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The continual downscaling of the thickness of the SiO2 layer in the 

complementary metal oxide semiconductor (CMOS) transistors has been one of the 

main driving forces behind the growth of the semiconductor industry for past 20-30 

years. The gate dielectric works as a capacitor and therefore the reduction in thickness 

results in increase of capacitance and the speed of the device. However, this process 

has reached the limit when the further reduction of the SiO2 thickness will result in a 

leakage current above the acceptable limit, especially for mobile devices. This 

problem can be resolved by replacing SiO2 with materials which have higher 

dielectric constants (high-k). The leading candidates to replace SiO2 as a gate material 

are hafnium dioxide and hafnium silicate. However, several problems arise when 

using these materials in the device. One of them is to find p and n type gate metals to 

match with the valence and conduction band edges of silicon. This problem can be 

rooted in lack of our understanding of the band alignment and its controlling 

mechanisms between the materials in the gate stack. Theoretical simulations using 

density functional theory can be very useful to address such problems. In this 

dissertation present a theoretical study of the band alignment between HfO2 and SiO2 

interface. We identify oxygen coordination as a governing factor for the band 

alignment. Next, we discuss effects of Al incorporation on the band alignment at the 

SiO2/HfO2 interface. We find that one can tune the band alignment by controlling the 
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concentration of Al atoms in the stack. We also perform a theoretical study of 

HfO2/Metal interface in case of Rh. We identify Rh as a good candidate for a p-type 

gate metal due to its large work-function and the low oxidation energy. Finally, we 

report a study of the stability of oxygen vacancies across the gate stack. We model a 

gate stack composed of n-Si/SiO2/HO2/Rh. We find that oxygen vacancies are easier 

to create in SiO2 than in HfO2. Also, vacancies in HfO2 modify the band alignment, 

while in SiO2 they have no effect.  
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CHAPTER 1. Introduction 

As scaling of the complementary metal oxide semiconductor (CMOS) technology 

takes us below 45 nm many new materials, traditionally not associated with the 

semiconductor process, are being introduced into manufacturing. Notably, transition 

metal (TM) oxides or more generally dielectrics with a high dielectric constant or high-k 

dielectrics are being considered for the gate stack applications instead of SiO2. The gate 

stack is a multilayer structure in place of the metal oxide semiconductor capacitor. Its 

capacitance controls the saturation current and has been traditionally maintained by 

reducing its thickness in accord with the gate length reduction (the so-called scaling at the 

heart of Moor’s law). However, after reaching the oxide thickness of 12 Å the scaling has 

more or less stopped due to the prohibitively large gate leakage current caused by direct 

tunneling across the gate oxide. Thus a new dielectric with a larger dielectric constant has 

to be introduced. After the introduction of Cu this is arguably the most drastic departure 

from the traditional CMOS process. The physics and chemistry of these materials is much 

more complicated than that of Si3N4 or SiO2, and theoretical calculations of their 

properties have proven to be extremely useful in both process development and device 

engineering. The work horse of the modern computational materials science is density 

functional theory (DFT) within the local density approximation (LDA) and 

pseudopotential (PP) approximation.  

By 2007 Hafnium-based dielectrics, like hafnium dioxide and hafnium silicates 

have replace silicon dioxide as a gate dielectric in advanced field effect transistors. 

Owing to their large dielectric constant they can significantly improve device 

characteristics. However, such drastic modification of the CMOS process introduces a 

number of challenges. One of the most important problems is to find n and p type gate 

electrodes to match with the valence and conduction bands of Si. Obviously, this is 

related to the band alignment across the stack.  Also in high-k oxides there are large 
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numbers of defects present which degrade the device performance. DFT can be very 

useful dealing with such problems. Although, real devices are more complicated than 

atomistic models we can study, we still can extract the basic physics, and answer many 

questions of practical interests, such as the governing factors of the band alignment, 

thermodynamic stability of defects in various places of the stack and their effect on the 

band alignment.  

In this dissertation we shall review our theoretical study of band alignment in 

high-k dielectric gate stack. The rest of the dissertation is organized as follows. In 

Chapter 2 the band alignment theory is briefly outlined. In Chapter 3 we discuss our 

recent theoretical work on the band alignment at the SiO2/HfO2 interface. In Chapter 4 

we discuss the role of Al doping on the band alignment at the SiO2/HfO2 interface and its 

possible use in tuning the gate metal effective work function. In Chapter 5 we consider 

the problem of a p-type gate metal and show that Rh is among the most promising 

candidates. We discuss in detail the Schottky barrier formation at the Rh/HfO2 interface, 

and the role of oxygen vacancies detrimental to the interface thermodynamic stability. In 

Chapter 6, using the results discussed in chapters 3-5 we consider a full Si/SiO2/HfO2/Rh 

gate stack explicitly including the n-type doping in the Si layer. The work presented in 

this dissertation has resulted in five published papers; three more papers have been 

submitted for publication. The author acknowledges the financial support of the National 

Science Foundation under grant DMR-0548182. 
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CHAPTER 2. Band alignment theory 

2.1 Early theories 

2.1.1 Schottky limit 

The theory of the metal/semiconductor interface band alignment was pioneered by 

W. Schottky [1]. In Figure 2.1 we show schematically the band alignment before and 

after the metal and semiconductor are brought into contact. To be specific we consider 

the case of the n-doped semiconductor. The metal work-function and semiconductor 

affinity are   and  , respectively. As can be seen in Figure 2.1 the barrier height, i.e. the 

difference between the metal Fermi level the semiconductor conduction band is: 

 B  (2.1)  

When the two materials are brought in contact, electrons from the metal will transfer into 

the semiconductor and the Fermi levels will equilibrate. This will cause the band bending 

in the semiconductor. In the Schottky limit this band bending equals exactly the 

difference between the Fermi levels of two isolated materials before they are brought in 

contact. This means that all the interface effects are neglected. The result is the same if 

metal and semiconductor were connected with a thin wire.  

2.1.2 Bardeen Limit 

As one can see from the equation (2.1) the barrier height is linearly related to the 

metal work-function.  

