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Chapter 1                                        

Introduction 

Abstract 

This thesis is on the study of the characterization of interfaces and surfaces of high-k 
stacks for the future microelectronics.  The changes of the high-k stacks during thermal 
processing and its mechanism have been experimentally investigated by high-resolution 
Rutherford Backscattering Spectrometry (HRBS) in combination with isotope tracing.  
The experimental results are consistent with the theoretical prediction that the silicon 
will be emitted outward to release the stress which is induced by the interface Si 
oxidation. Then, we studied the potential method, oxygen-gettering by Ti overlayer, for 
controlling the interface SiO2 thickness.  Furthermore, we proposed a Time-Of-Flight 
(TOF) detector system for application on crystallographic analysis.  TOF-RBS system 
is capable to analyze the sample’s crystallographic and chemical information even at the 
near surface of the sample, which is strongly required by the future microelectronics 
industry. 

In this chapter, brief introduction to the high-k stacks and the outline of this thesis are 
described. 
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1.1 The high-k dielectrics 

Started by the invention of the Si-based metal-oxide-semiconductor field-effect 
transistor (MOSFET) in 1960 [1,2], the silicon age arose and significantly changed 
people’s lives. 

The progress of the Si-based microelectronics industry goes by doubling the number of 
components per integrated circuit every 12-18 months for the last 40 years.  The 
technological route followed by this industry was to perform a calculated reduction on 
the dimensions, called “scaling”, of the Si-based MOSFET [3]. 

The key element enabling the scaling of Si MOSFETs is SiO2 which has been employed 
to isolate the transistor gate from the Si channel for decades.  The use of amorphous, 
thermally grown SiO2 as a gate dielectric provides thermodynamically and electrically 
stable, high-quality Si-SiO2 interface with superior electrical isolation properties [4, 5].  
In fact, the silicon age owes its existence to the superb quality of thermally grown SiO2 
as gate insulator and Si surface electrical passivator.  The fundamental device design 
and the basic materials, SiO2, have such excellent performance that they have served for 
40 years without any question [6]. 

Nevertheless, the outstanding evolution of the silicon age is rapidly approaching a 
saturation point where device fabrication can no longer be simply scaled to 
progressively smaller sizes.  The direct tunneling of electrons through the SiO2 will 
induce the gate leakage current if the thickness of the SiO2 layer become too thin (under 
1.3 nm) [7].  In addition it becomes increasingly difficult to make and measure 
accurately such thin films.  Finally, the reliability of SiO2 films against electrical 
breakdown declines in thin films. 

Hence, further development in Si-based integrated circuits will rely on the use of 
alternative materials with dielectric constants much higher than that of silicon oxide.  
These so called high-k dielectrics, which include a number of transition-metal and 
rare-earth oxides, silicates, and aluminates deposited on Si, became an extremely active, 
almost frenetic research area because if they are ever introduced in fabrication 
technology, that will constitute the first materials revolution in the silicon age [8-15]. 

1.2 Requirements for high-k dielectrics 

The requirements of the new high-k dielectrics are six-fold. 
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1. Its dielectric constant (k) must be large enough to be used for a reasonable 
number of years of scaling, preferably 25-30.  

2. The oxide directly contact with the Si channel, so it must be thermodynamically 
stable with Si. 

3. It must be kinetically stable and be compatible to the thermal processing to 
1000˚C for 5 s (in present process flows). 

4. It must act as an insulator, by having band offset with Si of over 1 eV to minimize 
carrier injection into its bands. 

5. It must form a good electrical interface with Si. 

6. The density of electrically active defects must be as small as possible.   

Compared to SiO2, all the other dielectric materials have a worse electrical interface 
with Si [16, 17].  In order to achieve a better electrical interface with Si, much of the 
effort toward replacement of SiO2 has been focused on stack structures, composed of an 
ultrathin SiO2 buffer layer underneath the high-k dielectric film.  Figure 1-1 provides a 
schematic view of the various regions associated with the gate stack of a CMOSFET.  
The largest benefit of using SiO2 as the lower interface of the stack is that the 
unparalleled quality of the SiO2-Si interface will help to maintain a high channel carrier 
mobility. 

This thesis focuses on the changes of the gate dielectric and the high-k/Si interface in 
the high-k stacks during the thermal process. 

1.3 Investigation of high-k dielectrics 

Many of the materials initially chosen as potential alternative gate dielectric candidates 
were inspired by memory capacitor applications.  However, in a memory capacitor the 
high-k/Si interface quality is not as critical to capacitor performance as that to 
transistors.  The interface defects between the dielectric materials and the Si substrate 
failed many of the candidates from this area except for Al2O3 [18].  Although, Al2O3 
has been extensively studied for its many favorable properties, it can only be applied as 
a short-term solution for industry’s needs (1-2 generations) due to its lower k (8-10). 
Recent years, a substantial amount of investigation has gone into the group IVB metal 
oxides, specifically TiO2 [19-21], ZrO2 [22-24] and HfO2 [25-27], as these systems have 
shown much promise in overall materials properties as candidates to replace SiO2.  
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TiO2 has been extensively studied for high-k applications because it has high 
permittivity of k = 80-100.  However, Ti has several stable oxidation states of Ti3+ and 
Ti4+ which lead to a well known problem: a reduced oxide.  Such a reduced oxide has 
many oxygen vacancies which act as carrier traps and high leakage paths. 

 

Fig. 1-1 Schematic drawing of important regions of a field effect transistor gate stacks. 

According to the requirements for the potential high-k materials, ZrO2 and HfO2 are the 
most promising candidates for replacing SiO2.  This is due to their excellent dielectric 
properties with a typical gate leakage reduction of 104-106, high permittivity of about 25, 
good mobility and threshold voltage stability, and thermal stability in contact with 
silicon.  Other requirements on gate dielectric materials like low density of interface 
states, gate compatibility, structural, physical and chemical stability at both gate 
electrode/dielectric and dielectric/Si interfaces are currently under intensive 
investigation as semiconductor manufacturers are anticipating 45 nm channel length 
devices using high-k dielectrics.   

This thesis studies on the high-k stacks with HfO2 as the gate dielectric. 

1.4 Challenge of high-k dielectrics 

Integration of high-k dielectrics into silicon technology is a challenge.  The high-k 
oxides differ from SiO2 in that their bonding is ionic and they have a higher 
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coordination number, which means high-k oxides are poorer glass formers.  As the 
result of the poor glass-forming ability and high coordination, the oxide network is less 
able to relax to rebond and remove defects [28, 29].   

The oxygen vacancy and oxygen interstitial are the two most likely intrinsic defects in 
HfO2 in terms of their formation energies. Since the higher defects density leads to the 
poor electrical properties, the interface quality of this system remains a critical issue [30, 
31].  

Therefore, to control the integrity of the gate dielectric in ultra-large scale integration 
(ULSI) processing it is necessary to gather enough information on the thermal stability 
of high-k dielectrics on Si in oxygen containing atmospheres, from extremely low to 
rather high O2 partial pressures, and on the effect of different parameters like 
temperature, time and partial pressures of the different gaseous components of the 
annealing atmospheres, as well as interlayer composition and thickness in order to build 
up an adequate model of the system which is prone to be incorporated to circuit design 
codes. 

1.5 Challenge of high-k dielectrics measurement 

The interface between high-k material and the underlying substrate plays a significant 
role in determining the overall electrical properties of high-k stacks.  The ability to 
determine structural and compositional information from the near-surface region of a 
semiconductor material is extremely important for the further investigation and 
development of microelectronics industry.  A large array of experimental techniques 
already exists capable of giving high quality structural and chemical information, 
although the most widely used techniques for the investigation of semiconductor 
materials are X-ray diffraction (XRD) for structural analysis and secondary ion mass 
spectrometry (SIMS) for chemical analysis.  However, these techniques have 
limitations if the layered structure to be investigated is in the near-surface region, i.e. 
less than few nanometers below the surface of the material.  Both of these techniques 
require a certain thickness of material to be studied.  In the case of XRD, the layers 
should generally occupy some fraction of the extinction distance.  And for SIMS, the 
sputtering process must reach an equilibrium.  Also, although a number of other 
surface analysis techniques are available, e.g. XPS and AES, their penetration distance 
into a material is limited by the mean free path of the excited electrons and therefore 
they analyze only the top surface (1-2 nm) of the material. 
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Rutherford backscattering spectroscopy (RBS) has been in use since the 1960’s and 
become a major materials-characterization method, which is one of the most frequently 
used techniques to obtain quantitative information of composition, different layer’s 
thickness and depth profile of the near-surface region.  The depth resolution of the 
conventional RBS is ~10 nm [32].  Using a magnetic spectrometer, the depth 
resolution of RBS was improved up to ~2 nm in tungsten [33].  The development of 
the position-sensitive-detector system for the spectrometer seriously improved its 
precision.  In the 1990s, a variety of electrostatic and magnetic spectrometers and 
time-of-flight telescopes were developed for high-resolution RBS (HRBS).  The 
HRBS setup with position sensitive detector (PSD) and the magnetic spectrometer in 
Kyoto University could achieve the ultimate depth resolution, namely the monolayer 
resolution [34].  

1.6 Outline of this thesis 

In this thesis, we investigate the mechanism of the oxygen and silicon diffusion through 
gate dielectrics, as well as the oxygen and the silicon reaction at the Si channel layer of 
the high-k stack during thermal process for HfO2/SiO2/Si stacks by using HRBS.  In 
addition, the development of TOF-RBS system is presented. 

Chapter 2 described the experimental methods; preparation of samples, the apparatus 
and physical basis of HRBS, and the apparatus of the time-of-flight (TOF) RBS system. 

In chapter 3, the characteristic change of the HfO2/SiO2/Si stack structure during the 
thermal process in oxygen containing atmospheres was investigated.  The growth of 
the interfacial SiO2 layer and simultaneous surface accumulation of Si were observed.  
The correlation of the surface accumulation of Si and the growth of the interfacial SiO2 
was discussed. 

In chapter 4, oxygen isotope was used to clarify the oxygen diffusion characteristic in 
the high-k dielectrics during the thermal processing.  A diffusion model of oxygen in 
high-k stacks was discussed based on the experimental result.  The defects density in 
the high-k dielectric was also estimated from the experimental result. 

In chapter 5, titanium was deposited on the HfO2/SiO2/Si stacks and the sample was 
annealed in vacuum.  The reduction of interfacial SiO2 layer and oxygen depletion in 
high-k dielectric layer were observed. 

In chapter 6, a time-of-flight (TOF) RBS system having a wide acceptance angle of 

6 



±6.85° was developed for crystallographic analysis of thin films.  This system was 
applied to analyze Si(100).  Clear blocking patterns were observed.  Detailed features 
of this system are described. 
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Chapter 2                                        

Experiments 

Abstract 

In this chapter, the principles of RBS are briefly explained.  The experimental 
apparatus used in the experiments, e.g. the high-resolution RBS system, TOF-RBS 
system and the thermal treatment system, are described together with the preparation 
method of the HfO2/SiO2/Si stack structures.   
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2.1 Fundamentals of RBS 

In Rutherford Backscattering Spectroscopy (RBS) the primary ion energy ranges form 
about 100 keV (for H+) to several MeV (for He+ and heavier ions) [1].  The ion-atom 
interaction can be described using the Coulomb potential from which the Rutherford 
scattering cross-section is derived, which allows absolute quantification of the results.  
The physical basis of RBS can be described by four concepts [2]. 

