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Hyun Jung Park, Ph. D.  

The University of Texas at Austin, 2002 

 

Supervisor:  John M. White 

 

This dissertation focuses on the properties of Cu / high-k oxide and high-k 

/ Si (100) interfaces using surface analysis tools such as X-ray photoelectron 

spectroscopy (XPS), low-energy ion scattering (LEIS), transmission electron 

microscopy (TEM), and atomic force microscopy (AFM).  In the first study, the 

growth and thermal annealing of Cu on HfO2 surface were investigated using 

physical vapor deposition (PVD), in-situ XPS, in-situ LEIS, and ex-situ TEM.  

Growth of Cu on HfO2 at 300 K involves initial formation of three-dimensional 

clusters without Cu oxidation.  After thermal annealing at 673 K for 10 min, the 

Cu cluster size increases but there was no diffusion of Cu into the HfO2 layer. 

STEM shows uniform Cu clusters (~11 nm diameter) after thermal annealing.  

The uniformity was attributed to self-limiting growth. 
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In the second study, the growth and thermal annealing of Cu on HfSiO4 

were studied using PVD, in-situ XPS, in-situ LEIS, and ex-situ AFM.  Like 

Cu/HfO2, the growth mode of Cu on HfSiO4 at 300 K is three-dimensional.  

Using a CO2 laser, the change of Cu morphology was monitored during thermal 

annealing by LEIS.  During thermal annealing, Cu cluster size increased by 

combining small ones and Cu may diffuse into HfSiO4 layer, although we do not 

have any evidence for the latter.  AFM images of annealed samples show 

uniform diameter of Cu clusters. 

In the third study, various compositions of hafnium silicide and hafnium 

silicate were formed on a Cu substrate, and the growth and thermal annealing of 

HfO2 on Si (100) were studied using PVD, in-situ XPS and in-situ LEIS.  At 300 

K, there is no evidence for the formation of hafnium silicide at the interface 

between HfO2 and Si (100).  At 823 K, HfO2 is thermodynamically stable upon 

contact with nonstoichiometric silicon oxide. 
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CHAPTER 1 

Introduction 

1.1 BACKGROUND 

1.1.1 Motivations for using HfO2 and HfSiO4 as gate dielectrics 

As the CPU frequency of microprocessor increases, the device’s vertical 

and lateral dimension have been shrunk with the scaling law to increase speed.  

According to International Technology Roadmap for Semiconductor 

(ITRS) ’1999, for beyond 0.1 µm technology, the thickness of the gate dielectric 

needs to be very thin, below 10 Å equivalent oxide thickness (EOT), to get high 

drive current and low threshold voltage.   

Silicon dioxide (SiO2) has been used as the primary gate dielectric 

material in field-effect devices since 1957 due to good interface, low gate leakage 

currents, and excellent thermal (structural) stability at typical Si process 

temperatures.  Since then, SiO2 has been successfully scaled down for the 

device’s high performance with much effort towards current technologies of  

0.13 ~ 0.18 µm.  It has been concluded that gate oxide scaling below 10 Å will 

be limited by direct tunneling currents, since the tunneling current (J) increases 

exponentially with decreasing physical thickness of SiO2 [1].  Increased J could 

degrade standby-power dissipation, DRAM retention time, add to SRAM power 

consumption, offset designs of SRAM beta-ratio, reduce noise margin, and 

accelerate device degradation [2].   
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In addition to the tunneling current, thickness of control of SiO2 is another 

issue, because SiO2 of 10 Å physical thickness would be only three monolayers 

thick.  Considering the manufacturing implications of producing devices having 

films with thickness on the order of a few monolayers, the variation of these films 

over a 200 nm or 300 nm silicon wafer is a substantial concern.  A variation in 

thickness of only 1 Å could change the device operating conditions (capacitance), 

making it extremely difficult to maintain device margins [3].   

Direct tunneling current (J) has the exponential relationship with the 

dielectric physical thickness (d), barrier height (ΦB), and applied bias (V) as  

 

J=
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To reduce J, the most effect way is to use materials with higher dielectric constant 

(ε) than SiO2 to increase the thickness while keeping high capacitance as 

 

                               
d

C oεε ⋅
=  

Based on this idea, there are several proposed alternatives such as oxynitride and 

oxide/nitride stacks[4, 5], ferroelectric materials (SrTiO3 and BaxSr1-xTiO3)[6, 7], 

and metal oxides such as Ta2O5[8], TiO2[9], ZrO2[10], HfO2[11], Al2O3[12], 

Y2O3[13], and silicates (HfSiO4 and ZrSiO4)[14].   
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 Among several candidates for a gate dielectric, HfO2 is a promising 

candidate for replacement of SiO2 because of its high dielectric constant up to 40, 

reasonable energy gap of 5.65 eV [15], and excellent thermal stability on Si.  

Additionally, HfO2 has a lattice parameter similar to Si with small lattice misfit 

factor (<5 %) [16].  In the case of CVD HfO2, the as-deposited film has an 

amorphous structure and starts to crystallize above 850oC [17].   

 In addition to HfO2 itself, HfSiO4 has also been proposed for gate 

dielectrics because of its high dielectric constant (~11) and high thermal stability 

in direct contact with Si up to 1050 oC [14].  More importantly, in the case of 

CVD HfO2, the possibility of forming an undesirable interfacial nonstoichiometric 

silicon oxide must be considered.  If the structure contains several dielectrics in 

series, the lowest capacitance layer will dominate the overall capacitance and also 

set a limit on the minimum achievable EOT [1].  From the point of view of 

interfacial layer formation, HfSiO4 has no undesirable interfacial layer.  The 

study of interfaces between HfO2 and Si is very important to learn how to control 

the interfacial layer formation and improve the EOT of dielectrics. 
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1.1.2 Motivations for using Cu as an interconnecting in ULSI structure  

 As chip size becomes smaller, the propagation delay time in a device is 

reduced.  However, on-chip interconnect resistance capacitance (RC) delay 

becomes more important in determining chip performance and reliability. As 

interconnect feature sizes decrease and clock frequencies increase, RC time 

delays become the major limitation in achieving high circuit speeds [18].  To 

reduce RC delay, lower resistance metal and lower dielectric materials are being 

considered to replace current Al and SiO2 interconnect materials.  Among metals 

that have lower resistance than Al, Cu is promising since Cu interconnect lines 

have a high activation energy against electromigration, up to twice as large as that 

of aluminum [19].   

Although Cu has advantages there are several critical issues. For 

examples, we need to obtain a high Cu deposition rate (> 250 nm/min), good step 

coverage, an optimum diffusion barrier and good adhesion.  The study of the 

interface between Cu and diffusion barrier/gate dielectrics at the surface 

chemistry level will be very important to improve the adhesion in Cu-based 

metallization.     
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1.1.3 Wetting Criteria 

 When pure metal is grown on a pure oxide, we can decide whether the 

metal would, at equilibrium, form a continuous film on the oxide (i.e., wet the 

oxide) or form particles on the oxide surface characterized by some measurable 

contact angle between the metal/vacuum interface and the metal/oxide interface, 

where these two interfaces meet.  “Wetting” is defined as the situation where the 

contact angle equals 0o [20], i.e., spreading of a continuous multi-layer film.   

The answer to whether wetting occurs at equilibrium lies in a comparison 

of the metal/oxide interfacial free energy, γm/ox, with the difference between the 

surface free energy of the clean oxide in vacuum, γv/ox, and that of the clean metal, 

γv/m.  Fig. 1.1 shows the wetting criteria and three categories of hetero-epitaxy of 

the growth of metal films on oxide surfaces.  If the metal wets the oxide, then 

γm/ox is smaller than γv/ox −γv/m at equilibrium and it is called “Frank- Van der 

Merwe (FM)” growth mode.  If γm/ox is almost equal to γv/ox −γv/m at equilibrium, 

metal forms monolayer followed by three-dimensional particles.  It is called 

“Stranski-Kranstanov (SK)” growth mode.  If γm/ox is larger than γv/ox −γv/m at 

equilibrium, metal forms three-dimensional particles without intermediate 

monolayer and growth mode is called “Volmer-Weber (VW)” [21]. 

 The interfacial free energy, γm/ox, includes any metal-oxide bonding as 

well as the bonding involves in any interfacial layers.  All real interfacial 

energies γ are positive, and good bonding between the phases at the metal/oxide 

interface would lead to small positive values of γm/ox.  Since the surface free 

energy of metals is usually larger than or comparable to that of oxides [22], for 
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wetting to occur, the metal/oxide interfacial free energy must be very small, or 

there must be very, good bonding at the metal/oxide interface. 
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Fig. 1.1 The classification of hetero-epitaxy of the growth of metal film on oxide 

surface based on the wetting criteria. 
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1.2 EXPERIMENTAL 

1.2.1 The system  

 Fig. 1.2 shows the schematic of the experimental system.  The basic idea 

of the system is to perform the growth of sample and then to analyze the sample 

using one of the various instruments.  Film growth is performed in the Chemical 

Vapor Deposition (CVD) chamber or the Physical Vapor Deposition Chamber 

(CVD).  The samples are then transferred from CVD or PVD growth chamber to 

the analysis chamber equipped with X-ray Photoelectron Spectroscopy (XPS) and 

Low Energy Ion Scattering (LEIS).  In addition, an external IR CO2 laser is used 

to heat the sample inside analysis chamber so that we can perform XPS or LEIS 

during thermal annealing up to 400oC under vacuum (~ 1 × 10-8 torr).   

 The PVD system is equipped with a main chamber, a load lock chamber, 

and three sputtering guns with one DC and two RF power supplies.  The 

substrate could be heated to 773 K by a quartz lamp heater.  The base pressure of 

the main chamber is ~ 5 × 10-8 torr).  The sputtering is done with flowing, 20 

sccm, ultrahigh purity Ar 99.999% that passed through a gas purifier prior to 

entering the chamber.   

Once formed, the films were annealed in two ways. In the first, the sample 

was annealed in the CVD system using halogen lamp.  The maximum 

temperature of sample was ~ 550oC under vacuum (~ 1 × 10-6 torr).  In this case, 

the sample was transferred from CVD chamber to analysis chamber after heating.  
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In the second method, sample was heated while in the analysis chamber by a 

continuous IR CO2 laser.  The laser beam entered the analysis chamber through a 

ZnSe mirror mounted on a flange at the bottom of the analysis chamber, was then 

reflected by a Cu total reflection mirror and irradiated the backside of the sample 

[23].  This in-situ thermal annealing make possible real time surface analysis at 

elevated temperatures. 
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1.2.2 X-ray Photoelectron Spectroscopy (XPS) 

 Surface analysis by XPS is accomplished by irradiating a sample with 

monoenergetic soft x-rays and analyzing the energy of the detected electrons.  

Mg Kα (1253.6 eV) and Al Kα (1486.6 eV) x-rays are usually used.  Fig. 1.3 

shows how photoelectron is made by incident photon.  These incident photons 

have limited penetrating power in a solid on the order of 1 –10 µm [24].  

Detectable photoelectron interacts with atoms in the surface region (~ 70 Å), 

causing electrons to be emitted from core level orbital by the photoelectric effect.  

The emitted electrons have measured kinetic energies give by: 

KE = hν −BE − φs 

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

orbital from which the electron originates, and φs is the spectrometer work 

function. 

 The binding energy may be regarded as the energy difference between the 

initial and final states, the latter determined after the photoelectron has left the 

atom.  The variety of kinetic energies of the emitted electrons corresponds to the 

variety of possible final states of the ions from each type of atom.  Moreover, 

there is a different cross-section for each final state [24].   

  

XPS can be used to identify and determine the concentration of the 

elements in the surface because each element has a unique set of binding energies 

and cross-section.  Variations in the elemental binding energies (the chemical 

shifts) arise from differences in the chemical states.   
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Fig. 1.3 The principle of XPS. 

 

 

 

 

 



 13

1.2.3 Low Energy Ion Scattering (LEIS) 

 Surface analysis by Ion Scattering Spectroscopy (ISS) is accomplished by 

elastic scattering of energetic ions at a the surface since the energy and angular 

distributions of scattered ions are a direct measure of the mass of atoms at the 

surface.  There are two kinds of ISS according to the injection energy.  If the 

energy of ion is larger than 10 keV, it is called medium energy ion scattering 

(MEIS).  If the energy range of ion is from 100 eV to 10 keV, it is called low 

energy ion scattering (LEIS) [25].  LEIS is more surface sensitive than MEIS 

since LEIS has higher cross sections for the ion-mass interaction and high 

neutralization rate for noble-gas ion scattering [26].  