1





d

d
S B  (2.2)  
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Usually the barrier height is correlated with the metal work function. However, the slope 

S doesn’t equal to one. This motivated Bardeen [2] to propose another model of the band 

alignment. Bardeen introduces a continuous density of states within a filled up to a 

particular energy known as the charge neutrality level (CNL). This fixes the Fermi level 

at the surface and causes the “intrinsic” band bending independent of the metal. When the 

two materials are brought in contact the metal Fermi level aligns with the CNL. The 

barrier height in this limit is:  

0
 

B
 (2.3)  

Where Φ0 is the highest occupied impurity level known as the charge neutrality level or 

CNL measured from vacuum. Note that there is no metal work-function in the formula. 

Therefore, the slope Sφ equals to zero. 

2.2 Interface states and MIGS theory 

Effects of the interface states on the Schottky barrier were analyzed in more 

details by Cowley and Sze [3], [4]. Suppose at the interface there are defects states all 

across the gap with constant density Dint. These states are localized within 
int

  thickness. 

The interface charge is proportional to the difference between the Fermi level of the 

metal and the CNL of the semiconductor: 

)()( intintint B

Bardeen

BCNLF eDEeDQ    (2.4)  

Here 
CNL

 is the charge neutrality level. Bardeen

B
  is the barrier height corresponding to the 

charge neutrality level. The change of the band offset due to the interfacial charge is:   

B
Q

e





intint

0int

 (2.5)  
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int
 is the dielectric constant of the interface. Using equation (2.4) one can calculate the 

barrier height:  

))(1()( CNLB SS   
 (2.6)  

where the slope S is: 

0int

int

2

1

1






De
S



  (2.7)  

When Sφ=1 there are no interface states Dint=0 and corresponding to the Schottky limit. If 

the density of states is very high, Sφ=0 which corresponds to the Bardeen limit. 

Heine proposed a rather elegant mechanism for the interfacial dipole [5]. 

According to Heine, instead of impurity states there are evanescent interface states in the 

semiconductors which play the same role. There are no states in the band gap of 

semiconductor for real Bloch wave-vectors. However, we can analytically continue a 

solution of the Schrodinger equation E(k) into complex plane [6]. For any energy value in 

the gap we can find a complex wave-vector k corresponding to that energy.  The 

imaginary part of the Bloch wave-vector gives a wave-function decaying in the 

semiconductor. This usually is referred as the Metal Induced Gap State (MIGS) theory 

[7]. 

The problem can be illustrated in the nearly free electron approximation [5]. For 

simplicity we consider a one dimensional case. In this approximation the wave-function 

close to the Brillouin zone edge can be considered as a linear combination of two plane-

waves with the Bloch wave-vectors k and k+G [8]. The corresponding energy is: 
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Here E0 is the energy in the gap (Figure 2.2a) and equals the free electron energy with 

k=G/2, E0(G/2). G is a reciprocal lattice vector. U is half of the gap. E0(k) is the energy of 

a free electron with the wave-vector k. The plus sign corresponds to the conduction band 

and the minus sing to valence band. If k=G/2+iμ, we obtain: 
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In Figure 2.2b we show dependence of energy on μ. The corresponding wave-function is: 

)/sin(  



aze

z  (2.10)  

Here β is some phase. The metal wave-function is: 

)sin(   kz  (2.11)  

From the continuity conditions of the wave-function one can determine β and from the 

interface dipole can be calculated. By adding the dipole one can obtain the correction to 

the Schottky limit.  A similar calculation for a more realistic case was performed by 

Louie and Cohen [7], where they considered a jelium/Si interface.  For any material one 

can calculate its complex band structure from first principles [9], calculate the real band 

structure of the metal, and match metal wave-functions with the evanescent states to 

determine the dipole. However, even for a two-band model in nearly free electron 

approximation this is not an easy task. Most importantly, such calculation does not give 

quantitatively correct result and it is not worth doing it for every interface. To simplify 

the picture Tersoff [10] proposed that the charge neutrality level is at the branch point of 
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the complex band structure. In Figure 2.2b it corresponded to qmax. The slope, S  was 

determined by Monch by fitting the experimental data [4]: 

2
)1(1.01

1







S  (2.12)  

 is the high frequency component of the dielectric constant. Note that in the high 

dielectric limit the interface is pinned perfectly. Since, the dielectric constant is 

proportional to the inverse square of the band gap, for small gap materials the slope is 

close to zero. 

The MIGS theory was applied to the insulator/insulator junctions by Robertson 

and Tersoff [11], [12]. Assuming that for the perfect pinning the charge neutrality levels 

equilibrate, they obtained for the conduction band offset: 

)()()(
CNL

b

CNL

a

CNL

bb

CNL

aa S    (2.13)  

Where χa and χb are electron affinities for material a and b, respectively. CNL

a
  and CNL

b


are their charge neutrality levels. 

 

2.3 Ab-initio approach 

Theories discussed above capture some important aspects of the band alignment 

at the hetero-junction. However, they can not give quantitatively satisfactory results. 

Eventually, the band alignment depends on the atomic structure of the interface and there 

is no simple way to guess what the atomic structure is and how it influences the band 

alignment. Therefore, the ultimate tools to study theoretically the band alignment are the 

ab-initio methods. The most practical first principles method for such calculations is 
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density functional theory (DFT). Bellow we discuss band alignment calculation methods 

for a given atomistic model using DFT. 

2.3.1 The average potential method 

The most widely used method for band alignment calculations is the average 

potential method (or reference potential method). It was initially proposed by Kleinman 

[13] and later applied to realistic materials by van de Walle and Martin [14]. Our 

discussion is mostly based in Ref [13].   

The average potential in an infinite solid is not a well defined quantity. It is the 

zeroth order Fourier transform of the Coulomb and exchange-correlation potential. The 

Coulomb part  can be written as: 
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Ω is the volume of the unit cell and r> is the largest of r and r’. This result was obtained 

by fixing arbitrary additive constant by choosing 0)0( rV . 