Kinematic factor 

The interaction between the projectile ion and the target atom can be properly described 
by a simple elastic collision of two isolated particles when the following two conditions 
are fulfilled. 

1. The projectile energy E0 must be much larger than the binding energy of the atom in 
the target.  The typical binding energy is of the order of eV. 

2. Nuclear reactions and resonances must be absent.  With H+ beam, nuclear effects 
can appear even below 1 MeV; with He+, they begin to appear at relatively higher 
energies. 

Using the above assumptions, we consider the collision between two particles.  The 
projectile (mass M1) has an incident energy E0 and the target (mass M2) is initially at 
rest, as shown schematically in Fig. 2-1.  

After the elastic collision, a part of projectile energy transfers to the target nucleus.  
This process leads to the concept of the kinematic factor and the capability of mass 
perception. 

The kinematics of the simple elastic collision can be fully solved by applying the 
principles of conservation of energy and momentum.  The ratio K of the scattering 
energy to the incident energy can be given by 

2
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,            (2-1)  

which is called kinematic factor.  The scattering angle, θ, is defined as the angle 
between the projectile incident direction and the scattered direction as shown in Fig. 2-1.  
Using this formula, M2 is able to be determined by the knowledge of the incident 
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particle mass M1, the initial energy E0, the scattering angle θ and the scattering energy 
E1. 

 

Fig. 2-1 Schematic drawing of an elastic two-body collision. 

The small mass difference, ΔM2, produces a small change ΔE1 in the measured energy 
E1 of the projectile after the collision.  ΔE1 and ΔM2 are related to each other by: 

2201 )/( MdMdKEE Δ⋅≈Δ .                    (2-2) 

Therefore, the mass resolution can be estimated from the overall energy resolution δE of 
the RBS as: 
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EM δδ .                      (2-3) 

If the mass difference of two elements in the target falls below this limit, the distinction 
between two elements is lost. 

Scattering Cross Section 

Scattering cross section, σ, is the likelihood of occurrence of such a two-body collision.  
This leads to the capability of quantitative analysis of atomic composition.  Using the 
differential scattering cross section dσ/dΩ, we can estimate how frequently such a 
collision actually occurs and ultimately the scattering yield at a certain angel θ.  

In most cases, the force between the projectile ion and the target atom is very well 
described by the Coulomb repulsion of the two nuclei as long as the distance of closest 
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approach is large compared with nuclear dimensions, but small compared with the Bohr 
radius aB = ħ/me·e = 0.53Å.  When these assumptions are made, the differential 
scattering cross section is given by the Rutherford formula [4], 

[ ]
θθ

θθ
σ
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where Z1 and Z2 represent the nuclear charge of the incident particle and target atom, 
respectively.  For a target of a thin film with a thickness of D, the scattering yield, Y(θ), 
detected by a finite acceptance solid angle ΔΩ at a particular scattering angle θ can be 
written as: 

α
σθ

cos
)( Q

d
dDNY ⋅ΔΩ

×
Ω

×⋅= ,                   (2-5) 

where Q denotes the number of incident ions impinging into the target, N stands for the 
atomic density of the target and α is the incident angle which is schematically shown in 
Fig. 2-2. 

Stopping Power 

An energetic particle that impinges upon a target will penetrate into it.  The particle 
slows down and its kinetic energy decreases as it pushes its way through the target. 
There are two mechanisms responsible for the energy loss of the projectile: nuclear 
stopping which originates from a multitude of small-angle collisions of the projectile 
with the atomic nuclei of the target, and the electronic stopping comes from the 
frictional resistance that the projectile encounters on its pass through the electron clouds 
surrounding each target atom.  

The energy loss per unit length dE/dx (usually given in eV/Å) is commonly called 
stopping power.  The stopping cross-section S [eV/(atoms/cm2)] is related to the 
stopping power and the atomic density N and is therefore more specific for a certain 
atomic species: 

dx
dE

N
S 1
= .                           (2-6) 

The accurate numerical predictions of stopping cross-section from theory are difficult, 
because of the large number of possible interactions that can conceivably take place.  
The most trustworthy values of S are therefore estimated by the semi-empirical formula 
derived from compiled experimental data.  Extensive tables of stopping power data 
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have been collected by Ziegler et al [5]. 

The energy, Eout, of the ion emerging from the target surface after scattering at a depth D 
can be given by: 

outin
out dx

dED
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dEDEKE ⎟
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,            (2-7) 

where α and β are incident angle and reflection angle which were shown schematically 
in Fig. 2-2. (dE/dx)in and (dE/dx)out refer to the inward path and outward path stopping 
power, respectively.  This equation indicates that the depth D where the scattering 
occurred can be deduced from the observed ion energy.  

 

Fig. 2-2 Schematic drawing of the scattering geometry. 

Using so-called energy loss factor [S]  
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outin dxdEdxdE
KS ,                (2-8) 

the depth D can be given by 

]/[)( 1 SEED out −= .                       (2-9) 

The depth resolution is therefore given by: 

[ ]SED /δδ = ,                        (2-10) 

where δE is the effective energy resolution, which is normally composed of three 
contributions: the energy spread of the incident beam δEin, the detector resolution δEd, 
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and the energy loss straggling δEs which will be discussed in the next section.  
Assuming these contributions are independent, the overall resolution is given by  

 .               (2-11) 2222 )()()()( sdin EEEE δδδδ ++=

Energy Loss Straggling 

An energetic particle that moves through a medium loses energy via many individual 
elastic and inelastic collisions.  Such a quantized process is subject to statistical 
fluctuations and is accompanied by energy spreading.  As a result, identical energetic 
particles, which all have the same initial energy, do not have exactly the same energy 
after pass through an identical thickness D of a homogeneous medium.  The energy 
loss ΔE is subject to fluctuations.  For long path length, the energy distribution 
approaches a Gaussian distribution.  This phenomenon, schematically shown in Fig. 
2-3, is called energy-loss straggling.  This process leads to a limitation in the ultimate 
mass and depth resolution for RBS.   

 

Fig. 2-3 Schematic drawing of energy straggling. 

The standard deviation Ω of the energy distribution of ions passing through a medium 
of thickness D was given by Bohr [6], 

NDeZZB
4

2
2

1
2 4π=Ω .                       (2-12) 

This formula stands for the high-energy limit and it has been extended to lower energies 
by many authors.  A useful formula was given by Lindhard and Scharff [7] 
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B ,               (2-13) 

where χ = (V/υB) /ZB

2
2, V is the ion velocity, and υB the Bohr velocity.  The contribution 

of the energy-loss straggling to the energy resolution is given by 

))((2ln8)( 2222
outinS KE Ω+Ω= θδ ,                   (2-14) 
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where 8ln2 is a conversion factor from the standard deviation to the full width at half 
maximum, and Ωin and Ωout are the straggling in inward and outward paths. 

2.2 Setup of HRBS system with a magnetic spectrometer 

In the present investigation a HRBS system, including a 400 kV Cockcroft-type 
accelerator, a magnetic spectrometer, a one-dimensional micro-channel-plate position 
sensitive detector (1D-PSD) and electronic modules for the detector, were used.  The 
setup without the electronics is shown schematically in Fig. 2-4.  The red line shows 
the trajectory of the ion beam during the measurement. 

An ion source of PIG type and the acceleration tube are enclosed in an isolation tank of 
diameter 0.6 m and height 1.5 m which is filled with SF6 gas.  The He+ ion beam 
generated by the accelerator, with energy of 400 keV, is mass analyzed and is collimated 
by two sets of four-jaw slits separated by 1.2 m each other in the beam line.  The 
typical beam current is about 70 nA with a square shape of about 2×2 mm2 in size.  An 
ultra high vacuum (UHV) scattering chamber (base pressure 4 ×10-10 Torr) is connected 
to the beam line via a differential pumping system [8].  Specimens are mounted on a 
five-axis high precision goniometer in the UHV chamber.  Ions scatted from the 
specimen are energy analyzed by the magnetic spectrometer and detected by the 
1D-PSD placed on the focal plane of the spectrometer. 

The spectrometer is basically a standard 90° sector type with 26.6° inclined boundaries 
for two dimensional focusing.  The bending radius of the spectrometer is 200 mm and 
the maximum bending power (mE/q2) is 1.75 MeV·amu/e2.  The acceptance angle of 
the spectrometer is variable up to 4 × 10-4 sr.  After disconnection of the spectrometer 
from the UHV chamber the spectrometer can be easily rotated around the chamber to 
change the scattering angle.  In this investigation, the scattering angle was set to be 50° 
and 75°.  The standard spectrometer with 26.6° inclined boundaries has a focal plane 
being inclined at about 60° with respect to the optical axis, leading to low detection 
efficiency of 1D-PSD.  In order to improve the efficiency the exit boundary is 
modified from a straight line so that the focal plane is perpendicular to the optical axis.  
Combining with a 1D-PSD of length 100 mm, the energy range of 25% of the central 
energy can be measured without sweeping the magnetic field.  The energy resolution 
of the spectrometer is designed to be less than 0.1% (0.4 keV at 400 keV) at an 
acceptance angle of 0.4 msr.  The spectrometer has an electrostatic quadrupole lens  
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just before the entrance of the sector magnet providing the correction for kinematic 
broadening to get high depth resolution for light element analysis [8]. 
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The signal processing system employed for the 1D-PSD is shown in Fig. 2-5. 

 

Fig. 2-5 The signal processing system employed for the 1D-PSD in the HRBS system. 

2.3 Thermal treatment systems 

In this investigation, an infrared furnace was mainly used for annealing the samples.  
In addition, some of the samples were annealed in situ in the UHV scattering chamber 
either by a tungsten heater mounted on the goniometer or by the DC resistive heating. 

The infrared furnace (MILA 3000-P-N) could heat the sample up to 1200 °C (in 
vacuum) with a maximum heating speed of 50 °C/sec (in vacuum).  The whole system 
is cooled by flowing water for precise control of temperature.  The temperature was 
measured by the thermocouple and the error was less than 4 °C.  The heating chamber 
could be evacuated by a turbo molecular pump (TMP) and the base pressure was 
~1.0×10-5 Torr.  The heating chamber was connected to two oxygen providing systems 
for 18O2 and 16O2.  Thus the heating atmosphere could be the air, the vacuum or other 
specific gas, i.e. 18O2 or 16O2.  The schematic drawing of the infrared furnace is shown 
in Fig. 2-6. 

The tungsten heater and the resistive heating setup are both used for annealing under the 
UHV condition, and are both mounted on the goniometer installed in the UHV 
scattering chamber of the HRBS system.  The temperature of the sample during the 
annealing was measured by an infrared thermometer.  The error of the temperature 
measurement was ~10 °C. 

19 



 

Fig. 2-6 Schematic drawing of the infrared furnace. 

2.4 Preparation of HfO2/SiO2/Si stacks 

A HfO2 film of 4 nm thickness was grown by atomic layer deposition (ALD) using 
tetrakis (ethylmethylamino) hafnium (Hf[N(CH3)(C2H5)]4) with O3 as an oxidant after 
preparing a SiO2 layer of 0.7 nm thickness on Si(001).  In order to prepare a high 
quality HfO2 film, the samples were annealed in O3 at 275 ˚C for 10 min (sample-1) or 
in O2 at 1000 ˚C for 10 sec (sample-2) after deposition [9].  These samples thus 
prepared are called as-grown sample in this thesis. 