 In LEIS, ion surface scattering can be described by sequences of elastic 

two-body scattering events [26].  A single elastic-scattering event is determined 

by the energy transfer in the collision for a given scattering angle.  Fig. 1. 4 

shows the single-scattering geometry for laboratory system.  Let us consider a 

hard-sphere collision between a primary particle with known mass M1 and energy 

Eo = 1/2M1νo
2 and a surface atom at rest with mass M2.  After the collision into 

the scattering angle θ the final energy E1 = 1/2M1ν1
2 of the primary particle and 

the final energy Ef = 1/2M2ν2
2 of the target are obtained from the conservation 

laws of energy and momentum (parallel and perpendicular to the direction of 

incidence): 

 1/2M1νo
2 = 1/2M1ν1

2 + 1/2M2ν2
2 

 M1ν0 = M1ν1 cosθ  + M2ν2 cosφ   

 0 = M1ν1 sinθ  − M2ν2 sinφ   
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The elimination of the target-atom velocity components, i.e. recoil angle φ and 

recoil velocity ν2 leads to an equation for the ratio of the primary particle 

velocities: 

ν1 /νo = (M1 cosθ ± θ22
1

2
2 sinMM − ) / (M1 + M2) 

For comparison with the experimental data it is convenient to consider the energy 

ratio which be written after the substitution A = M2/M1 

 Ef/Eo = (cosθ ± θ22 sin−A )2 / (1 + A)2 

For A >1 only the plus sign applies while for 1 >A > sinθ both plus and minus are 

valid.  Using the above equation, we can calculate Ef/Eo value of each mass ratio 

of incident ion to atom at the surface (A value) with fixed scattering angle θ.   

 Fig. 1. 5 shows that the geometry of LEIS in our system. Incident beam 

source is 4He+ and the scattering angle θ is 115o.  We can calculate Ef/Eo value 

using A values for different surface components.  For example, when 4He is 

scattered by Cu atom on the surface, the calculated Ef/Eo value is 0.86.   
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Fig. 1. 4  Single-scattering geometry in laboratory system.  The projectile has 

the initial velocity νo and an impact parameter p with the target particle.  The 

projectile’s final scattering angle is θ and its final velocity ν1.  The target particle 

with the mass M2, initially at rest, recoils at an angle φ with the velocity ν2. 
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Fig. 1. 5 The geometry of LEIS in experiment.  The scattering angle of θ is 115o 

in our system.  The kinetic energy of primary beam (4He+)is 1 keV. 
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CHAPTER 2 

Growth and thermal annealing of Cu on HfO2 

2.1 INTRODUCTION 

The interface between Cu and oxide surfaces has been studied in several 

systems (TiO2, ZrO2, SiO2, Al2O3) from the point of view of heterogeneous 

catalysis [1- 5], e.g., the reduction of nitric oxide on Cu/Al2O3 [6].  These 

interfaces are also important in microelectronics where Cu is being used to 

interconnect elements (ultra large scale integrated (ULSI) circuit).  Since the 

resistivity of Cu (1.67 µΩ cm) is smaller than that of Al (2.66 µΩ cm) [7], better 

performance is plausible.  HfO2 is a promising candidate to replace the current 

SiO2 gate dielectric materials in field-effect devices because it has large dielectric 

constant [8] and good thermal stability contact with silicon [9].  For example Cu 

on HfO2 is potentially important for metal-insulator-metal (MIM) transistor 

development.  Although the study of Cu growth on HfO2 surfaces is very 

important in both the scientific and engineering areas, there are no fundamental 

surface science studies of the Cu growth and thermal properties on HfO2.   

 The growth of thin metal films is usually described using three categories: 

(1) three-dimensional clustering (“Volmer-Weber”, VW) where the overlayer 

does not wet the substrate; (2) complete wetting of the first monolayer followed 

by growth in three-dimensional clusters (“Stranski-Krastanov”); (3) and growth in 
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a layer-by-layer fashion (“Franck-van der Merwe”)  [1].  In previous studies on 

other oxide surfaces (TiO2, ZrO2, SiO2, Al2O3), Cu typically forms three-

dimensional clusters corresponding to the VW growth mode, and there is no 

reduction of the oxide.  These phenomena are described using wetting criteria 

[10].  First, the surface free energy of Cu is larger than that of the oxide surfaces 

[11].  Second, the oxygen affinity of Cu is smaller than that of the metals 

composing the oxides [2].      

    In this paper, we report on the initial stages of Cu growth on HfO2 

surfaces and the effect of thermal annealing on the structure.  We used physical 

vapor deposition (PVD), low-energy ion scattering spectroscopy (LEIS), X-ray 

photoelectron spectroscopy (XPS) and scanning transmission electron microscopy 

(STEM).   

Growth of Cu on HfO2 at 300 K involves initial formation of three-

dimensional clusters (VW growth) without Cu oxidation.  We propose a semi-

quantitative model to explain the growth mode of Cu, and to calculate the 

fractional area covered by as Cu as the dosing time increases at 300 K and after 

thermal annealing at 673 K.  At 300 K, as-deposited Cu covers no more than 90 

% of the HfO2 surface as two-dimensional islands.  After thermal annealing at 

673 K for 10 min under vacuum (1 × 10-8 torr) the Cu cluster size increases but 

there is no diffusion of Cu into the HfO2 layer.  STEM shows uniform Cu 

clusters (~ 11 nm diameter) after thermal annealing.  The uniformity is attributed 



 21

to self-limiting growth [2].  TEM diffraction studies indicate that Cu is 

amorphous.   

 

2.2 EXPERIMENTAL 

Films were grown at 300 K in a physical vapor deposition system (AJA 

1500H) described previously [12].  The load-lock system is equipped with a 

main chamber (base pressure ~ 5 × 10-8 torr), three sputtering guns, one DC and 

two with RF power supplies.    HfO2 (~15 nm) was deposited on a Ni substrate 

by plasma sputtering a Hf target (99.9%) (30 W DC plasma power, 20 W RF 

substrate bias and 10 mtorr of 10 % O2 in Ar).  To prepare HfO2 on Cu, a thin 

HfO2 film (~3 nm) was deposited on ~ 700 nm Cu on Si (100)) using the same 

condition.  Copper was deposited by plasma sputtering a Cu target (99.99%) (10 

W RF plasma power, 2 mtorr of Ar).   

Vacuum annealing was done at 673 K, 10 min, and 1 × 10-8 torr in a 

second chamber connected to the preparation and analysis chambers by a transfer 

chamber (~1 x 10-8 torr).   

For STEM a different substrate was used, namely, a 30 nm thick Si3N4 

film (SPI Supplies) designed for mounting in the sample holder of the STEM.  

Using PVD, HfO2 (~15 nm) and Cu were deposited as described above. The 
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sample was transported to the STEM system using an evacuated vessel to 

minimize oxidation the contamination. 

The growth mode of Cu on HfO2 was analyzed using LEIS and XPS.  

LEIS was used to identify the composition of topmost layer of the film. XPS was 

used to analyze the chemical composition of the surface and near-surface (~ 6 

nm).  These tools were installed in an ultrahigh vacuum (UHV) surface analysis 

chamber (base pressure ~ 1 × 10-9 torr) connected to the other chambers as 

described above.  LEIS used a 1.0 keV He ion beam and a scattering angle of 

115o.  For XPS, Mg Kα X-rays were used. Survey and the high-resolution scans 

were taken at 93.9 and 11.75 eV pass energy, respectively.   

The transmission electron microscope used for the experiments was a 

TEM/STEM JEOL 2010-F equipped with a field emission source.  The high 

angle annular dark field detector (HAADF) was used.  This annular detector is 

located at an angle where the only contribution to the image is due to very high 

angle elastically incoherently scattered electrons. These are called Z–contrast 

images because the contrast is due to differences in the atomic number Z. For the 

situation described in this paper the Z number of the constituent elements of the 

sample (Cu, Hf and O) differ significantly and provide high contrast.  The 

detector collects elastically incoherent scattered electrons in a full 360° ring, 

improving contrast, especially for amorphous materials.   
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2.3 RESULTS AND DISCUSSION 

2.3.1 Growth at 300 K 

Fig. 2.1 shows LEIS spectra for various Cu dosing time (tCu) at 300 K, (a-

f), and finally, (g) after thermal annealing.  The Cu and the Hf peaks are located 

at E/Eo = 0.86 and 0.78, respectively.  As tCu increases, the area of the Cu peak 

first increases and the area of Hf peak decreases (up to tCu = 16 s).  For higher 

doses, the Cu peak decreases while Hf peak area remains constant.  These results 

suggest a change for two-dimensional layer to three- dimensional Cu growth at 

some point between 16 and 20 s.  

XPS provides a second perspective (Fig. 2.2).  The Cu 2p 3/2 binding 

energy decreases from 934.7 eV to 934.0 eV as the tCu increases from 4 s to 24 s.  

Final-state screening effects can explain this shift as an increase of the Cu cluster 

size [5].  The full width half maximum (FWHM) narrows from 2.07 to 1.66 eV, 

consistent with a previous study of Cu on Al2O3 [5]. The narrowing is generally 

observed and attributed to better homogenity and core hole screening [13].  The 

important feature regarding Hf 4f is the absence of any evidence for reduced or 

partially reduced Hf.  This is consistent with bulk thermodynamics; the Gibbs 

free energy of formation of HfO2 is smaller than for the formation of Cu2O (and 

CuO) [14].  In this context, however kinetics and surface thermodynamic 

consideration are, strictly speaking, more relevant.   
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The Hf 4f peak attenuates as Cu is deposited (dashed curve is the tCu = 0 s 

result placed over the tCu = 24 s data) and the calculated ensemble average 

thickness is ~ 0.35 nm [15].  The Cu 2 p3/2 signal also provides insight (Fig. 2.2 

a).  The Cu peak increases linearly with tCu up to 16 s but not for larger times.  

Self-attenuation of the photoelectrons within three-dimensional Cu clusters is 

consistent with this behavior, i.e., two-dimensional growth below 16 s and three-

dimensional growth for larger doses. 

 To compare LEIS and XPS, the relative intensity ratio of Cu/Hf is useful 

(Fig. 2.3).  Between tCu = 4 s and 16 s, this Cu/Hf ratio increases linearly in both 

since the Cu covers the surface as isolated atoms or two-dimensional islands. In 

the second stage, clusters grow as indicated by the decreasing Cu/Hf ratio in LEIS 

and the slower increase in XPS.   
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Fig. 2.1 LEIS results for Cu on HfO2.  The Cu dosing time (tCu) at 300 K are 

indicated (a-f).  Curve (g) is the result of thermal annealing at 673 K for 10 min 

under vacuum (~1 × 10-8 torr).  1 keV of He+ was used as primary beam 
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Fig. 2.2  XPS results for Cu on HfO2 surface.  Condition is same as in Fig. 1.  

In Fig. 2 (b), tCu = 0 s data (dashed curve) is placed over tCu = 24 s data for 

comparison 
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Fig. 2.3 The intensity ratio of Cu to Hf from LEIS and XPS data (Figs. 1 and 2) 

 

 

 



 28

2.3.2 Thermal annealing 

Fig. 2.1 (g) shows the LEIS data after vacuum annealing at 673 K for 10 

min.  Clearly, the Cu/Hf ratio decreases because the Cu peak intensity decreases 

while Hf peak remains constant.  There are three plausible explanations for the 

differential decreases: (1) small Cu clusters may combine to make larger 3-D 

clusters having less exposed area but shadowing the rougher HfO2; (2) Cu atoms 

may diffuse into the HfO2 layer; and (3) a combination of previous two.   

The XPS data (Fig. 2.2a) shows that the Cu 2 p 3/2 binding energy 

decreases from 934.0 eV to 933.7 eV after upon thermal annealing.  If the cluster 

size grows, final-state screening effects can explain at least part of the downward 

shift.  The Cu/Hf ratio decreases results from a Cu peak intensity decrease (23 

%) and a Hf peak intensity increase (6 %) upon thermal annealing.  These 

changes are attributed to the same three possibilities as for LEIS.  

