.5. (a) Charge pumping current as a function of gate pulse frequency for 
three different FG annealing temperatures.  (b) Dit calculated from 
the charge pumping currents.  Dit was reduced down to 3.7 × 1011 
cm-2 at the FG annealing of 600°C. 
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It should be emphasized that all the improvements discussed above were 

achieved without degrading EOT and gate leakage, as shown in Figure 4.6.  

Figure 4.7 compares gate leakage characteristics of NMOS capacitors between 

400 (a) and 600°C (b) for three different measurement temperatures.  The shifts 

of the minimum points of the gate currents were due to the flatband voltage shifts 

at the higher temperatures.  At the high positive gate voltage, the current was 

limited by the electron generation rate at the p-substrate.  Negligible temperature 

dependence of the leakage was observed on both samples, except the slight 

flatband voltage shifts, indicating a tunneling type mechanism of the leakage.  

The high-temperature FG annealing did not change the conduction mechanism.  

Slightly lower breakdown voltage was observed for the 600°C annealing.   
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Figure 4.6. EOT and gate leakage current (Jg) as functions of the FG annealing 
temperature.  High-temperature FG annealing did not degrade the 
EOT and the Jg of HfO2 NMOS capacitors. 
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Figure 4.7. Temperature dependence of the Jg-Vg characteristics of the HfO2 
NMOS capacitors with an EOT of 13 Å for FG annealing at 400 (a) 
and 600°C (b).  The high-temperature FG annealing did not change 
the leakage current, while the breakdown voltage was slightly 
decreased. 
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Figure 4.8 compares maximum transconductance (Gmmax) of HfO2 and 

SiO2 MOSFET’s with various annealing conditions with respect to Gmmax for 

400°C FG annealing of each dielectric.  Unlike HfO2, Gmmax of SiO2 was not 

further improved after the high-temperature FG annealing.  It should be noted 

that µeff-Eeff relationship of SiO2 MOSFET’s was close to the universal curve 

regardless of the FG annealing temperature (data not shown), indicating that 

400°C FG annealing was sufficient for terminating dangling bonds at the interface 

between SiO2 and the substrate.  It was speculated that the diffusion of hydrogen 

through HfO2 was greatly retarded compared to that through SiO2.  In Figure 4.8, 

Gmmax of a HfO2 MOSFET with 600°C N2 annealing was also compared to other 

FG annealing conditions.  The 600°C N2 annealing improved Gmmax compared 

to 400°C FG annealing, but not as much as 600°C FG annealing.  It was 

confirmed that hydrogen was essential for improving the mobility of HfO2 

MOSFET’s. 
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Figure 4.8. Comparison of maximum transconductance (Gmmax) of HfO2 and 
SiO2 MOSFET’s with various annealing conditions.  Unlike HfO2, 
Gmmax of SiO2 was not further improved after the high-temperature 
FG annealing.  600°C N2 annealing did not improve HfO2 Gmmax as 
much as 600°C FG annealing, indicating that hydrogen was essential 
for improving the mobility of HfO2 MOSFET’s. 

4.3.3  Effects of surface treatments 

Surface preparation is another parameter that significantly affects the 

MOSFET performance.  Figure 4.9 compares C-V characteristics of HfO2 

NMOSFET’s with the similar physical HfO2 thickness of ~50 Å for three 

different surface preparations; i.e. control without any pre-deposition annealing, 

NH3 annealing at 600°C for 30 sec, and NO annealing at 700°C for 30 sec.  By 

using the NH3 annealing, an EOT of ~10 Å was achieved, while the NO annealing 

increased the EOT up to 15 Å.  Figure 4.10 summarizes electron mobility for 

these surface preparations.  Figure 4.10 (a) compares mobility at a fixed Eeff of 1 
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MV/cm, where all the preparations showed mobility improvements at the higher 

FG annealing temperatures.  Figure 4.10 (b) shows µeff-Eeff relationships for the 

FG annealing at 600°C.  The NO annealing yielded the highest mobility for the 

whole Eeff range.  (It should be emphasized that the EOT was the highest for the 

NO-annealed samples.)   
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Figure 4.9. C-V characteristics of HfO2 NMOSFET’s with different surface 
treatments.  For the similar physical thickness of ~50 Å, the NH3 
surface annealing has achieved an EOT of  ~10 Å.  Those without 
surface annealing and with NO annealing have EOTs of 13 and 15 Å, 
respectively. 
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Figure 4.10. (a) Electron mobility (µeff) comparison at a fixed Eeff of 1 MV/cm for 
different surface preparations and different FG annealing 
temperatures.  Mobility improvement was observed for all the 
surface preparations.  (b) µeff as a function of Eeff for different 
surface preparations.  EOTs are ~13, 10, and 15 Å for the control, 
NH3-annealed, and NO-annealed samples, respectively. 
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4.3.4  HfO2 PMOSFET performance 

Id-Vg characteristics of HfO2 PMOSFET’s with an EOT of 14 Å are shown 

in Figure 4.11 (a) and (b) in linear and log scales, respectively.  The high-

temperature FG annealing similarly improved the Id-Vg characteristics for the 

PMOSFET’s in both drain currents (Figure 4.11 (a)) and subthreshold swings 

(Figure 4.11 (b)), while the improvements were not as pronounced as those of the 

NMOSFET’s.  The subthreshold swing was reduced down to 63 mV/dec with 

the FG annealing at 600°C.  The channel hole mobility was improved 

accordingly as shown in Figure 4.12, where η = 1/2.5 was used to calculate the 

Eeff in (3) [5].  Although the mobility saturated to the universal curve of SiO2 at 

the high Eeff for all the FG temperatures, the improvement was clearly observed at 

the relatively lower Eeff region. 
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Figure 4.11. Id-Vg characteristics of the HfO2 PMOSFET’s with an EOT of 14 Å, 
for three different FG annealing temperatures, in linear (a) and log 
(b) scales, respectively.  Similar performance improvements were 
observed as those for the NMOSFET’s. 
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Figure 4.12. Effective channel hole mobility (µeff) of HfO2 PMOSFET’s as a 
function of effective electric field (Eeff), for three different FG 
annealing temperatures. 