On the other hand, as we will show, for a vacuum slab average potential is well 

defined. The plane averaged electrostatic potential at any point can be written as: 
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  (2.15)  

2L is the thickness of a computational cell. The contributions from the neighbor cells 

cancel each other.  The average potential can be calculated as: 
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Here we used the fact that the total charge in each cell is zero. Next we demonstrate that 

this average potential depends only on bulk properties of the material and the surface 

dipole and there is no ambiguity in its definition. To show this, we divide a slab into three 

regions: two surface and one bulk region (see Figure 2.3 ). We can write the average 

potential as: 
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Where a is the unit cell length in the z direction. The charge density in the bulk region is 

periodic, therefore the second term can be written as: 
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Here we used the fact that each unit cell is neutral. We can always choose a unit cell in 

such a way that its dipole is zero. Therefore, we drop the dipole term in I2. The first and 

the second terms can be written as: 
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Here Δ is the thickness of a surface layer; it is much less than the thickness of the bulk 

region. Therefore, we neglect the first and third terms. The second and fourth terms are 

the surface dipoles. If there is no field in the vacuum region the net dipole is zero and we 

obtain: 
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This average potential depends only on the charge density which is integrated over the 

finite region of z. It can be used to calculate the work-function of a material. As one can 

see the result doesn’t depend on the number of unit cell in the bulk region as long as the 

bulk region is much larger than the interfacial one.  

Next we show similar results for a supercell composed of two materials, A and B. 

In material A we choose a unit cell from point zn to zn+1. The average electrostatic 

potential, averaged from zn to zn+1 is: 
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 (2.21)  

I2 can be calculated by using the charge and dipole in a unit cell is zero: 


a

zzdzI
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12 )(  (2.22)  

a is the unit cell length. This is a finite and well defined quantity. Adding I1 and I2 gives 
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Thus, their sum equals to the dipole of the system which is arbitrary; it depends on the 

choice of the supercell.  

Similarly, for the mth unit cell which corresponds to the material B we obtain: 
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Thus, the change in the average potential across the interface is: 
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In conclusion, the recipe for the valence band offset (VBO) calculation using 

average electrostatic potential is as follows. First, for a supercell composed of two 

materials calculate macroscopically averaged electrostatic potential: 
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This is a smooth electrostatic potential which far away from the interface gives the same 

results as equation (2.21). Second, perform two separate calculations for the both bulk 

materials to determine the valence band tops (VBT) with respect to their own average 

electrostatic potentials. Finally, use these values to determine the positions of the VBTs 

of these materials in a supercell and thus find the valence band offset. 

2.3.2 Quasiparticle corrections 

DFT has been a very successful theory for describing the ground state properties 

of materials, such as bond lengths, total energies, and charge densities. In spite of its 

success, it fails to describe the band structure accurately; it underestimates band gaps 

from 30 to 50% and sometimes overestimates bandwidths. The reason for these 

discrepancies is that we use as energy levels the eigenvalues of the Kohn-Sham equation. 

However, there is no reason to believe that these are the same.  The discrepancy with 

experiment shows that they are not the same. One needs to go beyond simple DFT to 

overcome this problem. One of the methods is the so called GW approximation [15]-[17].  

A Similar problem can arise when we use DFT to calculate the band alignment. 

Since the band structure is not correctly calculated, we are not guaranteed that the Fermi 

level with respect to the average potential is correct. As we have mentioned in the 
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previous section, the average potential of an infinite solid is arbitrary. Therefore, it is 

impossible to test directly whether the VBT with respect to average electrostatic potential 

within DFT is correct or not. An indirect test would be to use the average potential 

method to calculate the band offset between two materials and compare it with an 

experiment. In Chapter 6 for the Si/SiO2 interface we will show that GW corrected band 

offset is in good agreement with the experimental value, while DFT largely 

underestimates the VBO. There is some ambiguity whether discrepancy of the DFT band 

offset is caused by the inaccuracy of the atomistic structure of the interface or of the DFT 

itself. However, it is worth to include these corrections to compare these two methods.  

The GW approximation is based on the many body perturbation theory. It was 

initially formulated by Hedin [15]. A practical implementation using DFT as a starting 

point was performed by Hybertsen and Louie [16].  

In  Figure 2.4 we show a diagrammatic representation of the equations used for 

the GW method. The diagram in the Figure 2.4a represents the Dyson’s equation for the 

Green’s function and can be written as: 

GGGG 
00

 (2.27)  

where G and G0 are the full and bare Green’s functions and  is the self energy due to the 

electron-electron interaction. To simplify the notations we do not write all the integrals 

explicitly. G can be expanded using Lehman’s representation as: 
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Here j
 and j

E  are the quasiparticle wave-functions and energies, respectively. From this 

representation the Dyson’s equation can be written in the differential form as discussed in 

the Ref [18]: 
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Using equation (2.28) for the second diagram in Figure 2.4b from equation (2.29) we can 

obtain: 

 







 )()'(),',(*)(

2

1 2
rErErrrVV

m
iiiiiHext


  (2.30)  

where VH is the Hartree potential: 
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  (2.31)  

and *  is the second term in the self energy. Using the diagram in the Figure 2.4b which 

represents the GW approximation for *  we obtain: 

GW*  (2.32)  

Here W, the screened Coulomb interaction given by Dyson equation is: 

PWVVW
cc

  (2.33)  

Vc is the bare Coulomb interaction. P is the polarization function given and can be 

calculated in the random phase approximation (Figure 2.2d). To find W we can invert this 

equation: 

VPVW
c

1
)1(


  (2.34)  

Note that PV
c

1  is the dielectric function   [16]. Thus, we obtain: 
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Now we obtained all the term we need to solve equation (2.29). However, we 

need to consider further simplifications of the GW approximation to make it 

computationally affordable. The most important step is to use the Kohn-Sham equation as 

a starting point and solve the equation (2.29) as a perturbation. Rewriting equation (2.29) 

as a Kohn-Sham plus a small GW perturbation we obtain: 
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To the first order approximation quasiparticle energies can be expressed as: 

ixciiiiixciiii VZVEE  )(*)(*   (2.37)  

Where the quasiparticle weight Zi is [17]: 
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Even after this simplification it is still computationally very demanding, 

especially the calculation of the dielectric function. For our calculations we use the 

plasmon-pole approximation [16], which reduces computational cost significantly. Also, 

we do not calculate G self consistently, we use the Greens function corresponding to the 

Kohn-Sham equation.  

