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1.1 Background of This Study

CMOS technology has been widely used as a main controlling unit everywhere in
our life. From cellular phone, digital camera, navigation system for automobile to
large scale network servers, CMOS has become one of the essential tools for living.
The required speed for signal processing is depended on its application complexity, but,
power consumption, at the same time, goes up due to the increase numbers of transistor

in CMOS chip.

Power

Speed

Fig 1.1 Electronic equipment benefiting from CMOS technology

Each specification of INTEL CPU’s are shown in figurel.2. Thanks to the
“downsizing” of CMOS technology, exponential increase of transistors are mounted in
a chip, and the state-of-the-art CMOS chip contains millions or even billions of
transistors. The numbers of transistors about 2000 in the old device has now reached to
800 millions. Moreover, clock frequency, which mean processing speed, was also

increased 30 thousand times from 1971 to 2007.
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Fig 2.2 Specification of INTEL CPU’s

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 K is shown in Figure 1.3 and Table 1.1. To gain k

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

while the electrical parameters are increased by k times.
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Figure 1.3 Scaling of MOSFET
Table 1.1 Scaling of MOSFET by a scaling factor of k
Quantity Before Scaling After Scaling (k>1)
Channel Length L L/k
Channel Width \W Wik
Device Area A A/K®
Gate Oxide Thickness tox tox’k
Gate Capacitance per Unit C.. C. *k
Area
Junction Depth Xj Xj/k
Power Supply Voltage Vob Voo’k
Threshold Voltage Vth Vth/k
Delay Time tq ta’k
Required Power Vbl Vopl/k?
Nb Na*k Np*k

Doping Densities




1.2 Scaling Limit of SiO, Gate Dielectric

As is well known, Silicon dioxide film is the most common materials as the 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 Inm level in near future [2]. On the other hand, the direct-tunneling leakage
current is too increasing to be neglected as shown in figure 1.4. 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

Year of Production 2005 2007 2010 2014 2018
Physical Gate Length 32 25 18 11 7
(nm)
EOT (nm) 1.1 0.9 0.7 0.6 0.5
Gate Leakage 5.20%10% | 5.20*10% | 5.20*10% | 5.20*10% | 5.20*104
Current Density
(A/cm?)
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Fig 1.4 Relations between gate leakage current and physical thickness of SiO2 film.



1.3 Requirement of High-k materials

The high dielectric constant (high-k) materials have been attracted to suppress the
leakage current. 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 (JoT) flow through a gate insulator film is determined by the tunneling
probability of carrier. The tunneling probability of carrier (Dot) 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 ().

J-_ Amd (2m* ¢, )%
l h J

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

Jpr % Dpr * exp

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

equation where dielectric constant of SiO2 (&ox) and high-k gate insulator ( Enign-«).

C= € high—k _ b

d dgor

&

ax
dror
&

d =

high-Fk
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
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dielectric material is shown in Table 1.3.

Table 1.3 Cadidate of metal oxide that has possibility to be used as high-k gate insulator

Candidates D e Gas orliquid
at 1000 K

. Unstable at Si interface o Radio active -
Si+ MOy M + SiO,

Li Be . . ; ®e e o o 0o @

Si + MOy MSiy + SiO, B C N O F Ne

Si+ MO, M + MSi,O . o ®e ® @

Na 19 X s AlSI p 5 ¢l Ar

® ® ® o

K Ca Sc Ti V Cr MnFc Co Ni Cu Zn Ga Ge As Se Br Kr

[ J [ J ® O

Rh SI' Y ZI' Nb Mo Tc RuRb Pd Ag Cd In Sn Sb Te | Xe

o Hf ® © o © . O o o

Cs Ba Ta W Re Os Ir Pt AuHg Tl Pb Bi Po At Rn

o O O O O O O O
Fr Ra Rf Ha Sg Ns Hs Mt

LaCe Pr Nd pmSmMEUGdTbDy Ho Er TmY Lu

O O O O O O O O O O O O o o o
Ac Th Pa U Np Pu AmCmBk Cf Es Fm MdNo Lr

Among the candidate of high-k materials, Hf-based materials are the most
promising candidate of them. As shown in Figure 1.5, 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 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.
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Fig 1.5 High-k materials reported in VLSI and [IEDM
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Capacitance (uF/cm?)

1.4 The requirement of Dual Metal/High-k Gate Stack Structure

Poly-Silicon has been used for CMOS devices as gate electrode. However, Poly-Si
has some problems in proportion to advance the scaling.
1  Gate depletion
2 Boron penetration

3 Vu control by changing doping density

Metal gate technology is essential to overcome these problems. In addition to,
poly-silicon gate have suffer from Fermi Level Pinning on high-k dielectrics as shown

in figure 1.6.[3]

2SiONnFET (p-well) — _ HfAIOX nFET (p-well) —~ _HFSIOX nFET (p-well)
T et T T € X hioae o
A O . s gate | p+gate/
Lo Pprgate <2 1 2 RN 5 L
voate. P2 L Ly A
NN\ 8 S|
1| S S A S o € 1 SR DR T IS B
8 | s 1
S 8
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, © : (8]
o @
‘ 5 | » =] |
O e O 0 R POV FUUNE PO OO OO O j i i i i
2 -1 0 1 2 2 -1 O 1 2 2 -1 0 1 2
Voltage (V) Voltage (V) Voltage (V)
AV=1.0eV AV4,=0.5eV AVy=0.15eV

Fig 1.6 Vp, difference between n+ and p+ poly-Si HfO, based MOSCAPs
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For bulk CMOS devices, metal gate must have proper work functions within 0.2

eV of the Ec and Ev of Si for n- and p-MOSFET, respectively as shown in table 1.3.[4]

Table 1.3 ITRS 2006 up date

Year of Production 2008 2009 2010 2011 2012

DRAM Half Pitch 57 50 45 40 36
(nm)

EOT (nm) for Metal
Gate

Metal Work Function
B, bl (V)

1.5 Purpose of this study

Dual metal gate/High-k gate stack has been required to continue the downscaling
CMOS devices. HfO, based oxide is considered to be promising candidate as high-k
dielectric thanks to its high temperature endurance and relatively high permittivity. One
of the issues of HfO, based oxides is the difficulty in reducing the threshold voltage
(Vi) as relatively high Vi, were obtained with HfO, based oxides whatever the electrode
material is. On the other hand, it has been reported that La,Os; and Sc,0Os; produce
negative shift Vg with respect to HfO, reference.[5]

In this work, in order to suppress and control the Vi, of HfO,, we propose a novel

