
 

 

Master Thesis 

 

 

A Study on Process Optimization 
for High Performance La2O3-MOS devices 

 

 
Presented by: 

05M36358 Kiichi Tachi 

 

 

 
 

Department of Electronics and Applied Physics 
Interdisciplinary Graduate School of Science and Engineering 

Tokyo Institute of Technology 
 

Supervisor: 
Professor Hiroshi Iwai 

 
 

February 2007 



 ２

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my father and mother 



 ３

CONTENTS 
 
1  INTRODUCTION                                        5 

1.1 Background of This study                                         6 

1.2 Limits of SiO2                               8 
1.3 Requirements of high-k materials          10 
1.4 Properties of La2O3           13 

1.5 Purpose of This Study           15 

 

2  FABRICATION AND CHARACTERIZATION METHODS   17 
2.1 Experimental Procedure           18 

2.1.1 Fabrication Procedure for MOS Capacitor        18 
2.1.2 Silicon surface Cleaning Process         19 
2.1.3 Electron-Beam Evaporation Method         20 

2.2 Measurement Methods           21 
2.2.1 X-ray Photoelectron Spectroscopy (XPS)        21 
2.2.2 C-V (Capacitance-Voltage) Measurement        24 
2.2.3 Conductance Method for interface trap density        28 
2.2.4 J-V (Leakage Current Density-Voltage) Measurement       32 
  2.2.4.1 Schottky (SK) Conduction         32 
   2.2.4.2 Poole-Frenkel (P-F) Conduction         34 
   2.2.4.3 Fowler-Nordheim (F-N) Conduction        37 
 

3  PROCESS OPTIMIZATION OF ABSORBED La2O3     38 
3.1 Introduction            39 
3.2 Process optimization with absorbed La2O3 composition       41 

3.2.1 Analysis of absorbed La2O3 composition by XPS       41 
3.2.2 Electrical characteristics of absorbed La2O3        44 
3.2.3 Analysis of thermal stability          48 

3.2.3.1 Crystallization of La2O3 with PDA        48 
3.2.3.2 Generation of defects by La(OH)3 resolution and interfacial reaction

              51 
3.3 Summary            55 
 
 



 ４

4   PROCESS OPTIMIZATION OF IN-SITU La2O3 PROCESS  56 
4.1 Introduction            57 
4.2 Effect of in-situ La2O3 process          57 

4.2.1 Properties of as deposition          57 
4.2.2 Thermal stability           60 

4.3 Summary           66 
 
5  EFFECT OF La2O3 DEPOSITION WITH FLOWING OXYGEN 67 

5.1 Introduction            68 
5.2 Effect of La2O3 deposition with flowing oxygen        70 

5.2.1 Evaluation of interface reaction         70 
5.2.2 Evaluation of defects from leakage current conduction mechanism    73 
5.2.3 Dependence on partial oxygen pressure        78 
5.2.4 Evaluation of thermal stability         84 

5.3 Summary            86 
 

6  CONCLUSION           87 
 
REFFERENCES           90 
 
ACKNOWLEDGEMENTS          94 
 
 



 ５

 
 

1  
INTRODUCTION 

 
1.1 Background of This study 

1.2 Limits of SiO2 

1.3 Requirements of high-k materials 
1.4 Properties of La2O3 

1.5 Purpose of This Study 



 ６

1.1 BACKGROUND OF THIS STUDY 
In recent years, our lives are becoming affluent with the global promotion of 

Information Technology (IT) as represented by computers, internets and cell-phones. As 

it is now, these are fundamental part of everyday life. These information equipments are 

realized by astonishing progress in silicon LSI (Large-Scale Integration) technology. 

The performance of silicon LSI depends on the capability of the 

Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET) which is core part of 

LSI systems. In order to obtain high performance devises, it is necessary to miniaturize 

the MOSFET with the scaling method. The scaling method is based on reducing the 

device dimension in both lateral and vertical. The consensus scenario of how the device 

parameters are scaled for the next technology is provided in the International 

Technology Roadmap for Semiconductor (ITRS). A simple description of 

miniaturization with scaling factor of κ is shown in Figure 1.1 and Table 1.1. To gain κ 

times of the device performance, the physical device dimensions are reduced by κ times, 

while the electrical parameters are increased by κ times. 
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FIGURE 1.1 Scaling of MOSFET 

TABLE 1.1 Scaling of MOSFET by the scaling factor κ [1]. 
 

 

Vdd/κVddPower Supply Voltage

Vth/κVthThreshold Voltage

NA∗κNA
Doping Concentration

Cox∗κCoxGate Capacitance

Xj/κXjJunction Depth

A/κ2ATotal Device Area

tox/κtoxGate Oxide Thickness

ND∗κND

W/κWChannel Width

L/κLChannel Length

ScaledInisialParameter

Vdd/κVddPower Supply Voltage

Vth/κVthThreshold Voltage

NA∗κNA
Doping Concentration

Cox∗κCoxGate Capacitance

Xj/κXjJunction Depth

A/κ2ATotal Device Area

tox/κtoxGate Oxide Thickness

ND∗κND

W/κWChannel Width

L/κLChannel Length

ScaledInisialParameter

 



 ８

1.2 LIMITS OF SiO2 
As is well known, Silicon dioxide film (SiO2) is the most common materials as 

gate insulator film. However, a big hurdle is confronted to miniaturize the element size 

as in the past with keeping high performance and high integration.  

From ITRS 2006 up date (Table 1.2), Equivalent Oxide Thickness (EOT) will rise 

to the below 1nm level in near future [2]. On the other hand, the direct-tunneling 

leakage current is too increasing to be neglected as shown in Figure 1.2. Therefore, SiO2 

gate insulator film is to be replaced with an alternative material, which can be 

suppressed leakage current. 

 

TABLE 1.2 ITRS 2006 up date 
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FIFURE 1.2 Relations between gate leakage current and physical thickness of SiO2 
film. 
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1.3 REQUIREMENTS OF HIGH-k MATERIALS 

To overcome this problem, high-k (high dielectric constant) materials have been 

attracted much attention. The key guidelines for selecting an alternative gate dielectric 

material are high dielectric constant, large band gap and band alignment to silicon, 

thermodynamic stability, film morphology, interface quality, process compatibility, and 

reliability. Among them, high dielectric constant and large band gap are the minimum 

required characteristics to suppress the gate leakage current. The direct-tunneling 

leakage current (JDT) flow through a gate insulator film is determined by the tunneling 

probability of carrier. The tunneling probability of carrier (DDT) is shown in below 

equation where physical thickness of insulator (d), electron effective mass in the gate 

insulator film (m*) and barrier height of insulator (φb). 

( )











−∝∝

h
mdDJ b

DTDT
2
1

*24exp φπ  

Relationship between physical thickness of SiO2 (dEOT) and physical thickness of high-k 

gate insulator (d) obtained by the same gate capacitance value (C) is shown in below 

equation where dielectric constant of SiO2 (εox) and high-k gate insulator (εhigh-k). 

EOT

oxkhigh

dd
C εε

== −  
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khigh

ox dd
−
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ε
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Therefore, the gate leakage current can be suppressed by using high-k materials, which 

means that the physical thickness of high-k films can be thicken without changing EOT. 

In addition, the gate leakage current can also be suppressed by using large band gap 

materials. 

The possible candidate of several metal oxides system for the use of gate dielectric 
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materials is shown in white spaces of Table 1.3. 

 

 

 
 

Among the candidate of high-k materials, Hf-based materials are the most 

promising candidate of them. As shown in Figure 1.3, many papers on high-k materials 

are submitted in the primary conferences up to 2002. However, from 2003 to now, the 

candidate of high-k materials have narrowed down to Hf-based materials. Therefore, Hf 

oxides (HfO2) and Hf-based silicates or nitrides (HfSiON), with dielectric constants of 

25 and 10 to 15 respectively, are among the promising materials for the 65 or 

45-nm-technology nodes.  

Usually, when the EOT becomes small, the effective carrier mobility tends to 

TABLE 1.3 Candidate of metal oxides that has possibility to be used as high-k gate 
insulator. 
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decrease due to scattering in the high-k layer or at the interface between the high-k layer 

and the substrate. It has reported that Hf-based films have reduced scattering when a 

SiO2-based interfacial layer of 0.5 to 0.7 nm is inserted, however, this attempt increases 

the EOT.  

  Consequently, in this work, Lanthanum Oxide (La2O3), one of the rare earth oxides, 

has been tried as a gate insulator, because it has a relatively high dielectric constant of 

27, which is slightly higher than that of HfO2 and a high band offset of 2.3 eV from the 

conduction band of silicon to La2O3 has the advantage of further reducing the leakage 

current. 
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FIGURE 1.3 Reported High-k materials at IEDM and VLSI symposium. 