The as-grown samples were annealed in an infrared furnace (MLLA 3000-P-N) at 
500-900 ˚C in oxygen atmosphere for 30 sec to 20 min.  For crystallization of HfO2, 
some samples were annealed in the UHV chamber (base pressure ~ 4 ×10-10 Torr) at 800 
˚C for 10 min as a pre-process treatment.  

Ti was deposited on the HfO2/SiO2/Si stack by resistive heating of Ti wire (purity 
99.9%) in situ in the UHV scattering chamber.  Thin Ti layer was grown and 
subsequently annealed at ~330 ˚C for 30 min in the UHV chamber. 

2.5 Setup of RBS with Time-of-Flight (TOF) system 

The precise characterization of the structure and the composition in the high-k stack 
structures especially in the near-surface region is strongly required in microelectronics 
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industry.  The Rutherford backscattering spectroscopy (RBS) is one of the most 
promising surface analysis methods for such requirement [1].  For the analysis of the 
crystallographic information, channeling and/or blocking techniques can be used.  The 
HRBS system described in Section 2.2, however, is not a suitable system for the 
blocking measurement, because it cannot measure the angular distribution of scattered 
ions. 

A new HRBS system, which is capable to measure angular and energy distributions 
simultaneously, was developed for the analysis of the crystallographic information of 
the surface area of the sample.  The system was based on the time of flight (TOF) 
technique, and consists of an accelerator, a beam chopping system, a scattering chamber, 
and a two dimensional delay-line detector with a diameter of 120 mm (RoentDek, 
DLD120).  This new HRBS system, which will be referred to as TOF-RBS, can 
provide both the energy spectrum and the angular distribution of the scattered ions 
simultaneously.  The schematic drawing of TOF-RBS system is shown in Fig. 2-7, 
where the red line represents the trajectory of the ion.  The 100 keV He+ ion beam was 
generated by the accelerator and collimated as was in the HRBS system, which was 
described in Section 2.1.2. 

The beam chopping system is mounted along the beam tracing line between the 
accelerator and the sample, which produces a pulsed ion beam.  The beam chopping 
system is constituted by:  

 Two parallel electric field plates horizontally separated by 4.25 mm to each other 
and aligned with the beam line. 

 Entrance slit placed just before the parallel electric field plates with a hole of 1 mm 
in horizontal direction. 

 Exit slit with a hole of 0.6 mm in horizontal direction placed 1570 mm behind the 
electric field plates. 

 High-voltage pulse generator (Kentech Instruments Ltd.).  

The pulse generator could provide rectangular pulses up to ± 450 V (see Fig. 2-8) with 
repetition rates up to 500 kHz.  The rise and fall times were less than a few ns.  The 
pulse generator also provides timing signals at the leading and trailing edges of the 
rectangular pulse, which was used as the start signal in the TOF measurement. 

A typical ion measurement is schematically depicted in Fig. 2-8.  In the beam 
chopping, the rectangular pulses (-375 V to +375 V) with repetition rates up to 500 kHz 

21 



were sent to the right electric field plate while the left plate was grounded.  The ion 
beam can pass through the exit slit only at the rising and falling edges of the pulses, i.e. 
rectangular pulse, which was used as the start signal in the TOF measurement. 

A typical ion measurement is schematically depicted in Fig. 2-8.  In the beam 
chopping, the rectangular pulses (-375 V to +375 V) with repetition rates up to 500 kHz 
were sent to the right electric field plate while the left plate was grounded.  The ion 
beam can pass through the exit slit only at the rising and falling edges of the pulses, i.e. 
only during the ion beam is swept from right (left) to left (right) direction.  This 
process produces pulsed beam with a repetition rate twice faster than the pulse 
repetition rate. 

The 2D-DLD can measure the detected position with a resolution of 0.1 mm.  Thus the 
angular distribution of the scattered ions can be obtained from the measured position 
distribution.  The 2D-DLD can also measure the detection time with a time resolution 
of 0.13 ns.  Using the timing signal from the pulse generator as the reference, the flight 
time of the scattered ion between the target and the detector can be estimated and so the 
energy spectrum of the scattered ions can be derived.  

The pulsed beam is incident on the target and the scattered ions are detected by the 
detector placed 506 mm from the target.  The detector system consists of the following 
components: 

 Micro-channel plates (MCPs) and a delay-line anode 

 DLA-TR6 module (amplifiers) 

 HM1-B (time-to-digital-converter, TDC) 

 Data acquisition and data analyzing software CoboldPC 

The MCP with two delay-line anodes constitutes two dimensional position and time 
sensitive multi-hit detector (shortly called as 2D-DLD in this work).  It has a diameter 
of 120 mm, a position resolution of < 0.1 mm, a time resolution of 0.13 ns, a rate 
capability of 1 MHz, and a multi-hit resolution of 20 ns.  Its working pressure should 
be <1.5×10-6 Torr.   

The typical voltage settings for detector are the following: 
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MCP front -2400 V 
MCP back 0 V 

Anode holder +150 V 
Reference wires + 480 V 

Collecting (Signals) wires +500 V 

The operation principle of the delay-line anode is schematically shown in Fig. 2-9.  
When the 2D-PSD detected the ion, MCPs amplify the electronic signal and sends these 
signals to the delay-line anode.  There are two sets of delay-line anode for the two 
dimensional measurement.  The electronic signal separate into two signals in the 
delay-line anode and they arrive the anode ends at different times, which are denoted by 
x1(y1) and x2(y2).   

 

Fig. 2-9 Operation principle of the delay-line anode. 

The signal processing system employed for the 2D-DLD in the TOF-RBS system is 
shown in Fig. 2-10.  The dashed line encircles the modules that belong to DLA-TR6. 

The DLA-TR6 module is a 6-channel differential amplifier.  The output timing signal 
has a precision below 50 ps.  It is designed to read-out the delay-line detectors and 
amplify the timing signals.  The amplified timing signals, x1(y1) and x2(y2), were sent 
to HM1-B as the stop signal.  The HM1-B module is a time-to-digital-converter (TDC) 
used for time interval measurement.  HM1-B has a common-start input and 4 channels 
of stop inputs.  The time resolution of the HM1-B is 150 ps or better.   

After the start signal is received, HM1-B waits a certain time period (event waiting 
time) for stop signals.  The particles arriving within this event waiting time will be 
treated as a successful event.  The time intervals between the start and stop signals for 
the successful event are converted into digital signals and stored in the internal memory 
of HM1-B.  The stored events are sent to PC when PC requires. 

The digital signals sent to the PC are processed and displayed by the soft ware 
CoboldPC.  Time difference between x1(y1) and x2(y2) corresponds to the position of 
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the ion.  Half of the sum of x1(y1) and x2(y2) represents to the time that the ion 
collided on the 2D-DLD. 

 

Fig. 2-10 The signal processing system employed for the 2D-PSD in the TOF-RBS system. 
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Chapter 3                                        

Si emission from the SiO2/Si interface during the 

growth of SiO2 in the HfO2/SiO2/Si structure 

Abstract 

HfO2/SiO2/Si(001) structures were annealed in dry oxygen, and compositional depth 
profiles were measured by high-resolution Rutherford backscattering spectroscopy.  
Growth of the interfacial SiO2 layer and simultaneous surface accumulation of Si were 
observed. The observed result indicates that silicon species are emitted from the 
SiO2/Si interface to release the stress induced by oxidation as was predicted by recent 
theoretical studies. 
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3.1 Introduction 

The down scaling of Si devices has led to the need for fine control techniques to form 
oxide layer as thin as 1 nm.  Therefore, an understanding of Si oxidation is strongly 
demanded by the industry as well as in materials science [1].  This is also the case 
even if SiO2 is replaced by high-k materials in the future Si devices.  An ultrathin (sub 
nm) SiO2 layer is intentionally grown on Si before the formation of the high-k film to 
get better device performance [2].  Thus, the understanding of Si oxidation is still an 
important issue. 

The oxidation of relatively thick (> 10 nm) films is well described by the so-called 
Deal-Grove model [3].  The oxidation kinetics for very thin films, however, cannot be 
explained by the Deal-Grove model [4].  The oxidation rate for thin films is much 
faster than that expected from a linear relationship predicted by the Deal-Grove model.  
The failure of the Deal-Grove model may be related to the large volume expansion upon 
oxidation.  During oxidation of Si, oxidant diffuses through the disordered oxide 
network and reacts with silicon substrate at the SiO2/Si interface [3, 5 - 7].  The 
volume of the increased oxide region is about twice larger than that of the decreased Si 
region.  The volume expansion results in high stress on the interface between Si and 
SiO2 [8, 9], which should be released when the oxidation proceeds.  Recent theoretical 
studies predicted that Si species are emitted from the SiO2/Si interface into the SiO2 to 
reduce the stress [10, 11].  Most of the emitted Si species diffuse into and through the 
SiO2.  Depending on the SiO2 layer thickness, emitted Si species accumulate at the 
surface as a new oxide layer (in case of thin films) or they are incorporated in the SiO2 
layer through oxidation (in case of thick films) [12].  There are several experimental 
results consistent with this scenario [13, 14].  Nevertheless, there is no direct 
observation of the predicted Si emission so far. 

In the present work, we use HfO2/SiO2/Si structures to observe the Si emission.  It is 
known that the interfacial SiO2 layer grows during the high-temperature thermal 
processing of the high-k/SiO2/Si structures in oxygen ambient [15].  Here, we observe 
the behavior of Si atoms during the growth of the interfacial SiO2 layer using 
high-resolution Rutherford backscattering spectroscopy (HRBS).  A recent study on 
the thermal decomposition behavior of HfO2/SiO2/Si indicates that Si species can 
out-diffuse through a HfO2 film [16].  The emitted Si species from the SiO2/Si 
interface, therefore, are expected to accumulate at the surface of the HfO2 film.  Thus, 
the emitted Si can be separately observed from the interfacial SiO2 layer using HRBS. 

30 



3.2 Experimental 

The sample-1 described in Section 2.4 was used in this study.  The as-grown sample-1 
[17] was annealed in the infrared furnace (MLLA 3000) at 500 - 900°C in dry 16O2 for 2 
- 20 minutes.  For comparison, the as-grown sample-1 was annealed also in the UHV 
chamber (base pressure 4 × 10-10 Torr) at 800°C for 2 minutes by resistive heating. 

These samples were observed by HRBS using 400 keV He+ ions as a probe.  Since the 
details of the HRBS system [18] have been reported in Chapter 2, we only briefly 
describe the measurement condition.  In the present measurements, the samples were 
aligned to a channeling configuration with the [111] axis parallel to the incident beam, 
reducing the substrate contribution to the signal.  Energy spectra of He+ ions scattered 
at 50° were measured by a 90° sector magnetic spectrometer.  