Vin tuning method using of different kind materials incorporating in HfO».
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Chapter 2
Fabrication and
Characterization Methods

2.1 Experiment Procedure

2.1.1 Cleaning Process
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2.1 Experiment procedure

2.1.1 Cleaning process

Prior to deposit of high-k gate thin films for LSI fabrication process, the
ultra-pure surface of a 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 because DI water is highly
purified and filtered to remove all traces of ionic, particulate, and bacterial
contamination. Theoretical resistively of pure water at 25°C is 18.3 MQ-cm. The
resistively value of ultra-pure water (UPW) used in this study achieve more than 18.2
MQ-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 substrate 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. The steps were shown in
Fig.2.1. Firstly, a cleaning steps in solution of sulfuric acid (H2SO4) / hydrogen
peroxide (H202) (H2SO4:H202= 1:4, called by SPM) performed to remove any organic
material and metallic impurities after UPW cleaning. Secondly, the step in a solution of
dilated hydrofluoric acid (HF:H20=1:100) was performed to remove chemically and
native oxides which might have been formed on Si surface. Final step was dipped in

UPW because hydrogen-terminated surface.
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Ultra Pure Water for 10 min
H,SO, (96%):H,0, (30%) =4:1 for 5 min
Ultra Pure Water for 10 min

HF(1%) for 30 sec

Fig 2.1 Si cleaning process flow

2.1.2 Fabrication procedure for MOS capacitors
Figure 2.2 shows device fabrication flow of Metal/High-k gate stack MOS

capacitor. Si(100) substrates with 200 nm-thick field SiO, in which diode holes were
opened (1-10 ohm-cm) were cleaned in a mixed solution of H,SO4 and H,0,, followed
by dipping in diluted HF. The substrates were then thermally oxidized to grow
3.5-nm-thick SiO, film. High-k dielectrics were deposited on these substrates by e-beam
evaporation with O, partial pressure of 1x10™ Pa. Tungsten (W) gate electrode was
in-situ deposited by RF sputtering. The W film was lithographically patterned and
etched by reactive ion etching (RIE) using SF¢ chemistry to form gate electrodes for
MOS capacitors. Annealing in forming gas (3 %-Hy+t97 %-N,) was performed at 420 °C
for 30 min. Finally, aluminum (Al) was thermally evaporated on backside of the

wafers for bottom electrode.

17



n-type Si substrate
SPM, HF last treatment

Thermally grown SiO, (3.5 nm)

High-k materials deposition by EB evaporation
i -4/
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Top electrode W deposition by RF sputtering

PMA (Post Metallization Annealing) Metal (tungsten)
420 30min (FG:3%H, + 97%N.,)

Bottom electrode Al deposition high'k\‘

Electrical Measurement Siozd-_-

n-Si (100), 1015¢cm-3

AI=

Fig 2.2 The fabrication procedure for MOSCAP

2.1.3 Fabrication procedure for MOSFETSs
The fabrication procedure for nMOSFET is shown in Figure 2.3. nMOSFET fabrication

was started from S/D implanted Si(100) substrate. High-k thin film was deposited by
Electron-Beam Evaporation followed by substrate cleaning. After metal gate
formation, the gate area was defined with photolithography followed by metal gate
etching. Annealing in forming gas was performed at 500 °C for 30 min. The Al-Pad area
was formed with lift-off process under acetone solution and Al back side electrode

were formed afterwards.

18
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Fig 2.3 The fabrication procedure for nMOSFET

2.2 Measurement Methods

2.2.1 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 2.4 [6]. The

intrinsic energy level £i or potential ¢ in the neutral part of device is taken as the

zero reference potential. The surface potential Qs is measured from this reference

level. The capacitance is defined as

o

Y 2.1)
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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 = d0s / dVs, where (s and I are the gate
charge and the gate voltage. Since the total charge in the device must be zero, assuming
no oxide charge, Js= . (¢s+ Qit), where (sis the semiconductor charge, Qir the interface

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

semiconductor. This gives V6= Vs + Vox+ @s, where /5 is the flatband voltage, Vox the

oxide voltage, and @s the surface potential, allowing Eq. (2.1) to be rewritten as

C _ dQs + int

= 2.2
dv,, +dg, 22)

The semiconductor charge density s, consists of hole charge density (b, space-charge
region bulk charge density (b, and electron charge density ¢h. With Os =(b + Qb + On, Eq.

(2.2) becomes

1
C=- v ag (2.3)

_l_
dQ, +dQ, de +dQ, +dQ, +dQ;
Utilizing the general capacitance definition of Eq. (2.1), Eq. (2.3) becomes

C, (C +C +C +C
C:_ 1 _ ox( p b n |t) (24)
1 1 C,+C,+C,+C,

+
Cp+Cb+Cn +C,

The positive accumulation (p» dominates for negative gate voltages for p-substrate
devices. For positive 14, the semiconductor charges are negative. The minus sign in Eq.
(2.3) cancels in either case.

Eq. (2.4) is represented by the equivalent circuit in figure 2.5 (a). For negative gate

voltages, the surface is heavily accumulated and (» dominates. (p is very high

20



approaching a short circuit. Hence, the four capacitances are shorted as shown by the
heavy line in figure 2.5 (b) and the overall capacitance is Cox. For small positive gate

voltages, the surface is depleted and the space-charge region charge density, (v = . gNall,
dominates. Trapped interface charge capacitance also contributes. The total capacitance
is the combination of Cox in series with Cp in parallel with Ciz as shown in figure 2.5 (c).
In weak inversion C» begins to appear. For strong inversion, C» dominates because ¢ is
very high. If ¢his able to follow the applied ac voltage, the low-frequency equivalent
circuit (figure 2.5 (d)) becomes the oxide capacitance again. When the inversion charge

is unable to follow the ac voltage, the circuit in figure 2.5 (e) applies in inversion, with

Cv= Ks €0 / Winv with Winv the inversion space-charge region width. The flatband voltage

Vrs is determined by the metal-semiconductor work function difference @usand the

various oxide charges through the relation

Qf _Qit(¢s) _ 1
C C C

V., = - o xdx—1 o X X)dx (2.5
e = Pus N .[0 P (X) C_oxJ-O gpot( ) (2.5)

[0) [0)

where p(x ) = oxide charge per unit volume. The fixed charge {ris located very near

the Si-SiOz2 interface and is considered to be at that interface. @iz is designated as @it (¢

s ), 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 2.4. 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

21



study, principally, EOT values and flatband voltage were extracted from C-V
characteristics by using the NCSU CVC modeling program [7]. EOT values were

calculated with taking quantum effect into account.