To probe for diffusion into HfO2, we inverted the structure by depositing a 

thin HfO2 film (~3nm) on a 700 nm Cu substrate and annealing it at 673 K for 10 

min under vacuum.  If Cu atoms diffuse to the HfO2 surface LEIS should detect 

them.  As deposited and after annealing, LEIS shows (Fig. 2.4) only Hf 

indicating no detectable Cu migration onto the surface.  However, the Hf 

intensity decreased probably due to increased surface roughness and to carbon 

contamination during annealing (see below).  In any case the Cu signal is below 

the detection limit (~0.12 monolayer) after annealing.  
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Fig. 2.4 LEIS results for a thin HfO2 film (~ 3nm) on Cu substrate at 300 K and 

after thermal annealing at 673 K for 10 min under vacuum (~1 × 10-8 torr).  1 

keV of He+ was used as primary beam. 
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Fig. 2.5 shows the XPS spectra of Cu 2p 3/2 (a), Hf 4f (b), and C 1 s (upper 

right inset box in (b)) before and after thermal annealing.  The Cu and Hf 

integrated intensities decrease by 13% and 2%, respectively due in part to carbon 

contamination on the surface perhaps preferentially associated with Cu.  

Unfortunately, detecting C by LEIS has proven unreliable.  Were Cu atoms 

diffusing into the HfO2 layer but failing to reach the surface, the intensity of Cu 

3p in the XPS spectra would increase and Cu/Hf XPS intensity ratio would 

increase, contrary to observation.  In fact, the relative peak area ratio of Cu/Hf 

decreases from 0.19 to 0.17 after thermal annealing.  Based on LEIS and XPS, 

we conclude that diffusion of Cu atoms into the HfO2 layer is not detectable by 

either LEIS or XPS.  The detection limit is insufficient (~ 5 % of a layer) to draw 

more than modest conclusion.    

 To investigate the presence, size and morphology of Cu clusters, two 

Cu/HfO2 samples were prepared and analyzed by STEM.  One was annealed at 

673 K for 10 min under vacuum.  From Hf attenuation in XPS, the ensemble 

average Cu thickness was ~ 1.3 nm.  Prior to STEM, LEIS and XPS data were 

gathered and established that the Si3N4 base did not alter overall picture (Fig. 2.6).  

LEIS, Fig. 2.6 (a), exhibits Hf before annealing, indicating that the HfO2 surface 

is not completely covered by Cu.  After thermal annealing, the Cu peak 

intensities in both LEIS and XPS spectra decrease and the binding energy of Cu 

2p3/2 in XPS shifted lower as in Figs. 2.1 and 2.2.   



 31

          

             

Fig. 2.5 XPS for Cu 2 p3/2 (a) and Hf 4f (b) of a thin HfO2 film (~3nm) on a Cu 

substrate at 300 K and after thermal annealing at 673 K for 10 min under vacuum 

(~1 × 10-8 torr).  The C 1s spectra of Cu/HfO2 sample are shown in the upper 

right inset box in Fig. 5 (b). 
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Fig. 2.6 LEIS and XPS spectra for Cu on HfO2/Si3N4 at 300 K and after thermal 

annealing at 673 K for 10 min under vacuum (~1 × 10-8 torr). 
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STEM of the unannealed sample showed no Cu clusters because both the 

diameter and thickness lie below the detection limit.  We do not know the 

precise detection limit but experience suggests that the diameter of Cu clusters is 

less than 5 nm.  Fig. 7 (a) shows a dark field STEM image of the annealed 

sample.  The brighter areas are thicker.  The higher electron scattering in this 

area is due to increased (mass×thickness).  Combined with XPS, LEIS and 

STEM images indicate that these brighter zones (B) correspond to the Cu clusters.  

The area between the clusters (A) presents a “sponge – like” structure due to the 

presence of Cu.  Transmission images cannot distinguish whether the Cu is 

located on or inside the HfO2 structure but from LEIS and XPS little Cu, if any, 

diffused into the HfO2.  We conclude that the sponge – like region in Fig. 7 (a) 

represents small Cu clusters.  A cluster diameter distribution histogram, Fig. 7 

(b), gives an average diameter of 11.0 ± 0.2 nm.     

 Diffraction experiments (TEM) showed no crystallographic features, 

indicating that Cu is amorphous.  The high contrast in Fig. 7 is consistent with 

amorphous copper; the detector gathers many Rutherford scattered electrons in all 

directions. 
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Fig. 2.7 STEM image of Cu on HfO2/Si3N4 after thermal annealing at 673 K for 

10 min under vacuum (~1 × 10-8 torr).  Fig. 2.7 (a) shows the image of sample 

and Fig. 2.7 (b) shows the histogram for the cluster distribution form Fig. 2.7 (a).  

In Fig. 2.7 (a), the zone between arrows marked as A shows a sponge - like region 

and the zone between arrows marked as B defines a typical Cu cluster.  The 

white bar in the figure corresponds to 100 nm 
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Fig. 2.8 Schematic of structure used to model Cu on HfO2. 
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2.3.3 Proposed phenomenological model 

Based on the reduction of the Hf 4 f peak intensity by Cu, we build a 

model expression by modifying a standard attenuation equation [15].  

             ( )[ ]θλ sin/exp ⋅−⋅= Cuo LNN                         (1) 

Where N is the Hf 4f peak area with Cu overlayer, No is the Hf 4f peak area 

without Cu overlayer, L is the thickness of Cu overlayer, λCu is the mean free path 

of Hf electron passing through Cu (1.9 nm) [16], and θ is the angle between 

analyzer and sample (60o).  The basic notion, Fig. 2.8, is that the total intensity 

of the photoelectrons from Hf (per unit area) can be found by summing on a layer 

– by – layer basis Hf photoelectrons passing through n Cu layers.  While surface 

roughness variations are not taken into account, this model does account for 

variation of the Cu thickness.  For the case of only one Cu  (Fig. 2.8 (a)), we 

calculate the relative portion of Hf without a Cu overlayer (x) and Hf with Cu 

overlayer (y) using eq. (2) and one boundary condition (x + y = 1) as total area of 

Hf is constant. 

            ( )[ ]θλ sin/exp)1(/ 1 ⋅−⋅−+= Cuo LxxNN                  (2) 

 Where L1 is the thickness of monolayer of Cu (0.2 nm).   

When accounting for two layers of Cu, Fig. 2.8(b), the analogous equation 

is: 

( )[ ] ( )[ ]θλθλ sin/2expsin/exp/ 1211 ⋅⋅−⋅+⋅−⋅+= CuCuo LyLyxNN   (3) 



 37

Clearly, the relative portion of each Cu multi-layer can not be calculated with 

only one boundary condition (x + y1 + y2  = 1).  Instead, we estimated the 

attenuation of the Hf intensity ((N/No)cal ) based on model structure.  The 

procedure for evaluation of model structure is: (1) build several acceptable Cu 

structures consistent with the LEIS data, (2) determine x, y1, and y2 for each Cu 

structure, (3) calculate (N/No)cal for each model from eq. (3) using x, y1, and y2, 

and (4) compare (N/No)cal  with (N/No)exp determined from XPS to determine the 

optimum, but not necessarily unique, model.    

 For an n-layer case, we expand eq. (3) as: 

              ( )[ ]θλ sin/exp/ 1
1

⋅⋅−⋅+= ∑
=

Cu

n

i
io LiyxNN              (4) 

Where n is the number of Cu layers, and the boundary condition is: 

( 1
1

=+∑
=

n

i
iyx ).   
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Table 2.1  
The summary of proposed Cu structure based on LEIS and XPS results 

XPS results 
 

 
 

tCu 
Model Mechanis

m 

# of Cu 
atom 

detected by 
LEIS 

Experime
nts 

Calculation 

 
4 s 

 

 :exposed Cu,  :covered Cu 
 :Hf,  :O,  :vacated Cu site 

 
 
 

HfO2 

 
 
 

4 

 
 

(N/No)exp 
= 0.965 

 
 

x = 0.74, y = 0.26 

 
8 s 

 

  
8 
 

 
(N/No)exp 
= 0.935 

 
x = 0.52, y = 0.48 

 
 

16 s 

 

 
 
 
 
 
 
 

nucleation 
stage 

 
 

16 

 
(N/No)exp 
= 0.875 

 
x = 0.1, y = 0.9 

 
 
 

Mechanis
m I 

(see text) 

 
 

12 

 
x = 0.1, y1 = 0.675, 

y2 = 0.225 
=> (N/No)cal = 0.85 

 
 
 
 

20 s 
 
 
 

Mechanis
m I & II 
(see text) 

 
 

11 

 
 
 
 

(N/No)exp 
= 0.82-

0.85 
 

x = 0.2, y1 = 0.264, 
y2 = 0.528 

=> (N/No)cal = 0.82 

 
 
 

 
Mechanis

m I 

 
 

10 

 
x = 0.1, y1 = 0.342, 

y2 = 0.396, y3=0.162 
=> (N/No)cal = 0.80 

 
 
 

24 s 
 

 
 
 

 
Mechanis
m I & II 

 
9 

 
 
 

(N/No)exp 
= 0.77-

0.79 
 

x = 0.2, y1 = 0.168, 
y2 = 0.4, y3=0.132 
=> (N/No)cal = 0.80 

 
Thermal 
annealin

g 
 

 
 
 

 
Three Cu 
islands 

make one 
Cu isalnd 

 
 

5 

 
(N/No)exp 
= 0.85-

0.87 

 
x = 0.5, y1 = 0.065, 
y2 = 0.065, y3=0.19 

, y4=0.19 
=> (N/No)cal = 0.80 
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 Based on the LEIS measurements and on the results obtained from the 

modified attenuation equation using XPS data, we propose a Cu structure and 

possible mechanisms for the nucleation and cluster growth stages.  Table 2.1 

summarizes.  The 2nd column shows schematic side-views, the 3rd column 

describes proposed contributing mechanisms, the 4th column shows the number of 

Cu atoms that can be detected by LEIS in the model structure and the 5th column 

shows, for XPS, the calculated and experimental results. Assuming no multilayer 

of Cu for tCu ≤ 16 s, the relative coverage of Cu on the HfO2 surface increases 

from 26% to 90% using eq. (2). 

 Upon further dosing of Cu, clusters are proposed consistent with data in 

Fig. 2.3.  There are three possibilities: (I) Cu atoms add to existing layer, (II) Cu 

atoms adsorb on HfO2 and diffuse laterally to make 2nd layer (diffusion-mediated 

growth), and (III) Cu atoms migrate from the 1st layer into the 2nd (self-growth). 

In case (I), the relative percentage of HfO2 surface without Cu overlayer does not 

change since there are no added Cu atoms on HfO2 surface.  Case (III) is 

indistinguishable from case (I).  Thus, we only case I and a combination of cases 

I and II.  At tCu = 20 and 24 s, the number of exposed Cu atoms (detected by 

LEIS) decreases due to the formation of clusters, as observed by decaying Cu/Hf 

ratio in Fig. 2.3 (a).  At tCu = 20 s, the (N/No)cal values for both cases are within 

our experimental data range. At tCu = 24 s, the (N/No)cal values in both cases using 

eq. (4) are same although the relative percentage of each Cu layer differs.  
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Currently, we cannot determine which mechanism is dominant.  Nevertheless, 

formulation can be applied to model the Cu structure since the (N/No)cal values 

within 5 % of (N/No)exp.   

 After thermal annealing, we propose that small Cu clusters agglomerate 

and there is no Cu diffusion into the HfO2 layer.  The calculated attenuation of 

the Hf 4f intensity, based on the larger Cu cluster forming from the three Cu small 

clusters (column 2 of Table 2.1) matches the experimental data and is consistent 

with the STEM image (Fig. 2.7).   