3.3 Results and discussion 

3.3.1 Characteristic of as-grown sample-1 by HRBS 

When the incident beam is aligned to a major symmetry direction of a single crystal, i.e. 
low index axis or plane, so-called channeling occurs.  Channeled particles cannot get 
close enough to the atomic nuclei to undergo large angle Rutherford scattering; hence, 
scattering from the crystal is drastically reduced by a factor of ~100 [19].  By 
measuring the reduction in backscattering yield for channeling, it is possible to 
quantitatively measure and profile the crystal perfection of a sample and to determine its 
crystal orientation.  Channeling also improves the sensitivity to light elements in an 
amorphous or poly-crystal layer formed on a single crystal surface.  For the depth 
profiling of elements in a single crystal sample (e.g. profiling of Si in the present case), 
however, channeling should be avoided for quantitative analysis.  In order to avoid the 
channeling effect the sample was rotated around the normal direction of the surface 
during the measurement.  The spectrum, thus obtained is called a random spectrum. 

Figure 3-1 shows the observed random (a) and channeling (b) HRBS spectra.  There 
are two peaks in the random spectrum.  The large peak at ~390 keV corresponds to Hf 
in the HfO2 layer.  The peak seen at ~330 keV corresponds to 16O in both the HfO2 and 
the interfacial SiO2 layers.  Because the oxygen peak overlaps with the high intensity 
Si signal, precise extraction of oxygen signal is rather difficult.  The [111] channeling 
configuration was used to reduce the signals from the silicon substrate.  As the result, 
oxygen peak can be observed more clearly.  This allows precise analysis of oxygen.   
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Fig. 3-1 The HRBS energy spectra observed under random conditions (a) and [111] channeling 
conditions (b) of the as-grown sample-1.  The incident ion was 400 keV He+ and the angle of 
incidence were 59.24 and 54.74° for random and channeling conditions, respectively.  The 
scattering angle was 50°. 
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Fig. 3-2 The depth profiles of elements in the as-grown sample-1.
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The silicon peak can be seen at 350 keV that corresponds to Si in the SiO2/Si interface 
region.  This Si interface peak consists of contribution from the interfacial SiO2 layer 
and the substrate Si atoms which can be seen by the channeling ions.  The latter 
contribution mainly comes from the topmost Si atomic layer in the substrate Si (this is 
essentially the same as the so-called surface peak in a usual channeling spectrum) and is 
almost independent of the thickness of the interfacial SiO2 layer unless the SiO2 layer is 
extremely thick.  In the channeling spectrum, the oxygen peak and the hafnium peak 
are similar to those in the random spectrum.  From these observed HRBS spectra depth 
profiles of the constituent elements were derived.  The obtained depth profile of the 
as-grown sample-1 was shown in Fig. 3-2. The dashed line shows twice the Hf 
concentration, which roughly agrees with the oxygen concentration.  This means that 
almost stoichiometric HfO2 layer was grown.  There are, however, excess oxygen 
atoms in the interface region (shaded area), which correspond to the interface SiO2 layer.  
The thickness of the HfO2 layer and SiO2 layer are estimated to be 3 nm and 0.7 nm 
from the observed results, respectively. 

3.3.2 Si outward emission during the interface SiO2 growth 

Figure 3-3 shows the change in the HRBS energy spectrum induced by annealing.  The 
solid line shows the spectrum of the as-grown sample-1.  The spectrum of the sample 
annealed at 800 °C in 0.1Torr O2 for 2 min (short dashed line in Fig. 3-3) is quite 
different from that of the as-grown sample-1.  Both the Si peak as well as the O peak 
become wider after annealing, indicating the growth of the interfacial SiO2 layer.  The 
increase of the interfacial SiO2 layer is estimated to be 0.6 nm from the observed Si 
peak.  In contrast to the Si and the O peaks, the shape of the Hf peak does not change 
but a small shift (~ 0.3 keV) towards lower energies is observed.  A similar shift was 
also observed for the leading edge of the Si interface peak.  These shifts suggest the 
formation of an overlayer on the HfO2 surface.  In addition to these changes, a new 
peak appears around 361 keV, which corresponds to Si at the surface.  The amount of 
the surface Si is estimated to be 3.3 × 1014 atoms/cm2 (corresponding to a SiO2 layer of 
0.14 nm thickness).  The energy shift of the Hf peak due to the formation of a 0.14 nm 
SiO2 overlayer is calculated to be 0.27 keV.  This is in good agreement with the 
observed energy shift, suggesting that SiO2 overlayer of 0.14 nm thickness was formed 
on the HfO2 layer. 

However, there could be an alternative explanation of the surface Si signal, i.e. pinholes 
might be formed in the HfO2 film during oxidation [20].  In order to eliminate this  
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Fig. 3-3 HRBS energy spectra observed under [111] channeling conditions for the as-grown 
sample-1 HfO2/SiO2/Si(001) (solid line) and the sample annealed at 800°C for 2 minutes in 0.1 
Torr O2 (dashed line).  The incident ion was 400 keV He+ and the angle of incidence and the 
scattering angle were 54.74° and 50°, respectively.
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(a) 

       
(b) 

Fig 3-4 AFM pictures of as-grown sample-1 (a) and the sample annealed at 800 °C in 0.1 Torr 
O2 for 2 min (b). 
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Fig. 3-5  HRBS energy spectra observed under [111] channeling conditions for as-grown 
sample-1 HfO2/SiO2/Si(001) (solid line) and samples annealed at various temperatures in 0.1 
Torr O2 for 2 minutes; 600°C (short dashed line), 800°C (dashed line) and 900°C (dot-dashed 
line).  The incident ion was 400 keV He+ and the angle of incidence and the scattering angle 
were 54.74° and 50°, respectively. 
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possibility, the surface of the sample was examined using atomic force microscopy 
(AFM) and scanning electron microscopy (SEM).  Figure 3-4 shows the AFM images 
of the as-grown sample-1 and the sample annealed in 0.1 Torr at 800 °C for 2 min.  No 
pinhole was observed in either of the images, confirming the formation of SiO2 
overlayer on HfO2.  In addition, there was also no signature of void formation at the 
oxide/silicon interface in the observed AFM and SEM images. 

The hafnium peak kept the same shape after annealing indicating that the HfO2 layer 
has very good thermal stability in contact with silicon during thermal process at the 
temperature of 800 °C, even in oxygen containing atmosphere.   

3.3.3 Temperature dependence of the Si emission 

Figure 3-5 shows observed HRBS spectra of the samples annealed in 0.1 Torr O2 for 2 
min at various temperatures.  Only the signals for Si and O are shown because the Hf 
peak did not change except for the small energy shift mentioned above.  Widths of 
both Si and O peaks increase with increasing temperature, indicating that the thickness 
of the interfacial SiO2 layer increases with annealing temperature.  The yield of the 
surface Si also increases with increasing temperature, showing that there is a strong 
correlation between the growth of the interfacial SiO2 layer and the SiO2 overlayer.  
This strongly suggests that the origin of the surface Si is the Si emission from the 
SiO2/Si interface during the growth of the interfacial SiO2 layer.   

There are, of course, other possibilities, e.g. the heating itself may cause the surface 
accumulation of Si independently of the oxidation.  In order to see if this is the case, 
the sample was annealed in vacuum at 800°C for 2 min.  The observed HRBS 
spectrum (a dashed line in Fig. 3-6) is very similar to the spectrum of the as-grown 
sample-1 (a solid line in Fig. 3-6).  Neither the surface Si peak nor the growth of the 
interfacial layer is seen.  This clearly indicates that the observed surface Si is a result 
of the oxidation and is not a result of the heating itself. 

3.3.4 Annealing time dependence of the Si emission 

Finally, we studied the annealing time dependence of the Si emission.  The samples 
were annealed at 900°C in 0.1 Torr oxygen for various annealing times.  The increase 
of the Si areal density of the surface SiO2 layer, ΔDs, and that of the interfacial SiO2 
layer, ΔDi, were measured and the results are shown as a function of the annealing time 
in Fig. 3-7.  The ratio of the increase of the surface Si to that of the interface Si, 
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Fig. 3-6 HRBS energy spectra observed under [111] channeling conditions for the as-grown 
sample-1 HfO2/SiO2/Si(001) (solid line) and the sample annealed at 800°C for 2 minutes in 
vacuum (dashed line). The incident ion was 400 keV He+ and the angle of incidence and the 
scattering angle were 54.74° and 50°, respectively. 
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Fig. 3-7 The change of the Si areal density for the interfacial SiO2 layer (●) and that for surface 
SiO2 layer (○) for the samples after annealing at 900°C in 0.1 Torr O2.  The ratio (▼) of the 
latter to the former is also shown. 
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ΔDs/ΔDi, is also shown to clear up their quantitative relation.   

The interfacial SiO2 layer increases with increasing annealing time.  This growth rate 
slows down when the annealing time exceeds 5 minutes.  The surface Si also increases 
with annealing time but saturates after 5 minutes with the thickness of ~0.15 nm.  The 
ratio, ΔDs/ΔDi, is about 0.3 at an annealing time of 2 min.  This means that more than 
23% (= 0.3/1.3) of Si atoms are emitted from the SiO2/Si interface during oxidation.  
This is in good agreement with the result of the first principles calculation, which 
showed that one Si atom is kicked out of the SiO2/Si interface when every three Si 
atoms are oxidized [11].  The observed ratio, ΔDs/ΔDi, decreases with increasing 
annealing time, indicating that a part of emitted Si atoms are incorporated in the 
interfacial SiO2 layer.  After 5 min the surface Si does not increase while the interfacial 
SiO2 layer still grows.  This means that the emitted Si species are almost completely 
incorporated in the interfacial SiO2 layer and cannot reach the surface when the 
thickness of the SiO2 layer exceeds ~ 2 nm in the present conditions (900°C in 0.1 Torr 
oxygen). 

3.4 Conclusions 

The growth of the interfacial SiO2 layer and the simultaneous surface accumulation of 
Si were observed when HfO2/SiO2/Si was annealed in oxygen.  A strong correlation 
was found between the growth of the interfacial SiO2 layer and the Si surface 
accumulation.  The observed result indicates that silicon species are emitted from the 
SiO2/Si interface during the growth of the interfacial SiO2 layer to release the stress 
which is induced by oxidation.  The fraction of the emitted Si was estimated to be 
more than 23%, which is in consistent with the recent theoretical studies. 
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Chapter 4                                         

Isotopic labeling study of the oxygen diffusion in 

HfO2/SiO2/Si 

Abstract 

The characteristic oxygen diffusion in HfO2/SiO2/Si structure during the annealing in 
oxygen has been investigated by high-resolution Rutherford backscattering 
spectroscopy in combination with oxygen isotope substitution at 900 ºC in 0.1 Torr 
18O2.  While a flat distribution of 18O was observed in the HfO2 layer, the observed 
18O concentration decreases rapidly with depth in the SiO2 layer and 18O does not reach 
the SiO2/Si interface.  This result indicates that oxygen molecules are decomposed 
into atomic oxygen in the HfO2 layer and the produced oxygen atoms diffuse through 
the oxide layer via exchange mechanism.  This is also supported by the observed 
activation energy of ~ 0.6 eV for the growth of the SiO2 layer. 
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4.1 Introduction 

In the future complementary metal-oxide-semiconductor (CMOS) devices with 
equivalent oxide thicknesses (EOT) below 1.2 nm, SiO2 cannot be used as gate 
dielectrics because of its high leakage current due to direct tunneling through such an 
ultra-thin film.  Alternative materials with a dielectric constant higher than SiO2, called 
high-k materials, have been extensively studied.  Among these high-k materials, Hf 
based materials are most promising [1].  Compared to SiO2, all the other dielectric 
materials lead to the formation of a higher density of electronic defects, such as Si 
dangling bond, near the Si/dielectrics interface, resulting in poor electrical properties [2].  
Thus, much of the effort toward replacement of SiO2 has been focused on stack 
structures, composed of an ultra-thin SiO2 buffer underneath a high-k dielectric film.  
In current transistor process flows, gate stacks have to be exposed to temperatures as 
high as 1050 °C.  The SiO2 buffer layer grows during the thermal processing, and this 
influences the EOT [3-5].  Therefore, understanding the detailed influence of the 
thermal processing is important for the application of the stack structure in the future 
CMOS devices. 