Fig2.4  The energy band diagram of an MOS capacitor on a p-type substrate

J_ J_ oX J_CO::

'rcu e TC T
.‘cp+c| » 7C, T-:: =g )‘\ °C, ,J-rcn: o 'ﬁ|_'|‘c“

\I

(b) Accumulation (b) Depletion
-]J=t:c_= J‘r:.°= +co, fco,
::Cp+c|3=:cn+cit = :=cp§h::‘:":=c“ =l ch
(c) Inversion (c) Inversion
Low Frequency High Frequency

Fig 2.5 Capacitances of an MOS capacitor for various bias conditions.



2.2.2 Threshold Voltage (Vy,) Measurement

A common threshold voltage measurement technique is the linear extrapolation

method with the drain current measured as a function of gate voltage at a low drain

voltage of typically 50-100mV to ensure operation in the linear MOSFET region.

The threshold voltage is determined from the extrapolated or intercepts gate

voltage Vgsi by

where

12

<

Vi =Veq _%S

I D,max

VGSi :VGS,max -

m,max

g (US)

ID_.m:lI

1, 2 2
1.0 2.0 3.0 4.0 5.0
V, (V)

Fig 2.6 The linear extrapolation method
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2.2.3 Subthreshold Slope (S.S.) Measurement
The subthreshold current is independent of the drain voltage once Vgsis larger than a
few kT/q, as would be expected for diffusion-dominanted current transport. The

dependence on gate voltage, on the other hand, is exponential with an inverse

subthreshold slope,
-1
s=| 908 le) | o MKT _p 5Ty, Can (2.8)
dv, g gl Co

of typically 70-100mV/decade. Here m=1+(Cyn/Cox). If the Si-SiO, interface trap
density is high, the subthreshold slope may be more graded than given by Eq(2.8), since
the capacitance associated with the interface trap is in parallel with the depletion-layer

capacitance Cyn.

103

105 | /,__-—-—- |
—_— -7 :
ﬁl(] :
- 10

o |S.S

10-11

_131-!' . . . ,

10 0 1.0 20 3.0 4.0 5.0

V. (V)

Fig 2.7 The subthreshold slope calculated from 14-V,, characteristic
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2.2.4 Split C-V Method

One of the most common measurements to obtain the effective mobility (Hef) is the
split C-V method, which combines gate-to-channel capacitance (Cyc) and gate-to-bulk
capacitance (Cgp).

e is obtained from below equation,

g4L
=—— 2.9
lueff WQn ( )
where the drain conductance g4 and the inversion density Q, are define as
ol
=—, _ 2.10
gd 8VD5 Vg =constant ( )
VGS
Q. =, "CyedVes @2.11)

E.¢r is obtained from below equation,
1
Eur =—(Qq|+|Qu) (2.12)
Esi
where e5i=11.9 and the depletion charge density Qq are defined as

Vin
Q = FBCgdeGS (2.13)

(a) (b)

S/D G S/D G

\V B ® B
Fig 2.8 Configuration for (a) gate to channel, (b) gate to substrate

capacitance measurements
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2.2.5 Charge Pumping Methods
In the charge pumping method, originally proposed in 1969, a MOSFET is used as

the test structure, making it suitable for interface trap measurements on small-geometry
MOSFETs instead of large —diameter MOSCAP.

Let us begin by considering the MOSFET in inversion shown in Figure 2.9(a). The
corresponding semiconductor band diagram from the Si surface into the substrate is
shown in figure 2.9(c). The interface traps, continuously distributed through the band
gap, are represented by the small horizontal lines at the semiconductor surface with the
filled circles representing electrons occupying interface traps. When the gate voltage
changes from positive to negative potential, the surface change from inversion to
accumulation and ends up as in figure 2.9(b,f). However, the important processes take
place during the transition from inversion to accumulation and from accumulation to
inversion.

When the gate pulse falls from its high to its low value during its finite transition time,
most electrons in the inversion layer drift to source and drain and electrons on those
interface traps near the conduction band (figure 2.9 (d)) and also drift to source and
drain. Those electrons on interface traps deeper within the band gap do not have
sufficient time to be emitted and will remain on interface traps. Once the hole barrier is
reduced(figure 2.9 (e)), holes flow to the surface where some are captured by those
interface traps still occupied by electrons. Holes are indicated by the open circles on the
band diagrams. Finally, most traps are filled with holes as shown in figure 2.9(f). Then,
when the gate returns to its positive voltage, the inverse process begins and electrons

flow into the interface to be captured. Hence, charge pumping current I, is proportional
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Fig 2.9 Device cross-section and energy band for charge pumping measurements.
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Dit holes being supplied at rate of f Hz to a MOSFET with gate area Ag gives the

charge pumping current,
I .= 9A; D, (2.14)

The gate voltage waveform can be of various shapes. Early work used square waves.
Later trapezoidal and sinusoidal waveforms were used. The waveforms can be constant
base voltage in accumulation and pulsing with varying the base voltage from inversion

to accumulation keeping AV constant as shown in figure 2.10. The letters “a” to “e” on

figure 2.10 correspond to the points on the current waveforms.

Depletion
C

Weak accum Weak inversion

Strong inversion
e

Fig 2.10 Bilevel charge pumping wave form



2.2.6 XPS Measurement

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=hv BE s (2.15)

where /1v is the photon energy, BE is the binding energy of the atomic orbital from
which the electron generates and s 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.

Ejected Photoelectron
Incident X-ray ? Free

\ Electron

Level

Conduction Band

Fermi
Level

\ |

Valence Band

2p
2s

1s

Fig 2.11 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.
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3.1 Introduction

HfO, based materials have been the promising candidates for next generation gate
dielectric thanks to its high temperature endurance and relatively high permittivity. One
of the issues of HfO, based oxides is the difficulty in reducing the threshold voltage
(Vi) as relatively high Vi, were obtained. On the other hand, it has been reported that
La;O3 and Sc,0; produce negative shift in Veg with respect to HfO, reference. However,
the detailed mechanism is not clarified yet. In this chapter, first we extract the effective
work function (EWF) of W gate metal on high-k dielectrics, and then investigated the

effect of La,O3 incorporation into a HfO, layer in a metal/HfO,/SiO,/Si MOS capacitor.

3.2 Effective Work Function (EWF) Extraction on High-k Materials

In order to investigate the EWF on dielectrics, high-k films were fabricated, as
shown in Figure 3.1. Capacitors with single layer of Si0,, HfO, , La,0; and Sc,O3 are
fabricated. The thickness of the interfacial layer (IL) was designed to have 3.5 nm. CV
characteristics of the W/high-k/IL structures with 420°C PMA in F.G ambient for 30min

are shown in Figure3.2.