 １３

1.4 PROPERTIES OF La2O3 

To perform a low EOT, high-k gate dielectrics materials must have high enough 

dielectric constant. However, material with very high dielectric constant tends to have 

narrower band gap that allows higher Schottky conduction currents and tunneling 

currents. Figure 1.4 shows band gap energy of several metal oxide and silicate materials 

as a function of dielectric constants. La2O3 gives high dielectric constant of 27 and wide 

band gap of 5.6 eV that is suitable for the use of gate dielectrics. 

To inhibit a low leakage current due to Schottky emission conduction mechanism, 

the high-κ gate dielectric materials must have wide band gap and high barrier of more 

than 1 eV for both electrons and holes. Figure 1.5 predicted band offset of several 

binary and ternary metal oxides in alignment with silicon band energy. La2O3 has a 

good symmetrical band barrier of more than 2 eV for both electrons and holes that is 

compatible for CMOS devices. 
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FIGURE 1.4 Band gap energy of several metal oxide and silicate materials as a 
function of dielectric constant [3].  
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Previously, excellent results on several high-k gate dielectrics materials have been 

reported. Figure 1.6 shows reported leakage current density of various high-k gate 

materials as a function of EOT. From Figure 1.6, the superiority of La2O3 is obvious, 

low EOT with low leakage current can be achieved with La2O3. 

Finally, La2O3 is considered to be the most promising gate dielectric material for 

the next generation gate dielectric technology. La2O3 material shows good physical 

properties, high dielectric constant of 27, wide band gap of 5.6 eV, symmetrical band 

offset for electrons and holes of more than 2 eV, and good thermal stability in contact 

with silicon. In this study, the electrical properties of MOSFET with La2O3 gate 

dielectrics will be evaluated. 
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FIGURE 1.5 Predicted band offset of several binary and ternary metal oxides in 
alignment with silicon band energy [3].  
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FIGURE 1.6 Reported leakage current density of various high-k gate materials as a 
function of EOT [4]. 
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1.5 PURPOSE OF THIS STUDY 
This study is performed for La2O3 CMOS application. The objective of this study is 

to maximize the dielectric constant of La2O3 and to improve the quality of the film. The 

points of view on optimization are followed by 

 EOT (< 1 nm) 

 Leakage current 

 Thermal stability 

 Oxide traps 

By investigating these points, finally, the possibility of practical use on La2O3 MOSFET 

is deliberate. 
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2.1 EXPERIMENTAL PROCEDURE 
2.1.1 Fabrication Procedure for MOS Capacitor 

Figure 2.1 summarizes device fabrication flow of La2O3 MOS-capacitors. La2O3 

MOS capacitors were fabricated on n-type (100)-oriented 2-5 Ω-cm Si substrate. To 

determine the capacitor area and to avoid unexpected peripheral effect, 300 nm-thick 

thermal oxide was formed and patterned photolithography. The wafers were then 

cleaned by a mixture of H2SO4/H2O2 at 85 oC for 5 min to remove all the resist-related 

organic contamination, followed by diluted HF cleaning. Thin film of La2O3 was 

deposited using e-beam evaporation from La2O3 pressed target in an ultra-high vacuum 

chamber of 10-7 Pa. The tungsten (W) gate electrode of 50 nm was coated by RF 

sputtering with power of 150 W. Electrode was finally lithographically patterned to 

form MOS capacitors. Post-deposition annealing (PDA) and post-metallization 

annealing (PMA) in N2 were carried out. The detailed explanation of each process and 

experimental equipment will be described in next section. 
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FIGURE 2.1 The fabrication procedure for MOS-Capacitor 



 １９

2.1.2 Silicon surface Cleaning Process 

Prior to deposit of high-k gate thin films for LSI fabrication process, the ultra-pure 

surface of a bare Si-substrate should be chemically cleaned to remove particles 

contamination, such as metal contamination, organic contamination, ionic 

contamination, water absorption, native oxide and atomic scale roughness. It is 

considered that this substrate cleaning process is very important to realize desirable 

device operation and its reproducibility. 

In full fabrication processes as well as substrate cleaning, DI (de-ionized) water is 

one of the most important factors because DI water is highly purified and filtered to 

remove all traces of ionic, particulate, and bacterial contamination. Theoretical 

resistively of pure water at 25ºC is 18.3 MΩ·cm. The resistively value of ultra-pure 

water (UPW) used in this study achieve more than 18.2 MΩ·cm and have fewer than 1.2 

colony of bacteria per milliliter and no particle larger than 0.25 um. 

In this study, the method of surface cleaning process was used a typical processing 

using hydrofluoric acid, which is usually called RCA cleaning method, was proposed by 

W. Kern et al. But some steps were reduced. First, silicon substrates were dipped in 

SPM solution, mixed 4 parts H2SO4 (96%) with 1 part H2O2 (30%) at 85 degrees, 

generating heat helping organic materials oxidize. And then, dipped in hydrofluoric acid 

diluted at 1% to remove chemical or natural oxide layers and obtain 

hydrogen-terminated surface. Hydrogen-terminated surface is stable and a preventive 

oxidation. 
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2.1.3 Electron-Beam Evaporation Method 

La2O3 dielectrics were deposited in ultra high vacuum by electron-beam evaporation 

method. Figure 2.2 shows the schematic drawings and a photo of the equipment. The 

background pressure in growth chamber reached as high as 10−8 Pa and was 

approximately 10−7 Pa during deposition. In the growth chamber, a sintered La2O3 

target, which is evaporation source, is irradiated with electron beam accelerated by 5 kV. 

The target is heated up and LaOx molecules are evaporated. Then ultra thin LaOx film is 

deposited on the Si-substrate. Physical thickness of the film is monitored with a film 

thickness counter using crystal oscillator. The temperature of the substrate is controlled 

by a substrate heater and is measured by a thermocouple. 
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FIGURE 2.2 Schematic drawing of e-beam evaporation system. 
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2.2 MEASUREMENT METHODS 
2.2.1 X-ray Photoelectron Spectroscopy (XPS) 

XPS, also known as the Electron Spectroscopy for Chemical Analysis (ESCA), is 

one of the useful methods to evaluate chemical bindings in the oxide or at the interface. 

Figure 2.3 explains the principle of XPS. Samples were irradiated with X-ray and the 

emitted photoelectrons with kinetic energy KE were detected. Measured KE was given 

by 

KE = hν − BE − φs                          (2.1) 

where hν is the photon energy, BE is the binding energy of the atomic orbital from 

which the electron generates and φs is the spectrometer work function. The binding 

energy is the minimum energy needs for breaking the chemical bond of molecule and is 

inherent in each bond of molecule. Thus, the binding states can be identified by the 

positions of the binding energy which the peak appears. In the case that the peak 

position was different from the expected position, the chemical bond states were 

discussed considering the amount of shift to higher or lower energy side. 
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FIGURE 2.3 Principle of XPS measurement.
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Conventional XPS techniques with low excitation energies are surface-sensitive due 

to short inelastic mean-free-paths (IMFPs), and it is difficult to obtain information on 

the bulk electronic structures which are closely correlated with the characteristics of the 

intrinsic materials. In this study, Hard X-ray Photoemission Spectroscopy (HX-PES) is 

performed at Super Photon ring- 8 GeV (SPring-8). SPring-8 is the one of the world’s 

largest radiation facilities. The advantages of SPring-8 over average XPS equipments 

are the high-brightness of radiation which is about a hundred thousand times as high as 

normal X-ray and the high radiation energy of 30keV ～ 40keV. 

The schematic view and picture of SPring-8 facilities is shown in figure 2.4(a) and 

(b), respectively. The electrons generated by E-gun are accelerated by linear-accelerator 

up to 1 GeV. Additionally, the ellipsoid-shaped synchrotron accelerates the electron and 

delivers them to the storage ring. The storage ring with diameter of 500 m can preserve 

the electrons keeping the energy at 8 GeV for more than 100 hours. The principle of 

radiation emission is shown in figure 2.5. As the electron with a speed close to light 

passes through the magnetic field, the track of electron is bent and radiate 

electromagnetic wave in the tangential direction of track. The radiation has the wide 

range spectrum from micro wave to x-ray, additionally, good directivity and 

polarization. For such qualities, the radiation has been utilized in many scientific 

technology fields as the best light source in the wavelength ranging from vacuum 

ultraviolet ray to x-ray. 
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(a) (b)
FIGURE 2.4 (a) Schematic view and (b) picture of SPring-8 facilities. 
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FIGURE 2.5 The principle of radiation emission 
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2.2.2 C-V (Capacitance-Voltage) Measurement 

C-V characteristic measurements were performed with various frequencies (1kHz～ 

1MHz) by precision LCR Meter (HP 4284A, Agilent). The energy band diagram of an 

MOS capacitor on a p-type substrate is shown in figure 2.6 [5]. The intrinsic energy 

level Ei or potential φ in the neutral part of device is taken as the zero reference 

potential. The surface potential φs is measured from this reference level. The 

capacitance is defined as 

dV
dQC =                             (2.2) 

It is the change of charge due to a change of voltage and is most commonly given in 

units of farad/units area. During capacitance measurements, a small-signal ac voltage is 

applied to the device. The resulting charge variation gives rise to the capacitance. 