Many reports that investigated the thermal stability of HfO2/SiO2/Si or ZrO2/SiO2/Si 
structure mentioned the unusual SiO2 growth characteristic when the stack structures 
were annealed in oxygen [6, 7].  Compared to the bare silicon oxidation, the initial 
growth rate of the SiO2 layer in such stack structures is much faster, suggesting that 
HfO2 and ZrO2 films behave like a catalyst for SiO2 growth.  This rapid growth is 
significantly suppressed with increase of SiO2 thickness.  The SiO2 thickness 
eventually saturates after a certain annealing time (e.g. after 5 min at 500°C and at an 
oxygen pressure 0.3 – 8.5 Torr [8]). 

Because HfO2 and ZrO2 are known to be good ionic conductors of oxygen ions, it is 
believed that HfO2 and ZrO2 films decompose molecular oxygen into atomic oxygen 
ions and the produced oxygen ions diffuse through the HfO2 and ZrO2 films.  The 
atomic oxygen is a more reactive oxidant than the molecular oxygen.  As a result, the 
growth rate of SiO2 could be enhanced as was observed.  This scenario is supported by 
a recent theoretical study on the oxygen incorporation and diffusion mechanisms in 
HfO2.  The first-principles calculation demonstrates that oxygen favors atomic 
incorporation and its interstitial diffusion via exchange process has a small diffusion 
barrier of 0.3 eV (O- species) in HfO2 [9].  However, there is no clear experimental 
evidence for this scenario. 
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In the present work, we used 18O2 as a tracer to investigate the diffusing characteristic of 
oxygen in HfO2/SiO2/Si structure during thermal processing.  The influence of HfO2 
on oxygen diffusing and SiO2 growth is discussed. 

4.2 Experimental 

Several pieces of the as-grown sample-1 were annealed in an infrared furnace (MLLA 
3000) at 500-900°C in 0.1 Torr dry 18O2 or 16O2 for 30 s - 20 min. 

These samples were observed by HRBS [10] using 400 keV He+ ions as a probe.  The 
details of the HRBS measurement were described in Chapter 2.  In the present 
measurements, samples were aligned to a channeling configuration with the [111] or 
[211] axis parallel to the incident beam, reducing the silicon substrate contribution, 
which helps us to analyze the oxygen signal precisely.  Energy spectra of He+ ions 
scattered at 50° or 75° were measured by a 90° sector magnetic spectrometer. 

4.3 Results and discussion 

4.3.1 Growth of the interfacial SiO2

Figure 4-1 shows HRBS energy spectra observed at a scattering angle of 50° under the 
[111] channeling condition.  The spectra of samples annealed in 0.1 Torr 16O2 at 900°C 
for various times are shown.  Only the signals for Si and O are shown because Hf 
spectrum did not change under the present annealing conditions. 

A large peak seen at ~330 keV corresponds to oxygen in both the HfO2 and SiO2 layers.  
A broad peak at ~350 keV corresponds to Si in the SiO2/Si interface region.  The 
yields of O and Si interface peak increase with annealing time.  The Si interface peak 
consists of contributions from the interfacial SiO2 layer and the substrate Si atoms 
which can be seen by the channeling ions.  The latter contribution mainly comes from 
the topmost Si atomic layer in the substrate and is almost independent of the thickness 
of the interfacial SiO2 unless the SiO2 layer is extremely thick.  Therefore, the 
observed increment of the Si interface peak yield is attributed to the growth of the SiO2 
layer, and the thickness of the SiO2 interface layer can be estimated from the Si 
interface peak.  A small peak appeared around 361 keV in the spectra of annealed 
samples corresponds to Si that out-diffusing to the surface during the Si substrate 
oxidation, which has been discussed in Chapter 3.  

Figure 4-2 shows the obtained results of the SiO2 interface layer thickness as a function 
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Fig. 4-1 HRBS energy spectra observed under [111] channeling conditions for as-grown 
sample-1 HfO2/SiO2/Si (dot line) and samples annealed in 0.1 Torr O2 at 900°C for various time; 
2 min (solid line), 5 min (long dashed line), 10 min (short dashed line), 20 min (dashed line). 
The incident ion was 400 keV He+ and the angle of incidence and the scattering angle were 
54.74° and 50°, respectively. 
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Fig.4-2 Estimated results of SiO2 thickness vs. annealing time based on the data of Fig. 4-1. The 
solid line is for the guidance only. Dot line and dashed line is the linear and parabolic fitting 
according to Deal-Grove model, respectively.  
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of annealing time. The black dots represent the experimental data and the solid line is 
for guidance only.  The dashed line shows the result of parabolic fitting and the dot 
line shows that of the linear fitting.  It is clear that the growth of SiO2 follows neither 
the linear law nor the parabolic law which were predicted by the Deal-Grove model.  
The growth rate is impressively large before the SiO2 thickness is ~2 nm.  The 
observed growth rate is 0.5 nm/min in the first 2 min.  It is 5 times larger than the 
reported oxidation rate for 0.7 nm SiO2 atop Si at the same temperature and in a higher 
oxygen pressure [11].  Such a kind of initial acceleration of SiO2 growth has been 
reported when HfO2/SiO2/Si [12] or ZrO2/SiO2/Si [13] samples were annealed in the 
oxygen ambient.  After the initial enhanced growth, however, the growth rate 
decreases very rapidly and no more growth was observed after 10 min.  This growth 
rate character reminds one the oxidation of silicon by O or O- species without external 
bias [14-17]. 

4.3.2 Isotopic tracing 

In order to clarify the origin of the enhancement of SiO2 growth rate, the behavior of 
oxygen during the annealing was observed using 18O as a tracer.  The HfO2/SiO2/Si 
(001) structure was annealed at 900°C in 0.1 Torr static 18O2 for 2 minutes.  HRBS 
spectra were measured at a scattering angle of 75° under the [211] channeling condition 
before and after the annealing.  The scattering condition was chosen to separate the 18O 
signal from 16O. 

Figure 4-3 shows the HRBS energy spectra observed before and after oxidation in 18O2.  
The 18O peak can be seen at ~ 280 keV.  Figure 4-4 shows the composition profile of 
the as-grown sample-1 and the annealed sample obtained after a simulation of the 
HRBS spectrum.  The simulated spectra are shown by the solid lines in Fig. 4-3. 

The flat profile of 18O in HfO2 seen in Fig. 4-4(b) indicates that the oxygen diffusion in 
HfO2 layer achieved to an equilibrium condition within 2 min under the current 
condition.  The result represents an extremely high diffusion coefficient of oxygen in 
HfO2.  This is consistent with the previous report [18] and indicates that the diffusing 
of oxygen in HfO2 is not the rate limiting step of the Si oxidation. 

More detailed inspection of the 18O profile in the SiO2 layer reveals that 18O exists only 
near the HfO2/SiO2 interface.  The result of the simulation that assumed 18O went all 
the way through SiO2 layer is shown by dash line in Fig.4-3.  Apparently, the 
simulated spectrum shown by solid line is in better agreement with the experimental 
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Fig. 4-3 HRBS spectra observed under [211] channeling conditions for as-grown sample-1 
HfO2/SiO2/Si (lower spectrum) and a sample annealed in 0.1 Torr 18O2 at 900°C for 20 min 
(upper spectrum).  The results of simulation are also shown by solid lines. The incident ion 
was 400 keV He+, and the angle of incidence and the scattering angle were 54.74° and 75°, 
respectively. 
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Fig. 4-4 Depth profiles of elements in the as-grown sample-1 (a) and the sample annealed in 0.1 
Torr 18O2 at 900°C for 20 min (b). 
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spectrum, which confirms that 18O exists only near the HfO2/SiO2 interface in the SiO2 

layer.  This phenomenon is quite different from the 18O distribution in SiO2/Si structure 
oxidized by 18O2, which usually shows an accumulation of 18O near the SiO2/Si 
interface whenever the interfacial SiO2 layer increment was observed [19-21].  In that 
case, molecular oxygen is the dominant diffusing oxidant and easily diffuses through the 
SiO2 network.  If oxygen molecule is the dominant diffusing species in HfO2, the 
accumulation of 18O at SiO2/Si interface should be observed.  The completely different 
depth profile observed here indicates that oxygen molecule is not the dominant diffusing 
species in HfO2.  Atomic oxygen, either O or O-, seems to be the most reasonable 
diffusing oxidant in HfO2 under the current condition (900°C, 0.1Torr O2).  

There are two possible mechanisms of diffusion of atomic oxygen in oxide, the 
interstitial mechanism and exchange mechanism.  In the interstitial mechanism, the 
interstitial oxygen atoms diffuse through empty space between the lattice sites without 
reaction with the oxide network.  If this is the case in the SiO2 layer, 18O should 
distribute at the SiO2/Si interface region where the oxidation reaction happens.  On the 
other hand, the exchange mechanism involves the continuous replacement of a lattice 
site by the diffusing defect, and the lattice site then becoming the diffusing species.  
This mechanism is traditionally known as the “Interstitialcy” mechanism.  It is 
characteristic of diffusion of anions, for example, in MgO [22].  In this mechanism, 
incorporated 18O atoms push the already existing 16O toward SiO2/Si interface.  The 
present 18O profile is consistent with the result expected from the exchange mechanism.  
This result indicates that atomic oxygen interstitials diffuse via exchange mechanism in 
SiO2. 

4.3.3 Temperature dependence of the growth rate of the interfacial SiO2 
layer 

Figure 4-5 illustrates the observed initial growth rate of SiO2 in the first 2-min 
annealing on a logarithmic scale versus 1/kBT corresponding to the annealing 
temperature of 500 ~ 900°C.  The SiO2 thicknesses of these samples after 2-min 
annealing are all less than 2 nm.  The observed growth rate shows an Arrhenius 
dependence on the annealing temperature.  The solid line is the result of the linear 
fitting to the experimental data points.  The obtained activation energy is ~0.6 eV.  
Because the diffusion of oxygen in HfO2 is not the rate limiting process in the present 
case as was mentioned above, this activation energy should be related to the oxygen 
diffusion in SiO2 and/or oxygen reaction with Si at SiO2/Si interface. 
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Fig. 4-5 Logarithmic plot of the average growth rate of SiO2 in HfO2/SiO2/Si structure annealed 
in 0.1 Torr O2 for 2 minutes vs. reciprocal temperature.  The solid line is the linear fitting 
result.   
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The linear growth rate B/A in the Deal-Grove model for dry oxidation of (100) silicon 
has an activation energy of 1.76 eV for T ≤ 1000°C and 3.20 eV for T ≥ 1000°C [23].  
Even some literature reported a higher growth rate of SiO2 during the first 5 s, that 
growth rate has an activation energy of 1.21 eV [24].  The effective activation energy 
of SiO2 growth rate in this work is much smaller than these values, but comparable to 
the reported values of diffusion activation energy of O- in SiO2 (0.14 ~ 0.7 eV) [25, 26], 
in consistent with the previous conclusion, i.e. the dominant diffusing oxygen species is 
atomic oxygen ions. 