SiO, (3.5nm)
n-Si substrate

Figure 3.1 Schematic illustration of fabricated MOS capacitors
with W/high-k/IL/Si structures.
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Fig 3.2 C-V curves for W/high-k/IL(3.5nm) structures.
(a) Si0O; single layer, (b) La,Os/IL, (¢) HfO,/IL, (d) Sc,O5/IL,
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Figure 3.3 shows the typical C-V curves of La,Os/IL, HfO,/IL and Sc,Os/IL
capacitors. The difference between Vgg(HfO,/IL) and Veg(La,Os/IL) is about 0.48 V,
whereas difference between Veg(HfO,/S10;) and Ve(Sc,03/S10;) is 0.15 V. It is clear
that Veg of the CV characteristics with HfO,/IL stacks reside at the positive direction

compared to those of ScyO3/IL and La,O5/IL stacks.

0.6

0.5

0.4 [~ ofa i

Capacitance density (uF/cm?)
o
w

02

-3 .
0.1 :,, La2 3/S|02
0.0 5 ; 50203/SI02

-0.1 010305 0.7 091113
Gate voltage (V)

Fig.3.3 C-V characteristics of MOS capacitors with single layered high-k dielectric
(HfOz, L3203, SC203)

A schematic model of the charge locations in a metal/SiO,/Si structure and
metal/high-k/SiO,/Si structure are illustrated in Fig 3.4. As the thickness of the
dielectric layer is small, the bulk charges of each oxide can be neglected.[8] Indeed, the
results shown in Fig. 3.5 revealed a linear relationship between Vgg and the EOT, thus, it
is reasonable to assume low charge concentration inside the SiO; and the high-k layer.
Under the assumption, the effective work function (EWF) of metal on a SiO;, can be

derived from the relation of Vrg and EOT using the following equation,
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Q i i ms
VFB = _[M -EOT + g + qASioz/Metal + qASiOZ/Si (3'1)
gogox q

where Qsiozsi 18 the fixed charge at the SiO,/Si interface, ¢ms is the work function
difference of gate metal and semiconductor, and Asioonetal and Asiozssii are the dipole at

metal/oxide and oxide/Si interfaces. The EWF of gate metal, defined as

Prs 0Agios/metat T JAsion,si » can be extracted by the y-intercept from the Veg-EOT

slope. When interfacial SiO, layer (IL) is inserted between high-k dielectric and Si

substrate, the Eq.(3.1) can be modified using total EOT as shown in eq.(3.2),

. . +0.. ) .
Vi = _(thgh_k/”_ Qsons J EOT +M' EOT, + (/7(;15 + 0 petanhigh k + Wnigh-k/sio2 T Wsioassi

Eo€ox Eo€ox

(3.2)

Here, Quigh-iir, Anigh-kmetat and EOTy are the fixed charge at high-k/IL interface, the
dipole at high-k/metal interface and the EOT of IL, respectively. Eventually, the EWF of

metal on high-k/Si0O, stack can be expressed as follows,

EWF ign) = EWFsi02) + (A g e/ metal T A righ—k/sioa — AAsio 2 metar) (3.3)
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Fig 3.5 Vis-EOT plot obtained from the analysis of C-V curves
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Capacitors with SiO, with different thickness are also shown to derive Qsiozsi.
Using the equation (3.1), Qsiozssi of -3.72x10"'¢cm™ can be obtained by SiO, capacitors.
Then Quigh-wn. for LayO3, HfO, and Sc,O;3 using equation (3.2), can be estimated as
shown in table 3.1. As shown in figure 3.6(a), the presence of La-Silicate layer was
confirmed by transmission electron microscope (TEM) observation. In this calculation,

the presence of La-silicate was neglected simplicity.

Fig 3.6 The cross-sectional TEM images of La,Os/La-silicate/IL
(a) and HfO,/IL (b). La-silicate was confirmed about 2.5nm.

Table 3.1 Fixed charges at high-k/Si0O, interface as W electrode

Qsioyssi -3.72><10"(cm?)
Quroysior | -4-27><10'(cm?)
Qrazoysioz | 3-89><10'(cm2)

Q3cgo3/Sioz -8.32><10"!(cm?)

The difference of total dipole between the qApignhk and qAsioz is shown in table 3.2.
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The dipole differences at W/high-k interface cannot be separated at this point.

Table3.3. The difference of total dipole between the qAnigh-k and qAsioz
Dipole difference (eV)
Q(Apigh 1 Asi02)
AA L2057 Asior) -0.14 eV
q(AHfoz-ASiOZ) 0.22 eV
A(Ase05-Asior) 0.16 eV

EWF of W on SiO,, HfO,, La,O3 and Sc,O5 can be calculated and summarized in

Table.3.1 and 3.2. The smallest EWF of 4.46 ¢V was obtained with La,Os, whereas

relatively large value was obtained with HfO,.

Table3.3. Effective work function of W gate electrode on various gate
dielectric (Si0,, La,03, HfO,, Sc,03)

Gate Oxide SiO, | La,0; | HfO, | Sc,0,
EWF (eV) 459 | 446 | 480 | 4.75

These results suggest high Vi in nMOSFET when HfO, is used as gate

dielectrics. In the next subsection, the origin of Vgg is examined in detail.
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3.3 Origin of Flat-band Voltage Shift in Double Layer Dielectric Films
3.3.1 C-V Characteristics of W/HfO,/La,O3or (La,O3/HfO,)/n-Si Stack Structure
In order to investigate the Vgg shift on stacked dielectrics, double layer without IL

stacked films were fabricated, as shown in Fig. 3.7.
Capacitors with single layer of HfO, or La,Os are also fabricated as references.

The total thickness of the high-k film was designed to have 5 nm, in which the

thickness of each layer was modified from 1 to 4 nm.