Looking at an MOS capacitor from the gate, C = dQG / dVG, where QG and VG are the 

gate charge and the gate voltage. Since the total charge in the device must be zero, 

assuming no oxide charge, QG = − (QS + Qit), where QS is the semiconductor charge, Qit 

the interface charge. The gate voltage is partially dropped across the oxide and partially 

across the semiconductor. This gives VG = VFB + Vox + φs, where VFB is the flatband 

voltage, Vox the oxide voltage, and φs the surface potential, allowing Eq. (2.2) to be 

rewritten as 

sox

itS

ddV
dQdQC

φ+
+

=                          (2.3) 

The semiconductor charge density QS, consists of hole charge density Qp, 

space-charge region bulk charge density Qb, and electron charge density Qn. With QS = 

Qp + Qb + Qn, Eq. (2.3) becomes 
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Utilizing the general capacitance definition of Eq. (2.2), Eq. (2.4) becomes 
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The positive accumulation Qp dominates for negative gate voltages for p-substrate 

devices. For positive VG, the semiconductor charges are negative. The minus sign in Eq. 

(2.4) cancels in either case. 

Eq. (2.5) is represented by the equivalent circuit in figure 2.7 (a). For negative gate 

voltages, the surface is heavily accumulated and Qp dominates. Cp is very high 

approaching a short circuit. Hence, the four capacitances are shorted as shown by the 

heavy line in figure 2.7 (b) and the overall capacitance is Cox. For small positive gate 

voltages, the surface is depleted and the space-charge region charge density, Qb = 

−qNAW, dominates. Trapped interface charge capacitance also contributes. The total 

capacitance is the combination of Cox in series with Cb in parallel with Cit as shown in 

figure 2.7 (c). In weak inversion Cn begins to appear. For strong inversion, Cn 

dominates because Qn is very high. If Qn is able to follow the applied ac voltage, the 

low-frequency equivalent circuit (figure 2.7 (d)) becomes the oxide capacitance again. 

When the inversion charge is unable to follow the ac voltage, the circuit in figure 2.7 (e) 

applies in inversion, with Cb = Ksεo / Winv with Winv the inversion space-charge region 

width. 

The flatband voltage VFB is determined by the metal-semiconductor work function 

difference φMS and the various oxide charges through the relation 
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where ρ(x) = oxide charge per unit volume. The fixed charge Qf is located very near the 

Si-SiO2 interface and is considered to be at that interface. Qit is designated as Qit (φs), 

because the occupancy of the interface trapped charge depends on the surface potential. 

Mobile and oxide trapped charges may be distributed throughout the oxide. The x-axis 

is defined in figure 2.6. The effect on flatband voltage is greatest, when the charge is 

located at the oxide-semiconductor substrate interface, because then it images all of its 

charge in the semiconductor. When the charge is located at the gate-insulator interface, 

it images all of its charge in the gate and has no effect on the flatband voltage. 

In the study, principally, EOT values and flatband voltage were extracted from C-V 

characteristics by using the NCSU CVC modeling program [6]. EOT values were 

calculated with taking quantum effect into account. 
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FIGURE 2.6 Cross-section and potential diagram of an MOS capacitor 
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FIGURE 2.7 Capacitances of an MOS capacitor for various bias conditions. 



 ２８

 

2.2.3 Conductance Method for Interface Trap Density 

The conductance method, proposed by Nicosia and Goetzberger in 1967, is one of 

the most sensitive methods to determine Dit [5]. Interface trap densities of 109 cm-2-eV-1 

and lower can be measured. It is also the most complete method, because it yields Dit in 

the depletion and weak inversion portion of the band gap, the capture cross-sections for 

majority carriers, and information about surface potential fluctuation. The technique is 

based on measuring the equivalent parallel conductance Gp of an MOS capacitor as a 

function of bias voltage and frequency. The conductance, representing the loss 

mechanism due to interface trap capture and emission of carriers, is a measure of the 

interface trap density. 

The simplified equivalent circuit of an MOS capacitor appropriate for the 

conductance method is shown in figure 2.8(a). It consists of the oxide capacitance Cox, 

the semiconductor capacitance Cs, and the interface trap capacitance Cit. The 

capture-emission of carriers by Dit is a lossy process, represented by the resistance Rit. It 

is convenient to replace the circuit of figure 2.8(a) by that in figure 2.8(b), where Cp and 

Gp are given by 

( )21 it
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+=                 (2.7) 
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=                   (2.8) 

Where Cit = q2Dit, ω = 2πf (f = measurement frequency) and τit = RitCit, the interface 

trap time constant, given by τit = [υthσpNAexp(-qφs /kT)]-1. Dividing Gp by w makes Eq. 

(2.8) symmetrical in ωτit. Equations (2.7) and (2.8) are for interface traps with a single 
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energy level in the band gap. Interface traps at the SiO2-Si interface, however, are 

continuously distributed in energy throughout the Si band gap. Capture and emission 

occurs primarily by traps located within a few kT/q above and below the Fermi level, 

leading to a time constant dispersion and giving the normalized conductance as  

( )[ ]21ln
2 it

it

itp qDG
ωτ

ωτω
+=                    (2.9) 

Equations (2.8) and (2.9) show that the conductance is easier to interpret than 

the capacitance, because Eq.(2.8) does not require Cs. The conductance is measured as a 

function of frequency and plotted as Gp/ω versus w. Gp/ω has a maximum at ω = 1/τit 

and at that maximum Dit = 2Gp/qω. For Eq.(2.9) one can find ω~2/τit and Dit = 

2.5Gp/qω at the maximum. Hence one can determine Dit from the maximum Gp/ω and 

determine τit from ω at the peak conductance location on the ω-axis. Gp/ω versus f plots, 

calculated according to Eqs. (2.8) and (2.9). 

Experimental Gp/ω versus ω curves are generally broader than predicted by Eq. 

(6.49), attributed to interface trap time constant dispersion caused by surface potential 

fluctuations due to non-uniformities in oxide charge and interface traps as well as 

doping density. Surface potential fluctuations are more pronounced in p-Si than in n-Si. 

Surface potential fluctuations complicate the analysis of the experimental data. When 

such fluctuations are taken into account, Eq. (2.9) becomes 
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where P(Us) is a probability distribution of the surface potential fluctuation given by 
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With sU  and σ the normalized mean surface potential and standard deviation, 

respectively.  

An approximate expression giving the interface trap density in terms if the 

measured maximum conductance is 
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Capacitance meters generally assumed the device to consist of the parallel Cm-Gm 

combination in figure 2.8 (c). A circuit comparison of figure 2.8(b) to 2.8(c) gives Gp/ω 

in terms of the measured capacitance Cm, the oxide capacitance, and the measured 

conductance Gm as 
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assuming negligible series resistance. The conductance measurement must be carried 

out over wide frequency range. The portion of the band gap probed by conductance 

measurements is typically from flatband to weak inversion. The measurement frequency 

should be accurately determined and the signal amplitude should be kept at around 

50mV or less to prevent harmonics of the signal frequency giving rise to spurious 

conductances. The conductance depends only on the device area for a given Dit. 

However, a capacitor with thin oxide has a high capacitance relative to the conductance, 

especially for low Dit and the resolution of the capacitance meter is dominated by the 

out-of-phase capacitive current component. Reducing Cox by increasing the oxide 
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thickness helps this measurement problem. 
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FIGURE 2.8 Equivalent circuits for conductance measurement; (a) MOS-capacitor 
with interface trap time constant τit = Rit Cit, (b) simplified circuit of (a), (c) measured 
circuit. 
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2.2.4 J-V (Leakage Current - Voltage) Measurement 

It is important to suppress the leakage current of the gate dielectric film as small as 

possible in order to lower the power consumption of LSI. To estimate the leakage 

current density, J-V characteristics are measured using semiconductor-parameter 

analyzer (HP4156A, Hewlett-Packard Co. Ltd.). 

 
2.2.4.1 Schottky (SK) Conduction 

The Schottky effect is the image-force-induced barrier for charge carrier emission 

with an applied field [7]. Figure 2.9 shows potential barrier at the metal-vacuum 

interface. Maximum barrier height is reduced to image-force effect when an electric 

field is applied. This can help the emission of thermally activated carriers from the 

metal electrode, which is called Schottky emission. This type of carrier emission is 

completely analogous to thermionic emission expect that the applied field lowers the 

barrier height. Metal-vacuum system seen in Figure 2.9 is also equivalent to 

metal-insulator system as well as semiconductor-insulator system, expect for the 

dielectric constant of vacuum part. 

The main feature of Schottky emission is Schottky barrier lowering (or image-force 

lowering) [7]; 
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φ
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Permittivity ε should be replaced by an appropriate permittivity characterizing the 

medium. Since carrier emission occurs at much higher energy levels than Fermi level oh 

the injecting electrode, tunneling probability can be regard as 1. So Tunneling current is 
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Here, h is Plank constant, kB is Boltzmann constant, Em is barrier height (φ0=φm-χ), V is 

applied voltage. On condition is V>>kBT, Eq. 2.14 - 2.16 becomes 
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This J is also called Richardson-Schottky equation. 