4.3.4 Estimation of concentration of oxygen interstitial 

Because the incorporated oxygen in HfO2 acts as the electron trap, the performance of 
HfO2 as a gate dielectric film is strongly influenced by the interstitial oxygen.  On the 
basis of the present results, the concentration of interstitial oxygen in HfO2 during the 
annealing in the oxygen ambient can be estimated.  Figure 4-6 is a sketch of the 
distribution of oxygen interstitials in HfO2/SiO2/Si.  Oxygen interstitials are produced 
by the catalytic reaction in HfO2 and diffuse through the HfO2 layer via the exchange 
process.  This procedure is so fast that the equilibrium condition is obtained very 
rapidly and a flat distribution of oxygen interstitials is achieved immediately in HfO2 as 
was observed.  We assume that the active oxygen concentration on the SiO2/Si 
interface is zero, that is to say the reaction of silicon with oxygen is not the rate limiting 
step of SiO2 growth.  Using these assumptions, the increased amount of oxygen in the 
grown SiO2 layer is calculated as follows: 

t
d
C

DN
ox

eq
Oox ⋅⋅=Δ ,                       (4-1) 

where Do is the diffusion coefficient of the interstitial oxygen in SiO2, which was 
reported to be 1.8 × 10-8 cm2/s at 900°C [29], Ceq is the balance concentration of oxygen 
interstitials in the HfO2 under the equilibrium condition, dox is the SiO2 thickness and t 
is the annealing time.  Substituting the observed values for the 2 min-annealing at 
900 °C, ΔNox = 5×1015 cm-2, t = 120 sec, and dox = 1.2 nm (observed average thickness 
during the 2-min annealing), into Eq. (4-1), Ceq is estimated to be ~3 × 1014 cm-3. 

Finally we note that the initial enhancement of the SiO2 growth rate is suppressed after 
the interfacial SiO2 layer becomes thicker.  In the initial stage of the interfacial SiO2 
growth, HfO2 behaves as a catalyst because it provides reactive oxidants, i.e. atomic 
oxygen.  But atomic oxygen has a characteristic diffusing length in SiO2, through 
which area the atomic oxygen will combine into molecule, which is much less reactive 
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than the atomic oxygen.  Thus, when the SiO2 layer becomes thicker than this 
characteristic length, which is determined by the diffusion condition, the catalytic 
behavior of HfO2 on Si oxidation disappears and the SiO2 growth is suppressed as was 
observed. 

 

Fig. 4-6 Sketch of the concentration profile for oxygen interstitials in HfO2/SiO2/Si. 

4.4 Conclusions 

The 18O depth profile was measured by HRBS after annealing a HfO2(3 nm)/SiO2(0.7 
nm)/Si structure at 900 °C in 0.1Torr 18O2.  While the observed 18O concentration is 
almost constant in the HfO2 layer, the 18O concentration decreases rapidly with depth in 
the interfacial SiO2 layer.  These results together with the observed activation energy ~ 
0.6 eV for the growth of the interfacial SiO2 layer indicates that oxygen molecules are 
decomposed into atomic oxygen in the HfO2 layer and the produced oxygen atoms 
diffuse through the oxide layer via exchange mechanism.  Using a simple model based 
on the above findings and the observed growth rate of the interfacial SiO2 layer, the 
equilibrium concentration of oxygen interstitials in HfO2 is estimated to be ~ 3 × 1014 
cm-3 at 900°C in 0.1 Torr O2. 
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Chapter 5                                          

In situ observation of oxygen gettering by titanium 

overlayer on HfO2/SiO2/Si using high-resolution 

Rutherford backscattering spectroscopy 

Abstract 

Oxygen-gettering by Ti overlayer (2 ~ 8 nm) on a HfO2(3nm)/SiO2(1.5 nm)/Si(001) 
structure was investigated using high-resolution Rutherford backscattering 
spectroscopy.  After deposition of a thin Ti layer, the interfacial SiO2 layer is reduced 
by ~ 0.2 nm and the released oxygen is incorporated in Ti layer.  Subsequent 
annealing at 330 °C in UHV causes further reduction by 0.1 ~ 0.8 nm depending on the 
Ti layer thickness.  In addition to the reduction of the SiO2 layer, significant oxygen 
depletion in the HfO2 layer was observed for thicker Ti layers after annealing.
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5.1 Introduction 

Beyond 65-nm design rule, the conventional SiO2-based materials cannot be used as 
gate dielectrics in complementary metal oxide semiconductor (CMOS) devices because 
of its high leakage current due to direct tunneling.  Intensive studies have been 
performed to search alternative materials with a higher dielectric constant.  Among the 
various materials, HfO2 and other Hf-based materials are most promising candidates for 
the gate dielectrics films in the future CMOS devices [1].  The interface between HfO2 
and Si, however, is not perfect as the SiO2/Si interface.  There are physical and 
electrical defects at the HfO2/Si interface, which cause degradation of the device 
performance [2].  In order to solve this problem, an ultrathin SiO2 layer is grown on Si 
before the formation of the HfO2 film.  In the conventional CMOS process flow, 
however, the dopant drive-in anneal at ~1000 ºC is necessary.  This annealing causes 
growth of the interfacial SiO2 layer and consequently increase of the equivalent oxide 
thickness (EOT) and the degradation of the device performance [3 – 5].  Accordingly, 
the control of the interfacial SiO2 layer is an important issue.  Recently, Kim et al 
observed effective removal of the interfacial SiO2 layer by deposition of Ti layer on 
HfO2/SiO2/Si(001) and subsequent annealing at 300 ºC using TEM [6].  This could be 
a promising technique to control the interfacial SiO2 layer.  To this end, however, more 
detailed understanding of the oxygen-gettering process is indispensable.   

In the present work, we observe the oxygen-gettering process in situ using 
high-resolution Rutherford backscattering spectroscopy (HRBS).  We found that the 
SiO2 layer is reduced by ~ 0.2 nm just after the deposition of the Ti overlayer 
irrespective of the Ti layer thickness.  A further reduction was observed after annealing 
at 330 °C and the amount of the reduction depends on the thickness of the Ti overlayer.  
We also found considerable oxygen depletion up to ~ 50% in the HfO2 layer after 
annealing with thicker Ti layers.   

5.2 Experimental 

A HfO2 film of ~ 3 nm thickness was grown by atomic layer deposition (ALD) using 
tetrakis (ethylmethylamino) hafnium {Hf[N(CH3)(C2H5)]4} with O3 as an oxidant after 
preparing a SiO2 layer of 0.7 nm thickness on Si(001) [7].  After deposition of HfO2, 
the sample was annealed in 1 Torr O2 at 1000 °C for 10 sec.  During the annealing the 
interfacial SiO2 layer grew to ~ 1.5 nm.  The sample thus prepared (as-grown 
sample-2) was mounted on a goniometer in UHV chamber (base pressure 4 × 10-10 Torr) 
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and heated up to ~ 200 °C for one day to remove the molecules adsorbed on the surface.  
After cooling down to the room temperature Ti was deposited on the HfO2/SiO2/Si(001) 
by resistive heating of Ti wire (purity 99.9%).  Thin Ti layers of three different 
thicknesses, 1.8, 3.6, 7.9 nm, were grown and annealed at 330 °C for 30 min in the 
chamber.   

During these processes, the samples were observed in situ by HRBS using 400 keV He+ 
ions as a probe.  The details of the HRBS measurement were described elsewhere [8].  
Briefly, energy spectra of He+ ions scattered at 75° were measured by a 90° sector 
magnetic spectrometer.  In addition to the so-called random spectra, channeling spectra 
were measured to reduce the Si substrate signal.  This allows precise measurements of 
oxygen.   

5.3 Results and discussion 

5.3.1 Oxygen getting by Ti deposition 

Figure 5-1 shows the HRBS spectra observed under [113] channeling conditions.  The 
solid line shows the spectrum of the as-grown sample.  There are three peaks in the 
spectrum.  The largest peak at ~ 390 keV corresponds to Hf in the HfO2 layer.  The 
peak at ~ 310 keV is mainly attributed to Si in the SiO2 layer and the peak at ~ 260 keV 
corresponds to oxygen in both HfO2 and SiO2 layers.   

After deposition of a Ti layer of 3.6 nm thickness, these peaks shift toward lower 
energies and a new peak appears at ~ 350 keV, which corresponds to the Ti layer (see 
the spectrum shown by open circles).  More detailed inspection of the spectrum 
revealed that the oxygen peak has a tail towards higher energies.  This indicates that 
some oxygen atoms diffused into the Ti layer during the Ti deposition.  The closed 
circles show the HRBS spectrum observed after annealing at 330 °C for 30 min.  It is 
clearly seen that the shape of the oxygen peak changes drastically, indicating that a large 
amount of oxygen moves toward shallower region.  In addition, the Ti peak becomes 
broader.  These changes indicate that oxygen atoms are incorporated in the Ti layer.  
To see the behavior of oxygen in detail, elemental depth profiles were derived from the 
observed HRBS spectra.   

Figure 5-2(a) shows the derived depth profiles for the as-grown sample-2 (before Ti 
deposition).  The twice of the Hf concentration is also shown by a dashed curve.  
Except for the interface region the dashed curve agrees with the oxygen profile very  
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Fig. 5-1 HRBS energy spectra observed under [113] channeling conditions for the as-grown 
sample-2 HfO2/SiO2/Si(001) (solid line), after Ti deposition of 3.6 nm at RT (○) and after 
successive annealing at 330 °C for 30 min in UHV (●).  
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Fig. 5-2 Elemental depth profiles for (a) as-grown sample-2 HfO2/SiO2/Si(001) (solid line), (b) 
after Ti deposition of 1.8 nm at RT and (c) after successive annealing at 330 °C for 30 min in 
UHV.  The dashed curve shows the twice of the Hf concentration. 
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well.  This indicates that a stoichiometric HfO2 layer was prepared.  The thickness of 
the HfO2 layer is estimated to be 2.2 × 1016 atoms/cm2, which corresponds to 2.8 nm (ρ 
= 9.7 g/cm3 is used).  In the interface region (d ~ 3 × 1016 atoms/cm2), there are extra 
oxygen atoms forming a SiO2 layer (shaded area).  From the observed yield of the 
extra oxygen, the thickness of the interfacial SiO2 layer was estimated to be 1.5 nm.   

After deposition of a 1.8 nm Ti layer, the extra oxygen in the interface region becomes 
smaller, indicating that the interfacial SiO2 layer is reduced (Fig. 5-2(b)).  The oxygen 
released from the SiO2 layer is incorporated in the Ti layer.  The oxygen concentration 
is close to the solubility limit in Ti (34 at. % [9]).  After annealing at 330 °C for 30 min, 
the reduction of the SiO2 layer can be seen more clearly and further oxygen 
incorporation in the Ti layer is also seen, while the stoichiometry of the HfO2 layer is 
not changed (see Fig. 5-2(c)).  It should be noted that, in the interface region, the 
profiles of Hf, Si and O do not change their shape and the profiles are just shifted.  
This means that the composition of the interfacial SiO2 layer is not changed but just the 
thickness is reduced.   