We propose that self-limiting growth leads to the narrow distribution of 

cluster size observed by STEM after thermal annealing.  Were there no 

limitation on the growth of the Cu clusters, broader diameter dispersion and no 

inter-cluster sponge – like regions are expected.  Self-limiting growth of Cu 

clusters has been reported on another oxide surface (TiO2) [2].  Two possible 

mechanisms were suggested.  First, the rate at which adatoms attach to existing 

clusters decreases rapidly as the cluster size increases, due to the existence of 

strain fields originating in the lattice mismatch at the interface between the Cu 

clusters and TiO2 substrate.  In other words, the total strain energy is 

proportional to the interfacial area so that larger Cu clusters subject to a larger 

strain field.  Second, the rate at which added adatoms reach the existing clusters 

decreases rapidly as the Cu coverage increases.  In our thermal annealing case, 

no Cu is added so we favor the first mechanism.   
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2.4 CONCLUSION 

The growth of Cu on HfO2 surfaces at 300 K as a function of Cu dose and 

the effect of thermal annealing were investigated using in-situ LEIS, in-situ XPS, 

and ex-situ STEM.  There are two growth stages of Cu on HfO2 at 300 K: two-

dimensional island until no more than 90 % of the HfO2 is covered and three-

dimensional cluster growth thereafter.  The HfO2 is not reduced at its interface 

with Cu.  A model is presented that rationalizes the growth and effect of thermal 

annealing.  After thermal annealing at 673 K for 10 min under vacuum (~ 1 × 10-

8 torr), the Cu cluster size increases but there is no evidence of diffusion across Cu 

– HfO2 interfaces.  After annealing, STEM images confirm the presence of Cu 

clusters and a narrow Cu cluster diameter distribution (11 ± 1 nm).  We propose 

that strain fields at the Cu / HfO2 interface limit growth of Cu clusters.  TEM 

diffraction studies indicate that Cu is amorphous.  
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CHAPTER 3 

Growth and thermal annealing of Cu on HfSiO4 

3.1 INTRODUCTION 

The interface between Cu and oxide surfaces has been studied in several 

systems (TiO2, ZrO2, SiO2, Al2O3) from the point of view of heterogenous 

catalysis [1-5], e.g., the reduction of nitric oxide on Cu/Al2O3 [6].  These 

interfaces are also important in microelectronics where Cu is being used to 

interconnect elements (ultra large scale integrated (ULSI) circuit).  HfSiO4 is a 

promising candidate to replace the current SiO2 gate dielectric materials in field-

effect devices because it has a large dielectric constant and good thermal stability 

in contact with silicon [7].  For example, Cu on HfSiO4 is potentially important 

for metal-insulator-metal (MIM) transistor development.  Although the study of 

Cu growth on HfSiO4 surfaces is very important in both the scientific and 

engineering areas, there are no fundamental surface science studies of the Cu 

growth and thermal properties on HfSiO4.   

Previously, Cu on HfO2 was investigated with same reason as Cu/HfSiO4 

since HfO2 was also one of promising candidate to replace SiO2 gate dielectrics 

[8].  In that case, it was shown that Cu forms two-dimensional islands up to a 

surface coverage of 90 % followed by three-dimensional growth.  Upon thermal 

annealing at 673 K, Cu clusters combined to form larger ones based on XPS, 
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LEIS and TEM results before and after thermal annealing.  No evidence was 

found for Cu diffusion into the HfO2 substrate.  Previous studies of Cu 

deposition on other oxide surfaces (TiO2, ZrO2, SiO2, Al2O3) show that Cu 

typically forms three-dimensional clusters corresponding to the VW growth 

mode, and there is no reduction of the oxide.  The formation of Cu clusters is 

explained using wetting criteria [9] by the fact that the surface free energy of Cu 

is larger than that of the oxide surfaces [10].  Since the oxygen affinity of Cu is 

smaller than that of the metals in the oxide substrate, the Cu does not reduce the 

oxide [2].      

 In this work, we studied the structure of submonolayer coverage of Cu on 

HfSiO4 surfaces and the effect of thermal annealing on the structure with real time 

scale.  We used physical vapor deposition (PVD) to prepare the films and in-situ 

low-energy ion scattering spectroscopy (LEIS), in-situ X-ray photoelectron 

spectroscopy (XPS), and ex-situ atomic force microscopy (AFM).  For vacuum 

annealing experiments, A CO2 laser beam was used to heat the sample for 

obtaining LEIS analysis at high temperature (> 300 K). 

We found that growth of Cu on HfSiO4 at 300 K involves initial formation 

of three-dimensional clusters (VW growth) without Cu oxidation.  We proposed 

a semi-quantitative model to explain the growth mode of Cu, and the fractional 

area covered by Cu as the dosing time increases at 300 K and the change of Cu 

structure during thermal annealing at 573 K.  At 300 K, as-deposited Cu covers 
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no more than 85 % of HfSiO4 surface as two-dimensional islands, as determined 

by XPS Hf and Si signal attenuation.  During thermal annealing at 573 K for 27 

min under vacuum (~ 7 × 10-9 torr), the Cu cluster size increases and Cu may 

diffuse into HfSiO4 layer, although we do not have any evidence for the latter.  

AFM images of annealed samples show uniform Cu clusters (9.6 ± 0.3 nm), this 

uniformity is ascribed to a self-limiting growth [2, 8]. 

3.2 EXPERIMENTAL 

Films were grown at 300 K in a physical vapor deposition system 

described previously [11].  The main chamber (base pressure ~ 5 × 10-8 torr) is 

equipped with a load-lock chamber and three sputtering guns with one DC and 

two RF power supplies.  The Si (100) substrates (25× 25× 1 mm) were dipped in 

a 3% HF solution to remove the native oxide layer and contaminants.  The 

samples were then mounted on a hollow stage and introduced into the PVD 

system.  HfSiO4 (~ 15 nm as determined by XPS signal attenuation) was 

deposited on a Si (100) substrate by plasma sputtering a Hf target (99.9 %) with 

15 W DC plasma power and Si target (99.9 %) with 50 W RF plasma power 

under 10 mtorr of 10 % O2 in Ar.  The stoichiometry of the hafnium silicate 

films and the reproducibility of the films thickness were confirmed by XPS.  

Copper was also deposited by plasma sputtering a Cu target (99.9 %) with 5 W 

DC power under 2 mtorr of Ar.  The Cu dosing time (tCu) is the elapsed time in 
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which the surface is exposed to the Cu ions from the target.  Based on our XPS 

data, the amount of copper deposited per second, in terms of surface coverage, is 

about 5.3% of a monolayer. 

Once prepared, the films were transferred through a UHV system into an 

analysis chamber (base pressure ~ 1 × 10-9 torr) for LEIS and XPS.  LEIS was 

used to identify the composition of the topmost layer of film.  The primary ion 

beam energy Eo used in this work was 1 keV.  The pressure in the analysis 

chamber was ~ 7 × 10-9 torr during LEIS.  XPS was used to analyze the 

composition of the surface and near - surface region (~6 nm).   

Atomic Force Microscopy (AFM) was performed ex-situ under ambient 

conditions using a CP Research Autoprobe (Thermomicroscopes) with high 

aspect ratio silicon tips (radius of curvature of ~ 10 nm.)  The probe was 

operated in non-contact mode (NCM) at a resonant frequency between 80 and 115 

kHz.  The roughness was calculated using Autoprobe Image processing software 

provided by Thermomicroscopes.  The RMS roughness values reported in this 

work are the average of the values obtained over several 2x2 µm2 regions of each 

sample.                      

Sample heating was achieved by introducing a continuous IR CO2 laser 

beam (wavelengths between 10.57 and 10.63 micron) into the analysis chamber 

through a ZnS window.  Once inside the chamber, the beam was directed 

towards the back of the sample by a Cu total reflection mirror mounted 
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underneath the hollow sample stage.  The sample temperature was monitored by 

a thermocouple coated with graphite placed in the laser beam pathway.  The 

reading obtained from this thermocouple was calibrated to the temperature of the 

sample as described by Wang et al. [12].  By heating the sample in the analysis 

chamber it was possible to obtain LEIS data at elevated temperatures, instead of 

only being able to obtain post-anneal data as in the previous work done on Cu 

deposited on HfO2 [8]. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Growth at 300 K 

Fig. 3.1 shows the Cu 2p3/2, Hf 4f and Si 2p XPS signals for various Cu 

dosing times (tCu) at 300K.  As the Cu dosing time increases, the intensity of the 

Cu peak increases while the intensity of the Si and Hf peaks decrease.  The O1s 

signal (not shown) followed the same trend as the Hf and Si signals.  A small 

amount of carbon was also detected on the surface (~8%) possibly due to 

contamination from filaments in the chamber.  The carbon content did not seem 

to change with Cu dosing time.  The ensemble thickness of the Cu layer was 

calculated using the Hf XPS signals shown in Fig. 1 and the standard attenuation 

equation [13].  The ensemble thickness of the Cu layer as a function of Cu 

dosing time is shown in Fig. 3.2.  By including the point at the origin 

corresponding to zero thickness at tCu = 0, we observe a linear increase in Cu 
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thickness up to a dosing time of 16 seconds.  The calculated ensemble coverage 

at this dosing time was ~85% of a monolayer.  Between 16s and 32s, a change in 

the slope of the line takes place, followed by a linear increase in Cu thickness 

with increasing dosing time.  This change indicates that the amount of substrate 

area covered by the incoming Cu atoms did not increase as much as it should 

have, given the fact that the Cu dosing time was doubled.  By extrapolating the 

line across the last 3 data points (dosing time > 32s) we see that the time axis is 

intersected at t = 5s.  This suggests that a de-wetting of the surface might have 

taken place between 16 and 32 seconds.  To illustrate the point, a wetting effect 

would increase the coverage of the substrate, in which case, a line over the data 

points after the wetting took place would intersect the time axis at negative 

values. 

 Fig. 3.1 also shows two important changes in the Cu2p3/2 signal as the 

dosing time is increased.  The First, the full width at half maximum (FWHM) 

narrows from 2.0 to 1.75eV, consistent with a previous study of Cu on Al2O3 [5].  

This narrowing is generally attributed to improved homogeneity and core hole 

screening [14] as the origin of the XPS signal changes from single atoms to bulk-

like configurations.  Second, the bonding energy of Cu2p3/2 shifts to a lower 

binding energy from 934.4 to 934.0eV (Fig. 1).  This shift can be explained by 

final-state screening effect due to an increase in the Cu cluster size [5].  The 

largest shift in the peak position takes place between 16 and 32 sec., when the 
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change in binding energy is about 0.2eV, compared to 0.1eV or less at all other 

intervals and it is consistent with the changes observed in the rate of Cu growth 

shown in Fig. 3.2. 

 Fig. 3.3 shows LEIS data of Cu on HfSiO4 for various Cu dosing times.  

On the clean HfSiO4 surface (that is, tCu = 0s) the Hf and Si peaks are located at 

E/Eo = 0.56 and 0.86, respectively.  As the dosing time increases, a peak appears 

at at E/Eo = 0.78, which corresponds to Cu.  Up to 16s, the intensity of the Cu 

peak increases while the intensity of the Si and Hf peaks decreased as the dosing 

time increased.  For higher doses, the intensity of the Cu peak decreased even 

though more Cu was added to the surface.  The Hf and Si peaks also decreased 

but did not vanish, indicating that even at the longest dosing times, the hafnium 

silicate substrate was not completely covered by Cu.  The decrease in the 

intensity of all LEIS signals observed at high dosing times may be attributed to 

surface roughening; therefore, it is useful to plot the ratio of the peak intensities to 

visualize changes in the signals relative to each element.  Fig. 3.4 shows such 

plot for the Cu/Hf XPS and LEIS signal ratio.  The Cu/Hf (both LEIS and XPS) 

ratio increases as the dosing time is increased up to 16s, which corresponds to a 

surface coverage of about 85%, as mentioned above.  At higher dosing times, the 

Cu/Hf ratio in the LEIS data starts to decrease, indicating an increase in the area 

of hafnium silicate exposed.  Similarly, for dosing times greater than 16s, the 

Cu/Hf XPS ratio undergoes a change in the rate of increase, as indicated by the 
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decrease in the slope of the line between the points for tCu> 32s compared to the 

points for tCu < 16s.  This effect can be explained by self-attenuation of Cu2p3/2 

photoelectrons as a result of Cu cluster formation at tCu > 16s.  Using the XPS 

data, we calculated that this dosing time corresponds to a surface coverage of 

~85%. 
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Fig. 3.1  XPS data for Cu on HfSiO4 at 300 K as a function of Cu dosing time. 
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Fig. 3.2 Ensemble average Cu thickness at 300 K as a function of Cu dosing time. 
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Fig. 3.3 LEIS data for Cu on HfSiO4 at 300 K as a function of Cu dosing time. 1 

keV of He+ was used as primary beam. 
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Fig. 3.4 The intensity ratio of Cu to Hf of LEIS and XPS data from Cu on HfSiO4 

at 300 K according to Cu dosing time. 
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3.3.2 Thermal annealing 