HfO, | HfO, | HfO, | La,0, | La,0, - Lo
inm | 25nm | 4nm | 4nm | 2.5nm 273
La,O La,O La,O HfO HfO

23 23 23 2 2 - Hfo2

4nm 2.5nm 1nm 1nm 2.5nm

W (60nm)

5nm

Without
Interfacial Layer

n-Si substrate

Al (200nm)

Fig 3.7 Schematic illustration of fabricated with out IL MOS capacitors with stack of
HfO, and La,0;. Capacitors with single HfO, or La,O; layer are fabricated as

references.
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Figure 3.8 and 3.9 shows the C-V characteristics of W/HfO,/La,0O; or
W/La,O3/HfO, stacked MOS capacitors with as deposition and 420°C PMA in F.G
ambient for 30min. In case of as deposition as shown in figure 3.8, We cannot estimate
the Veg to be right by existence of large hysteresis and growth of hump with La,03
insertion.[9]

On the other hand, the capacitance with La,O3 even with 1 nm insertion at HfO,/Si
interface showed negative Vg shift with 420°C PMA. Almost no dependence on the
insertion thickness was observed up to La,O; single layer capacitor. On the contrary,
the capacitors with HfO, at the Si interface showed positive Veg shift, which are close

to HfO, single layer capacitor. Therefore, it is clear from this result that the main cause

for shifting the Vgg is determined by high-k, which is contact to Si substrate.

===1a203 single layer

=8=Hf02 single layer

(==e==Hf02(2.5nm)/La203(2.5nm) ==€==La203(2.5nm)/Hf02(2.5nm) __,

—~ 4.0
NE ==6==Hf02(4nm)/La203(1nm) === 3203 (4nm)/La203(Lnm)
2 35 L HfO2(1nm)/La203(4nm)
LL
S 30l @100kHz- 4~
*? as.depo
m [
@ 25
5
S 2.0
S 15/
G .
=
8 10— N
]
S o5}
0.04%
-2 1 0 1 2

Gate voitage (V)_

Fig 3.8 C-V characteristics of La,O; and HfO, stacked MOS

capacitors without thermal treatment.
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Fig 3.9 C-V characteristics of La,O; and HfO, stacked MOS
capacitors with PMA 420°C.

0.5 ‘

| |==®=Hf/La

0 025 05 075 1
La,0,/(La,O,+HfO,)

Fig 3.10 Flatband voltages of La,Os and HfO, stacked capacitors on
n-Si at PMA 420°C.
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3.3.2 C-V Characteristics of W/HfO,/La,0O3; or (La,Os/HfO,)/IL/n-Si Stack
Structure

As is the case with HfO,/La,O; without IL structures, We fabricated and
characterized capacitors with La,O; and HfO, stack with IL for 420°C PMA in F.G
ambient for 30min. Figure 3.11 shows the schematic illustration of the fabricated MOS
capacitors with high-k stacks. The total thickness of the high-k films were all set to 5

nm, in which the thickness of each layer was modified from 1 to 4 nm.

@ ® © @ @©

SiO, (3.5nm)
n-Si substrate

Fig 3.11 Schematic illustration of fabricated MOS capacitors with IL (3.5nm) of
HfO, and La,0;. Capacitors with single HfO, or La,Os; layer are fabricated as

references.
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Figure 3.12 shows the CV characteristics of the stacked MOS capacitors. CV
curves HfO,/IL and La,Os/IL capacitors are also shown for comparison. Capacitors with
La;Os on IL regardless of the thickness showed negative Vg, which corresponds to that
of La,Os/IL capacitor. On the contrary, capacitors with HfO, on IL showed positive Vgg,
which correspond to HfO,/IL capacitor. Therefore, it is clear that the main reason of Vg
shift exists at the interface of high-k/IL and the dipole difference at W/high-k can be
considered as equal. As the thickness of HfO, and La,0Os has little dependence on the
shift of Vg, fixed charges or dipoles between the high-ks, interface at La,O; and HfO,,

can be ignored.

o
o)

o
o

Capacitance density (uF/cm?)

-0.5 0 0.5 1 1.5 2
Gate voltage (V)

Fig 3.12 C-V characteristics of high-k stacked MOS capacitors
with IL. The Vg is determined by the high-k on IL.
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3.4 Discussion
From the result of subsection 3.3.2, the EWFs of tungsten, which was calculated, are
not valid, unless the effect of high-k/Si0, interface is known. But, it is clear that the Vgg
shift is mainly determined by the high-k materials in contact to Si or SiO; IL.
There should be the presence of either fixed charges or dipoles, or both, which are not
clarified yet (figure 3.13).
Next chapter, we would like to propose a possibility of controlling Veg by changing

the composition of high-k at SiO, interface.

Metal . . . .

D

Q)
Y

<
Q|
>
O |
>

Q.
Q.

P

7 7

4

Fixed charge Qygn.wsioz

or Dipole Apjnwsioz

Fig 3.13 The presence of fixed charges or dipoles at the high-k/IL interfaces.
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4.1 Introduction
In this chapter, the Vg shift depending on the amount of La,Os at the high-k/SiO,
interface is investigated. From the result (Fig 3.12) that even 1 nm of La,0O; at
high-k/SiO, interface can negatively shift the Vg, the amount of the incorporated La,Os
to realize controllability of Vg should be less than 1 nm.
To obtain precise controllability of amount of insertion high-k films at the HfO,/IL
interfaces, we employed co-evaporation of HfO, and La,Os or Sc,Os; with different

concentration as shown in figure 4.1.

<D Substrate

Film thickness meter -
—

. \
HfO, La,O5 or Sc,04

Co-evaporation

Fig4.1 Schematic illustration of co-evaporate HfO, and La;O3 or Sc,03
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4.2 Veg Shift Dependence on High-k Incorporation at HfO,/SiO,
Interface
4.2.1 Vgg Controlled by La,O3 Incorporation into HfO,

We employed co-evaporation of HfO, and La,O; with different concentration,
those are 20, 50 and 80 %. The thickness of the mixed high-k layers was set to 1 nm.
HfO, with 5 nm thickness was capped on the mixed high-k. The schematic illustrations

of the fabricated capacitors are shown in figure 4.2.

W (60nm)

HfO, (5nm)
(HfO,),.(La,05) , (1Inm)

SiO, (3.5nm)

n-Si substrate

Al (200nm)

Fig 4.2 Schematic illustration of fabricated MOS capacitor with co-evaporation
La,O5; and HfO, into HfO,/Si0, interface
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The C-V characteristics of the mixed high-k stack capacitors together with those
of the references with La,O; and HfO, capacitors are shown in figure 4.3. With the
La,O5; concentration of 80%, the Vg of C-V curves showed almost identical value for
the La,O; reference, where that of 20 % showed in between of those of HfO, and La,03
references. With 50 % of La,Os incorporation, the Veg was slightly positive to the La;Os
reference. Also from these results, it is noted that the EWF of the gate metal is mainly
dominated by the high-k/IL interface, not at the Metal/high-k interface. By plotting the
Ve on La,O; concentration, as is shown in figure 4.4, we obtain a monotonic relation
between concentration and Veg. It can be concluded that Veg can be effectively

controlled by changing the concentration of the mixed high-k at the high-k/IL interface.