For supercell calculations we still use the LDA, because we can not afford a GW 

calculation for large cells. Instead, we use the GW only for small bulk systems and 

calculate the change of the band edge energy with respect to the LDA result.  Using this 
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correction we can determine the valence band top in the bulk region of a supercell with 

respect to the average potential more correctly.  

2.3.3 Site projected density of state method 

Another method of calculating the band discontinuity at the interface is based on 

the analysis of the projected density of states (DOS). The wave-functions of the entire 

system can be projected on a local state of an atom i with the angular momentum 

numbers (l,m): 

knlm

ilm

lmkn
iYiY    (2.39)  

The density of states projected on that atom with the quantum numbers (l,m) is: 

)()(
2

,

km

nk

knlm
iYNDOS    (2.40)  

In the bulk region of material A we can choose an atom (usually oxygen atom for oxides 

where the top of the valence band is typically dominated by the oxygen 2p-orbital) and 

project the DOS onto it. Assuming that an atom located sufficiently far away from  the 

interface we can determine the energy position of the valence band top in material A. We 

then do the same for material B. The difference between the two values gives the valence 

band offset. One of the advantages of this technique is that it provides the spatial 

dependence of the band structure. However, the technique is more computationally 

demanding than the average potential method, particularly for systems with smaller band 

gaps owing to a slower convergence of the density of states. 
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Figure 2.1.  The metal/semiconductor band alignment: before the two materials 

are brought in contact a) and after they are brought in contact b). 
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Figure 2.2. a) The conduction and the valence band in the two plane-wave 

approximation. b) Analytical continuation of the band structure into the complex plane. 
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Figure 2.3. Schematic diagram of a slab with the thickness of 2L.   From -aN to 

aN it is bulk-like. 
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Figure 2.4. The Feynman diagrams used in the GW method. a) The Dyson’s 

equation for the Green’s function. b) The self energy in the GW approximation. c) The 

Dyson’s equation for the screened interaction. c) The polarization function in the random 

phase approximation. 
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CHAPTER 3. The band alignment at the SiO2/HfO2 interface 

The results of this chapter have been published in Physical Review: O. Sharia, 

A.A. Demkov, G. Bersuker, and B.H. Lee, Phys. Rev. B, 75, 035306 (2007). 

3.1 Introduction 

HfO2 can be deposited on Si substrate by several techniques: atomic layer 

deposition (ALD), MOCVD, PVD, using various precursors [19]. However, in all cases, 

a thin SiO2 layer, grown either intentionally or spontaneously, is present at the interface 

between the high-k film and Si substrate after standard fabrication processing is 

completed. The band offset between SiO2 and HfO2 is unknown but clearly determines 

the overall alignment of the gate stack. It is possible that our failure to correctly include 

the dipole layer at the oxide-oxide interface contributes to our inability to explain many 

experimental results in these advanced gate stacks [20].  

Here we report a theoretical study the SiO2/HfO2 interface using the density 

functional theory. We have constructed several atomistic models which differ by the 

interfacial oxygen coordination, HfO2 phases and strain. We use these structures to 

calculate the band discontinuity, thus relating the microscopic structure of the stack to its 

electric properties. The analysis of trends thus computed allows us to put forward the 

aforesaid model of the band alignment. The rest of the chapter is organized as follows. 

We briefly describe computational procedures used in the next section. Next we describe 

several interface models, and simple rules for their construction. Finally, we discuss our 

calculations of the band discontinuity. 
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3.2 Computational details 

Ab-initio density functional theory calculations are performed using a 

pseudopotential plane wave basis code VASP [21]. We use the local density 

approximation (LDA). For most of the calculations Vanderbilt-type ultra-soft 

pseudopotentials [22] are used. We have compared these results with those obtained 

using the projected augmented wave (PAW) method [23], which is also used to generate 

the site projected densities of states. The PAW method is computationally as fast as 

pseudopotential methods but has an accuracy approaching that of the full potential 

augmented plane wave method. The Ceperley-Alder [24] exchange-correlation functional 

is used as interpolated by Perdew and Zunger [25]. The kinetic energy cut-off of 600 eV 

is used, along with the 8x8x8 Monkhorst-Pack [26] k -point mesh for the integration over 

the Brillouin zone. For bulk SiO2 and HfO2 this affords convergence up to 10-4 eV/cell. 

The calculated value of the lattice constant for β-cristobalite (the so-called C9 structure) 

SiO2 is 7.34 Å, or 2.5% larger than the experimental value [27]. The lattice constants 

along with the internal atomic coordinates for cubic, tetragonal, and monoclinic 

polymorphs of hafnia are summarized in Table 3.1. For tetragonal hafnia we start with 

δ=0.025 and experiential lattice constants [28]. For a fixed value of a  we optimize c , 

and relax the atomic positions. Then we optimize a  for the best found c . We repeat this 

process once again starting with our already optimized lattice constants to get a better 

precision. The same full optimization was done for the monoclinic structure.  

To study the silica/hafnia interface we build atomic level models in supercell and 

slab geometry with cell sizes ranging from 5.19x5.19x29.31Å3 to 5.19x5.19x49.60Å3. 

We use a 4x4x1 k -point mesh. Increasing the number of k -points to 8x8x2 results in 

0.01 eV/cell change in the total energy, which is an order of magnitude less than the 

energy differences we are interested in. The change in the average electrostatic potential 

is less than 0.02 eV thus the band offset estimate is converged at a one percent level with 
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respect to the Brillouin zone integration. The computational methods in the rest of the 

chapters are identical except noted otherwise. 