4.3.5  Discussion on the high-temperature FG annealing 

Electron effective mobility of NMOSFET’s with the SiO2 gate dielectric is 

generally categorized into 3 regions; i.e. the Coulomb scattering region at the 

lower Eeff, the phonon scattering region at the intermediate Eeff, and the surface 

roughness scattering region at the higher Eeff [4].  The behavior of the mobility 

degradation in the high-field surface roughness region was attributed to the 

physical morphology of the interface between SiO2 and Si substrate, and its 

dependence on Eeff was expressed as the universal relationship [22]. 

In Figure 4.3, the mobility improvement in the HfO2 NMOSFET’s by the 

high-temperature FG annealing was observed for all the Eeff range, but it was 

more pronounced at the mobility peak in the lower Eeff region.  This is due to the 
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reduction in the Coulomb scattering, since the high-temperature FG annealing 

improved Dit as discussed above and Dit is known to degrade the mobility at the 

Coulomb scattering region due to trapped charges [4, 13].  On the other hand, 

mobility improvement at the higher Eeff cannot be attributed to the surface 

roughness mechanism since the temperatures of the FG annealing used in this 

study were so low (≤600°C) that the surface morphology would not be changed.  

However, the mechanism of the high Eeff mobility degradation is still an open 

question, due to inconsistent data from different groups.  While some group 

observed a reasonable correlation between the model and the measurement results 

[23], some other found a significant discrepancy [24].  In addition, studies on 

various nitrided SiO2 (SiON) have revealed that the high field mobility of SiON 

can be higher than that of the universal curve for SiO2 [25, 26].  Since no clear 

difference in the interfacial morphology was observed between SiO2 and SiON, 

Dit reduction inside the conduction band of Si substrate due to nitridation was 

proposed to explain this improvement [26].  Therefore, a similar mechanism 

could play some role in improving the mobility at high Eeff in HfO2 NMOSFET’s. 

For the samples in our study, the optimum mobility at the higher FG 

annealing temperature is still inadequate compared to that of the SiO2 universal 

curve.  The mechanism is not clear yet, but possible degradation models have 

recently been proposed, such as wave function penetration [27] and increased 

remote phonon scattering with high-k dielectrics [28].   

The mobility improvement with the NO-annealed samples is attributed to 

a thicker and more robust interfacial SiON layer grown by the NO annealing.  
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This trend can be correlated to the proposed theories [27, 28], since the thicker 

interfacial layer is effective in both reducing wave function penetration [27] and 

keeping distance between the channel and the high-k material [28].  On the other 

hand, the NH3 annealing degraded the mobility.  This is speculated to be due to 

excess nitrogen concentration in the interfacial layer, since the concentration in 

SiON grown by NH3 annealing is higher than that of NO annealing [29], and the 

higher concentration compels more Si bonding constraints at the interface [30]. 

The extent of the mobility improvement in the HfO2 PMOSFET’s was 

relatively limited compared to that of the NMOSFET’s, because the mechanism 

that determines the universality is different.  The phonon scattering plays a more 

significant role to determine the hole mobility [4], which is independent from the 

interfacial states and therefore is relatively insensitive to the reduction in Dit.  

The hole mobility of the HfO2 PMOSFET’s, on the other hand, is closer to the 

SiO2 universal curve than the electron mobility of the NMOSFET’s is.  This 

result also agrees with the model, in which the universality of PMOSFET 

mobility is attributed to the phonon scattering and is therefore insensitive to the 

dielectric material.  Similar trend was observed for various high-k gate 

dielectrics, such as Ta2O5 [31, 32] and MOCVD HfO2 [20].   

 

4.4  HFO2 MOSFET’S ON (100) AND (111) SILICON SUBSTRATES [33] 

HfO2 MOSFET’s on (100) and (111) substrates were compared to 

investigate the mechanism of the inadequate mobility.  It is well known for SiO2 

devices that NMOSFET channel mobility on (111) substrates is lower than that of 
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(100) substrates [22], while it is opposite for PMOSFET’s [34].  This trend has 

remained unchanged as SiO2 thickness is scaled to 15 Å [34].  Since most of the 

reported HfO2 devices were fabricated on (100) substrates, the comparison 

between different surface orientations might provide some insight regarding 

whether the mobility degradation is solely dominated by the quality of high-k gate 

dielectrics.  The mobility dependence on the surface orientation is of crucial 

importance for non-planar MOSFET applications [35], because a specific 

orientation may be chosen as a channel for these applications.  In this section, 

mobility of HfO2 MOSFET’s on (100) and (111) substrates has been investigated.  

High-temperature forming gas (FG) annealing (HT-FGA) was applied in order to 

evaluate mobility with optimized interfacial quality for the both substrates. 

Equivalent oxide thickness (EOT) of HfO2 NMOS capacitors on (111) 

substrates was 11 Å, which was the same as that fabricated on (100) substrates.  

Growth of the low-k interfacial layer between HfO2 and the Si substrate was not 

different between different surface orientations.  PMOS devices also exhibited 

similar EOT’s between the two orientations, but yielded slightly higher EOT’s of 

14 – 15 Å.  Id-Vg characteristics are shown on Figure 4.13 for both N (a) and 

PMSOFET’s (b) on (111) substrate.  Significant Id improvements were observed 

with 600°C FGA, and the improvements were more pronounced than those 

observed for (100) substrates that were shown earlier.   
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Figure 4.13. High-temperature FG annealing at 600°C drastically improved drain 
current of the (111) devices for both N and PMOSFET’s. 
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Figure 4.14 compares C-V characteristics of HfO2 NMOSFET’s on (111) 

substrates with different FGA temperature.  The C-V curve was distorted with 

400°C FGA, but was improved using 600°C FGA to a curve similar to that 

observed on (100) substrates.   