 The samples were prepared by exposing the hafnium silicate surface to Cu 

for 64s.  The ensemble thickness of the deposited Cu layer before annealing was 

0.56 nm, based on the attenuation of the Hf XPS signal.  Fig. 3.5 shows the LEIS 

data during vacuum annealing at 573 K for 27 min.  For the reference, LEIS data 

at 300 K is shown, and tan = 0 was defined by 2 min after laser beam turned on, 

which actual sample temperature reached at 573 K.  Since LEIS scan takes 3 

min, spectra at each time is average value for 3 min.  As the annealing time (tan) 

increases from 0 to 12 min, the Cu peak intensity continuously decreases while 

both Hf and Si peak intensities continuously increase.  After further annealing, 

Cu peak intensity decreases slowly and then remains constant, and both Hf and Si 

peak intensities increase slowly and then remain constant.  To analyze this 

behavior, the intensity of Cu, Hf, and Si peaks and relative intensity ratio of 

Cu/Hf are calculated as a function of tan (Fig. 3.6).  In Fig. 3.6 (a), Cu peak 

intensity decreases by 38 % for tan ≤ 3 min and slowly decreases with further 

annealing.  In the case of Hf peak, the intensity increases by 2 times large for tan 

≤ 3 min and slowly increases with further annealing.  For convenience, we 

divide three stages of Cu peak area according to the slope: (1) fast decrease for 

first 3min; (2) intermediate decrease for the next 9 min, and (3) saturation after 

further annealing.  In Fig. 3.6 (b), for the fast stage, relative ratio of Cu peak area 

to Hf peak area decreases by 56 %.  For the intermediate stage,  
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Fig. 3.5 LEIS spectra of Cu on HfSiO4 (a- f) during thermal annealing at 573 K 

for 27 min under vacuum (< 7× 10-9 torr). For reference, LEIS spectrum at 300 K 

is shown (*300K). 
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Fig. 3.6 The intensity of Cu, Hf, and Si (a) and intensity ratio of Cu to Hf (b) as a 

function of annealing time (tan) from LEIS data (Fig.3.5). 
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Fig. 3.7 XPS spectra of Cu on HfSiO4 before and after thermal annealing at 573 K 

for 27 min under vacuum (< 7× 10-9 torr). 
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Cu/Hf ratio decreases to 19 % of original intensity and remain constant further 

annealing (saturation stage).   

 The XPS data (Fig. 3.7) shows that the Cu 2 p3/2 binding energy decreases 

from 934.1 to 933.7 eV after thermal annealing. If the cluster size grows, final-

state screening effects can explain at least part of the downward shift.  After 

thermal annealing, the Cu peak intensity decreases and both Hf and Si peak 

intensities increase.  From these changes, ensemble average Cu thickness (based 

on the attenuation of Hf signal in XPS) decreases from 0.56 to 0.21 nm after 

thermal annealing.  Based on the results from LEIS and XPS, we propose three 

plausible explanations for the decrease of Cu/Hf ratio: (1) small Cu clusters may 

combine to make larger three-dimensional clusters having less exposed area; (2) 

Cu atoms may diffuse into the HfSiO4 layer, and (3) a combination of the 

previous two.  If there were a taller Cu clusters after annealing, shadowing effect 

would be considered for both XPS and LEIS. 

 To investigate the size and morphology of Cu clusters, three samples were 

prepared and analyzed by AFM (Fig. 3.8): (1) Cu/HfSiO4 sample after vacuum 

annealing at 573 K for 27 min (8a); (2) Cu/HfSiO4 sample without vacuum 

annealing (8b); and, for comparison, (3) clean HfSiO4 sample after vacuum 

annealing at 573 K for 27 min (8c).  To determine actual lateral size of the 

features in the AFM images, we obtain AFM tip deconvolution graph with radius 

of curve from tip (10 nm) and standard sample.  Fig. 3.8 shows the relationship 
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between measured size and actual size.  For all AFM images, we convert 

measured diameter of Cu cluster from line-profile to actual diameter of Cu cluster 

using the equation shown in Fig. 8.   

AFM images were obtained in at least 3 regions of each sample; the 

images shown in fig. 3.9 are representative of each of the surfaces.  The profiles 

of the lines shown on the AFM images are displayed on the right side of each 

image.  In Cu/HfSiO4 sample after annealing, (a), there are bright areas (thicker 

areas) and rough background.  The roughness of entire image is 0.87 nm.  From 

the line-profile of all dots, the average diameter and height are 22.2 nm and 3.6 

nm respectively.  In the line-profile of the surface, Line 2, the distance from top 

to bottom is ~ 1.9 nm.   

To confirm the bright dots are Cu clusters and investigate whether surface 

roughness is related with Cu over-layer, a Cu/HfSiO4 sample without annealing 

((b)) and a HfSiO4 sample ((c)) were analyzed same way as (a).  For the 

Cu/HfSiO4 sample without annealing, (b), there are no distinct bright dots and the 

surface is smooth compared to (a).  This implies that the diameter and height of 

Cu clusters at 300 K are below the detection limit (~ 3nm).  Line profile shows 

that the distance from top to bottom is ~ 0.9 nm and RMS roughness is 0.15 nm.  

This suggests that thermal annealing leads to formation of large Cu clusters on the 

surface and roughening of surface.  In HfSiO4 sample after annealing, (c), line 
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profile shows that the distance from top to bottom is ~ 0.7 nm and RMS 

roughness is 0.14 nm.   

To know whether all Cu clusters before annealing became large clusters 

after annealing, in Fig. 3.9 (a), total volume of all bright dots with diameter and 

height assuming ellipsoid (“oblate”) shape.  For the comparison, total volume of 

Cu overlayer using ensemble average thickness (0. 56 nm) from XPS data.  Total 

volume of bright dots and Cu overlayer are 4,050 nm3 and 140,000 nm3 

respectively.  From this estimation, total volume of bright dots after annealing is 

only 3 % of Cu overlayer before annealing.  This suggests that 97 % of Cu make 

rough surface as shown in Line 2 and/or diffuse into HfSiO4 layer. 

From all three images, we propose the following: (1) bright dots are Cu 

clusters; (2) rough surface is related with Cu clusters not from HfSiO4 surface 

itself; and (3) most of Cu exists on the surface and not inside HfSiO4 layer since 

Cu inside HfSiO4 layer could not change surface roughness by a factor of 6.   

 To investigate the distribution of Cu cluster size, 1 × 1 µm2 area of 

Cu/HfSiO4 after thermal annealing was analyzed.  The image is shown in Fig. 

3.10 (a) and the diameter distribution of Cu clusters (bright dots) is shown in Fig. 

3.10 (b).  Actual diameter distribution (converted from measured values using 

AFM tip deconvolution curve), (b), shows narrow distribution (9 ± 2 nm) and 

average diameter is 9.6 ± 0.3 nm.  The average height is 0.7 ± 0.08 nm.  This 

narrow distribution can be explained by self-limiting growth.  Self-limiting 
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growth of Cu clusters has been reported on another oxide surface (TiO2, HfO2) [2, 

8].  The suggested mechanism was that the rate at which adatoms attach to 

existing clusters decreases rapidly as the cluster size increases, due to the 

existence of strain fields originating in the lattice mismatch at the interface 

between the Cu clusters and HfO2 substrate during thermal annealing.  
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Fig. 3.8 AFM images of three samples: (a) Cu/HfSiO4 sample after vacuum 

annealing at 573 K for 27 min; (b) Cu/HfSiO4 sample without vacuum annealing; 

and, (c) clean HfSiO4 sample after vacuum annealing at 573 K for 27 min. 
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Fig. 3.9 AFM images of Cu/HfSiO4 sample after vacuum annealing at 573 K for 

27 min.  (a) shows the image and (b) shows the histogram for the cluster 

diameter distribution from (a). 
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3.3.3 Proposed phenomenological model 

3.3.3.1 At 300 K 

Based on the reduction of the Hf 4 f peak intensity by Cu, we used a 

model proposed previous paper (Cu on HfO2) [8].  This model was built by 

modification of a standard attenuation equation [13]. 

             ( )[ ]θλ sin/exp ⋅−⋅= Cuo LNN                        (1) 

Where N is the Hf 4f peak area with Cu overlayer, No is the Hf 4f peak area 

without Cu overlayer, L is the thickness of Cu overlayer, λCu is the mean free path 

of Hf electron passing through Cu (1.9 nm) [15], and θ is the angle between 

analyzer and sample (60o).  The basic idea is that the total intensity of the 

photoelectrons from Hf (per unit area) can be estimated by summing Hf 

photoelectrons passing through n Cu layers.  This model does account for 

variation of the Cu thickness while surface roughness variations are not taken into 

account.  For the case of only one Cu layer, we calculate the relative portion of 

Hf without a Cu overlayer (x) and Hf with Cu overlayer (y) using eq. (2) and one 

boundary condition (x + y = 1) as total area of Hf is constant. 

            ( )[ ]θλ sin/exp)1(/ 1 ⋅−⋅−+= Cuo LxxNN                  (2) 

 Where L1 is the thickness of monolayer of Cu (0.2 nm).   

When accounting for two layers of Cu, the analogous equation is: 

( )[ ] ( )[ ]θλθλ sin/2expsin/exp/ 1211 ⋅⋅−⋅+⋅−⋅+= CuCuo LyLyxNN   (3) 
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For a n-layer case, we expand eq. (3) as: 

              ( )[ ]θλ sin/exp/ 1
1

⋅⋅−⋅+= ∑
=

Cu

n

i
io LiyxNN              (4) 

Where n is the number of Cu layers, and the boundary condition is: 

( 1
1

=+∑
=

n

i
iyx ).   

The relative portion of each Cu multi-layer can not be calculated with only 

one boundary condition ( 1
1

=+∑
=

n

i
iyx ).  Instead, we estimated the attenuation of 

the Hf intensity ((N/No)cal ) based on model structure.  The evaluation procedure 

for model structure is: (1) build several possible Cu structures consistent with the 

LEIS data, (2) determine x, y1, ⋅ ⋅ yn for each Cu structure, (3) calculate (N/No)cal 

for each model from eq. (3) using x, y1, ⋅ ⋅ yn and (4) compare (N/No)cal  with 

(N/No)exp determined from XPS to determine the optimum, but not necessarily 

unique, model.    

 Based on the LEIS measurements and on the results obtained from the 

modified attenuation equation using XPS data, we propose a Cu structure and 

possible mechanisms for the nucleation and cluster growth stages.  Table 3.1 

summarizes.  The 2nd column shows schematic side-views of Cu structure on Si, 

there are three kinds of Cu sites in the model: (1) Cu site detected by LEIS, i.e., 

top layer of island, (2) Cu site not detected by LEIS, i.e., inside island, and (3) 

vacated Cu site due to migration of Cu.  The 3rd column describes proposed 



 67

contributing mechanisms, the 4th column shows the number of Cu atoms that 

could be detected by LEIS in the model structure and the 5th column shows, for 

XPS, the calculated and experimental results. Assuming no multi-layer of Cu for 

tCu ≤ 16 s, the relative coverage of Cu on the HfO2 surface increases from 44% to 

85% from eq. (2). 

 Upon further dosing of Cu, clusters are proposed based on data in Fig. 3.  