W/HfO,(5nm)/Hf,La, O
- (1nm)/SiO,(3.5nm)

©c o0 ©0 O ©0 O
w rx U1 O N ©

o
N

Capacitance density (uF/cm?)

-0.5 0 0.5 1 1.5
Gate voltage (V)

Fig 4.3 C-V curves of W/HfO,/(HfO;,);x(La,03)4/Si0; structure
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Fig 4.4 Vg shift depending on incorporation of La,O3 at HfO,/S10, interface
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4.2.2 Vg Controlled by Sc,0O3 Incorporation into HfO,

The same experiments were carried out using Sc,O3 and HfO,. In this case, the
thickness of Sc,03-HfO, mixed high-k and HfO, capping layer were set to 1 nm and 5
nm, respectively. The structure is depicted in figure 4.5. The concentrations of Sc,O;

were set to 33, 50 and 67%.

W (60nm)

HfO, (5nm)

SiO, (3.5nm)

n-Si substrate
Al (200nm)

Fig 4.5 Schematic illustration of fabricated MOS capacitors
incorporating Sc,0s into HfO,/S10, interface
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Figure 4.6 shows the C-V curves of the Sc,03 incorporated HfO, capacitors. Also
Sc,03 and HfO, references are shown. Negative shifts of Veg with increase in the
concentration of Sc;O3 were obtained. The relation between the concentration and Vgg is
shown in Figure 4.7. From this figure, the Vgg control range of 0.15 V was achieved
using Sc;Os incorporation into HfO,. This value is smaller than that of La,Os;, which
can be expected from Sc,O; single layer capacitor. Therefore, Sc,O; and La,0O;

incorporation technique is useful as fine and coarse tuning of Vgg, respectively.

1.0
o~ W/HfO,(5nm)/Hf,Sc,_,O
= (1nm)/SiO,4(3.5nm) x=0.66
o I
T 0.8
2 x=0.33
2
% 0.6
c
[}
o
()] L
3! 0.4 Sc,0,
o
2 \
® 0.2 HfO,
©
O
0.0

02 04 06 08 10 12
Gate voltage (V)

Fig 4.6 C-V curves of W/HfO,/(HfO;);x(Sc203)x/S10; structure
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Fig 4.7 Vgg shift depending on incorporation of Sc,O5; at HfO,/Si0; interface
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lys (A)

4.3 Electrical Characteristics of Mixing La,O; and HfO, MOSFETSs
4.3.1 1-V Characteristics

In this subsection, we will report characteristics HfO,/HfLaOx/Si stacked
dielectrics transistor with 500°C PMA in F.G ambient for 30min. Figure 4.8 show Id-Vd
characteristics of HfO,/HfLaOx/Si stacked structure ( (a) La,Os 66% and (b) La,O;
33% )transistor, respectively. The gate length and the gate width of this transistor were
2.5 um and 50um, respectively. In ld-Vd characteristics, the applied gate voltage were

from OV to 1.0V with 0.2 V step. As this figure, we found that operation of the

transistor.
2.5E-03
2.0E-03

=r=\/g=0 V L/W=2.5/50 um ——Vg=0V | L/IW=2.5/50 um

==Vg=02V|  EOT=1.61nm =/=Vg=02 V| EOT=1.70 nm A
20E-03 | Vg=0.4 V La,0, 66% La,0,; 33% oL

Va=06 v i 15E-03 | i
—=Vg=08 V '

15603 | _
<
+ 1.0E-03|
1.0E-03 |
I 5.0E-04 |
5.0E-04
Pt et A
0.0E+00 S 0.0E+00
00 02 04 06 08 10 00 02 04 06 08 1.0
v
sV v, ()

Fig 4.8 1d-Vd characteristics of incorporation of La,O3 at HfO,/Si interface (a) La,Os
66% (b) LayO3 33%

Figure 4.9 shows 1d-Vg characteristics at Va =50mV. S-factor and threshold voltage
dependent on La;Oj3 insertion rates were shown in figure 4.10 and 4.11. Negative shifts

of Vi, with increase in the concentration of La,Oz were obtained.
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4.3.2 Characteristics of Interface States

The interface states density was characterized by charge pumping method. Figure
4.12 shows the charge pumping current (Icp) applying the square wave form pulse as a
function of pulse base voltage. Figure 4.13 shows the insertion of La,O3; dependent on
charge trapped density (D). Increasing the concentration of La;Os, Dj; was increased.
Soaring of S-factor, as shown in figure 4.10, could be caused of Dj; soaring for insertion

of La atomic density.

Vbase (V)

Fig 4.12 Charge pumping currents dependent on La,O; insertion.
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Fig 4.13 Charge pumping currents dependent on La,0; insertion.
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4.4 Discussion

Figure 4.14 shows a Model of Vgg shift of compound high-k HfLaO,/Si10, interface.
In the case of HfO, and La,O; compound films, These results indicated that, diffusion
of LayOj3 to SiO; interface could be occured when the samples were annealed at high
temperature 420 °C and finally La rich layers could be formed as a result of La pile-up
at the bottom of HfLaOy. On the contrary, in the case of HfO, and Sc,0; compound
films, The diffusion of Sc,O5 to SiO, interface could not be occurred when annealed at

high temperature as shown in figure 4.15.

La concentration 80%

w W

HfO, (5nm) LRSS HfO, (5nm)

Sio,

HfO,);(La,05) ,
Sio,

Diffusion

n-Si substrate n-Si substrate

Fig 4.14 Model of La atoms which were separated from HfLaO layer
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Sc concentration y is high
w w

HfO, (5nm) HfO, (5nm)
PMA420°C|
(HfO,),.4(5¢,03) ,
Sio,

SIO,

n-Si substrate n-Si substrate

Fig 4.15 Model of La atoms which were separated from HfScOy layer

The Vg is dependent on concentration of La,O3; or Sc;O3, and the large concentration
results in large negative Vg shift up to the Vg obtained for the capacitors using
La,05/S10; or Sc,05/S10,. Coarse and fine tuning of Vgg for HfO, gate dielectrics were

successfully observed by La,Os; and Sc,Os incorporation, respectively as shown in

figure 4.16.
0.8 HfO, Single layer 08
/ HfO, Single layer
RN Piiviad B
0.6 > 0.6§0.15V ¥ ~--_
< NSy e e = - {}
< ¢ 048V e
@ 0.4 SN 0.4 Sc,0,;Single layer
K N > 2Y93
N
0.2} - = = =g 0.2
\\ - ‘_ -
La,05Single layer 0.0 ‘ ‘ ‘
0% 25 50 75 1 0 25 50 75 100
Concentration of La,0, (%) Concentration of Sc,0; (%)