0

0.5

1

1.5

2

2.5

-2 -1 0 1

FG 400°C
FG 600°CC

ap
ac

ita
nc

e 
(µ

F/
cm

2 )

Gate Voltage (V)

NMOSFET 150/10 µm
(111) Surface

 

Figure 4.14. The C-V curve of HfO2 NMOSFET’s on (111) substrates was 
stretched out with 400°C FGA, but was improved using 600°C FGA 
to a curve similar to that observed on (100) substrates. 

The C-V curve distortion was due to large Dit, and it was quantitatively 

confirmed by charge pumping current measurements in Figure 4.15 [16].  Dit of 

the (111) devices was close to 1 × 1013 cm-2V-1 for 400°C FGA samples and was 

reduced below 1 × 1012 cm-2V-1 at 600°C FGA for both N and PMOSFET’s.  

The (111) devices exhibited higher Dit than the (100) devices, as was observed on 

SiO2 devices [14].   
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Figure 4.15. 600°C HT-FGA was effective in reducing Dit, whereas (111) 
substrates yielded higher Dit than (100) substrates. 

Channel mobility was evaluated using the standard split C-V method [4] 

for both N and PMOSFET’s (Figure 4.16).  For the same 600°C FGA, NMOS 

mobility on (111) substrates was degraded compared to (100) substrates.  On the 

other hand, PMOS mobility on (111) substrates was higher than that of (100) 

substrates at higher effective fields.  The high-field mobility dependence on the 

surface orientations was different between N and PMOSFET’s, but it was 

consistent with that observed on SiO2 devices [34].  The PMOS mobility 

degradation of the (111) device at lower fields is attributed to enhanced Coulomb 

scattering due to the larger Dit compared to the (100) device (Figure 4.15). 
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(b) 

Figure 4.16. 600°C HT-FGA was effective in improving MOSFET mobility on 
(111) substrates.  For the same 600°C FGA, NMOS mobility on 
(111) substrates was lower than (100) substrates, while the substrate 
dependence was opposite for PMOSFET’s at higher fields. 
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4.4  SUMMARY 

High-temperature FG annealing was found to significantly improve the 

drive current or the surface electron mobility of HfO2 NMOSFET’s.  The 

improvement was observed along with the decrease in Dit through the 

characterizations of the subthreshold swings, the C-V characteristics, and the 

charge pumping currents.  The improved mobility and subthreshold swings are 

advantageous in achieving large on current while suppressing off current, and 

give more flexibility in Vt adjustment.  The mobility enhancement was observed 

for all the Eeff range, and was possibly attributed to the Dit reduction.  The 

improvement was further enhanced with the surface NO annealing, while it 

increased the EOT value.  The NH3 surface nitridation was effective in scaling 

EOT, but the mobility was inferior to those of control HfO2 or the NO-annealed 

samples.  Similar improvements were also obtained on HfO2 PMOSFET’s. 

The surface orientation dependence of Dit and mobility of HfO2 

MOSFET’s was similar to that observed for the devices with SiO2-based 

dielectrics.  These performance parameters combined with similar EOT’s for the 

different surface orientations indicate that HfO2 can be implemented into various 

applications such as non-planar MOSFET’s. 

Having reviewed the performance of the HfO2 MOSFET’s, the next 

chapter will discuss the reliability characteristics.  In addition to the dielectric 

breakdown characterizations such as TDDB, MOSFET performance degradation 

due to bias-temperature instability was extensively investigated. 
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CHAPTER 5 

Reliability Characteristics of Polysilicon Gate HfO2 MOSFET’s 

 

5.1  MOTIVATION 

This chapter discusses reliability characteristics of HfO2 MOSFET’s in 

terms of bias-temperature instabilities (BTI) and time-dependent dielectric 

breakdown (TDDB).  Charge trapping due to BTI is a potential concern for the 

high-k dielectrics, because it has never been evaluated for these new materials.  

There are many reasons that may lead to deterioration of the charge trapping 

compared to conventional SiO2-based dielectrics.  Intrinsic material properties of 

these high-k dielectrics in terms of charge trapping are not known.  

Crystallization was often observed with high-k dielectrics, but its effect on the 

charge trapping is not clear.  There are extrinsic factors from deposition 

techniques, such as contaminations from precursors in case of ALD and CVD and 

plasma damages in case of sputtering (PVD).  Bi-layer structure due to the 

formation of an interfacial later between high-k dielectrics and the Si substrate 

may generate additional trapping sites at the interface between the high-k and 

interfacial layers. 

As a result of the experiments, NMOS positive BTI (PBTI) exhibited a 

more significant Vt instability than that of PMOS negative BTI (NBTI), and 

limited the lifetime of HfO2 MOSFET’s.  Although high-temperature forming 
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gas annealing (HT-FGA) improved the interface quality by passivating the 

interfacial states with hydrogen, BTI behaviors were not strongly affected by it.  

Charge pumping measurements were extensively used to investigate the nature of 

the BTI degradation, and it was found that Vt degradation of NMOS PBTI was 

primarily caused by charge trapping in bulk HfO2 rather than interfacial 

degradation.  Deuterium (D2) annealing was found to be an excellent technique 

to improve BTI immunity as well as to enhance the mobility of HfO2 MOSFET’s. 

 

5.2  PREVIOUS STUDIES OF BIAS-TEMPERATURE INSTABILITIES 

It was widely known for the SiO2-based gate dielectrics that high voltage 

stress on the gate electrode of MOS devices could change flatband (Vfb) or 

threshold (Vt) voltages [1], in particular at elevated temperatures.  This 

phenomenon is called BTI.  Many of the past BTI researches on the SiO2 

dielectric have focused on negative BTI (NBTI), since it caused more significant 

degradation than positive BTI (PBTI) did [2].  PBTI becomes significant only in 

some special cases, such as positive bias on NMOSFET’s with boron-doped p+ 

gate electrode [3].  During NBTI, generations of trapped charges (Not) and 

interfacial states (Nit) were observed [1].  Ogawa et al. developed a theory on 

NBTI according to a diffusion-reaction model [4], and succeeded in explaining 

their experimental results [5], in terms of time evolution, temperature dependence, 

and thickness dependence of the generation rates of Nit and Not.  In the diffusion-