   As expected, the Schottky current is thermally activated process and the activation 

energy is characterized by Eq.2.14 - 2.17. The activation energy is modulated by 

applied bias with Schottky barrier height lowering effect. One notice that the barrier 

deformation decrease as the dielectric constant increase, indicating that, in high-k oxide 

films, Schottky emission seems to be less probable than in conventional SiO2 film. 
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FIGURE 2.9 Band-Energy diagram between a metal surface and a vacuum. 
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2.2.4.2 Poole-Frenkel (P-F) Conduction 

   In MIS (Metal-Insulator-Semiconductor) structure, the P-F and Schottky emission 

results from the lowering of a Coulomb potential barrier by an applied field. The 

Schottky is associated with the insulator barrier near to the injecting electrode, whereas 

the P-F effect is associated with the barrier at the trap well in the bulk of insulator film. 

Thus, neutral donor traps that is neutral when filled and positive when empty don’t 

experience the P-F effect owing to the absence of the Coulomb potential. 

   Figure 2.10 shows thermionic emission of trapped carrier in the bulk of the film, 

which occurs at the trap site. Internal thermionic emission is called P-F emission, while 

external one is Schottky emission. Another way for emission of electron is hopping 

process, which is a kind of tunneling process in a short range. 

   It should be notified here that P-F conduction by P-F emission is closely related to 

the oxide film thickness while Schottky conduction by Schottky emission isn’t related 

to that, as far as the equal oxide field is concerned. 

Figure 2.11 shows the restoring force in both Schottky and P-F effect, which comes 

from Coulomb interaction between escaping electron and a positive charge. The 

restoring force is due to electrostatic potential that make electron move back to its 

equilibrium position. Although the restoring force is same of the both, they differ in the 

positive image charge is fixed for the P-F barriers but mobile with Schottky emission. 

This results in a barrier lowering twice as great for the P-F effect. 
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In that the electrons have enough energy to go over the energy barrier and travel in the 

conduction band with a mobility µ which is dependent on the scattering with the lattice, 

the general expression of the bulk current is expressed by 

                           ExqnJ µ)(=                            (2.21) 

The concentration of free carrier in the insulator is following. 
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Since Ec-EF is equal to effective trap barrier height including barrier lowering effect 

described by Eq. 2.19, the effective barrier height and governed by the P-F emission is 

written by following. 
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FIGURE 2.10 Thermionic condition (Poole-Frenkel Condition) 
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FIGURE 2.11 Restoring force on escaping electron [8] 
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2.2.4.3 Fowler-Nordheim (F-N) Conduction 

F-N tunneling occurs when electrons tunnel into the conduction band of the oxide 

layer. Figure 2.12 (a) shows F-N tunneling of electrons from the silicon surface 

inversion layer. The complete theory of F-N tunneling is rather than completed. For the 

simple case where the effects of finite temperature and image-force barrier lowering are 

ignored the tunneling current density is given by [9] 
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Here, h is Plank constant, q is electric charge, E is electric field in the oxide, φOX is 

barrier height of the oxide. 
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3.1 INTRODUCTION 
Post-deposition stability to ambient exposure is one of the key issues that need to be 

examined as reactions with ambient gases like H2O, CO2, and vapors of organic 

solvents present in the laboratory atmosphere may lead to significant degradation of the 

electrical properties of the film. It is well known that La2O3 is hygroscopic forming 

hydroxide. Bernal et al. exposed three different samples of La2O3 in air for several 

months to years and found that air exposure transformed them to partially carbonated 

lanthanum hydroxide [10]. The thermal decomposition of the air stabilized samples was 

studied using thermogravimetric analysis, temperature programmed desorption, Fourier 

transform infrared spectroscopy (FTIR) and x-ray diffraction (XRD) and a schematic 

reaction mechanism for the thermal decomposition of the lanthanum hydroxicarbonate 

was proposed. By reversing the steps of this mechanism, T. Gougousi et al. described 

the reaction of La2O3 films with H2O and CO2 through the scheme [11]:  

 

232 COOLa +         322 COOLa  

OHCOOLa 2322 2+         xx COOHLa )()( 3262 −  

OHOLa 232 2+          LaOOH  

OOHLa2          3)(2 OHLa  

 

In addition, effects of the moisture absorption on the permittivity of La2O3 film and on 

the surface roughness of La2O3 film have been investigated by Yi Zhao et al. [12]. The 

moisture absorption degrades the permittivity of La2O3 film annealed in N2 ambient 

after exposure to the air for several hours because of the formation of La(OH)3 with a 

lower permittivity in figure 3.1. Furthermore, AFM results indicate that the moisture 

first step 

second step 

first step 

third step 
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absorption also increases the surface roughness of La2O3 films on silicon. 

  

 

In this chapter, the process optimization of ultra-thin La2O3/Si by the thermal 

decomposition of La(OH)3 is reported.  

 

w/o exposure  kexp~24

 
FIGURE 3.1 Time series analysis of the moisture absorption on the permittivity of 
La2O3 film and on the surface roughness of La2O3 film by Yi Zhao et al. 
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3.2 PROCESS OPTIMIZATION 
WITH ABSORBED La2O3 COMPOSITION 
 

It is mentioned in section 3.1 that La2O3 form La(OH)3 layer due to strong absorbent, 

then the layer is increased in time sequence. In this section, the transformation of the 

absorbed La2O3 composition by thermal treatment and the influence of the shading on 

the electrical characteristics are investigated and the best condition is extracted.  

 

3.2.1 Analysis of Absorbed La2O3 Composition by XPS 

By using HX-PES, ultra-thin La2O3 (4 nm)/Si structure is measured for the 

confirmation of hydroxide and investigation of composition transformation to annealing. 

These measured samples are coated with self-organizing monomolecular film 

(Hexamethyldisilazane, HMDS, [(CH3)3Si]2NH) by way of avoiding the change in time 

sequence. 

Figure 3.2(a) shows O1s spectra of HMDS/La2O3/Si in various post-deposition 

annealing (PDA) temperatures. In as deposition (1), the largest peak from La-O-H 

bonds and little or nothing La-O-La peak are observed. This result means that almost 

La2O3 change the hydroxide. In PDA300 oC sample (2), there is clearly La-O-La peak It 

is considered that some La(OH)3 was resolved into La2O3 by annealing at 300 oC. In 

PDA500 oC (3) and PDA700oC samples (3), there are large peak of La-O-Si bonds. This 

peak denotes that La2O3/Si interface reaction was accelerated by higher temperature 

annealing. Figure 3.2 (b) exhibits the PDA temperature dependence of the maximum 

values on each component. According to literature [13], La(OH)3 bulk thermally 

decomposes into La2O3 at about 500 oC. In this case of ultra-thin La2O3/Si system, 

La(OH)3 also decrease with increasing in PDA temperature. But La(OH)3 even remain 
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at 700 oC. The cause of this residue may be short annealing time of 5 min. When 

compiling these results, La(OH)3 is resolved into La2O3 by annealing more than 300 oC, 

then a part of La2O3 transform into La-silicate. At 700 oC annealing, almost nothing is 

La-O-La combinations, then La atoms composed La-silicate. La2O3/Si interface reaction 

can be more definitely confirmed from Figure 3.3. Figure3.3 (a) is Si 1s spectra of 

HMDS/La2O3/Si on various PDA temperatures. At 300 oC annealing, La2O3/Si 

interface scarcely transform. The interface reaction exponentially occurs at 500 oC, and 

then La-silicate and SiOx layer more largely grow at 700oC. Figure3.3 (b) shows the 

dependence on take-off angle of electrons in O 1s spectra of PDA 700 oC sample. Each 

spectrum is normalized at La-O-Si peak. When take-off angle become big, Si-O-Si 

intensity increases. This phenomenon means there is SiOx under La-silicate. 

In summary, almost La2O3 change into La(OH)3 due to strongly moisture-absorption 

property. The formed La(OH)3 resolve into La2O3 by annealing more than 300 oC, but 

La2O3/Si interface reaction occur at more than 500 oC annealing, and then La-silicate 

and SiOx layer is formed. In this measurement, the sample in PDA 300 oC has much 

quantity of La2O3.  
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3.2.2 Electrical Characteristics of Absorbed La2O3  

In this section, I discuss the influence that the composition change of La2O3 

explained in section 3.2.1 gives various electric characteristics.  

Figure 3.4 shows C-V curves at various PDA temperatures with W/La2O3/n-Si. 