3.3 Atomic structure of the SiO2/HfO2 interface 

When building a theoretical model for a hafnia-silica interface three issues need to 

be considered. First, the lattice mismatch needs to be accommodated by strain. Second, 

there is a “metal” coordination mismatch between the two oxides, and third the so called 

electron counting rule needs to be satisfied. The lattice constants of crystalline silica and 

hafnia differ by 4% (theoretical number), and one needs to decide which oxide should be 

considered a substrate, and which the epitaxial film. The film is then strained to conform 

to the size of the substrate. Silicon forms tetrahedral bonds typical of sp3-hybrids, while 

3d-electrons of hafnium determine its high-coordination (7 or 8). Thus there is a 

coordination mismatch at the oxide-oxide interface. Alternatively, one may consider 

oxygen coordination in two oxides. Depending on the polymorph, oxygen in HfO2 is 3 or 

4-fold coordinated. In SiO2, the structure of which is a (4,2)-net, oxygen is 2-fold 

coordinated. Of course, in experiment, silica is actually amorphous (a classic example of 

a continuous random network (CRN)). However, the coordination mismatch to hafnia is 

the same for the crystalline and amorphous phases. Nature obviously forms a transition 

layer but the mismatch creates difficulties in building a theoretical interface model. For 

example, in the case of cubic HfO2 each layer in the (001) direction has four oxygen 

atoms per metal atom, while in β-cristobalite it is two! So if there are common oxygen 

atoms in the interfacial plane it is impossible to fully satisfy both hafnia and silica. 

Another difficulty is that the interface has to be insulating. Robertson has used simple 

electron counting arguments to build interfaces which satisfy this condition [29]. 

As stated above, the layer of silica on which hafnia is subsequently grown is 

amorphous, while hafnia is crystalline. Hafnia appears to be amorphous as deposited 

[30], but crystallizes upon the so-called post-deposition densification anneal (600°C) 
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since the crystallization temperature is only 350°C [31]. Both amorphous and crystalline 

silica share the (4,2)-net structure, therefore we consider a crystal/crystal interface thus 

effectively reducing the problem to epitaxy. Since our main interest is the band alignment 

we hope that this simplification still allows us to capture the essential physics of the 

problem. 

3.3.1 Interfaces with cubic hafnia 

We build interfaces between β-cristobalite SiO2 and cubic and monoclinic 

polymorphs of HfO2. We start with the case of cubic hafnia. Instead of a conventional 

cubic cell of β-cristobalite we choose a smaller body-centered tetragonal (bct) cell which 

is rotated 45º in the horizontal plane with respect to a conventional cell (the starting 

structure is still cubic rather than dI 42 for we keep 2
a

c ). Lattice constants for this 

cell are 19.5
2

34.7
 ba Å and c=7.34Å. The mismatch between this cell and cubic 

HfO2 is 4%. We assume silica to be a “substrate”, and consider HfO2 to be under tensile 

strain to match SiO2. The interface before relaxation is shown on Figure 3.1a. If we don’t 

remove one oxygen atom from the interface the system is metallic. Each oxygen atom 

needs two electrons to fill its shell, and each hafnium has four electrons (thus the 2:1 

stoichiometry of the oxide). In Figure 3.1b we have removed one oxygen atom (labeled d 

in Figure 3.1a) from the interface. Note that since there are two interfaces in the 

supercell, we can choose a “symmetric” removal scheme when d is removed on both 

sides and “asymmetric” one when different oxygen atoms are removed. We first discuss 

the asymmetric case. The interface hafnium atom A is bonded to four 4-fold coordinated 

oxygen atoms in hafnia, two bridge oxygen atoms (labeled a  and b ), and to one 2-fold 

interface oxygen atom (labeled c ). A bridge oxygen atom is connected to two hafnium 

atoms and one silicon atom. Thus hafnium A  gives each bridge oxygen atom   of 

electron (one electron total). 4-fould oxygen atoms in hafnia get   of an electron each 
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(two electrons total). If the 2-fold interface oxygen receives one electron from atom A the 

electron counting is satisfied (in other words all bonds are saturated). The same is true for 

hafnium atom B. 

The first supercell consists of 12 layers (22 Å) of silica and 6 layers (15.6 Å) of 

hafnia (12:6 cell).  We relax atomic positions with the conjugate gradient method. Figure 

3.2 shows the interface of Figure 3.1 after the relaxation, it has two 3-fold bridge oxygen 

atoms and one 2-fold interface oxygen atom. We call this interface c-332. HfO2 is not 

truly cubic anymore; we see 7-fold hafnium atoms, as well as 3-fold and 4-fold oxygen 

atoms. This local geometry is similar to that found in monoclinic hafnia. Another 

argument for this is the electronic density of states (DOS). In Figure 3.3 we show the 

density of states projected on the hafnia region of the supercell, the DOS of m-HfO2 is 

shown in the insert for comparison. Note the absence of the characteristic splitting of the 

d states in the bottom of the conduction band. The change in the structure of hafnia also 

causes a distortion in the structure of SiO2. Hafnia expands, and because of its larger 

elastic constants, it does so at the expense of silica. A slight complication comes from the 

fact that C9 is not the lowest energy structure of cristobalite [32]. By changing the size of 

the hafnia-occupied portion of the cell in the direction normal to the interface while 

keeping the lateral dimensions fixed and optimizing all internal coordinates we find that 

for the 12:6 SiO2/HfO2  supercell c 37.59 Å results in a strain free C9 cristobalite. The 

resulting c-332 structure used for the band offset calculations is shown in Figure 3.2. The 

bonding information for the interfacial atoms is given in Table 3.2. 

In addition to the c-332 interface model we have found another metastable 

structure with a notably different bonding arrangement. It is 0.9 eV/cell higher in energy 

than the c-332 structure (this is equivalent to a 535 erg/cm2 difference in the interface 

energy). We start with a “symmetric” removal of oxygen, and repeat the relaxation 

procedure. Again c 37.59 Å results in a strain free silica. However, the interface 

bonding appears quite different. In Figure 3.4 we see one 3-fold oxygen and two 2-fold 
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oxygen atoms, one similar to a two-fold oxygen atom at the c-332 interface, and one in a 

bridging Si-O-Hf position. We label this interface c-322. The bonding information for the 

interfacial atoms is given in Table 3.3. 