reaction model, diffusion of hydrogen-related species is responsible for the 

generation of Not and Nit.  Meanwhile, the degradation due to PMOS NBTI has 
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remained to be a minor concern compared to TDDB or HCI until SiO2 was scaled 

down to 30-Å regime.  Kimizuka et al. revealed that at the thickness range 

thinner than 35 Å NBTI could place a more severe limitation to the SiO2 scaling 

than NMOS HCI [6].  They also pointed out that the NBTI degradation could be 

enhanced with nitrogen incorporation into SiO2, although nitrogen is effective in 

suppressing dopant penetration and scaling the oxide thickness [7].  Due to tox
-1 

dependence of Nit generation [4], Vt degradation caused by Nit generation became 

more significant with the thinner SiO2 than that of Not.  A more recent study of 

PMOS NBTI on 26 Å SiO2 revealed that its Vt instability was accounted for only 

by the Nit generation without considering Not [8]. 

It is generally recognized that HfO2 has a significantly larger amount of 

charge traps than that in SiO2.  Gusev et al. has investigated the traps on HfO2 

deposited by atomic layer deposition (ALD) [9], and the same group also 

observed a significant amount of traps by hot-carrier injection [10].  Our group 

has been evaluating the trapping characteristics on PVD HfO2 due to BTI.  We 

found that negative BTI (NBTI) on HfO2 PMOSFET’s exhibited sufficient 

lifetime [11].  On the other hand, NBTI lifetime was deteriorated by the 

introduction of an NH3 surface nitridation (SN) technique [11], which had been 

effectively used in scaling EOT of HfO2 and suppressing boron penetration [12, 

13].  We also pointed out that, unlike SiO2, NMOS PBTI could be a potential 

scaling limit of HfO2 [14]. 
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5.3  BIAS-TEMPERATURE INSTABILITY MEASUREMENTS 

I-V and C-V characteristics were evaluated using an HP4156A precision 

semiconductor parameter analyzer and an HP4194A impedance/gain-phase 

analyzer, respectively, and the measured C-V characteristics were simulated to 

determine the EOT with the deduction of quantum mechanical effect [15].  BTI 

measurements were carried out using HP4156A for both stressing and 

measurements.  I-V characteristics were periodically monitored while 

maintaining the stress temperature to avoid any change in Not and Nit during 

changing the temperature.  Charge pumping current measurement was 

extensively used to evaluate Dit during BTI stressing [16].  HP8115A pulse 

generator supplied gate pulses for the charge pumping measurements.  Gate 

pulses of ±1 V were used at the room temperature, while they were lowered down 

to ±0.8 V at the elevated temperature (125°C) in order not to damage the devices 

during the charge pumping measurements. 

 

5.4  EXPERIMENTAL RESULTS 

5.4.1  Positive bias-temperature instability of HfO2 NMOSFET 

Time evolution of Vt instability in NMOS PBTI is shown on Figure 5.1.  

At relatively lower voltages, Vt monotonically increased, while it showed “turn-

around” behaviors at higher voltages.  The “turn-around” behaviors were more 

pronounced at higher temperatures.  The device lifetime should be extrapolated 

for the positive Vt shift, since the “turn-around” disappeared at the lower voltages 

which would be used for the actual operation.  NMOSFET lifetime defined at 
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∆Vt = 50 mV was extrapolated in Figure 5.2, using the E-model for the data from 

lower voltages only.  Vg for 10-year lifetime was below 0.3 V.  In the Figure 

5.1, another criterion of ∆Gm = -5 % was also compared.  ∆Vt exhibited the 

more severe degradation and decided the device lifetime. 
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Figure 5.1. ∆Vt for PBTI at 125°C as a function of time for various stressing 
voltages.  Turn-around of ∆Vt was observed at higher voltages. 
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Figure 5.2. NMOSFET lifetime extrapolation for PBTI.  Vt degradation of 50 
mV dominates the lifetime compared to Gm degradation of -5 %.  
Vg for 10-year lifetime by the E-model was smaller than 0.3 V. 

Trapped oxide charge density (∆Not) calculated from ∆Vt for various 

stressing voltages is plotted as a function of injected charge density (Qinj) in 

Figure 5.3.  ∆Not was found to be a unique function of Qinj (i.e. independent of 

stress voltage).  The ∆Not values from these PVD HfO2 are amongst the lowest 

reported for HfO2 [11].   
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Figure 5.3. ∆Not calculated from ∆Vt was found to be a unique function of Qinj.  
∆Not was enhanced at the higher temperatures. 

5.4.2  Effects of high-temperature forming gas annealing 

It is generally believed that hydrogen is responsible for generations of 

trapped charges and interfacial states [4, 17, 18].  Although HT-FGA was shown 

to improve the device characteristics [19, 20], deteriorations in charge trapping 

characteristics could be a concern.  Figure 5.4 shows that the charge trapping 

behavior was not different between 400 and 600°C FGA devices.  In order to 

further understand the trapping behaviors, charge pumping current (Icp) 

measurement was implemented to monitor the Dit evolution.  Figure 5.5 shows 

examples of the Icp as a function of time during PBTI for the two devices with 

different FGA temperatures.  Although the initial current was an order of 

magnitude different between 400 and 600°C due to the HT-FGA effect [8], the 



 118

increase of Icp from the initial current (∆Icp) remained similar, indicating Dit 

generation (∆Dit) was also similar.   
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Figure 5.4. ∆Vt due to charge trapping was independent from the FG annealing 
temperature. 
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Figure 5.5. Although initial Icp was one-order different between 400 and 600°C 
FG annealing, the increase of Icp from the initial current (∆Icp) due to 
PBTI was similar. 
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5.4.3  Generations of trapped charges and interfacial states 