There are three plausible mechanisms: (I) Cu atoms add only to existing Cu layer, 

(II) Cu atoms adsorb on HfO2 and diffuse laterally to make 2nd layer (diffusion-

mediated growth), and (III) Cu atoms migrate from the 1st layer into the 2nd (self-

growth). In case (I), the percentage of HfO2 surface without Cu overlayer to total 

HfO2 surface remains constant since there are no added Cu atoms on HfO2 

surface.  Case (III) is indistinguishable from case (I).  Thus, we only consider 

case I and a combination of cases I and II.  At tCu = 32 and 48 s, the number of 

exposed Cu atoms (detected by LEIS) decreases due to the formation of clusters, 

as observed by decaying Cu/Hf ratio in Fig. 3 (b).  At tCu = 32 and 48 s, the 

(N/No)cal values for both cases are within our experimental data range. At tCu = 64 

s, the (N/No)cal values in both cases using eq. (4) are same although the relative 

percentage of each Cu layer differs.  Currently, we cannot determine which 

mechanism is dominant.  Nevertheless, formulation can be applied to model the 

Cu structure since the (N/No)cal values within 5 % of (N/No)exp.   
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3.3.3.2 At 573 K 

 We propose the change of Cu structure based on LEIS and AFM 

results (Figs.3.5 and 3.9).  Fig. 11 shows the proposed structure at 300 and 573 

K.  Basic idea of our model is that the intensity of LEIS data is proportional to 

the total exposed surface area of Cu with following assumptions: (1) total Cu 

volume is constant (no vertical diffusion into HfO2 occurs during annealing 

process); (2) uniform Cu clusters size at 300 and 573 K; (3) roughness of HfSiO4 

surface is neglected; and (4) initial exposed Hf surface area per unit area (oAHf) at 

300 K is from proposed model at 300 K.  Fig. 3.11 shows the proposed model at 

300 and 573 K.  Using above boundary conditions and experimental data (LEIS, 

AFM), we calculate the ratio of total number of cluster at 573 K to total number 

of cluster at 300 K (calRnum = m/n) and ratio of total exposed Cu surface area at 

573 K to total exposed Cu surface area at 300 K (calRCu = 573ACu / 0ACu).   

At 573 K, total covered Hf surface by Cu cluster is:  

        573Aint = calRint ⋅ oAint                                   (5)  

where oAint = n ⋅ 4 ⋅ π ⋅ ro
2, 573Aint = m ⋅ 4 ⋅ π ⋅ r2, and calRint is calculated from oAHf 

(from proposed Cu structure at 300 K)  expRHf (from LEIS data). 

From eq. (5), the diameter of Cu clusters at 573 K is: 

          r =  { (calRnum)-1 ⋅ Rint }1/2⋅ ro                          (6) 

From the constant of total Cu volume (573VCu =  oVCu) and eq. (6), the height of 

cluster is: 
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    m ⋅ (0.5) ⋅ {(4/3)π ⋅ r2 ⋅ h} = n ⋅ (0.5) ⋅ {(4/3)π ⋅ ro
3} 

                     h = ro / calRint                             (7) 

Using the ratio of radius to height (expRr/h) from the AFM image, eq. (10), and eq. 

(7) the calRnum is: 

                expRr/h =  r / h 

                     = calRint ⋅ {(calRnum)-1 ⋅ calRint }1/2     

               calRnum = (calRint)3 ⋅ (expRr/d)-2
                          (8)  

Using the equation of surface area for ellipsoid (“oblate” shape), 573ACu is: 

            573ACu = m ⋅ (0.5) ⋅ {2π ⋅ r2 + 2π ⋅ (r ⋅ h / e) ⋅ sin-1 (e)}        (9) 

where e is the eccentricity of the ellipse ( e ≡ ( 1 – h2 / r2 )1/2 ).   

Using 0ACu (= n 2π ⋅ ro
2), eq. (6), (7), (8), and (9), the calRCu is: 

 calRCu = 573ACu / 0ACu 

      = calRnum ⋅ (0.5) ⋅ {calRnum
-1 ⋅ CalRint + e-1 ⋅ CalRint

-1/2 ⋅ calRnum
-1/2 ⋅ sin-1(e)} (10) 

 Table 3.2 shows the summary of the calculation values of calRint and calRCu 

using eq. (8) and (10) according to two initial exposed Hf surface area using 

above equations and experimental values.  The 1st column shows two different 

exposed Hf surface at 300 K according to growth mechanisms described in Table 

1.  The 2nd column shows the experimental values (expRHf, expRCu, expRr/d), form 

LEIS (Fig. 6) and AFM (Fig. 10).  The 3rd column shows the calculation values 

of calRint , calRnum, and calRCu.  Compared with two cases, calRCu from case 2 is 

closer to expRCu than that from case 1.  This suggests that the combination of self-
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growth and diffusion-mediated growth is the more dominant mechanism at 300 K.  

From the case 2, calRCu is 0.5 times larger than expRCu and calRnum is 0.007, i.e., only 

0.7 % of total number of Cu clusters is left on surface after thermal annealing.  

Based on our model and experimental data, we propose three plausible 

explanation for the difference between calRCu and expRCu : (1) Although AFM 

results support no Cu diffusion into HfSiO4 layer, there are still possibility of Cu 

diffusion, contributing the decrease of expRCu; (2) As the height of cluster 

increases, shadowing effect of the other side of cluster increases, contributing the 

decrease of expRCu; (3) Not all Cu clusters make large Cu clusters as shown in 

Figs. 3.9 and 10, there are small Cu clusters on the HfSiO4 surface due to self-

limiting growth mechanism, contributing to the increase of expRCu.  

Consequently, we propose that the decrease of Cu/Hf ratio during thermal 

annealing is due to the combination of making large clusters by combining 

smaller ones and the diffusion of Cu into HfSiO4 layer, but the dominant 

mechanism is first one.  Compared with previous study of Cu on HfO2 surface, 

we can not determine which one is dominant growth mechanism only from XPS 

data.  Combined with XPS, LEIS, and AFM results, we propose that the 

dominant growth mechanism of Cu on HfSiO4 surface at 300 K is combination of 

self-growth and diffusion-mediated growth. 
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Fig. 3.10 Proposed model for Cu structure on HfSiO4 at 300 K and 573 K. 
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Table 3.1.  
The summary of proposed Cu structure at 300K based on LEIS and XPS results 

XPS results 
 

tCu 
(s) Model Mechan-

ism 

# of Cu 
detecte

d by 
LEIS 

Experiments Calculation 

 
8  
 

    
 
 
 

                  
           HfO2 

 
5 

 
 

(N/No)exp = 
0.938 

 
x = 0.56,  
y = 0.44 

 
 

16  

 

 
 
 
Nucleation 

stage 

 
10 

 
(N/No)exp = 

0.885 

x = 0.15, 
 y = 0.85 

 
 
 

 
Mechanism 

I 
(see text) 

 
 

8 

x = 0.15, y1 = 0.28, 
y2 = 0.43 
y3 = 0.14 

=> (N/No)cal = 0.83 

 
 

32 

 
 
 

 
Mechanism 

I & II 
(see text) 

 
6 

 
 
 
 

(N/No)exp = 
 0.83-0.85 

x = 0.24, y1 = 0.19, 
y2 = 0.38 
y3 = 0.19 

=> (N/No)cal = 0.84 

 
 
 

 
Mechanism 

I 

 
6 

x = 0.15, y1 = 0.21, 
y2 = 0.22, 

y3=0.28,y4=0.14 
=> (N/No)cal = 0.75 

 
 

48  
 

 
 
 

 
Mechanism 

I & II 

 
5 

 
 
 
 

(N/No)exp =  
0.74-0.76 

 x = 0.24, y1 = 0.13, 
y2 = 0.25, 

y3=0.19,y4=0.19 
=> (N/No)cal = 0.76

 
 

 
 

Mechanism 
I 

 
 

5 

x = 0.15, y1 = 0.08, 
y2 = 0.21, 

y3=0.21,y4=0.28 
y5=0.07 

=> (N/No)cal = 0.70 

 
64  

 

  
 

Mechanism 
I & II 

 
 

4 

 
 
 
 
 

(N/No)exp = 
 0.67-0.70 

 
x = 0.24, y1 = 0, y2 

= 0.19, 
y3=0.19,y4=0.25 

y5=0.13 
=> (N/No)cal = 0.70 

:Detected Cu,  :undetected Cu,
: Hf,   : O,   :vacated Cu site
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Table 3.2 

Summary of proposed Cu structure at 573 K based on LEIS and AFM results 
Two 

 initial 
conditions 

Experiments 
Total surface area of Hf: 1.0 

Calculation 

LEIS data AFM data Exposed 
Hf surface per 

unit area  
(oAHf) 

expRHf 
(573AHf/0AHf) 

expRCu 
(573ACu/0ACu) 

expRr/d 
(r/d) 

calRint 
(573Aint/0Aint) 

calRnum 
(m/n) 

calRCu 
(573ACu/0ACu) 

Case 1: 0.15 
(Mechanism I) 

 

 
2.60 

 
0.20 

 
6.86 

 
0.70 

 
0.007 

 
0.43 

Case 2: 0.24 
(Mechanism  

I & II) 

 
2.60 

 
0.20 

 
6.86 

 
0.49 

 
0.003 

 
0.30 
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3.4 CONCLUSION 

The growth of Cu on HfSiO4 at 300 K involves initial formation of three-

dimensional clusters (VW growth) without Cu oxidation.  We proposed a semi-

quantitative model to explain the growth mode of Cu, the fractional area covered 

by Cu as the dosing time increases at 300 K, and the change of Cu structure 

during thermal annealing at 573 K based on XPS, LEIS, and AFM results.  At 

300 K, as-deposited Cu covers no more than 85 % of HfSiO4 surface as two-

dimensional islands, as determined by XPS Hf and Si signal attenuation.  During 

thermal annealing at 573 K for 27 min under vacuum (~ 7 × 10-9 torr), the Cu 

cluster size increases by combining smaller ones and Cu may diffuse into HfSiO4 

layer, although we do not have any evidence for the latter.  AFM images of 

annealed samples show uniform Cu clusters (9.6 ± 0.3 nm), this uniformity is 

ascribed to a self-limiting growth [2, 8]. 
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CHAPTER 4 

Growth and thermal annealing of HfO2 on Si (100) 

 

4.1 INTRODUCTION 

Silicon dioxide (SiO2) has been successfully used as the primary gate 

dielectric material in field-effect devices and scaled down for the device’s high 

performance with much effort towards current technologies of 0.13~0.18 µm.  

However, the technology beyond 0.1 µm requires further thickness scaling of 

SiO2, but the thickness of SiO2 is approaching its scaling limit.  Among many 

high-k dielectric candidates for replacing SiO2, HfO2 is promising because of its 

high dielectric constant (~ 30) and thermodynamic stability in contact with Si [1].  

An important parameter to control is its chemical reaction with silicon, since 

those two materials are usually in direct contact in metal-oxide technology [2].  

The possible interfacial material between HfO2 and Si are nonstoichiometric 

silicon oxide and hafnium silicate.  The dielectric constant of both materials is 

smaller than that of HfO2, so these materials reduce the total capacitance.  The 

study of the interface between HfO2 and Si is very important to control the 

interfacial layer formation and improve the equivalent oxide thickness (EOT) of 

dielectrics.   
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 Generally, to make hafnium silicate, there are three possible ways: (1) 

HfSi + O2 => HfSiO4, i.e., oxidation of hafnium silicide; (2) HfO2 + SiO2 => 

HfSiO4, i.e., HfO2 is deposited on SiO2 substrate; and (3) HfO2 + Si + O2 => 

HfSiO4, i.e., Si atom and extra oxygen are supplied to HfO2.  Among the three 

methods, the first method is easy to utilize to make hafnium silicate using 

physical vapor deposition [3].  Cosnier et al. made interfacial hafnium silicate 

between HfO2 and SiO2 substrate using the second method [4].  In the case of 

third method, we need very high temperature annealing for migration of Si atom 

from Si substrate.  Previously, we reported that the migration of Si atom from Si 

substrate occurred at 1073K [5].   

In this paper, we studied various compositions of hafnium silicide and 

hafnium silicate on Cu substrates, and the growth and thermal annealing effects 

on HfO2 on Si (100) using in-situ physical vapor deposition (PVD), in-situ X-ray 

photoelectron spectroscopy (XPS) and in-situ low energy ion scattering (LEIS).  

For vacuum annealing experiments, a CO2 laser beam was used to irradiate the 

back of the samples, allowing us to obtain XPS and LEIS data at high temperature 

(823 K). 