After La2O3 of these samples is deposited at once, each sample is annealed at each 

temperature. PDA 300 oC sample results in largest accumulation capacitance of all 

samples. A shoulder-like feature nearby zero voltage grows big depending on annealing 

temperature. This ‘‘hump’’ can sometimes be observed in MOS structures using high-k 

and can be attributed to the interface defects and traps [14, 15]. The reason why a hump 

grew big with increase of PDA temperature may be that there is much Si-dangling 

bonds due to interfacial layer. Insets in Figure 3.4 show enlarged views at square dotted 

line of each C-V data. C-V hysteresis widens as PDA temperature, and then it narrow at 

PDA 700 oC. In general, C-V hysteresis is caused for “border traps” of slow response, 

described by various names such as “slow traps”, “near-interface oxide traps”, and 

“slow interface states”, and this traps decrease with annealing [16, 17]. This widening 

may be attributed to increasing in border traps by thermally resolving of La(OH)3. 

Figure 3.5 shows flat band voltage (VFB) as a function of PDA temperature. Nothing is 

large VFB shift. Figure 3.6(a) shows physical thickness and EOT dependence on PDA 

temperature. These physical thicknesses are measured by spectroscopic ellipsometerl. 

The physical thickness of this film decreases by annealing at 300 oC. This may resulted 

from a densification of La2O3 film and/or thermal resolution of La(OH)3. As a result of 

foregoing section, PDA 300 oC sample has most quantity of La2O3. The effective 

dielectric constant (keff), however, does not increase because of the formation of 

La-silicate (Figure 3.6 (b)). In the case of PDA 500 oC and 700 oC, their physical 
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thicknesses increase and EOT decrease. These alternation is because of the volume of Si 

reacted and the lower dielectric constant on La-silicate and SiOx interfacial layer. As a 

result, as-deposited sample has keff = 18.9, on the other hand, PDA 700 oC sample has 

keff = 11.0. Figure 3.7 shows Jg at Vg = 1V versus EOT plots of these samples. The 

annealing at higher temperature increase in the leakage current. In particular, although 

the thicknesses significantly grow with annealing more than 500oC, the leakage current 

increase. This result gives three possible causes followed by  

1. Crystallization of dielectric film by annealing higher temperature 

2. Defects generation by thermally resolving La(OH)3 

3. Defects generation by intense reaction of La2O3/Si interface. 

In next section, these possible causes are discussed in detail.  
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FIGURE 3.5 VFB shift dependence on PDA temperature 
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FIGURE 3.6 (a) Physical thickness and EOT dependence on PDA temperature. (b) 
Effective dielectric constant dependence on PDA temperature. 
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FIGURE 3.7 Jg at Vg = 1V versus EOT plots of W/La2O3/Si MOS capacitors with 
various PDA temperatures.  
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3.2.3 ANALYSIS OF THREMAL STABILITY 
In section 3.2.2, it was mentioned that the leakage current increase though the 

thicknesses significantly grow with annealing more than 500oC. In addition, I suggest 

three possible causes;  

1. Crystallization of dielectric film by annealing higher temperature 

2. Defects generation by thermally resolving La(OH)3 

3. Defects generation by intense reaction of La2O3/Si interface. 

In this section, it is thought to these causes. 

 

3.2.3.1 Crystallization of La2O3 with PDA 

A lot of crystallization by high temperature heat-treatment of high-k films is 

reported. In generally, the crystallization of the dielectric film causes the degradation of 

electrical characteristics, especially carrier mobility [18] and leakage current [19], on 

MOS device. Figure 3.8 shows two examples of crystallization with HfO2 film. M.Y. 

Ho et al. report as-deposited ALD HfO2 films grown on thermal SiO2 are 

polycrystalline and the degree of crystallinity depends strongly on the annealing 

temperature but only weakly on annealing time (Figure 3.8 (a))[20]. Figure 3.8 (b) 

reported by H. Kim et al. shows that significant crystallization of the 30-Å-thick ALD 

HfO2 films was observed after annealing for 30 min at ~500 °C, but a monotonic 

decrease in leakage current density with increasing annealing temperature is observed 

after 30 min anneals at temperatures of 700 °C and higher due to increasing in 

interfacial oxide thickness after annealing at these annealing temperatures [21]. In this 

section, the crystallization of dielectrics with La2O3/Si system is investigated. The 

evaluation of crystallization was performed by using X-ray diffraction method at 
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Spring-8. 

The measured samples are Carbon (C)/La2O3 (4 nm)/n-Si structure. Carbon (~10 

nm) on La2O3 was deposited by E-beam evaporation by way of avoiding the change in 

time sequence after PDA. Figure 3.9 shows XRD θ–2 θ scan profiles result for sample 

annealed at various PDA temperatures. The top of the panel shows the peak positions 

for crystalline of La-based oxide. All samples have a broad peak between 25 degree and 

30 degree because La-based oxide peaks concentrate there. These peaks mean an 

existence of polycrystalline layer. The crystallization even occurs in the as-deposited 

film. In as-deposited sample, there is a sharp peak of La2Si2O7 at 13 degree. With 

increase of annealing temperature, La2O3 peak of 46 degree becomes sharp. This result 

displays the growth of poly-crystallized La2O3 with increase of PDA temperature. This 

growth may cause increasing leakage current in section 3.2.2 because defective grain 

boundary regions may enhance electronic conduction. 
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FIGURE 3.9 XRD θ–2 θ scan profiles of C/La2O3/Si showing the effect of various 
annealing temperatures. Carbon is coated by E-beam evaporation after PDA. The 
top of the panel shows the peak positions for crystalline of La-based oxide. 

 (a) (b)

FIGURE 3.8 Crystallization of HfO2. (a) XRD spectra of ALD HfO2 films on 
thermal oxide showing the effect of various annealing conditions [20]. (b) Electron 
diffraction and leakage current characteristics of HfO2 after annealing at various 
temperatures [21]. 
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3.2.3.2 Generation of Defects by La(OH)3 Resolution and 
Interface Reaction 
 

According to A. Fukuyama, in Pt/La2O3/Pt MIM structure, the carrier conduction 

mechanism of PDA 300oC condition is from Schottky to Poole-Frenkel (P-F) to F-N 

conduction (Figure 3.10) [22]. On the other hand, post-metallization annealing (PMA) 

300oC do not have P-F conduction. P-F conduction mechanism is caused in a trap site 

of insulator and interface. In this section, I discuss the change of the leakage current 

depending on PDA temperature in section 3.2.2 to direct my attention to the generation 

of defects by La(OH)3 resolution and interface reaction. 

Figure3.11 shows C-V characteristics of W/La2O3/Si MOS-capacitors with carrying 

out PMA 300 oC and 500 oC. These La2O3 film is deposited at once with the former 

PDA samples. Nothing is the change of accumulation capacitance from as-deposited 

sample to PMA 300 oC. The capacitance of PMA 500 oC sample decrease, compared to 

as-deposited. Insets in Figure 3.11 show enlarged views at square dotted line of each 

C-V data. C-V hysteresis of PMA 300 oC and PMA 500 oC is much smaller than 

as-deposited sample. Figure 3.12 shows (a) VFB and (b) EOT yielded from these C-V 

data as a function of annealing temperature. In the case of PMA, VFB move from 

as-deposited VFB to positive direction with PMA 300 oC and transfer from there to 

negative direction with PMA 500 oC. An EOT of PMA 300 oC is the same as 

as-deposited, and PMA 500 oC increase. I guess a mechanism of these phenomena. In 

PDA at 300 oC, as a result that H2O fall out from the film due to thermal resolution of 

La(OH)3, EOT decrease by decreasing the physical thickness and reviving La2O3. In 

PMA at 300 oC, on the other hand, EOT do not decrease because H2O remain in the 

film. In addition, the C-V hysteresis of PDA sample widen at 300 oC and 500 oC since 
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the border trap generation by H2O falling out, while PMA samples has very little C-V 

hysteresis. The difference of VFB between PDA 300 oC and PMA 300 oC may be related 

to the defect generation, which is oxygen vacancy, by H2O falling out. Figure 3.13 

shows Si 1s XPS spectra of (a) PDA samples of HMDS/La2O3/Si and (b) PMA samples 

of W/La2O3/Si. The interfacial layer growth of PMA is the almost same as PDA.  

Figure 3.14 shows Jg at Vg = 1V versus EOT plots of W/La2O3/Si MOS capacitors 

with PDA and PMA. It is same EOT in PDA 500 oC and PMA 500 oC, but a large 

difference is seen in a leakage current. This result disagrees with a former argument that 

PMA film with a few defects is formed as compared with PDA. Perhaps, it may be 

caused by defect generation by reaction with W. 

 
 

 

 
 
 
 

 (1) PDA300oC (2) PMA300oC

FIGURE 3.10 Leakage current mechanism of Pt/La2O3/Pt MIM-capacitors (a) 
PDA300oC (b) PMA300oC 
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FIGURE 3.14 Jg at Vg = 1V versus EOT plots of W/La2O3/Si MOS capacitors with 
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3.3 SUMMARY 
In this chapter, absorbed La2O3 was discussed. La2O3 transform into La(OH)3 since 

La2O3 has strong absorption. This La(OH)3 of the lower dielectric constant resolves into 

La2O3 by annealing at more than 300 oC. Meanwhile at La2O3/Si interface, the strong 

reaction is caused at 500 oC, and then La-silicate and SiOx layer to lead to increase in 

EOT is formed. As far as the reduction of La2O3 and the growth of interfacial layer are 

concerned, PDA 300 oC is best condition.  