∆Dit was calculated from the increase in Icp [16], and it was compared to 

∆Not calculated from ∆Vt (Figure 5.6 (a) and (b)).  Although ∆Not and ∆Dit do 

not have the same unit, ∆Dit can be correlated to the increase of the interfacial 

charge density ∆Nit as ∆Nit < ∆Dit × Eg, where Eg is the silicon band gap of 1.12 

eV.  Since ∆Nit at Vt depends on the charged states of ∆Dit at φS = 2ψB, it is very 

likely smaller than ∆Dit × Eg.  In Figure 5.6, ∆Dit is much smaller than ∆Not, and 

the difference is more pronounced at the higher temperature (Figure 5.6 (b)).  It 

was also observed that ∆Dit was not a unique function of Qinj.  Unlike NBTI for 

SiO2 [8], ∆Dit can account only for ≤20 % of ∆Vt.  These results (i.e. the 

insignificance of ∆Dit) suggest that Vt or Vfb shift are not quite different from mid-

gap voltage (Vmg) shift, and these voltage shifts can therefore be used as indices of 

trapped charges (∆Not) [21]. 
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Figure 5.6. ∆Not and ∆Dit dependence on Qinj during PBTI for room temperature 
(a) and 125°C (b). ∆Dit was much smaller than ∆Not and could 
account for only ≤20 % of ∆Vt at most.  The difference was more 
pronounced at lower voltages and higher temperature.  
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One possible solution for the charge trapping would have been a better 

interface, such as NO-annealed surface.  By applying NO annealing prior to 

HfO2 deposition, a relatively thick SiON interfacial layer is grown, and interfacial 

quality closer to the SiO2 dielectric can be expected.  Figure 5.7 shows the initial 

mobility comparison between control HfO2 and HfO2 with the SiON interface.  

Mobility enhancement for the entire effective field range was observed for the 

device with the SiON interface.  However, PBTI results in Figure 5.8 revealed 

that the NO annealing did not reduce ∆Not while it suppressed ∆Dit, compared to 

the control sample in Figure 5.6 (a).  The better interface did not help to reduce 

the Vt instability.  Bulk traps need to be reduced.   
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Figure 5.7. By using NO annealing prior to HfO2 deposition, NMOS mobility 
was enhanced compared to the control sample. 
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Figure 5.8. NO annealing was effective in suppressing ∆Dit, compared to Figure 
5.6 (a), but not in improving PBTI since ∆Not was not reduced. 

5.4.4  Effects of deuterium annealing 

D2 annealing, which is known to improve the SiO2 MOSFET’s immunity 

against hot-carrier injection [22], is a possible solution.  D2 annealing at 600°C 

yielded a similar improvement in NMOS mobility to that of 600°C FGA (Figure 

5.9).  The D2 annealing is capable of replacing the HT-FGA as a technique for 

enhancing the initial performance of the HfO2 MOSFET’s.  Figure 5.10 

compares ∆Vt as a function of Qinj between the D2 annealing and the HT-FGA.  

The D2 annealing was shown to be effective in suppressing Vt shift.  It should be 

emphasized that the Vt shift for the D2-annealed samples never exceeded 50 mV.  

At lower gate voltages, ∆Vt was small during the stressing time used in this 

experiment (e.g. ≤ 5000 sec).  At higher voltages, a turn-around effect was 

observed.  As a result, lifetime extrapolation for ∆Vt = 50 mV could not be 
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performed on the D2-annealed samples.  Figure 5.11 compares both ∆Not and 

∆Dit between the D2 annealing and the HT-FGA.  The D2 annealing was 

effective in reducing ∆Dit as well as ∆Not. 
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Figure 5.9. D2 annealing at 600°C was similarly effective in improving NMOS 
mobility as FG annealing at the same temperature. 
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Figure 5.10. D2 annealing was effective in suppressing ∆Vt due to charge 
trapping. 
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Figure 5.11. D2 annealing was effective in suppressing ∆Dit as well as ∆Not. 

5.4.5  Negative bias-temperature instability of HfO2 PMOSFET 

A similar lifetime definition of ∆Vt of -50 mV was applied for PMOS 

NBTI, and the lifetime dependence on Vg was compared between different FGA 

temperatures in Figure 5.12.  10-year lifetime for ∆Vt of 50 mV can be obtained 

up to Vg = -1.4 V, regardless of the FGA temperature.  Unlike NMOS PBTI, 

PMOS NBTI is not a serious concern for HfO2, unless nitrogen concentration is 

enhanced at the interface [11].  Figure 5.13 compares ∆Not and ∆Dit for PMOS 

NBTI.  A slightly larger contribution of ∆Dit to ∆Not (~30 %) compared to 

NMOS PBTI was observed for all the stress voltages at both room temperature 

and 125°C. 
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Figure 5.12. Lifetime of PMOS NBTI was not significantly altered by the high-
temperature FG annealing. 
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Figure 5.13. For HfO2 PMOS NBTI, ∆Dit contribution to ∆Not counted ~30 % for 
all the stress voltages at both room temperature (a) and 125°C (b). 

PMOS NBTI of HfO2 devices were strongly affected by process 

conditions.  It is known for SiO2-based gate dielectrics that PMOS NBTI is 
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degraded if nitrogen is introduced into the dielectrics [7].  While the surface 

nitridation technique by an NH3 annealing was found to be effective in reducing 

EOT and suppressing boron penetration of HfO2, it was concerned that PMOS 

NBTI could be degraded.  Figure 5.14 compared NBTI lifetime between those 

PMOS devices with and without the SN technique.  The NBTI lifetime was 

clearly degraded with the technique, very likely due to high nitrogen 

concentration at the interfacial layer. 
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Figure 5.14. NBTI lifetime of HfO2 PMOSFET’s became shorter with the SN 
technique, possibly due to high nitrogen concentration at the 
interfacial layer. 

PMOS NBTI was also strongly affected by other process parameters.  