Cubic and tetragonal phases of hafnia are thermodynamically stable only at very 

high temperature, and only the monoclinic phase is stable at room temperature. To do a 

more realistic calculation we consider four interfaces with monoclinic hafnia. 

3.3.2 Interfaces with monoclinic hafnia 

When considering high symmetry structures, the simplest way to comply with the 

periodic boundary conditions dictated by supercell geometry is to have both interfaces in 

the cell identical. In the case of a low symmetry structure this severely limits the number 

of possible interfaces one can construct for a given cell size. In the case of monoclinic 

hafnia (m-HfO2) the only interface we are able to construct is m-332. After the relaxation 

it remains m-332. The monoclinic structure of the film didn’t change (the atomic 

positions adjusts by less than 0.01Å). To investigate other possibilities we switch to using 

slab geometry instead. Technically this amounts to adding a vacuum layer on top of HfO2 

and relaxing the atomic positions. A vacuum layer also simplifies the strain relaxation 

procedure (unfortunately VASP do not support the constant pressure dynamics). If the 

system is strained laterally it is now allowed to relax in the normal direction.  

We build three types of interfaces, m-332, m-322, and m-222, as before the 

numeric index refers to the oxygen coordination at the interface. The structures are made 

of 10 layers of silica (18.4 Å) and 8 layers of hafnia (19.3 Å). The thickness of the 

vacuum layer separating hafnia from silica is 11.9 Å, and the overall thickness of the 

simulation cell is 49.60 Å. The (001) SiO2 surface initially Si terminated is saturated with 

hydrogen. The (001) surface of hafnia is free and special care has been takes to keep the 

overall structure insulating. We show this surface structure in Figure 3.5. To match the 

monoclinic hafnia cell to β-cristobalite it has been strained in the following way. As a 
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starting point we use the structure of fully optimized monoclinic HfO2 (space group 

P21/c). The lattice parameters are a 5.01 Å, b 5.12 Å, c 5.17 Å, = 99.41
o
. We 

strain a  and b to match the 5.19 Å of silica (3.6% and 1.4% strain) and relax β and c  to 

minimize the energy, we find = 100.86
o and c 5.08 Å. Repeating these strained m-

HfO2 cells four times along the lattice vector c


 allows a near perfect match to β-

cristobalite, the matching is shown in Figure 3.6. As a result there is no strain (or 

relaxation) in the SiO2 portion of the cell. Hafnia maintained its original monoclinic 

structure almost as well as silica. Three relaxed structures are shown in Figure 3.7. All 

three structures appear to be stable with the exception of m-222 where a minor re-

adjustment occurs in the second hafnia layer. The bonding information for all three 

interfaces is summarized in Table 3.4. Three cells contain the same number of atoms and 

differ only in the interface geometry. The total energy of m-332 is 0.7eV less then m-322 

and 1.5eV less then m-222. So as in the cubic case, we find the larger the number of 

metal-oxygen bonds the lower the interface energy. 

3.3.3 Terminal oxygen at the interface 

Our next interface is shown in Figure 3.8. There is one terminal oxygen atom at 

the interface. The super-cell contains 7 layers of silica and 7 layers of hafnia the total 

thickness of the simulation cell is 29.31 Å. The electron count rule is satisfied, and hafnia 

remains cubic after the relaxation.  In addition to the terminal oxygen, there are two two-

fold coordinated bridging oxygen atoms at the interface, and we call this model c-221. 

The terminal Hf-O bond is 1.74 Å. Bridging oxygen atoms form 1.61 Å long bonds to Si 

and 1.87 Å long bonds to Hf. The Si-O-Hf bond angle is 175.7°.  

To examine the possible effect of the system size we perform calculations with a  

smaller cell comprised of eight layers of silica and five layers of cubic hafnia, and a 

larger one with twelve layers of silica and nine layers of hafnia (both “asymmetric”, 
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hafnia is strained to match silica). The interface relaxes into a c-322 structure with the 

same bonding pattern as a larger cell. 

3.4 Band alignment  

We perform the band alignment analysis using both average potential and site 

projected partial DOS method as discussed in Chapter 2. 

We have three interfaces of silica with cubic hafnia. Unfortunately, in most cases 

the cubic structure of hafnia is distorted and we can not use the value of the average 

potential from the bulk c-HfO2 as a reference. Instead we use the site projected density of 

states method. We find the valence band offsets of 0.9 eV and 0.2 eV for the interfaces c-

332 and c -322, respectively. The offset appears to be governed by the interfacial oxygen 

coordination! As we will show this is a fundamental property of this interface. The c-221 

cell of hafnia, which contains terminal oxygen, maintains its cubic structure and we use 

the reference potential method. The analysis is shown in Figure 3.9 the VBO is -1.9 eV, 

note that the valence band top of hafnia is now below that of silica! 

For the monoclinic structures in slab geometry we again find the VBO of 0.9, 0.2, 

and -0.7 eV for m-332, m-322, and m-222 structures, respectively.  For the m-332 

interface we show the reference potential method results in Figure 3.10 and the site 

projected density of states analysis in Figure 3.11, the close agreement between two 

methods is reassuring. We also perform a calculation for the m-332 structure using 

supercell geometry and still find the offset of 1.0 eV.  The 0.1 eV difference is within the 

typical accuracy of these calculations [33]. Results of our VBO calculations for all 

structures are summarized in Table 3.5. Regardless of the starting phase of hafnia, the 

cell choice, or the calculation set-up (a slab vs. a supercell) the valence band offset is 

about 1.0 eV for structures with highly coordinated interfacial oxygen, very small for the 

intermediate cases and negative for poorly coordinated interfaces.  
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3.4.1 GW corrections 

As we mentioned in the previous chapter a GW correction to the valence band top 

can be significant for a wide band gap material. To explore this possibility we perform a 

GW calculation of bulk monoclinic hafnia and β-cristobalite using the plane-wave code 

ABINIT [34][35] .We use norm conserving pseudopotentials [36]. The k-point mesh for 

primitive β-cristobalite is 4x4x4, while for m-hafnia we use 3x3x3. The calculation is 

performed in three steps. First, we solve the Kohn-Sham equations. Second, using the 

LDA results we calculate the dielectric constant at two different frequencies: zero 

frequency and a frequency close to the plasma frequency. These two frequencies are used 

to calculate the parameters in the plasmon-pole approximation. Next we calculate matrix 

elements of the self energy operator for the conduction and the valence band edge states 

at the Gamma point. The cut-off energies are 50, 10, and 35 Hartree for the Kohn-Sham 

wave functions, the dielectric constant, and self energy calculations, respectively. The 

electronic parts of the zero frequency dielectric constant are 2.19 and 4.90 for silica and 

hafnia, respectively. The energy gaps within the GW approximation are calculated at the 

Gamma point.  The calculated band gap of SiO2 of 8.6 eV is in good agreement with the 

experimental value. The direct band gap of the HfO2 is calculated to be 6.5 eV. Within 

the LDA the fundamental indirect band gap is 0.5eV smaller than the direct band gap. 