We obtained XPS spectra of various compositions of hafnium silicide and 

hafnium silicate on Cu substrates for standard binding energy in XPS spectra 

according to composition.  To minimize the formation of interfacial silicon oxide 

between HfO2 and the Si substrate, we deposited Hf layer first and then oxidized 
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the Hf layer using an oxygen plasma source at 300 K.  We observed that there is 

no hafnium silicide formation during deposition of Hf layer on Si (100).  We 

confirmed that the Hf layer on the Si substrate plays a role as an oxygen diffusion 

barrier with two different structures of Hf on Si.  LEIS confirmed the structures 

of two samples: (1) Si substrate fully covered by Hf overlayers (sample A); and 

(2) Si substrate partially covered by Hf (sample B).  During oxidation of the Hf 

layer at 300 K, both samples showed the formation of interfacial silicon oxide, but 

the relative amount of interfacial silicon oxide inside HfO2 in sample A is smaller 

than in sample B.  During vacuum annealing at 823 K, there was no change of 

chemical states of elements and no evidence for the formation of hafnium silicate 

at the interface between HfO2 and nonstoichiometric silicon oxide.  Based on the 

thermal annealing results, we suggest that HfO2 is thermodynamically stable in 

contact with nonstoichiometric silicon oxide at 823 K 

 

4.2 EXPERIMENTAL 

4.2.1 Film deposition 

Films were deposited in a physical vapor deposition system equipped with 

a main chamber (base pressure ~ 5 × 10-8 torr), a load lock chamber, and three 

sputtering guns with one DC and two RF power supplies. The detail of the PVD 

system was described previously [6].  Metallic Hf target (99.9%) was purchased 
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from Kurt Lesker.  Sputtering was done with flowing, 20 sccm, ultrahigh purity 

Ar (99.999%) that passed through as gas purifier prior to entering the chamber.  

Hafnium silicide and hafnium silicate were deposited on Cu substrate using 

sputtering Hf and Si targets simultaneously.  DC and RF plasma sources were 

used for deposition of Hf and Si, respectively.  Plasma oxygen (10% diluted with 

argon) was used to oxidize Hafnium films using 10 W of RF power and 10 sccm 

of flow rate of oxygen under 2 mtorr of chamber pressure.  The 25 × 25 × 1 mm3 

boron-doped Si (100) substrates were cleaned using the follow procedure: surface 

hydrocarbons were removed using acetone, iso-propyl alcohol, and deionized 

water in sequential washings, the native oxide was removed by rinsing in HF 

solution (H2O: HF = 40:1). 

4.2.2 Analysis 

Once prepared, the films were transferred through a UHV system into an 

analysis chamber (base pressure ~ 1 × 10-9 torr) for LEIS and XPS.  LEIS was 

used to identify the composition of the topmost layer of film.  The primary ion 

beam energy Eo used in this work was 1 keV.  The pressure in the analysis 

chamber was ~7 × 10-9 torr during LEIS.  XPS was used to analyze the 

composition of the surface and near-surface region (~6 nm).  Mg Kα X-ray 

source was used to take survey and high-resolution spectra.  Survey and high 

resolution scans were taken at 93.9 and 50.0 eV pass energy, respectively. 
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4.2.3 Thermal annealing 

Sample heating was achieved by introducing a continuous IR CO2 laser 

beam (wavelengths between 10.57 and 10.63 microns) into the analysis chamber 

through a ZnS window.  Once inside the chamber, the beam was directed 

towards the back of the sample by a Cu total reflection mirror mounted 

underneath the hollow sample stage.  The sample temperature was monitored by 

a thermocouple coated with graphite placed in the laser beam pathway.  The 

reading obtained from this thermocouple was calibrated to the temperature of the 

sample as described by Wang et al. [7].  By heating the sample in the analysis 

chamber it was possible to obtain LEIS data at elevated temperatures.   

 

4.3 RESULTS AND DISCUSSION 

4.3.1 At 300K 

4.3.1.1 Hafnium silicate on Cu 

To identify the interfacial layer between HfO2 and Si substrate, two 

possible materials (hafnium silicide, hafnium silicate) with various compositions 

were investigated by XPS.  First, various compositions of HfSix were deposited 

on Cu substrates.  Fig. 4.1 shows the XP spectra of Hf 4f (a) and Si 2p (b) with 

various atomic ratios of Hf to Si.  Although HfSix was deposited without 

supplied oxygen, oxygen exists in the HfSix film, giving rise to a high BE 
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shoulder in the Hf 4f spectra.  We suspect that the oxygen may have come from 

metallic targets (Hf and Si), even though the targets were pre-sputtered to clean 

their surface.  In HfSi0.07 sample, the BE of Hf 4f is almost identical to that of 

metallic Hf 4f (14.5 eV), while the BE of Si 2p is ~ 1.0 eV smaller than that of 

metallic Si (99.9 eV) [8].  As the atomic ratio of Si increases up to 1.5, the BE of 

both Hf 4f and Si 2p peaks increases; however, the BE of Si 2p is still smaller 

than that of metallic Si 2p.  These changes can be explained by comparing the 

electronegativity of Hf and Si.  The electronegativity of Si is larger than that of 

Hf, as a result, the electron density shifts toward the Si atom when they form a 

chemical bond.  Therefore, the BE of Hf 4f is larger than that of its metallic state 

while BE of Si 2p is smaller than that of its metallic state.  

 Second, various compositions of HfSixOy were deposited on Cu substrates.  

Fig. 4.2 shows the XP spectra of Hf 4f, Si 2p, and O 1s for various atomic ratios 

of Hf to Si.  In the spectra of Hf 4f and Si 2p, (Figs. 4.2 (a) and (b)), 

corresponding to hafnium rich and stoichiometric hafnium silicate, Hf1Si0.5O3 and 

HfSiO4, the BE of Hf 4f and Si 2p are smaller than that of HfO2 and SiO2, 

respectively.  On the other hand, in the case of silicon-rich hafnium silicate, 

Hf1Si17O36, the BE of Hf 4f and Si 2p is larger than that of HfO2 and SiO2, 

respectively.  In the spectra of O 1s, (Fig. 4.2 (c)), the BE is close to that of HfO2 

in hafnium rich silicate (Hf1Si0.5O3) while BE is close to that of SiO2 in silicon 

rich silicate (Hf1Si17O36).  These trends in the changes of BE of Hf 4f, Si 2p, O 
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1s can also be explained by comparing the electronegativity of Hf, Si, and O.  

The order of their electronegativities is O > Si > Hf.   
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Fig. 4.1 XPS data of Hf 4f and Si 2p from various compositions of hafnium 

silicide on Cu substrate. 
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Fig. 4.2 XPS data of Hf 4f, Si 2p, and O 1s from various compositions of hafnium 

silicate on Cu substrate 
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4.3.1.2 Hf on Si 

To minimize the formation of interfacial silicon oxide during deposition of 

HfO2, a thin Hf metal layer was deposited on Si substrate followed by oxidation.  

To check whether Hf fully covers the Si substrate, LEIS and XPS were used to 

find the optimum Hf deposition time.  Fig. 4.3 shows the LEIS data of Hf on Si 

as a function of Hf deposition time.  The Hf and Si peaks are located at E/Eo = 

8.6 and 5.8, respectively.  As the deposition time increases from 20 to 60 s, the 

Si peak is totally depressed and Hf peak intensity increases.  This means that Hf 

fully covers the Si surface.   

Fig. 4.4 shows the XP spectra of Hf 4f, Si 2p, and O 1s for the same 

sample as the one analyzed by LEIS.  As the deposition time increases, the Hf 4f 

peak area did not increase linearly, therefore, the Si 2p peak area did not 

decreased linearly.  Deposited Hf was partially oxidized, as indicated by the 

higher BE shoulder and the presence of O 1s peak.  In addition, the Si surface 

was also partially oxidized, since the O 1s peak shape is asymmetric, indicating 

that there is more than one chemical state of oxygen.   

Fig. 4.5 shows one example of peak decomposition of Hf 4f, Si 2p, and O 

1s from the XPS data shown in Fig. 4.4.  Peak decomposition was done using 

standard least-square fitting procedure and FWHM values from clean Si sample 

and fully oxidized HfO2 film.  In Hf 4f, (a), there are two sets of peaks attributed 

to contributions from metallic Hf located at ~ 14.6 eV and nonstoichiometric 
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HfOx (0< x <2) located at ~ 18.0 eV with one peak.  HfOx peak was difficult to 

decompose according to spin-orbital coupling since there is no distinguishable 

feature in the higher binding shoulder (~ 18 eV).  In Si 2p, (b), there are two 

peaks corresponding to contributions from substrate Si located at ~ 99.5 eV and 

nonstoichiometric SiOy (0< y < 2) located at ~ 101 eV, and there is no silicide 

peak located at < 99.5 eV.  In O 1s, (c), there are also two peaks corresponding 

to HfOx located at ~ 531.2 eV and SiOy located at ~ 533.0 eV.  Based on the 

decomposition of XPS peaks, we suggest that there is no formation of hafnium 

silicide.   

Fig. 4.6 shows the ensemble average Hf thickness and relative ratio of 

HfOx and SiOy as a function of deposition time based on the result of XPS peak 

decomposition.  In Fig. 4.6 (a), the Hf film thickness (including SiOy) was 

estimated from the attenuation of metallic Si peak signal using standard 

attenuation equation [9].  The Hf film thickness increases linearly for deposition 

time ≤ 40 s and then increases slowly at 60 s.  This implies that the growth mode 

of Hf changes from two-dimensional layer to three-dimensional island formation 

between 40 and 60 s.  In Fig. 4.6 (b) is a plot of the relative ratio of HfOx peak 

area to the total Hf peak area, of the SiOy peak area to the total Si peak area, and 

the SiOy peak area to the total O peak area based on the peak decomposition 

procedure shown in Fig. 4.5.  As the Hf deposition time increases from 20 to 60 

s, the relative ratio of HfOx peak area to the total Hf peak area remains constant 
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within ± 4 %, indicating uniform distribution of HfOx inside the Hf film.  On the 

other hand, in the case of SiOy, there are two different trends in Si 2p and O 1s 

peaks.  Between 20 s and 40 s, the relative ratio of SiOy peak to both total Si and 

O peak increases, indicating that SiOy exists at the interface region between the 

Hf film and the Si substrate.  This behavior can be explained by two dimensional 

growth mode of Hf layer since the area of interfacial SiOy increases as the Hf 

deposition time increases.  Between 40 s and 60 s, the relative ratio of the SiOy 

peak to both total Si and O peak remains constant within ± 3 %.  This behavior 

supports that the growth mode of Hf changes from two-dimensional to three-

dimensional mode since the increase in area of interfacial SiOy is compensated by 

the attenuation of photoelectrons from SiOy by three-dimensional Hf islands.   
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Fig. 4.3 LEIS data of Hf layer on Si substrate as a function of Hf deposition time. 
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Fig. 4.4 XPS data of Hf 4f, Si 2p, O 1s of Hf layer on Si substrate as a function of 

Hf deposition time. 
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Fig. 4.5 Example of peak decomposition of Hf 4f, Si 2p, and O 1s from XPS data 

shown in Fig. 4.4 
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Fig. 4.6 Estimated ensemble average Hf thickness and relative ratio of HfOx and 

SiOy as a function of deposition time based on the result of peak decomposition. 
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4.3.1.3 HfO2 on Si 

 Minimum oxygen plasma power was used to oxidize the Hf layer.  The 

oxidation rate only depends on oxidation time.  Fig. 4.7 shows the XP spectra of 

Hf 4f, Si 2p, and O 1s for various oxidation times.  At 15 s, the whole Hf peak 

shifted toward fully oxidized hafnium but a low BE shoulder (~ 15 eV) remained.  

As oxidation time increased to 60 s, the low BE shoulder of Hf 4f peak totally 

vanished while the higher BE shoulder of Si 2p increased, indicating an increase 

in interfacial silicon oxide.  In addition, O 1s peak position shifted toward higher 

BE.   

 Fig. 4.8 shows one example of XPS peak decomposition of Hf 4f, Si 2p, O 

1 from XPS data shown in Fig. 4.7.  The Peak decomposition procedure is same 

as explained in Fig. 4.5.  The Hf 4f peak, (a), was decomposed with two peak 

sets corresponding to metallic Hf located at ~ 15.0 eV (4f7/2) and HfO2 located at 

~ 18.0 eV (4f7/2).  The Si 2p peak, (b), was decomposed with three peaks 

corresponding to substrate Si and SiOy located at ~ 101 eV (SiOy
I) and ~ 102.5 eV 

(SiOy
II; close to BE of SiO2).  The O 1s peak, (c), was decomposed with two 

peaks corresponding to HfO2 located at ~ 531.5 eV and SiOy located at ~ 533.0 

eV.  Compared to Hf on Si without oxygen (Fig. 4.5), there is a distinct feature 

in each spectrum: (1) in the Hf 4f spectrum, stoichiometric HfO2 peak appears and 

the metallic peak intensity decreased; (2) in the Si 2p spectrum, an additional 

higher BE SiOy peak appears (close to SiO2) and the total SiOy peak intensity 
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increased; and (3) in the O 1s spectrum, the BE of HfOx shifted toward the higher 

BE side.   