Figure 5.15 shows EOT dependence of NBTI lifetime.  Unlike SiO2-based 

dielectrics [5], NBTI lifetime became shorter as the EOT increased.  This is 

consistent with our model, in which we attributed the Vt instability of the HfO2 

MOSFET’s to bulk charge traps in the HfO2 film.  Post-deposition annealing 
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(PDA) also changed NBTI characteristics.  Figure 5.16 shows PDA temperature 

dependence of NBTI.  EOT increased at the higher PDA temperatures, indicating 

that the growth of the interfacial layer was enhanced at the higher PDA 

temperatures.  However, NBTI lifetime was significantly improved for the 

higher PDA temperatures. 
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Figure 5.15. EOT dependence of gate voltages to assure 10 years lifetime.  
Thicker EOT does not necessarily extend the lifetime. 
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Figure 5.16. NBTI dependence on post deposition annealing (PDA) temperature.  
The lifetime was extended for the higher-temperature PDA, possibly 
due to more robust interface. 

5.4.6  Discussion on bias-temperature instabilities 

As shown in the case of the NO-annealed samples, the Vt instability due to 

PBTI on HfO2 NMOSFET’s was not changed by improving the interfacial 

quality. Charge traps in the bulk of HfO2 are responsible for the instability. 

The larger amount of charge traps was generally observed on high-k 

dielectrics [9, 23], and Houssa et al. evaluated the traps on ALD-deposited ZrO2 

using a technique of current as a function of time (I-t) [23].  They calculated the 

cross section of the traps from the charge buildup term of the I-t characteristics, 

and found that the cross section of ZrO2 was much smaller (~2 × 10-18 cm2) than 

that of SiO2 (~1.5 × 10-16cm2).  They attributed the small cross section to the 

nature of the neutral traps, and explained this by generation of ZrOH trapping 



 130

centers.  H+ protons generated at the anode by energetic electrons are swept 

though the dielectric [17] and break the bridging O bonds to form ZrOH centers. 

Considering the chemical similarity between Hf and Zr, the charge 

trapping we have observed on HfO2 MOSFET’s can be correlated to the neutral 

HfOH centers.  In fact, the reduced ∆Not observed for the D2 annealing 

suggested that the trapping reaction was hydrogen-related.  HT-FGA did not 

degrade the charge traps on the other hand, although it was expected that the 

technique introduced hydrogen into the film.  It is speculated that the number of 

HfOH centers are proportional to the number of H+ protons rather than that of H2 

molecules.  Therefore, it must be proportional to the number of energetic 

electrons, which is independent of the HT-FGA condition. 

HT-FGA neither degraded Dit generation, whose evolution during the 

electrical stress is modeled by the following rate equation [4]. 

{ } ]H)[()()( 2tSNtNNGtN
t ititDit −−=

∂
∂ , (5.1)  

where ND is the density of hydrogen terminated trivalent Si bonds, Si3≡Si-H, and 

Nit is the density of the interfacial states, Si3≡Si•.  Although HT-FGA enhances 

the first term (G{ND-Nit(t)}) of the eq. (1) by increasing ND and reducing Nit(0), it 

also increases [H2] of the second term, resulting in the similar time evolution of 

the Nit.  The improvement of Dit generation achieved with D2 annealing is 

speculated to be due to suppression of the reaction, and this can be incorporated in 

eq. (1) by changing the rate constant G.  Similar improvement in PMOS NBTI of 

ultra-thin SiO2 by D2 annealing was observed previously [7]. 
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Another striking difference of HfO2 BTI from that of SiO2 is 

insignificance of the PMOS NBTI compared to the NMOS PBTI.  One possible 

explanation is the difference in the current amount between N and PMOSFET’s at 

the operating conditions [11].  Figure 5.17 shows the band diagrams for both N 

and PMSOFET’s at the operating conditions.  In case of NMOSFET’s, majority 

of the current is supplied from the channel as electron flows.  On the other hand, 

electron supply from the gate conduction band in PMOSFET’s is limited by the 

generation rate of minority electrons in p+ gate [24], and therefore the gate 

current of PMOSFET’s is lower.  The dominant carriers in PMOSFET gate 

current are holes from the channel, whereas valence band electrons from p+ gate 

also contribute as the substrate current [11].  As a result, electrons available for 

charge traps in NMOSFET’s are more abundant than those holes in PMOSFET’s. 
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Figure 5.17. Band diagrams of P and NMOSFET’s during operation.  P+ gate of 
PMOSFET supplies insufficient conduction band electrons. 

5.5  TDDB OF HFO2 MOS CAPACITORS 

Time-dependent dielectric breakdown (TDDB) of HfO2 devices was 

evaluated on NMOS capacitors.  Various sizes of MOS capacitors were stressed 

under constant voltage stress (CVS) in accumulation conditions.  Dielectric 

breakdown was detected at instantaneous 50 % increase of the gate current 

between measurements.  The obtained data were analyzed for TDDB 

distributions and capacitor area dependence, in order to examine if the breakdown 

mechanism was attributed to the percolation model [25, 26]. 
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The percolation model was proposed to explain the thickness dependence 

of TDDB for SiO2 dielectrics, and has been widely used to analyze TDDB.  In 

the percolation model, defects with a specific diameter a0 are randomly generated 

inside the dielectric during TDDB stress.  When these defects are accumulated 

and make an overlapping path (a percolation path) between two electrodes, the 

path becomes conductive and the dielectric breaks down.  This breakdown is a 

stochastic event and therefore has a distribution.  The distribution due to the 

percolation model can be modeled with Weibull distribution using the following 

equation; 

])/(exp[1)( βαxxF −−= , (5.2) 

where F is the cumulative failure probability, x is time, α is the characteristic 

lifetime where 63.2 % of samples fail, and β is a Weibull slope parameter [26].   

Due to the stochastic nature of the breakdown, TDDB has area 

dependence as well (i.e. shorter TDDB for the larger capacitors), which can be 

expressed as follows. 
β

α
α 1

'
'








=
A
A , (5.3) 

where α and α’ are the characteristic lifetime for the devices with different area A 

and A’, respectively.   