Fig 4.16 Coarse and fine tuning of Vg for HfO, gate dielectrics.
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Chapter 5
Origin of Vgg Shift In
Ultra-Thin La,O5; for HfO,
Gate Dielectrics

5.1 Introduction
5.2 Electrical Characteristics

5.3 Band Bending Measurement By XPS
54 Summary
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5.1 Introduction

As discussed above chapter 3 and 4, the high-k at IL interface is dominant for Vgg.
Next, in order to investigate the mechanism of Vg shift in detail, the Vgg shift of
HfO,/IL MOS capacitors with ultra thin La,0Os insertion, less than one mono layer (ML),
at HfO,/IL interface is examined as shown in figure 5.1. HfO, with thickness of 4 nm
was deposited, then 8 nm tungsten gate electrodes were formed in order to avoid any
contamination, on all capacitors at the same time.

For Hard X-ray Photoemission Spectroscopy (HXPES) measurement, spectra were
obtained using high-energy x-ray radiation (hv=7940 eV) at Spring 8 with BL47XU
[10] equipped with high-resolution GAMMADATA SCIENTA R4000 spectrometer. In
order to eliminate any changing effect during the photoelectron counting, surface
tungsten electrode were connected to the substrate ground level, thus the Fermi level of
metal coincides to that of Si substrate as shown in figure5.2. Therefore, the band
vending profile can be obtained by directly measuring the core spectra of the Si

substrate surface [11]. The measured spectra in this work were Si;s,La3ds,,Hf3ds).

W (8 nm)

HfO, (4nm)

SiO, (3.5nm)

n-Si substrate

Al (200nm)

Fig 5.1 Schematic illustration of fabricated W/HtO,/Si0,/n-Si with
ultra thin LayO; insertion, less than one mono layer at HfO,/IL

interface.
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Gate W and sample
holder were electrically
connected\

Photo electrons

Sample holder

Fig 5.2 Schematic illustration of measurement through 8 nm thick
gate electrode HX-PES

5.2 Characterization of W/HfO,/SiO,/Si with Ultra-Thin La,O3 Insertion Structure

Figure 5.2 shows the TEM of a sample, which has the largest amount of inserted
La,0Os3. The thickness of the observed interlayer between HfO, and SiO, can be

measured to be 1.3 nm.

w

HfO,

La-Silicate
SiO,

Fig 5.2 Cross sectional TEM image of W/H{O,/La;03/S10,/n-Si stack
after annealing 420°C.

61



From Si;s spectrum, shown in figure 5.3, this interlayer can be identified to be
La-silicate, as the electronegativity of La (¥=1.1) is smaller than that of Si (y=1.90), the
peak appeared around 1843.23 eV smaller than that of SiO, (1844.92 eV) can be
considered as Si-O-La bonding. If a volume expansion of 40% due to the reaction of

La,O5 and SiO, is taken into account, the amount of inserted La,O3 can be calculated to

be 1.0 nm.

Intensity (a.u.)

1847 1845 1843 1841 1839 1837
Binding energy (eV)

Fig 5.3 After annealing, the inserted La,O3 reacts to from La-silicate

layer, which can be identified by Sils core spectrum.
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Figure 5.4 (a) shows the CV characteristics of W/HfO,/SiO,/n-Si with various

amount of La,0; insertion at HfO,/Si0, interface . By increasing the amount of La,0s,

from 0.11 to 0.27 nm, the Vg showed negative shift toward to Veg of La,03/Si0;

capacitors. The Vg control range of 0.52 V was achieved using La,O3; incorporation

into HfO, as shown in figure 5.4 (b). The thickness of 1.0nm La,O3; was measured by

TEM image and the others are estimated by La3ds,, counts.
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Fig 5.4 (a) CV curves of W/HfO,/Si0,/n-Si capacitors with La,Os

insertion at HfO,/S10; interface. (b) Vgg-normalized number of photo

electron of La3ds; plots.
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5.3 Band Bending Measurement By XPS

As the surface W layer is electrically connected to the sample substrate, band
vending of Si substrate can be estimated by directly comparing the Si core level binding
energy among the samples [12]. Figure 5.5 shows the set of Sils binding energy the
samples with different La,O; thickness. By increasing the amount of La,0O; insertion,
the peak shift towards higher binding energy. The difference between the smallest and
1.0 nm insertion can be measured to be 0.27 V. Note that negligible peak shifts were

observed Hf3ds/; and La3ds, spectra.

(0.27 nm)(0.25 nm)

of Sils (a.u.)

e
'Q:\\
Y,

s insertion

AN

Normalized intensity

NN

18415 1841 18405 1840 18395 1839
Binding energy (eV)

Fig 5.5 XPS measurement of Sils binding energy for
W/Hf0O,/Si0,/n-Si1 stack with La,O;5 insertion.
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In figure 5.6, the peak shift of Sils binding energy is plotted against the number
of photoelectrons from La3ds,. From this figure, the thickness of the smallest La,0O;
insertion can be estimated to be 0.1 nm, which would take the form of islands rather
than a continuous layer. By extrapolation, the substrate Sils peak position without any
La,O; insertion can be estimated to be located at 1839.84 eV. Therefore, the overall
contribution by La,0; insertion to the peak shift can be estimated to be 0.41 eV. This
peak shift might be obtained when the insertion thickness is enough to form a

La-silicate monolayer. From this result, at least 0.36 nm is required to form a La-silicate

monolayer.
La,04 0.36nm
La-silicate
island formation lLa-siIicate layer formation
~1839.8 ;
%') \ 1
~ .
\ H
N18399 | \
> N 0.11 nm):
D5 s
\ :
O 18400 [
o v 0.41 eV
\ :
c’ \ H
£ 18401 |
_-g (0.25 nm)y
m \
~ 18402 | (0.27 nm)\\g 1.0 n\n:
@ : v
e N Y __
& x +
1840.3 R

Normalized number of
photoelectron from La3dg,

Fig 5.6 Peak energies of Sils are plotted against the normalized

number of photoelectron from La3ds),.
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From the CV measurements and XPS measurement obtained above, band diagrams
of W/HfO,/S10,/n-Si capacitor with and without La,0Os layer can be drown as shown in
figure 5.7. As the peak binding energy of Hf3ds, and La3ds, were almost constant, a
voltage shift must be located at La,03/Si0O; interface, which bends down the Si band. If
the amount of La,0Os is not enough to form monolayer, these two diagrams would be
effectively merged depending on the amount of La,0;. As the thickness of SiO; layer is
3.5 nm in this work, the voltage drop across this SiO, layer is as small as 0.01 V.