In spite of the increase in EOT attended by PDA, the leakage current tends to be 

increased. This phenomena is discussed in terms of the crystallization by PDA and the 

defect generation by thermally resolving La(OH)3 and the La2O3/Si interfacial reaction. 

As a result, the crystalline layer grows by increasing in PDA temperature. As compared 

with PMA which shut H2O into La2O3 film, PDA 300 oC decrease in EOT, PMA, which 

shut H2O into La2O3 film, do not decrease. Although PDA films have more defects than 

PMA from C-V characteristics, the leakage current of PDA is more. This may be related 

to the diffusion of W in La2O3. Seeing from a point of view to thermal stability, the 

difference was hardly seen in a change of EOT, but a PDA at 500 oC is better about a 

leakage current. 
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4.1 INTRODUCTION 
In chapter 3, the absorbed La2O3 was discussed. As a result, the most of effective 

dielectric constant is 18.9 contrary to theoretically ~27. This degradation attribute to the 

existence of La(OH)3 and the interface reaction. Therefore, with the aim of avoiding the 

deterioration by absorbent, in-situ metallization proceeded without exposing La2O3 to 

air after La2O3 deposited. In this chapter, this in-situ sample is evaluated. 

 

4.2 EFFECT OF IN-SITU La2O3 PROCESS 
4.2.1 Properties of As-deposition 

A structure of samples is W/La2O3/n-Si stack, and then in-situ metallization 

proceeded without exposing La2O3 to air after La2O3 deposited. Figure 4.1 shows C-V 

curve of W/La2O3/Si MOS-capacitors with in-situ and ex-situ metallization without 

annealing. The physical thickness of the in-situ La2O3 is 5.8 nm measured from 

cross-sectional Transmission Electron Microscope (TEM) image. An ex-situ samples 

with the same physical thickness as in-situ was used for comparison. The physical 

thickness of the ex-situ La2O3 was measured by spectroscopic ellipsometer. Although 

the same thickness, these accumulation capacitance differ largely. These C-V data yields 

an EOT = 0.99 nm and 1.20 nm with in-situ and ex-situ, respectively. The in-situ sample 

has large hysteresis. If this in-situ C-V is regarded as a characteristic of original La2O3, 

the absorption of H2O decreases C-V hysteresis. It is thought that OH- ions compensate 

for the oxygen vacancies of La2O3. For a same reason, the in-situ VFB positively shift. 

Figure 4.2 shows these effective dielectric constants calculated from the EOT and 

physical thickness. The calculation method of dielectric constant is expressed in detail 
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in Section 5.21. The in-situ film has εin-situ = 23.4, compared to εex-situ = 18.9 with ex-situ. 

Figure 4.3 shows the current density – voltage (J-V) data. The current of the in-situ 

sample is higher than the ex-situ in spite of the same physical thickness. It is probable 

that this higher current is caused by the harder electrical field due to larger εeff and the 

more defects.  
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FIGURE 4.1 C-V curve of W/La2O3/Si MOS-capacitors with in-situ and ex-situ 
metallization without annealing. Capacitance is measured at 100 kHz. 
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FIGURE 4.3 J-V characteristics of W/La2O3/Si MOS-capacitors with in-situ and 
ex-situ metallization without annealing. 
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4.2.2 Thermal Stability 

In this section, a thermal stability of the in-situ sample is evaluated by PMA. Figure 

4.4 shows the variation of C-V characteristics by annealing temperature of W/La2O3/Si 

MOS-capacitors with in-situ and ex-situ metallization. In in-situ samples, as PMA 

temperature increases, the accumulation capacitance and hysteresis decreases, and then 

the hump increases. It is though that all of these changes are caused by interface 

reaction. The capacitance diminution results from the growth of the lower dielectric 

constant layer. The hysteresis shrink is attributed to border traps decrease due to 

interface reaction. The hump growth probably means the reaction increase in the 

interface states. The EOT and VFB calculated from these C-V data are shown as a 

function of PMA temperature in figure 4.5 (a) and (b), respectively. Compared to 

as-deposited and PMA 300 oC samples, the EOT difference between in-situ and ex-situ 

diminish at PMA 500 oC. It is thought that the reason is because the low dielectric 

constant layer formed by heat-treatment became dominant. The VFB shifts by annealing 

for the in-situ capacitor is larger than the ex-situ. K. Shiraishi et al. reports that the 

oxygen vacancies near high-k/poly-Si interface cause Fermi-level pinning due to 

interface dipole formation [23]. In the in-situ capacitor without annealing, the large 

hysteresis represents the many existence of the oxygen vacancy near La2O3/Si. And it is 

possible that the interlayer growth by annealing decrease in the border traps, which 

decrease interface dipoles and make VFB largely shift. In the ex-situ capacitor without 

annealing, on the other hand, almost nothing is the oxygen vacancies as a result of little 

hysteresis. Accordingly, VFB shift by annealing is small. In addition, it can be seen that 

the in-situ PMA 500 oC has the VFB that is about the same as ex-situ. Figure 4.6 shows 

Jg at Vg = 1V versus EOT plots of W/La2O3/Si MOS capacitors with various annealing 



 ６１

temperatures in in-situ and ex-situ process. In the case of the in-situ samples, the 

leakage current decrease by annealing with increasing in EOT. This result is contrary to 

the ex-situ samples. The effect that shut H2O into the film may increase in the current. 

  Figure 4.7 shows difference between in-situ PMA and ex-situ PDA process in 

annealing temperature dependence of EOT. Both in-situ PMA and ex-situ PDA increase 

in EOT as annealing temperature increases. It is remarkable that EOT reverses in 

annealing of 700 oC. In figure 4.8, there is the cause of this reversal. Figure 4.8 is Si 1s 

spectra for (a) in-situ PMA, (b) ex-situ PMA, and (c) ex-situ PDA. With 500oC 

annealing, all process show the almost same in the interface reaction. However, a big 

difference appears in heat-treatment of 700 oC. The in-situ La2O3 exponentially reacts 

with Si substrate. This unusual growth of interfacial layer has EOT suddenly increasing. 

The leakage current also largely changes at PMA 700oC for the in-situ sample in figure 

4.9. The detailed current mechanism has not been investigated as yet, but it is clear that 

the current mechanism is different from other sample. Figure4.10 shows Jg at Vg = 1V 

versus EOT plots of various annealing temperatures in in-situ PMA and ex-situ PDA 

process. The current of the in-situ films is, on the whole, larger than the ex-situ films. In 

particular, the PMA 700 oC sample of the in-situ process has as large leakage current as 

the SiO2 film. While OH- ions have the dielectric constant declining, they may suppress 

the defects in the film. 

 

 

 

 

 



 ６２

 

 

 

 

 

 

 

 

PMA Temperature [oC]

w/o
PMA

300 500

EO
T 

[n
m

]

0.5

1

1.5

2

in-situ

ex-situ

PMA Temperature [oC]

w/o
PMA

300 500

EO
T 

[n
m

]

0.5

1

1.5

2

in-situ

ex-situ

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

PMA Temperature [oC]

w/o
PMA

300 500

V F
B

[V
]

in-situ

ex-situ

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

PMA Temperature [oC]

w/o
PMA

300 500

V F
B

[V
]

in-situ

ex-situ

(a) (b)

 
FIGURE 4.5 Annealing temperature dependence of (a) EOT and (b) flatband 
voltage. 
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FIGURE 4.6 Jg at Vg = 1V versus EOT plots of W/La2O3/Si MOS capacitors with 
various annealing temperatures in in-situ and ex-situ process. 
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Figure 4.10 Jg at Vg = 1V versus EOT plots of various annealing temperatures in 
in-situ PMA and ex-situ PDA process. 
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Figure 4.9 Difference of leakage current density in annealing temperatures with 
in-situ PMA. 



 ６６

4.3 SUMMARY 
  In this chapter, I evaluated the samples which in-situ metallization proceeded without 

exposing La2O3 to air after La2O3 deposited with the aim of avoiding the deterioration 

by absorbent. As a result, compared with εeff = 18.9 of the ex-situ La2O3, εeff = 23.4 of 

the in-situ is obtained. The defects in the film, however, increased. In a thermal stability, 

the exponential growth of the interfacial layer at 700 oC annealing was confirmed. This 

vastly increases EOT. This result means that OH- ions may suppress the interface 

reaction. Finally, Jg at Vg = 1V versus EOT plots of various physical thicknesses with 

in-situ process is shown in figure 4.11. These plots suggest that the thermal treatment 

aggravate the device characteristics. In this study, the smallest EOT of this in-situ 

process is 0.47 nm, and then the leakage current at 1V is 6.4 x 10-3 A/cm2.  
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5.1 INTRODUCTION 
  For high-k MOSFET, the poor drive current due to degraded field-effect carrier 

mobility is a major issue. To my knowledge, there has been no report on high-k 

dielectrics yielding field-effect mobilities matching those of the universal curves [24] 

generally observed for high-quality SiO2. The degraded mobility generally observed for 

high-k dielectrics has been attributed to higher interface-state density Dit, higher 

fixed-charge density, or electron wave-function penetration due to a lower barrier height 

as compared with SiO2. It is interesting to note that if interface charge trapping is taken 

into account, the field-effect mobility for a high-k dielectric can be very close to that of 

the universal mobility curve for SiO2 [25]. Typical HfO2 films exhibit hysteresis in C-V 

characteristics due to charge trapping by near-interface traps. Even in the best case, the 

hysteresis of 1.3 nm EOT HfO2 amounts to >20 mV, corresponding to an area trap 

density >2 x 1011 cm-2. [26] Hence, traps likely play a significant role in the degradation 

of carrier mobility [27].  