The Weibull slope β is a function of the dielectric thickness tox.  For the 

SiO2-based dielectrics, β becomes smaller as tox decreases, and approaches 1 for 

tox thinner than 30 Å [26].  As β increases, the distribution becomes tighter from 

equation (5.2) and the area dependence becomes smaller from equation (5.3).  A 

larger β is desirable from the reliability point of view, since a fairly low failure 
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rate (e.g. ppm order) is required for commercial devices.  The larger β is also 

preferred to obtain the smaller area scaling, since test structures for TDDB 

analyses are generally much smaller than the actual gate area used in the 

commercial chips (~0.1 cm2).  It was expected that high-k gate dielectrics are 

advantageous for achieving a larger β, since a physically thicker film can be 

implemented for the similar EOT than SiO2-based dielectrics. 

TDDB distribution of HfO2 NMOS capacitors is shown on Figure 5.18.  

From the distribution and the area dependence of TBD (Figure 5.19), Weibull 

slope β was calculated to be ~1.2.  In spite of the larger physical thickness (~50 

Å), β of HfO2 was similar to that of ultra-thin SiO2 (<30 Å).  Vg for 10-year 

lifetime of the measured 100 µm2 devices was extrapolated to be ~-1.9 V using 

the E-model (Figure 5.20), and the projected Vg for 0.1 cm2 devices was ~-1.3 V 

using β ~1.2. 
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Figure 5.18. NMOS capacitor TDDB.  TDDB was measured by constant voltage 
stress at room temperature. 
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Figure 5.19. Area dependence of TBD.  Weibull slope β was calculated to be 
~1.2. 
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Figure 5.20. For a practical device area of 0.1 cm2, Vg for 10-year lifetime was 
extrapolated to be -1.3 V for NMOS capacitors. 
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A more recent study by Kim et al. revealed that the TDDB distribution of 

HfO2 devices was different between soft and hard breakdown [27].  Unlike SiO2, 

where β is the same for both soft and hard breakdown [28], β for the hard 

breakdown was higher (~2) than that of the soft breakdown (~1.4) for the HfO2 

devices with an EOT of 14 Å.  According to their categorization, the TDDB 

criterion used in this dissertation (e.g. 50 % instantaneous increase of the current) 

corresponds to the soft breakdown, and the β obtained here is similar to that of 

their soft breakdown.  Due to the difference of β, lifetime projection for the 

lower percentile (~ppm) and the larger area (~0.1 cm2) is significantly different 

between soft and hard breakdown.  If destructive breakdown is the only concern, 

the hard breakdown criterion will extend the TDDB lifetime of HfO2 devices.  A 

more detailed study is necessary for the soft breakdown in terms of its effects on 

power consumption, circuit operation, and noise immunity, since it is still unclear 

if the soft breakdown results in the failure of integrated circuits. 

 

5.6  SUMMARY 

A large Vt shift observed on the HfO2 NMOSFET’s after PBTI stress can 

be a scaling limit of the HfO2 dielectric.  Charge pumping measurements 

implemented in the PBTI analysis revealed that the ∆Vt was primarily caused by 

the charge traps ∆Not in the HfO2 dielectric, not by the interfacial degradation 

∆Dit.  For the same reason, the PBTI degradation problem was not improved by 

changing the interfacial layer to the more robust SiON layer grown by NO 

annealing.  D2 annealing was found to be an excellent method to improve BTI 
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immunity as well as improving mobility of HfO2 MOSFET’s.  Unlike SiO2 

devices, NBTI on HfO2 PMOSFET’s turned out to be a lesser scaling constraint 

compared to NMOS PBTI.  HT-FGA did not deteriorate both NMOS PBTI and 

PMOS NBTI. 

TDDB was evaluated on HfO2 NMOS capacitors.  With the constant 

voltage stress and the breakdown criteria used in this dissertation (e.g. 50 % 

instantaneous increase of the current), a Weibull slope β of 1.2 was obtained.  

Projected operating voltage to assure 10-year lifetime was extrapolated to be –1.3 

V using this β. 
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CHAPTER 6 

Conclusion and Future Works 

 

6.1  SUMMARY AND CONCLUSION 

Aggressive shrinkage of the gate dielectric thickness has been required as 

a result of continuous scaling of the CMOS technology, and the required 

equivalent oxide thickness (EOT) is reaching 10 Å range in the next few years 

according to the ITRS roadmap.  High-k gate dielectrics will initially need to be 

introduced to low-power applications due to their stringent requirement for low 

gate leakage current.  Although the constraint on the gate leakage current is not 

the most significant issue for high-performance applications, thickness uniformity 

across the wafer and reliability will be serious concerns for SiO2-based dielectrics 

at the sub-10 Å regime. 

Among the various high-k dielectric candidates examined in chapter 1, 

HfO2 was shown to be one of the most promising candidates due to its high 

dielectric constant of 22 – 25, a reasonable band gap of 5.6 eV with sufficient 

band offsets of larger than 1.5 eV, and thermal stability in contact with silicon.  

HfO2 was compatible with the polysilicon gate electrode, which is desirable for 

achieving dual-gate CMOS. 

In this study, HfO2 devices were fabricated with a polysilicon gate 

electrode using a standard self align process.  Due to the difference in the 



 142

material properties between SiO2 and HfO2, some process modifications were 

implemented.  One of the initial problems was etchablity of HfO2 after high-

temperature processes, and this problem was solved by etching HfO2 before high-

temperature processes.  S/D oxidation was implemented to cure damages 

incurred during the implantation and this HfO2 etching. 

As a result of the fabrication, well-behaved C-V and J-V characteristics 

were obtained with polysilicon gate HfO2 MOS capacitors.  Whereas the 

dielectric constant of the HfO2 layer was comparable between polysilicon gate 

and Pt metal gate, slight increase of the low-k interfacial layer was observed on 

polysilicon gate samples from a comparison between physical and electrical 

thickness.  HfO2 NMOS capacitors have lower gate leakage current than that of 

SiO2 by 4 orders of magnitude or more, and demonstrated excellent frequency 

dispersion and hysteresis characteristics.  While NMOS capacitors exhibited an 

ideal Vfb, PMOS C-V curves showed negative shifts, indicating positive charges in 

the HfO2 film.  Electrical thickness was discussed in terms of the quantum 

mechanical effect.  The measured curves were simulated to calculate EOT, and 

minimum EOT of ~10 and ~12 Å were obtained for the devices with and without 

a surface nitridation (SN) technique, respectively.  A significant amount of poly 

depletion effect was observed on the inversion capacitance of HfO2 MOSFET’s, 

but it was similar to what predicted for SiO2 MOSFET’s. 