Assuming that this is also true for the band structure within the GW approximation, the 

indirect band gap becomes 6.0eV. The VBT of SiO2 moves down by 1.47 eV with respect 

to the LDA value and that of HfO2 moves down by 0.57 eV. Thus, the VBT of HfO2 

moves up by 0.9 eV with respect to that of SiO2 for all our interface structures. In the rest 

of the chapters we use the GW corrected VBOs.  

3.4.2 Interface dipole 

In Figure 3.12 plot band offset as a function of the interfacial oxygen 

coordination. It is clear that as the average coordination of the interface oxygen increases 

the band offset increases and approaches the value which we call the Schottky limit.  To 
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understand this peculiar behavior let us start from the very beginning. (i) Before the 

oxides are brought into contact the band discontinuity is given by the Schottky (i.e. there 

is no dipole) rule. (ii) When the oxides are brought together the charge transfer becomes 

possible, and a correction needs to be added. The top of the valence band in hafnia is at 

higher energy than that in silica before the contact, so the charge transfer would be from 

hafnia to silica. The valence electron density should undergo a smooth transition from the 

hafnia value of 0.476
3

Å

e  (we use the volume of the strained cell) to that in silica (0.324

3
Å

e ) as required by the kinetic energy term in the Hamiltonian. This transfer would result 

in the “depletion” at the hafnia side and “accumulation” at the silica side or in formation 

of a double layer with the field pointing toward silica. In the case of a metal surface 

Smoluchowsky called this effect “spreading” [37]. Alternatively, the interface dipole can 

be seen as associated with the difference in the charge neutrality levels of the two 

insulators [12]. “Locally” the charge transfer may be thought of   in terms of the 

difference in the electro-negativity of metals (1.3 and 1.9 for Hf and Si, respectively) 

which ultimately defines the CNLs. Regardless of the specific model a dipole layer would 

form across the 2-4 Å of the interface (compare with dSiO+dHfO=3.6 Å) and shift the 

Schottky answer. Note that all our interfaces connect silica to hafnia through a common 

oxygen plane! In Figure 3.13 we show the average macroscopic charge density for m-322 

and c-221 structures in the direction normal to the interface. The corresponding average 

bulk electron density is subtracted on both sides of the interface. As expected, hafnia is 

charged positively and silica negatively. Formation of a double layer due to the charge 

“spreading” is the basis of the MIGS theory. Note that the charge density difference 

between silica and hafnia is eight times larger than that between Si and let’s say Al. Thus 

the situation is different and more complicated in the case of oxides. (iii) Interfacial 

oxygen atoms are polarizable and can move in response to the internal field set by the 

double layer! In Figure 3.14 we show the dipole layer (charge density difference) for the 
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m-332 structure before and after oxygen atoms are allowed to relax. Clearly, the dipole is 

reduced after the relaxation. The induced oxygen polarization reduces the internal field in 

the dipole layer caused by the “spreading”, and moves the offset back to the Schottky 

limit. In other words one can think of the problem in terms of first charging a planar 

capacitor and then inserting a “dielectric”, which is of course just a layer of the interfacial 

oxygen. And the dielectric constant of this “dielectric” is a function of the average 

oxygen coordination. Note that this is principally different from interlayers commonly 

used to tune the band alignment at a semiconductor/semiconductor interface via control 

over the Fermi level pinning [38]. 

Approximating the double layer with a plane capacitor we can estimate a 

correction to the Schottky rule. The surface charge density is given simply by: 

2

d
   (3.1)  

where d2  is the thickness of the interface layer (we take Å4.1d ,  approximately the 

distance between two atomic planes),   is a half of the difference between two densities 

or 0.076 electrons/Å3. Then the potential drop across the interfacial layer is: 





0

2

2

d
V   (3.2)  

Here   is the dielectric response of the interfacial layer.  

Instead of calculating Schottky limit as a difference between work-functions, we 

consider dereference between the first two terms in equation (2.25) which in our case is 

1.4eV. This corresponds to 2.9 eV of the VBO. This is not the actual Schottky limit. 

However, it corresponds to the zero interfacial dipole. Thus for the total band offset we 

have:  
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In Figure 3.15a we show the dielectric constant as a function of the oxygen 

coordination backed out from the ab-initio result ( Figure 3.12) using this expression.  It 

varies smoothly form the silica-like to hafnia-like value (4 [39]  and 22 [40], 

respectively) as we go from two-fold to three-fold interface. Considering that the 

electronic component is small (2 for silica [41], and 5 for hafnia[42]) we attribute the 

coordination dependence of the dielectric constant to the lattice polarizability. The latter 

can depend on the local geometry (bonding) either through the vibrational mode 

frequency 
 or through the Born effective charge *~

Z : 
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4 ZZ

MV

elattice  (3.4)  

We assign the dependence to the Born effective charge. Assuming the average   

of 3.5 and fitting the value of 
Z  for 3

average
N  we use a crude approximation 

2
)(

arg




eaveNlattice
Z  and extract the oxygen Born effective charge as a function of its 

average coordination (see Fig. 15b). The values are quite reasonable for example, for the 

2-fold coordinated oxygen in bulk SiO2 Gonze et al. report the Born effective charge 

(spherically averaged) of -1.6[43] , while for the 4-fold coordinated oxygen in cubic and 

tetragonal hafnia Vanderbilt reports Z*=-2.9, with similar values for the monoclinic 

polymorph [44].  