Therefore, the relative voltage shift difference at HfO,/SiO, and La;03/SiO; can be

estimated as 0.40 V.
La,O4
— (>0.36 nm)
— \_\
sio, _ sio,

nSi nSi
wW N — \\ h—
HfO, ~— HfO, —

D —— N
voltage drop <
small of 0.40 V |
voltage drop
Z ZF
Sils >
Binding energy
v v
(a) (b)

Fig 5.7 Energy band diagram of W/HfO,/SiO,/n-Si capacitor (a)

without La,O3 insertion (b) with La,Os insertion.
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5.4 Summary

In this chapter, we have confirmed the Vgg shift of W/HfO,/S10,/n-Si with La,03
insertion using hard X-ray photoelectron spectroscopy. By measuring Sils core spectra,
the surface potential of Si substrate increases along with the amount of inserted La;Os.
A voltage drop difference of HfO, and La,0; at SiO, interface can be estimated as 0.40

V.
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Chapter 6
Proposition of Dipole
Moment Model Using

Electronegativity

6.1 Modeling of The Dipole Moment
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6.1 Modeling of The Dipole Moment
The magnitude of interfacial dipole moment (u) at high-k/IL or high-k/Si can be
considered as a result of charge transfer across the chemical bondings, therefore,
electronegativity difference (Ay) between each atom and oxygen (y =3.44) and its
bonding length (d) can be used to model the VFB shift. The value of y, Ay, d and p are
tabulated in table 6.1 [13]. To consider the effect of SiO2, SiO molecule is assumed and

its ¢ was calculated by arithmetic mean based on the work of R.T Sanderson [14].

Table 6.1 Electronegativity difference (Ay) between each atom and
oxygen. SiO molecule is estimated by arithmetic mean. The relative

magnitude of interface dipole moment (pt) can be estimated by Ay d.

X Ay d (nm) p=Ayd
La 1.10 2.34 0.258 0.604
Hf 1.30 2.14 0.196 0.419
Si 1.90 1.54 0.160 0.246
(SiO) (2.56) 0.88 (0.160) 0.141

The bonding configuration of each interface examined in this work is shown in
figure 6.1. In case of (a) SiO,/Si, the dipole moment of 5.0 approximately cancels out.
In case of (b) La,O3/Si and (c¢) HfO,/Si without IL, the valency difference should be
taken into account. As the valencies of La and Hf are 3 and 4, respectively, the overall
dipoles moment can be calculated as 2/3pp.o-12usio and 1/2upro-1/2p1a-0,
respectively. On the other hand, in the case of (d) La,O3 and (e) HfO, on SiO, substrate,
the dipole moments inside SiO, can be neglected as the case of Si0,/Si. However, when

considering the Si-O bonding at high-k/IL interface, another dipole moment of Dm
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should be incorporated due to the presence of O in SiO, layer, which acts as a second
nearest neighbors. Therefore, Ap need to be added to estimate the overall dipole
moments. Ap can be roughly estimated by the dipole moment difference between pisi.o
and Usio-o, which yields a value of 0.105. As the dipole difference of (d) and (e) has
been experimentally deduced to be 0.36 eV as shown in chapter 3 (table 3.3), Vg of all
structures can be calculated with an additional information of ¢,s. Table 6.2 shows the
dipole moment of each structure and the calculated Vgg, in which ¢,s=0.4 €V is assumed.
Note that fixed charges are not presented in the estimated Vgg. The estimated Vg using

proposed model matches well to the experimentally obtained Veg.
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Figure 6.1 Schematic illustration of atoms at the interface with relative
magnitude of dipoles at each bonding. (a) SiO,/Si (b) La,O3/Si (¢)
HfO,/Si (d) La,Os/IL/Si (e) HfO,/IL/Si

Table 6.2 Overall dipole moment calculation. By using the dipole
difference of 0.36 eV in structure (d) and (e) , Vg of all structures due to
dipole can be calculated.

Calculation [V Vs (V)
(a) SiO,/Si 12pg, 5-12pg; 0 0.40
(b) La,0,/Si 23 ,0-121g; o 0.279 -0.12
(c) HfO,/Si 120406717214, 0 0.087 0.24
(d) La,0,/SiO, 231071721, o TAR 0.169
(e) HfO,/SiO, 12046 0-172pg;, o HAR -0.023
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Chapter 7

Conclusion

7.1 Results of This Study
7.2 For Future Works
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7.1 Results of This Study
In this thesis, we investigated the main factor of the Vg shift in the W/high-k/Si or

W/high-k/IL/Si structure. In this chapter, the studies referred to in this thesis are

summarized.

Veg Shift in Double Layer Dielectric Films (Chapter 3)
MOS capacitors with stacked high-k using La,Os/HfO,/IL or HfO,/La,O3/Si

structure have revealed that Vgg shift is mainly determined by the high-k materials in

contact to Si or SiO; IL.

Ves Shift Dependence on Mixed High-k Incorporation at HfO,/SiO, Interface (chapter4)

The Veg is dependent on concentration of La,Os; or Sc,0O3;, and the large
concentration results in large negative Vgg shift up to the Veg obtained for the capacitors
using La,03/S10, or Sc,03/Si0,. Coarse and fine tuning of Vg for HfO, gate dielectrics

were successfully observed by La,03; and Sc,Oj3 incorporation.

Origin of Vgg Shift in Ultra-Thin La,O3 for HfO, Gate Dielectrics (chapter 5)
By measuring Sils core spectra, the surface potential of Si substrate increases
along with the amount of inserted La,O;. A voltage drop difference of HfO, and La,0;

at Si0, interface can be estimated as 0.40 V.
Proposition of Dipole Moment Model Using Electronegativity (chapter 6)

We evaluated the dipole moment using electronegativity difference. The estimated

Veg using proposed model matches well to the experimentally obtained Veg.
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7.2 Subject to the Future

Hf-based oxides have been the promising candidates for next generation gate
dielectric. We proposed a new method to solve the Vi, tuning by incorporating different
kind materials at HfO,/IL or HfO,/Si interfaces. However, there are many problems to
use HfO, for sub-1 nm MOSFET such as increasing EOT by growth of IL or Vi
increasing by Fermi-level-pinning in case of high temperature (~1000°C)

annealing[ 15][16]. There should pay attention to it next investigation object.
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