  According to John Robertson, SiO2 has such a low defect concentration for two 

reasons. First, its large heat of formation (large Si–O bond strength) means that 

off-stoichiometry defects such as O vacancies are costly and so they are rare. The 

second is that SiO2 has a low coordination. Its covalent bonding means that the main 

defects are dangling bonds, and the low coordination allows the SiO2 network to relax 

to remove any dangling bonds by re-bonding the network. This occurs particularly for 

defects at the Si/SiO2 interface. 

The high-k oxides differ from SiO2 in that their bonding is ionic and they have a 

higher coordination number [28]. The more ionic bonding and higher coordination 

numbers mean that the high-k oxides are poorer glass formers. The effect of poor 
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glass-forming ability and high coordination is that the oxides have larger 

non-equilibrium defect concentrations. The oxides still have high heats of formation, so 

the equilibrium defect concentrations should be low. However, the non-equilibrium 

defect concentration is high because the oxide network is less able to relax to re-bond 

and remove defects. 

As a result of Chapter 4, the MOS-capacitor for the in-situ process possesses the 

larger dielectric constant than the ex-situ, while the in-situ La2O3 has more defects. The 

film of low quality causes the increase of C-V hysreresis and the degradation of thermal 

stability. The La2O3/Si interface reaction may have to do with oxygen vacancy. In this 

chapter, for the purpose of decreasing in oxygen vacancy in La2O3 deposition, I 

experimented with in La2O3 deposition in a trace of oxygen gas.  
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5.2 EFFECT OF La2O3 DEPOSITION WITH 
FLOWING OXYGEN 
 

A trace of oxygen was introduced into the chamber during the La2O3 deposition, 

which set the oxygen partial pressure to 1 x 10-5 Pa, 7 x 10-4 Pa, and 3 x 10-3 Pa. 

 

5.2.1 Evaluation of Interface Reaction 

Figure 5.1 shows cross-sectional TEM images of as-deposited La2O3 MOS 

capacitors (a) without and (b) with oxygen flow. A sharp interface between La2O3 and 

Si was obtained with capacitor without oxygen supply, while interfacial layer (IL) 

formation was clearly observed when oxygen was introduced. The thickness of the 

formed IL was estimated to be 1.7 nm out of the total thickness of 5.2 nm. EOT 

obtained from measured C-V characteristics with fitting was 1.05 nm. By treating this 

binary layer structure as two capacitors in series, we have 
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where εox, εIL and ε La2O3 are the dielectric constant of SiO2, interfacial layer and La2O3, 

respectively, and PTIL and PT La2O3 is the physical thickness (PT) of interfacial layer and 

La2O3, respectively. The relation between EOT and total physical thickness is given by 
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Figure 5.2 shows that nothing is interfacial layer for the sample without flowing oxygen 

as well as cross-sectional TEM image. From equation (5.2) and the slope of Figure 5.2, 

we obtain ε La2O3 23.4. By using this value, I can also estimate εIL 14.4 from equation 

(5.1). The interfacial layer EOTIL is 0.43nm from the intercept of equation (5.2). 

XPS measurement was performed on as-deposited La2O3 film with and without 
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flowing oxygen. Figure 5.3 shows Si 1s spectra. The formation of La-silicate is 

confirmed in sample with oxygen. 
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FIGURE 5.2 EOT versus physical thickness showing with and without oxygen flow. 
Both plots are linear relationship, but y-intercept is different. 
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FIGURE 5.1 Cross-sectional TEM images of La2O3 as-deposited (a) without and (b) 
with flowing oxygen. The interfacial layer is observed with oxygen flow, and then the 
dielectric thickness is indicated in each image. 
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FIGURE 5.3 XPS Si 1s spectra of the W/La2O3/Si system prepared under La2O3 
deposited with flowing oxygen and Pt/La2O3/Si without oxygen.  
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5.2.2 Evaluation of Defects from Leakage Current 
Conduction Mechanism 

 

In this section, the defects in La2O3 are evaluated from the leakage current 

conduction mechanism. We have considered different conduction mechanisms: 

Schottly conduction, Poole-Frenkel (P-F) conduction, and Fowler-Nordheim (F-N) 

conduction, the current density is expressed as a function of the oxide electric 

field. Figure 5.4 show conduction mechanisms plots on W/La2O3/Si MOS-capacitors 

deposited with and without flowing oxygen. Their current density is measured at room 

temperature. Both samples conduction mechanism is Schottly conduction, P-F 

conduction, and F-N conduction mechanism. At low voltage from 0 V to 1.1 V, 

Schottky conduction mechanism was shown due to La2O3/Si interface has high barrier 

height. The P-F conduction is fitted well in two applied voltage ranges: no oxygen 

supplying sample is from 1.1 V to 1.9 V and oxygen supplying sample is from 1.1 V to 

1.7 V. No oxygen supplying sample is dominated by P-F conduction at wider range 

than another one. The F-N conduction is also fitted well in two applied voltage ranges: 

no oxygen supplying sample is from 1.2 V to 2.0 V and oxygen supplying sample is 

from 1.5 V to 1.9 V. Since no oxygen supplying sample has smaller EOT than another 

sample, F-N conduction, which is tunneling conduction, is observed at lower voltage.  

Leakage current of fabricated W/La2O3/Si MOS capacitors were measured at 

various temperature. Large leakage current dependence on temperature suggests 

Poole-Frenkel emission, which follows the relation: 
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where A is proportional factor, T is measured temperature, Ei is electric field applied to 

insulator, εi is insulator permittivity, q is electronic charge, k is Boltzmann’s constant, 

and qΦPF is barrier height of contributory defect to carrier conduction [7]. Figure 5.5 (a) 

and (b) shows J-V characteristics measured at various temperatures on the films with 

and without oxygen flowing during La2O3 deposited. As the measured temperature 

increasing, both leakage currents increase at their voltage ranges which P-F conductions 

are observed in Figure 5.4 (b). Figure 5.6 shows the Arrhenius plot on measured leakage 

current density at 1.0V above the flatband voltage of La2O3 film with and without 

oxygen. The strait relation reveals that the conduction mechanism is P-F emission. A 

barrier height of 0.13 eV can be estimated with oxygen supplied La2O3. On the other 

hand, two barrier heights of 0.44 and 0.66 eV were obtained with no oxygen supplied. 

This difference of trapping levels below the La2O3 conduction band edge may be 

explained as arising from the electron trapping or de-trapping between the intrinsic and 

charged oxygen vacancy states. John Robertson report oxygen vacancy states in La2O3 

by calculating (Figure 5.7) [28]. V2+ occupies an energy level of about 1.1 eV below the 

La2O3 conduction edge. This vacancy can be filled with electrons injected from the 

substrate. After capturing an electron (V+) it relaxes by about 0.3 eV to 1.4 eV. Further 

electron capture will relax by another 0.3 eV to 1.7 eV below the conduction band edge 

of the dielectric. Their calculated values are larger than these experimental values. But 

the interval of their values is close to the calculation value of 0.3 eV. I do not know the 

cause of their differences. Perhaps the interfacial layer on La2O3 with flowing oxygen 

may be related to this matter. In the least, the decrease of trap level by supplying oxygen 

may mean that the oxygen vacancies thinned as little dependence on temperature.  
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FIGURE 5.4 Carriers conduction mechanism of samples on La2O3 deposited with 
and without oxygen. (a) Schottky plots, (b) Poole-Frenkel plots, and (c) 
Fowler-Nordheim plots. 
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FIGURE 5.6 Arrhenius plot of current density at different deposition condition of 
La2O3. On each temperature, the current density at the gate voltage which the 
constant electric field was applied to insulator was plotted. 
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FIGURE 5.5 J-V characteristics measured at various temperatures on the films (a) 
without and (b) with oxygen flowing during La2O3 deposited. 
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FIGURE 5.7 Molecular orbital diagram of relaxed oxygen vacancy in La2O3 in 
various charge states by John Robertson and these experimental results. 
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5.2.3 Dependence on Partial Oxygen Pressure 

In this section, it is investigated that what kind of influence the oxygen quantity in 

deposition chamber gave. The prepared samples is W/La2O3/n-Si MOS capacitors, 

La2O3 was deposited with flowing oxygen at 1 x 10-5 Pa, 7 x 10-4 Pa, or 3 x 10-3Pa. 