 Fig. 4.9 shows the ensemble average HfO2 thickness and intensity ratio of 

Hf metal and SiOx as a function of oxidation time.  In Fig. 4.9 (a), the ensemble 

average HfOx thickness, including interfacial SiOy, was estimated using the 

attenuation of Si substrate XPS peak area as described in Fig. 4.6 (a).  In Fig. 4.9 

(b), the intenisty ratio of Hf metal peak to total Hf peak area, SiOy
tot (= SiOy

I 

+SiOy
II) peak area to total Si peak area, SiOyII peak area to SiOy

tot peak area, and 

SiOy
tot peak area to total O peak area were estimated from peak decomposition 

procedure as shown in Fig. 4.8.  We divide oxidation process in two steps based 

on the oxidation rate of Hf metal.  The first step is fast oxidation process and the 

second one is slow oxidation process.  The first step, during the first 15 s of 

oxidation, the amount of Hf metal inside HfOx film decreased from 45 % to 11 %, 

the amount of SiOytot to total O peak area decreased from 33 % to 15 %, and 

another SiOy
II peak appears in Si 2p spectra.  The thickness of HfOx increased 

from 1.8 nm to 2.8 nm and the atomic ratio of O to Si in SiOy changed from 1.6 to 

1.3.  These changes imply that the supplied oxygen oxidized the Hf metal and it 

also oxidized interfacial Si substrate.  The second stage, for the next 45 s of 

oxidation, the Hf film became fully oxidized and the amount of SiOytot to both 

total Si peak and O peak increased by 65 % and 60 %, respectively.  The 

thickness of HfO2 increased from 2.8 nm to 3.6 nm and the atomic ratio of O to Si 
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in SiOy changed from 1.3 to 1.4.  Based on the XPS results, we observed that 

interfacial silicon was oxidized during the oxidation of Hf layer and the SiOyII 

peak (~ 102 eV) is nonstoichiometric silicon oxide, not from hafnium silicate, 

since there is no hafnium silicate peak in the Hf 4f spectra. 
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Fig. 4.7 XPS data of Hf 4f, Si 2p, and O 1s of HfOx on Si for various oxidation 

times. 
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Fig. 4. 8 Example of peak decomposition result of Hf 4f, Si 2p, and O 1s from 

XPS data shown in Fig. 4.7 
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Fig.4.9 Estimated ensemble average HfOx thickness and the intensity ratio of 

HfOx and SiOy as a function of oxidation time based on the result of peak 

decomposition 
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4.3.2 At 823 K 

To investigate the thermal annealing effect on nonstoichiometric silicon 

oxide and the formation of hafnium silicate, two different film structures were 

prepared and then XPS analysis was performed during vacuum annealing at 823 

K for 35 min with maximum pressure (~ 4 × 10-8 torr).  In the first sample, A, a 

thin Hf layer fully covered Si surface; therefore, the Si surface was not exposed 

directly to oxygen during oxidation of the Hf layer.  In the second one, B, the Si 

surface was not completely covered by Hf; therefore, the Si surface was exposed 

directly to oxygen during oxidation.  In the case of sample A, Fig. 4.10 shows 

LEIS data of HfO2 on Si at three stages: deposition of Hf on Si, oxidation of Hf 

layer, and after thermal annealing.  The in-set figure shows the initial structure 

of Hf on Si before oxidation based on ISS data.  Upon deposition of Hf on Si, 

(a), there is no Si peak, indicating that Hf fully covered the Si surface.  After 

fully oxidation of the Hf layer and thermal annealing, (b) and (c), there is no Si 

peak but the intensity of the Hf peak decreased after annealing.  There are two 

possible explanations for the decrease in Hf peak intensity: (1) carbon 

contamination increases, and (2) surface roughness increases.  XPS data will 

help to decide which one is the major factor, since we can not distinguish between 

the two factors only from LEIS data.  Fig. 4.11 shows the XPS data of HfO2 on 

Si before and after thermal annealing.  First of all, there is no change of FWHM 

of the Hf 4f peak, indicating that there is no change in chemical states each 
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element.  Second, the peak area of Hf, Si, and O decreased while the C peak area 

increased.  This suggests that the decrease of Hf peak area in LEIS data is due to 

an increase in surface carbon contamination.  The change of peak area of 

nonstoichiometric silicon oxide in XPS data as a function of annealing time will 

be discussed with the results from sample B.   

 In the case of sample B, Fig. 4.12 shows LEIS data of HfO2 on Si at the 

same three stages as in Fig. 4.10.  The in-set figure shows the initial structure of 

Hf on Si before oxidation based on ISS data (a).  Upon deposition of Hf on Si, 

(a), there is a Si peak, indicating that Hf did not completely cover the Si surface.  

After fully oxidation of the Hf layer and thermal annealing, (b) and (c), the Si was 

still present but the Hf peak intensity decreased after annealing.  There are two 

possible explanations for the decrease of the Hf peak intensity, same as described 

above for sample A.  Fig. 4.13 shows the XPS data of HfO2 on Si before and 

after thermal annealing.  The XPS data of Hf on Si (is not shown here) shows 

same features as shown in Fig. 4.4.  The Hf layer and the Si substrate were 

partially oxidized.  After oxidation, first, there is no change in FWHM of the Hf 

4f peak, indicating there is no change in the chemical state of Hf.  Second, the 

peak area of Hf, Si, and O decreased while the C peak intensity increased.  This 

also suggests that the decrease of Hf peak area in LEIS data is due to increasing 

surface carbon contamination.  The change of peak area of nonstoichiometric 
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silicon oxide in XPS data as a function of annealing time will be discussed with 

the result from sample A in the following paragraph.   
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Fig. 4.10 LEIS data of HfO2 on Si (sample A) corresponding to three steps: Hf on 

Si, oxidation of Hf layer, and after thermal annealing.  
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Fig. 4.11 XPS data of Hf 4f, Si 2p, O 1s, and C 1s from sample A before and after 

thermal annealing at 823 K. 
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Fig. 4.12 LEIS data of HfO2 on Si (sample A) corresponding to three steps: Hf on 

Si, oxidation of Hf layer, and after thermal annealing. 
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Fig. 4.13 XPS data of Hf 4f, Si 2p, O 1s, and C 1s from sample B before and after 

thermal annealing at 823 K 
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 Fig. 4.14 shows one example of peak decomposition of Hf 4f, Si 2p, and O 

1s from the XPS data shown in Figs 4.11 and 4.13.  In Hf 4f spectra, there is no 

difference between the two samples.  This indicates that both two samples are 

fully oxidized as HfO2.  In the Si 2p spectra, there is a difference between the 

two samples in SiOy
tot.  The relative ratio of SiOy

II to SiOy
tot of sample A is 

smaller than that of sample B.  This difference can be explained by different 

structure of the two samples.  In sample B, the Si substrate can be directly 

oxidized during oxidation of Hf layer, resulting in more formation of SiOy
II than 

SiOy
I.  In the O 1s spectra, the BE of SiOy

tot of sample A is lower than that of 

sample B, since the relative ratio of SiOy
II in sample A is smaller than that of 

sample B.   

 Fig. 4.15 shows the amount of SiOy inside HfO2 film as a function of 

annealing time based on XPS peak decomposition shown in Fig. 4.14.  When the 

two samples are compared, three distinctive features are observed in Fig. 4.15.  

First, the percentage of SiOytot peak area to total Si pear area of sample A (a) and 

B (b) at 0 min are 31 % and 33 %, respectively.  This indicates that the structure 

of sample A prevents the formation of SiOy more than in sample B.  Second, the 

percentage of SiOyII peak area to SiOytot peak area of sample A (a) and B (b) at 0 

min are 59 % and 67 %, respectively.  This can be explained by different 

structures of the two samples as described in the previous paragraph.  Third, 

there is an increase in the percentage of SiOy
tot for the fist 9 min of annealing on 
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both samples while there is no change in the relative percentage of SiOy
II in both 

samples.  This increase in SiOy
tot is due to an increase in carbon contamination.  

The relative portion of silicon oxide in the XPS detection range (~ 6 nm from the 

surface) increases since detection range shift upward due to the increase in carbon 

contamination.  From the results of the annealing experiment for the two 

samples, we suggest that sample A (Si fully covered by Hf) prevents the 

formation of nonstoichiometric silicon oxide more than sample B (Si partially 

covered by Hf) and there is no formation of hafnium silicate at the interface 

between HfO2 and nonstoichiometric silicon oxide during thermal annealing at 

823 K.  
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Fig. 4.14 Example of peak decomposition result of Hf 4f, Si 2p, and O 1s from 

XPS data shown in Figs. 4.11 and 4.13. 
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Fig. 4.15 the amount of SiOy from sample A and B as a function of annealing time 

at 823 K. 
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4.3.3 Proposed model 

 Fig. 4.16 shows the proposed model of growth of HfO2 on Si at 300 K 

with two different initial Hf/Si structures based on the XPS and LEIS results. 

There are two different samples, Hf layer completely covers the Si substrate in 

sample A and Hf layer partially covers the Si substrate, as shown in Figs. 4.11 and 

4.13.  Fig. 4.16 (a) shows the growth of Hf layer on Si substrate at 300 K.  In 

both samples, the Hf layer and Si substrate are partially oxidized, i.e., there is 

formation of nonstoichiometric silicon oxide, SiOy
I.  Importantly, there is no 

hafnium silicide formation based on the XPS results.  Our observation is 

consistent with previous studies on the initial hafnium silicide formation [10, 11].  

Shinkai et al. reported that the minimum vacuum annealing temperature for 

hafnium silicide formation after deposition of Hf film (100 nm) on Si substrate is 

693 K [11].  After oxidation of the Hf layer, Fig. 16 (b), the two samples show 

different interfacial silicon oxide formation.  After the oxidation process, in both 

samples another nonstoichiometric silicon oxide peak (SiOy
II) appears in the Si 2p 

spectra and its BE is higher than SiOy
I but lower than SiO2, as shown in Fig. 4.14.  

This SiOy
II suggests oxidation of Hf layer and Si substrate during the oxidation 

process.  From the point of view of formation of SiOy, the ratio of the total 

amount of SiOy
tot peak area to total Si peak area in sample A is smaller than in 

sample B, as shown in Fig. 4.15.  This indicates that the Hf layer in sample A 

plays the role of a barrier layer for the oxidation of the Si substrate, although the 
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Hf layer does not prevent the oxidation of Si substrate totally.  In addition, the 

relative amount of SiOy
II to SiOy

tot in sample A is smaller than in sample B.  

This also supports that the Si substrate in sample B (not covered by Hf layer) is 

directly oxidized during the oxidation process.   

During vacuum annealing at 823 K, there is no change in the chemical 

states of Hf, Si, and O in both samples as shown in Figs. 4.11, 4.13, and 4.15.  

Based on the results from vacuum annealing, we suggest that the interfacial 

hafnium silicate between HfO2 and nonstoichiometric silicon oxide / Si (100) was 

not formed during vacuum annealing at 823 K.  This means that HfO2 is 

thermodynamically stable upon contact with nonstoichiometric silicon oxide at 

823 K. 
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Fig. 4.16 Proposed model of growth of HfO2 on Si at 300 K according to two 

different structures. 
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4.4 CONCLUSION 

Various compositions of hafnium silicide and hafnium silicate on Cu 

substrate, and growth and thermal annealing of HfO2 on Si (100) were 

investigated using in-situ physical vapor deposition (PVD), in-situ X-ray 

photoelectron spectroscopy (XPS) and in-situ low energy ion scattering (LEIS).  

A CO2 laser beam was used to heat the sample in order to obtain XPS data at high 

temperature (823K).  XPS spectra of various compositions of hafnium silicide 

and hafnium silicate were grown on Cu substrate to obtain standard binding 

energy in XPS spectra with various compositions.  The deposition of Hf layer on 

Si substrate followed by oxidation of the Hf layer was used to minimize the 

formation of interfacial silicon oxide.  There is no hafnium silicide formation 

during deposition of Hf layer on Si (100).  During vacuum annealing at 823 K, 

there is no change in the chemical states of elements and no evidence for the 

formation of hafnium silicate at the interface between HfO2 and nonstoichiometric 

silicon oxide.  Based on the result of thermal annealing, we suggest that HfO2 is 

thermodynamically stable upon contact with nonstoichiometric silicon oxide at 

823 K 
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