One of the biggest problems with the polysilicon gate CMOS technology 

is dopant penetration through the dielectric, in particular boron penetration on p+ 

gate PMOS devices.  Boron penetration was observed on HfO2 MOS devices as 
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Vfb and Vt shifts on C-V and I-V characteristics, and it was physically confirmed 

by SIMS analyses.  Although boron penetration could be reduced by decreasing 

thermal budgets, it had a trade-off with the degree of dopant activation.  The 

diffused boron caused not only the Vt shift but also mobility degradation due to 

Coulomb scattering.  The SN technique was useful in both reducing EOT and 

preventing the boron penetration.  For a similar physical thickness of ~50 Å, the 

SN technique reduced the EOT from ~15 to ~12 Å for HfO2 PMOSCAP’s.  

Boron penetration was suppressed with the SN technique so that the activation 

annealing duration could be extended twice as long as that for the control 

samples.  However, mobility degradation remained a major drawback. 

Inadequate channel mobility was a concern for the HfO2 MOSFET’s.  

High-temperature forming gas annealing (HT-FGA) at 500 – 600°C was explored 

to solve this problem, and found to be effective in improving the drive current or 

the surface electron mobility of HfO2 NMOSFET’s.  The improvement was 

observed along with Dit reduction, which was confirmed through the 

characterizations of subthreshold swings, C-V characteristics, and charge pumping 

current measurements.  The improved mobility and subthreshold swings are 

advantageous in achieving large on current while suppressing off current, and 

give more flexibility in Vt adjustment.  The mobility enhancement was observed 

for the entire Eeff range, and was possibly attributed to the Dit reduction.  The 

improvement was further enhanced with a surface NO annealing, while it 

increased the EOT value.  The NH3 surface nitridation was effective in scaling 

EOT, but the mobility was inferior to those of the control HfO2 and the NO-
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annealed samples.  Similar improvements by HT-FGA were also obtained on 

HfO2 PMOSFET’s. 

While the scaling of EOT and MOSFET performance have been 

extensively studied in recent years, reliability characterizations of the HfO2 

devices have not been fully investigated yet.  In this dissertation, the reliability 

characteristics were also examined emphasizing the charge trapping behaviors of 

the HfO2 film.  A large Vt shift was observed on the HfO2 NMOSFET’s after 

positive bias-temperature instability (PBTI) stress, and this can be a scaling limit 

of the HfO2 dielectric.  Charge pumping measurements implemented in the PBTI 

analysis revealed that ∆Vt was caused by charge traps ∆Not in the HfO2 dielectric, 

not by interfacial degradation ∆Dit.  For the same reason, the PBTI degradation 

was not resolved by changing the interfacial layer to a more robust SiON layer 

grown by NO annealing.  D2 annealing was found to be an excellent method to 

improve BTI immunity as well as improving mobility of HfO2 MOSFET’s.  

Unlike SiO2 devices, negative bias-temperature instability (NBTI) on HfO2 

PMOSFET’s turned out to be a lesser scaling constraint compared to NMOS 

PBTI.  HT-FGA did not deteriorate both NMOS PBTI and PMOS NBTI. 

 

6.2  FUTURE WORKS 

Throughout this dissertation, many aspects of the HfO2 MOSFET’s have 

been analyzed and some performance and reliability characteristics were 

improved using various process modifications.  However, there are still many 
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obstacles for high-k gate dielectrics to be implemented into mass production.  

Some of the issues will be summarized in the following. 

A further mobility improvement is required.  While the recent mobility 

improvements achieved with HfSiON, SiON interfacial layer, or HT-FGA might 

have been sufficient for low-power applications, mobility values similar to SiO2 is 

necessary for high-performance applications in order to satisfy the requirements 

of the ITRS roadmap.  If there is any intrinsic reason that limits the mobility of 

the high-k MOSFET’s, the limit needs to be quantified and the mechanism needs 

to be declared.  Although HT-FGA reduced Dit down to 3.7 × 1011 cm-2V-1 for 

HfO2 NMOSFET’s, this is still an order larger than the commercial level SiO2 

devices.  Dit must be reduced for further performance optimizations. 

Fixed charges are one of the biggest problems with high-k gate dielectrics, 

and Vfb deviations from ideal values were observed on our HfO2 MOSFET’s as 

well, in particular with the PMOSFET’s as a negative shift of ~600 mV.  While 

the selection of metal gate electrodes has attracted a great deal of attention in 

terms of work function control, the discussion was built on the assumption that 

the gate dielectrics have no charge inside.  Even if Vt adjustment or short channel 

effect can be resolved by adjusting the substrate doping profile, mobility can be 

degraded due to Coulomb scattering from the fixed charges. 

There are so many issues remained to be solved for the reliability 

characterizations.  Although many of the high-k gate dielectrics showed soft 

breakdown-like behaviors, it is not clearly mentioned how the soft breakdown is 

correlated to circuit operation issues, such as functionality, power consumption, 
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and noise immunity.  It was declared that the HfO2 dielectric has long enough 

lifetime with respect to the hard breakdown, but the lifetime extrapolation to the 

actual operating voltage is not specified yet. 

Charge traps and resulting performance instabilities of the MOSFET’s are 

new reliability concerns for high-k gate dielectrics.  Their process dependence, 

mechanisms, and solutions need to be searched. 

Whereas these reliability characteristics have been found somewhat 

different from those on the SiO2 devices, it is not clear whether they are correlated 

to the material properties of the high-k dielectrics, such as crystallization, bi-layer 

structure, contamination form targets or precursors, plasma damages in case of 

sputtering, or boron penetration. 

Finally, it should be pointed out that further scaling is required upon gate 

dielectrics without sacrificing the performance of transistors.  The prosperity of 

future CMOS technologies relies on the successful scaling of the gate dielectrics. 
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