Figure 5.8 shows C-V characteristics of La2O3 deposited under various oxygen partial 

pressures. These samples are MOS-capacitors made by the in-situ process without 

annealing, and then they are the same quantity of La2O3 evaporated which was 

controlled by quartz oscillator in the deposition chamber. A change of C-V curve by 

increase of oxygen partial pressure is three points of the following. 

① a decrease in accumulation capacitor  

② a growth of “hump” 

③ a reduction of hysteresis 

Below is the consideration for these changes. First, a decrease in accumulation 

capacitance is deliberated. Figure 5.9 shows EOT as a function of oxygen partial 

pressure. The increase of EOT, that is to say the decrease of capacitance, is caused by 

the growth of the interfacial layer whish is dependent on oxygen pressure. Second, it is 

examined that “hump” grow by supplying oxygen. Figure 5.10 shows the interface trap 

density (Dit) as a function of the trap energy within the band gap of silicon, which was 

measured by conductance method. Dit increase with high oxygen pressure. This increase 

accords the growth of hump. It is probable that this result from the formation of Si 

dangling bonds by reacting at La2O3/Si interface. Even in the sample without oxygen, 

however, the Dit amount to >1 x 10-12 cm-2 eV-1. The Si substrate surface before La2O3 

deposition is terminated by hydrogen, while this hydrogen leaves Si of the surface by 

heating the substrate. In gradually, a post metallization or “final” anneal in hydrogen or 
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in a hydrogen-containing ambient, at temperatures around 400 oC is quite effective in 

minimizing the density interface traps [1]. Figure 5.11 shows C-V characteristics 

measured at various frequencies for La2O3 MOS-capacitor annealed at 420 oC for 30 

min in 3%-H2+N2 (forming gas, FG).  Against expectation, the hump remains large. 

Perhaps, since the hydrogen is taken in La2O3, Si dangling bond stay behind FG 

annealing. Third, the influence of the deposition conditions on C-V hysteresis was also 

investigated. For the no oxygen supplying sample, hysteresis due to the border traps is 

clearly seen, and the trap density is estimated [30] to be ~ 6.4 x 1012 cm-2, whereas the 

remarkably reduced hysteresis is evident for La2O3 deposition sample with oxygen 

pressure of 3 x 10-3 Pa, and the trap density is estimated to be as small as ~ 9.5 x 109 

cm-2 in figure 5.12. Figure 5.13 shows (a) normalized C-V curves and (b) VFB shift as a 

function of oxygen partial pressure. Forward C-V curves is the almost same except these 

hump. In common, “stretching” of C-V curve is well known as the influence of interface 

traps [31]. These samples, however, have no change by stretching of C-V curve though 

Dit change with oxygen pressure. I can not understand this reason. In figure 5.13 (b), a 

small positive shift of VFB with increase in oxygen pressure is because the positive fixed 

charge, which is probably oxygen vacancy, decrease. Finally, Jg at 1V versus EOT plots 

is shown in figure 5.14. Although EOT and physical thickness increase by a growth of 

interfacial layer, the leakage current does not change except the sample which is highest 

oxygen pressure. This result is contrary to the reduction of oxygen vacancies which can 

become trap sites. The leakage current may be concerned with interface traps.  

As a result, the supplying oxygen grows in interfacial layer, increase in EOT, and 

make interface trap, on the other hand, decrease in oxygen vacancies.  
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FIGURE 5.9 Variation of EOT with oxygen partial pressure. EOT is increased by 
supplying oxygen. 
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FIGURE 5.11 Effect of PMA in forming gas at 420 oC for 30 min. La2O3 is 
deposited with oxygen pressure of 1 x 10-5 Pa. 
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FIGURE 5.10 Distribution of the interface trap density Dit as a function of the trap 
energy within the band gap of silicon. 
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FIGURE 5.12 Effect of PMA in forming gas at 420 oC for 30 min. La2O3 is 
deposited with oxygen pressure of 1 x 10-5 Pa. 
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FIGURE 5.14 Jg at Vg = 1V versus EOT plots of W/La2O3/Si MOS capacitors with 
various oxygen partial pressure. 
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5.2.4 Evaluation of Thermal Stability 

In this section, the thermal stability with the sample supplying oxygen is 

investigated. Figure 5.15 shows EOT of La2O3 deposited with various oxygen partial 

pressures as a function of PMA temperature. PMA was performed at 300 oC, 500 oC, 

and 700 oC for 5 min in nitrogen. With high oxygen pressure, the thermal stability is 

slightly improved at PMA700 oC. The interfacial layer by flowing oxygen may suppress 

the interfacial layer growth by annealing. But, as a whole, EOT largely increase at 500 

oC and 700 oC. 

Figure 5.16 shows the Dit as a function of annealing temperature. Dit is exacted by 

conductance method, estimated Dit extrapolated to midgap. The sample of without 

flowing oxygen and annealing have the lowest Dit. In addition to flowing oxygen, Dit 

increase by annealing at 300 oC. PMA 500 oC decrease in Dit. In 700 oC annealing, 

which exponentially react at interface, Dit is more than 2 x 10-13 cm-2 eV-1 in all sample. 

Too much Dit is one of the most serious problems for high performance MOSFET.  
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FIGURE 5.16 Interface trap density (Dit) of La2O3 deposited with various oxygen 
partial pressure as a function of PMA temperature. Estimated Dit extrapolated to 
midgap. 
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FIGURE 5.15 EOT of La2O3 deposited with various oxygen partial pressure as a 
function of PMA temperature. 
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5.3 SUMMARY 
The La2O3 film with in-situ process has many defects. In this chapter, for the 

purpose of decreasing in oxygen vacancy in La2O3 deposition, I experimented with in 

La2O3 deposition in a trace of oxygen gas. As a result, the supplying oxygen grows in 

interfacial layer, increase in EOT, and make interface trap, on the other hand, decrease 

in oxygen vacancies. In addition, the growth of the interfacial layer whish is dependent 

on oxygen pressure, and then EOT increase. The traps in La2O3 film have the two 

trapping levels of 0.44 eV and 0.66 eV below the La2O3 conduction band edge. In the 

case of supplying oxygen, this trap level decrease to 0.13 eV. With high oxygen 

pressure, the thermal stability is slightly improved at PMA700 oC, but Dit increase.  
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In this thesis, various problems had La2O3 film for the downscaling are investigated. 

In Chapter 6, the studies referred to in this thesis are summarized and their importance 

is described. 

 

a) Process optimization of absorbed La2O3 (Chapter3) 

La2O3 having strong absorption form La(OH)3 in air. This La(OH)3 of the lower 

dielectric constant resolves into La2O3 by annealing at more than 300 oC. Meanwhile at 

La2O3/Si interface, the strong reaction is caused at 500 oC, and then La-silicate and SiOx 

layer to lead to increase in EOT is formed.  

In spite of the increase in EOT attended by PDA, the leakage current tends to be 

increased. This phenomena is discussed in terms of the crystallization by PDA and the 

defect generation by thermally resolving La(OH)3 and the La2O3/Si interfacial reaction. 

 

b) Process optimization of in-situ La2O3 process (Chapter4) 

   Compared with εeff = 18.9 of the ex-situ La2O3, εeff = 23.4 of the in-situ is obtained. 

The defects in the film, however, increased. In a thermal stability, the exponential 

growth of the interfacial layer at 700 oC annealing was confirmed. 

 

c) Effect of La2O3 deposition with flowing oxygen (Chapter5) 

The supplying oxygen grows in interfacial layer, increase in EOT, and make 

interface trap, on the other hand, decrease in oxygen vacancies. With high oxygen 

pressure, the thermal stability is slightly improved at PMA700 oC, but Dit increase. 

 

 



 ８９

FOR FUTURE WORKS 
    La2O3 was the difficult material due to strong absorption. It is necessary that an 

in-situ gate metallization process is adopted for maintaining the high dielectric constant. 

However, in this study, the degradation of the film quality is hard, and some 

breakthrough will be needed for high performance La2O3 CMOS application. 

The problem of La2O3 next to absorption is the poor thermal stability. I think 

throughout this study that it is impossible to prevent La2O3/Si interface reaction by 

heat-treatment. To my knowledge, there are two approaches for the solution. One is to 

innovate other material in La2O3 or between La2O3 and Si substrate. At present, 

various materials are investigated in the world. Y2O3 and Sc2O3 may designate better 

thermal stability because of larger Gibbs free energy than La2O3 [32]. But the mixing 

or insert will cause EOT increase. Another is the reduction of the grown interfacial layer 

by heat-treatment. This is virtually unexplored methods. This should pay attention to it 

as an investigation object. 

  In conclusion, the original studies referred to in this thesis were useful and timely 

in the successive technology generations of Si semiconductor, contributing to the 

realization of high-performance and highly reliable CMOS integrated circuits during 

the past 20 years. They are also expected to contribute to the future progress of LSIs. 
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