5.3.2 The thickness of Ti layer influence on the oxygen getting amount 

Figure 5-3 shows the change of the SiO2 layer thickness due to the Ti deposition and 
annealing for three different Ti overlayers of 1.8, 3.6 and 7.9 nm.  The reduction of the 
SiO2 layer due to the Ti deposition is about 0.2 nm and this reduction does not depend 
on the thickness of the Ti layer within the experimental error.  The additional reduction 
due to the annealing, however, increases with thickness of the Ti layer.  The thickness 
of the SiO2 layer was reduced down to 0.5 nm after annealing in the case of the thickest 
Ti layer (7.9 nm).  The present result shows that the oxygen-gettering by Ti is a 
promising technique to control the thickness of the interfacial SiO2 layer.  There is, 
however, a serious flaw for this technique.   

Figure 5-4 shows the depth profiles observed before and after annealing for a thick Ti 
overlayer (7.9 nm).  Considerable reduction of oxygen concentration in HfO2 layer is 
seen after annealing although the remaining SiO2 layer still exists.  The reduction of 
oxygen concentration is almost 50% after annealing.  This might be surprising because 
it is energetically more favorable for oxygen to from HfO2 rather than SiO2.  The 
present observation suggests that SiO2 becomes patchy and discontinuous in the final 
stage of destruction.  

Recent XPS study on the oxygen-gettering by Ti overlayer (50 nm) on HfO2/SiO2/Si  
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Fig. 5-3  Change of thickness of the interfacial SiO2 layer.  Results for three different Ti layer 
thicknesses (1.8, 3.6 and 7.9 nm) are shown.  While the reduction of the SiO2 layer due to Ti 
deposition does not depend on the Ti layer thickness, the reduction due to annealing increases 
with Ti layer thickness.   
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Fig. 5-4  Elemental depth profiles in Ti(7.9 nm)/HfO2/SiO2/Si(001) observed (a) before and (b) 
after annealing at 330 ºC for 30 min in UHV.   
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showed a signature of silicate formation at the HfO2/SiO2 interface but no evidence was 
reported for the oxygen depletion in the HfO2 layer [10].  They annealed 
Ti/HfO2/SiO2/Si in a forming gas (4% H2/96% N2) at 300 °C and removed both Ti and 
HfO2 layers by 30 wt % H2O2 solution and a dilute HF solution before XPS 
measurement, while we measured HRBS spectra in situ without breaking vacuum.  
The different result observed by XPS could be attributed to the etching procedures.  
More recently, Goncharova et al performed a detailed study on the oxygen gettering by 
Ti overlayers on HfO2/SiO2/Si structures using various analytical techniques including 
medium energy ion scattering (MEIS) [11].  They also observed slight oxygen 
depletion in HfO2 with a 5-nm-thick Ti layer by the in-situ MEIS observation.   

5.4 Conclusions 

High-resolution RBS was used to study the oxygen-gettering by a titanium overlayer on 
HfO2/SiO2/Si(001) structure.  After titanium deposition at room temperature, oxygen is 
released from the SiO2 layer into the Ti layer and the thickness of the SiO2 layer is 
reduced by ~ 0.2 nm.  Upon annealing the Ti/ HfO2/SiO2/Si(001) at 330 °C in UHV, 
further reduction of the SiO2 layer occurs.  In addition, oxygen is also released from 
the HfO2 layer after annealing when the Ti layer is thicker. 
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Chapter 6                                        

The development of the Time-of-flight RBS 

Abstract 

A new time-of-flight (TOF) RBS system is developed for application on thin film 
analysis.  A 2-dimensional position-sensitive and time-resolving detector which 
contains micro channel plates (MCP) and two delay-line anodes allows 3-dimentional 
quantitative and nondestructive analysis with a reasonable depth resolution.  The 
observed energy resolution of this TOF-RBS system with 100 keV He+ ion is 2.78 keV, 
and the typical depth resolution is 70 Å for Si.  The developed TOF-RBS is applied to 
crystallographic analysis of Si(100).  Clear blocking patterns were observed.  The 
results reveal that TOF-RBS using a large solid angle detector is promising for 
crystallographic analysis of thin films.  
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6.1 Introduction 

With the down scaling of microelectronic devices, higher quality surface processing 
technologies and more precise analysis methods are required [1].  Rutherford 
backscattering spectroscopy (RBS) is one of the most promising surface analysis 
methods for such requirement [2].  The simple Rutherford cross section formula 
guarantees a high accuracy in composition analysis.  The precision of the tabulated 
stopping power allows accurate depth profiling [3].  For the analysis of the 
crystallographic information, channeling and/or blocking techniques can be used.  The 
high-resolution RBS (HRBS) system described in the Section 2.2, however, is not a 
suitable system for the blocking measurement, because it does not provide angular 
distributions of scattered ions. 

Using the TOF detector system, a new HRBS system (referred to as TOF-RBS), which 
is capable to measure angular and energy distributions simultaneously, was developed 
for the analysis of the crystallographic information of the surface area of the sample.  
The TOF-RBS system employed a pulsed He+ ion beam for an incident beam.  The 
projectiles scattered by atoms in the sample are detected by a 2-dementional 
delay-line-detector (2D-DLD).  The detector consists of two delay-line anodes wound 
perpendicularly to each other.  TOF-RBS spectroscopy provides 3-dimentional 
information; on the spatially 2-dimentional angular distribution of particles scatted from 
a sample and, as the third dimensional information, on flight times of scattered particles.  
Energies of scattered particles are evaluated from the flight time analysis. 

In the case of a small solid angle detector, the sample and/or detector setting angle must 
be changed several times even for the single surface analysis for the blocking 
measurement, since the blocking patterns over the wide range of scattering angle are 
necessary.  However, by using a large solid angle detector in TOF-RBS, a blocking 
pattern over a wide scattering angle range can be obtained at the single setting of 
experimental geometry [4, 5] and a precise structural analysis can be carried out with a 
small error.  There is an additional advantage of this TOF-RBS over the conventional 
HRBS.  While the conventional RBS cannot measure neutral particles, TOF-RBS can 
measure all particles irrespective of charge states.  This guarantees more precise 
quantitative analysis.  Thus, TOF-RBS equipped with a large solid angle detector is 
greatly advantageous. 

In this chapter, the development of a TOF-RBS system equipment with a 2D-DLD 
(RoentDek, DLD120) of 120 mm is reported.  The performance of the developed 
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TOF-RBS system was examined by measuring a Si(001) sample. 

6.2 Experimental 

6.2.1 Equipments 

The setup of the TOF-RBS system has been introduced in Section 2.5.  We will give a 
brief description here.  The TOF-RBS system consists of four major components: a 
400 kV accelerator, a beam chopping system, a scattering chamber and a 2D-DLD.  
Figure 2-7 gives the schematic drawing of the whole system.  We used 100 keV He+ 
ions as a probe.  

The 2D-DLD could identify the position and the arriving time of a particle which is 
recorded as a successful event by time-to-digital-converter (TDC).  Therefore, this new 
TOF-RBS system can provide both the energy spectrum and the angular distribution of 
the scattered ions simultaneously. 

6.2.2 Estimation of the width of the pulsed beam 

The schematic drawing of the chopping system is shown in Fig. 6-1(a).  The chopping 
system consists of a pulse generator, two electric field plates (electrostatic deflector) 
which are parallel to the ion beam, an entrance slit and an exit slit which are 
perpendicular to the ion beam.  Only the electric field plates and the slits are shown in 
Fig. 6-1(a).  The width of the entrance slit d1 (A1BB1) is 1 mm and the width of the exit 
slit d2 (A4B4B ) is 0.6 mm as shown in Fig. 6-1(a).  The distance, L, between the exit of 
the deflector and the exit slit is 1570 mm.  The length of the electric field plates l is 30 
mm and they are separated by distance d0 of 4.25 mm.  One of the plates is grounded 
and the other plate is applied high voltage bipolar pulses which are generated by the 
pulse generator.  The shape of the pulse is shown in Fig. 2-8.  The pulse height V0 can 
be as high as 450 V and the frequency can be changed from 50 Hz up to 500 kHz.  If 
the ion travels through the deflector during the applied voltage is + V0 (-V0), the ion 
deflected rightward (leftward) and cannot pass through the exit slit.  If the voltage 
changes from -V0 (+V0) to +V0 (-V0) at a proper timing, the ion can pass through the exit 
slit.  An example of the trajectory of the ion which passes through the exit slit is shown 
by a red curve in Fig. 6-1(a). 

Let us consider the trajectory of the ion when the applied voltage changes from -V0 to 
+V0 during the passage through the deflector at t = T.  The origin of time axis (t = 0) is 
defined by the time when the ion arrives at the entrance of the deflector.  The x 
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position of the ion at the exit slit is given by 
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where x1 is the x position at the entrance of the deflector, M1 is the projectile mass, E 
represents the electric field in the deflector, τ represents the rising time of the leading 
edge of the pulse, TL represents the time interval for the ion flying from the exit of the 
deflector to the exit slit.  The calculated x4 for x1 = 0 is shown as a function of T by a 
solid line in Fig. 6-1(c).  When |x4| < d2/2, the ion can go through the chopping system.  
If the width of the entrance slit is infinitesimally small (d1 = 0), the time spread, Δt, of 
the pulsed beam can be given by  
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Fig. 6-1 Schematic drawing of chopping system of TOF-RBS system. 
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If x1 ≠ 0, the ion can pass through the exit slit at different T.  The calculated x4 for x1 = 
±d1/2 are also shown by dashed lines in Fig. 6-1(c).  Thus the total time spread is given 
by 
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t
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+
=Δ ,                     (6-2b) 

which is shown by a blue line in Fig. 6-1(c).  The time spread for the present chopping 
system is estimated to be 0.524 ns.  

There is an additional time spread in this chopping system.  Let us consider the case 
shown in Fig. 6-1(a), i.e. the applied voltage changes from –V0 to +V0 during passage of 
the ion through the deflector.  The ion is accelerated by the applied voltage upon 
entrance slit to the deflector.  The energy gain by this acceleration is given by, 
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where x2 is the x position at the entrance of the deflector.  During the ion traveling 
through the deflector the applied voltage is changed from -V0 to +V0.  Therefore, the 
ion is accelerated again upon exit from the deflector.  The energy gain by this 
acceleration is given by, 
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where x3 is the x position at the exit of the deflector.  Because x3 ≈ x2 (= x1), the total 
energy gain is given by, 
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If the pulsed beam is generated when the applied voltage changes from +V0 to -V0 
during passage of the ion through the deflector, the ion is decelerated and the energy 
loss is given by, 
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Thus the total energy spread caused by the chopping system becomes, 
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In the present system with V0 = 375 V, the total energy spread is estimated to be 926 eV.  
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This energy spread causes the time spread of the pulsed beam δtenergy = 3.71 ns.  
Including the time spread induced by the geometry of the chopping system (0.52 ns), 
the overall time width of the beam pulse is estimated to be 4.23 ns.   

If we choose only the beam pulses produced at the rising edge of the high voltage pulse, 
the energy spread can be reduced as, 
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d
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In the present system with V0 = 375 V, the energy spread and corresponding time spread 
are estimated to be 176 eV and 0.69 ns, respectively.  The overall time width of the 
beam pulse is, then, estimated to be 1.21 ns in this case. 

Since we measure the ion flying time by TOF system to estimate its energy, all the time 
spread contribute to the energy resolution. 

In this work, beam pulses produced at both the rising and falling edges of the high 
voltage pulses were used. 

6.2.3 Derivation of the depth information 

The data that PC can read from TDC is four-fold raw date: x1, x2, y1, y2, which 
correspond to the time intervals between the timing signal from the pulse generator and 
the signals from the delay-line anodes.  This raw data can be converted into position 
and timing information by: 
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where Cx, Cy and Ct are the conversion coefficients, x and y are the detecting position of 
the ions on the 2D-DLD, and t is the arriving time of the ions on the 2D-DLD. 

Figure 6-2 shows the scattering geometry of the TOF-RBS experiment.  The beam 
pulse arrives the target at time t0 and the scattered particles arrive the 2D-DLD at time t, 
the energy of the particle has the expression as:  
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The scattering angle θ and exit angle β can be estimated from the detecting position,  
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where α is the angle of incidence. 

According to the introduction in Section 2.1.1, the depth D at which projectiles are 
scattered is estimated by: 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

−
=

00 )(

0

cos
1

cos
)(

)(

EKE

out

dx
dE

dx
dEK

EEK
D

θβα
θ

θ ,                 (6-10) 

where K(θ) is the kinematic factor at the scattering angle of θ, E0 the incident energy of 
the He+ before entering the sample, (dE/dx)|E0 and (dE/dx)|K(θ)E0 the stopping powers in 
the inward path and outward path, respectively. 

The depth resolution at the surface is given by: 

][S
ED δδ = ,                           (6-11) 

where δE is the energy resolution, [S] the energy loss factor.  Since [S] has dependence  

 

Fig. 6-2 The experimental geometry of TOF-RBS analysis. 
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on the scattering geometry such as θ, the depth resolution depends on the position of the 
detection. 

In the present TOF-RBS system with 100 keV He+, the width of the pulsed beam is 4.23 
ns as was estimated in Section 6.2.2.  This causes the energy resolution δEin = 2.43 
keV in the present system (d = 50 cm).  The time resolution of the detector system is 
0.15 ns which induces the energy resolution δEd of 0.15 keV in the present system.  
Assuming that these contributions are independent, the overall energy resolution is 
given by:  

keVEEE din 43.222 =+= δδδ .             (6-12) 

Using Eqs. (6-11) and (6-12) the depth resolution around the center area (x = 0, y = 0) of 
the detector is estimated to be 49 Å for Si surface.  

6.3 Results 

6.3.1 Determination of t0

An example of the observed TOF spectrum for the ions detected in the center region of 
the detector, (x2+y2)1/2 < 5 mm, was shown in Fig. 6-3.  The sharp peak at ~840 ns 
corresponds to the photons emitted upon ion impact onto the target.  The stretched 
peak extending from ~1100 ns to ~2000 ns represents the He+ ions scattered from Si.  
The leading edge of the Si signal is at 1102 ns.  Since we cannot precisely measure the 
distance between the sample and the detector d, the leading edge difference between the 
photon and the He+ scattered from surface Si atoms could help to estimate d more 
precisely, which is 506 mm.  Besides, the time that the ions arriving on the sample, t0, 
also could be estimated to be 836 ns from the photon signal.  Using the obtained t0, the 
flight time can be estimated by t - t0. 

6.3.2 The energy spectra and depth profiles 

The energy spectrum was derived from the detected ions in the whole area of the 
2D-DLD when 100 keV He ions were incident on Si sample.  The derived energy 
spectrum is shown by a black curve in Fig. 6-4.  The energy resolution estimated from 
the leading edge is 4.43 keV, which is much larger than the calculated energy resolution 
(2.43 keV) in Section 6.2.3.  This is because the scattering angle θ strongly depends on 
the detected position, especially x, as can be seen from Eq. (6-8).  Thus the energy of 
the leading edge also depends on x.  Due to this kinematic broadening effect, the  
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Fig. 6-3 The TOF spectrum of Si(100) for the ions detected in the region (x2+y2)1/2 < 5 mm.  
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leading edge becomes broader and the apparent energy resolution is larger than the real 
energy resolution.  In order to clarify the influence of the kinematic broadening the 
detection area was divided into 6 strips, -60 mm < x < -40 mm, -40 mm < x < -20 mm, 
-20 mm < x < 0 mm, 0 mm < x < 20 mm, 20 mm < x < 40 mm, and 40 mm < x < 60 mm.  
The energy spectra of the ions detected in these strip areas are shown in Fig. 6-4.  All 
the energy spectra were normalized by the yield to clarify the leading edge difference.  
The energy of the leading edge decreases with increasing x, showing the effect of the 
kinematic broadening.  The separation between the adjacent spectra is ~0.8 keV, which 
is in good agreement with the energy difference, 0.82 – 0.87 keV, estimated from Eq. 
(2-1).  Thus the kinematic broadening for the spectrum of single strip is estimated to 
be ~0.8 keV, while the apparent energy resolution estimated from the width of leading 
edge is 3.56 keV.  Assuming that the kinematic broadening causes rectangular shape 
broadening (this is a good approximation for the central strips), the real energy 
resolution can be estimated by de-convolution procedure.  The obtained energy 
resolution is 2.78 keV, which is in good agreement with the calculated resolution (2.43 
keV).   

Now we will derive depth spectrum from the observed data.  In the conventional 
HRBS, Eq. (6-10) with a constant θ can be used to convert the energy into the depth 
because the acceptance angle is small.  In the present TOF-RBS, however, the 
acceptance angle is so large that the effect of the scattering angle difference cannot be 
neglected in the conversion from energy spectrum into the depth profile.  It is 
necessary to precisely estimate θ and β for each detected particle using Eqs. (6-8) and 
(6-9) in order to obtain a better depth resolution.  Using Eq. (6-10) and the estimated θ 
and β, the depth from which the particle is scattered could be calculated.  The 
converted depth profile of Si is shown in Fig. 6-5.  The depth resolution under current 
experimental condition is estimated to be 70 Å. 

6.3.3 Observation of the blocking pattern 

The TOF-RBS image showing the blocking patterns of He+ particles which are scattered 
from the depth of 50-500 Å is shown in Fig. 6-6.  The color table at the right of Fig. 
6-6 indicates the number of counts per pixel.  The range of the scattering angle θ is 90 
± 6.85 ° with the experimental geometry.  Since the position resolution of the MCP is 
less than 0.1 mm, the angular resolution of the TOF-RBS system at a distance of 506 
mm is less than 0.01 °.  This angular resolution is sufficient to examine the details of 
the observed blocking patterns.   
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Fig. 6-4 The energy spectrum of Si(100) observed by TOF-RBS system within -60 mm < x < 60 
mm (black line), -60 mm < x < -40 mm (red line), -40 mm < x < -20 mm (blue line), -20 mm < x 
< 0 mm (green line), 0 mm < x < 20 mm (yellow line), 20 mm < x < 40 mm (purple line), and 
40 mm < x < 60 mm (cyan line).  The sub-figure is the enlarged leading edge area. 
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Fig. 6-5 Depth profile of the Si(100) measured by TOF-RBS. 
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Fig. 6-6 The TOF-RBS image showing the blocking patterns of He+ particles scattered from the 
sample Si(001), where the sampling depth is 50-500 Å.  The blocking pattern originated by 
Si[011] axis is observed.  The blocking patterns labeled by a, b, c, and d are indexed to the 
directions of Si(100), Si , Si  and , respectively.  A low yield area caused by 
the low efficiency area of the MCP appears at the left-lower corner of the image. 
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A clear circular blocking pattern is observed at x = 20 mm, y = 0 mm.  It is originated 
from the blocking effect of Si[011] axis.  Four belt-like blocking patterns are observed.  
The belt-like blocking patterns labeled by a, b, c, and d are caused by the blocking 
effect of the atomic planes of Si(100) and ,  and , respectively.  The 
results reveal that TOF-RBS using a large solid angle detector is promising for 
crystallographic analysis. 

)110(
−

)111(
−

)111(
−−

A low yield area at x = -20 mm, y = -50 mm is observed.  This is not due to a real 
shadow pattern.  It is caused by the low efficiency area of the MCP.  If the bias 
voltage applied to the MCP front was increased, this shadowed area will become pale, 
but cannot be entirely eliminated. 

6.3.4 Depth dependence of the blocking pattern 

In order to investigate the dependence of the blocking pattern on the depth at which 
projectiles are scattered by atoms in the sample, TOF-RBS images are observed by 
changing the sampling depth.  Observed depth region is divided into 6 parts.  Figure 
6-7 shows the results; (a) the depth of 0-300 Å, (b) the depth of 300-600 Å, (c) the 
depth of 600-900 Å, (d) the depth of 900-1200 Å, (e) the depth of 1200-1500 Å, (f) the 
depth of 1500-1800 Å. 

The blocking patterns from the shallower regions (Fig. 6-7(a) and (b)) show clear 
Si[011] blocking patterns.  However, the blocking patterns in Fig. 6-7(c) and 6-7(d) 
seem to be smoothed out.  The blocking patterns of the higher index patterns (Si

−

 
and 

−−

) diminish when the depth is larger than 600 Å. The blocking patterns 
disappeared completely when the depth at which the projectiles are scattered is larger 
than 1200 Å.  The particles scattered at a deeper depth suffer intense multiple 
scattering during the outgoing from the scattered position.  As the result, the blocking 
patterns produced by high index axes and planes become unclear with increasing depth.  
The low yield belt-area observed at y = 20 mm in Fig. 6-7(e) is not due to the real 
blocking patterns.  It is also a fault of MCP (low efficient area) and can be observed in 
Fig. 6-7(c) and 6-7(d), too.  In Fig. 6-7(f), the left side of the image is blank due to the 
larger energy loss in this area, which means the particles scattered at the depth deeper 
than 1500 Å on this direction cannot arrive in the time window of the TDC. 

)111(
)111(

6.4 Conclusions 

The TOF-RBS system has been developed for crystallographic structure analysis of 
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(a)                              (b) . 

  
(c)                              (d)  

  
(e)                              (f) . 

Fig. 6-7 Sampling depth dependence of the TOF-RBS image, where the depth is (a) 0-300 Å, (b) 
300-600 Å, (c) 600-900 Å, (d) 900-1200 Å, (e) 1200-1500 Å, (f) 1500-1800 Å.  The images 
obtained by the sampling at the shallower depth show clear blocking patterns.  However, the 
blocking patterns cannot be observed clearly when the depth deeper than 900 Å. 

81 



materials.  Pulsed He+ ion beam at 100 keV incident upon a Si(100) epitaxial sample, 
and scattered particles are detected by a position-sensitive and time-resolving MCP 
detector with two delay-line anodes.  The blocking pattern originated by the Si[011] 
axes was clearly observed.  Moreover, the four belt-like blocking patterns from atomic 
planes of Si(100) and 

−

, 
−

 and 
−−

, were observed, which indicates that the 
TOF-RBS performs well for crystallographic structure analysis of materials.  The 
energy resolution and depth resolution of TOF-RBS system is estimated to be 2.78 keV 
and 70 Å, respectively from the observed spectrum. 

)110( )111( )111(
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