Let us now examine how these results relate to experiment. The study of the 

HfO2-SiO2-Si gate stack was performed by Sayan, Emge, Garfunkel and co-workers 

using a combination of x-ray and inverse photoemission and ab-initio theory [45], and the 

Zr-ZrO2-SiO2-Si system was investigated by Fulton, Lucovsky and Nemanich employing 
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x-ray  and ultraviolet photoemission spectroscopy [46]. From Fig. 5 in Ref. 32 we infer 

the SiO2/HfO2 valence band offset to be between 0.89 and 1.25 eV depending on the 

method of analysis. While Fulton et al. report the SiO2/ZrO2 valence band offset of 0.67

 0.24 eV. Both values are in qualitative agreement with our findings. 

3.5 Conclusions 

In this chapter we discussed a study of the SiO2/HfO2 interface using density 

functional theory. The valence band offset is found to vary between -1.0 eV and 1.8 eV 

depending on the microscopic structure of the interface, and to depend strongly on the 

average coordination of the interface oxygen. The Schottky limit expected to be 

recovered for the fully oxidized interface. We suggest that the correction to the Schottky 

limit has two sources. First, the charge transfer across the interface (“spreading”) lowers 

hafnia states and raises those of silica resulting in a dipolar shift. Second, the subsequent 

polarization of the interfacial oxygen atoms in response to the dipole layer’s field reduces 

the dipolar shift. The final band offset value is mostly determined by the interface layer 

polarizability. A simple empirical model is proposed that relates the band offset to the 

microscopic structure of the interface. Our results agree well with the available 

experiment. Most importantly, they highlight the significance of the SiO2/HfO2 interface 

in the high-k dielectric gate stacks engineering.  Moreover, the coordination of the 

interfacial oxygen is most likely determined during the initial ALD deposition cycle, 

pointing to the importance of the deposition conditions and quality of the starting silica 

surface. It also depends on the thermal budget of the fabrication process that may cause 

re-arrangement of the interface bonds. The lower oxygen coordination results in a smaller 

VBO but a larger conduction band offset. This dependence on the process conditions may 

explain the variation in experimental data. 
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Table 3.1. Lattice constants for bulk hafnia 

 Theoretical Experimental* 
Cubic   
V(Å3) 30.82 32.77 
a(Å) 4.98 5.08 
Tetragonal   
V(Å3) 31.29 34.66 
a(Å) 4.97 5.14 
b(Å) 5.06 5.25 
δx 0.043  
Monoclinic   
V(Å3) 32.67 34.58 
a(Å) 5.013 5.117 
b(Å) 5.117 5.175 
c(Å) 5.175 5.291 
β 99.406º 99.22º 
 
*Reference [28] 
 
 
 

Table 3.2. Interfacial bonding information for the c-332 interface. 

 Si-O-Hf Hf-O-Hf 

Si-O distance (Ǻ) 1.60  

Hf-O distance (Ǻ) 2.42 1.94-1.97 

Angle 91.60º 144.46º 
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Table 3.3. Interfacial bonding information for the c-322 interface. 

 Si-O-Hf 

(2-fold oxygen) 

Si-O-Hf 

(3-fold oxygen) 

Hf-O-Hf 

Si-O distance (Ǻ) 1.61 1.63  

Hf-O distance (Ǻ) 1.93 2.09 1.92-1.94 

Angle  145.55º 117.38º 123.53º 

 

  



36 
 

 

Table 3.4. Bonding information for interfaces monoclinic hafnia 

 Si-O-Hf 

(2-fold oxygen) 

Si-O-Hf 

(3-fold oxygen) 

Hf-O-Hf 

m-332    

Si-O distance (Ǻ)  1.63  

Hf-O distance (Ǻ)  2.12-2.25 1.95 

Angle  100.75º-111.92º 149.53º 

m-322    

Si-O distance (Ǻ) 1.60 1.67  

Hf-O distance (Ǻ) 1.99 2.13-2.22 1.93-2.01 

Angle 129.16° 111.16° 111.16-129.16° 

m-222    

Si-O distance (Ǻ) 1.61-1.68   

Hf-O distance (Ǻ) 1.99-2.12  1.90-2.02 

Angle 98.29º  117.22º 
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Table 3.5. Valence bad offsets for different interfaces. 

SiO2/HfO2 interface  
VBO

 (eV)  

(reference potential method) 
VBO

 (eV) 

 (site projected DOS method)  

c-332  0.9 

c-322  0.2 

c-221 -1.9 -2.1 

m-332 (slab) 0.9 0.8 

m-332 (supercell) 1.0 0.9 

m-322 0.2 0.1 

m-222 -0.7 -0.5 
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Figure 3.1. Un-relaxed atomic structure of the interface between β-cristobalite 

and cubic hafnia. To keep the structure insulating one oxygen atom needs to be removed.  

a) The structure before removing an oxygen atom. b) The structure after removing an 

oxygen atom. 
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3-fold

3-fold

2-fold

 
Figure 3.2. Shows the interface of Figure 3.1 after the relaxation. We find two 3-

fold coordinated bridge oxygen atoms and one 2-fold interface oxygen atom. We call this 

interface c-332. 
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Figure 3.3. The partial density of states (DOS) projected on the d-orbital of 

hafnium in the “bulk” hafnia region of the supercell of the c-332 interface. The d-orbital 

hafnium-projected DOS of bulk m-HfO2 is shown in the insert for comparison. 
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Figure 3.4. The c-322 SiO2/HfO2 interface after the relaxation, the bonding 

information for the interfacial atoms is given in Table 3.3. 
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Figure 3.5. The structure of the relaxed (001) surface of monoclinic hafnia. The 

number of oxygen atoms at the surface is adjusted to insure the slab is stoichiometric and 

the surface insulating. 
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Figure 3.6. A slab model of the interface between monoclinic hafnia and β-

cristobalite. The silica surface is hydrogen terminated. The number of oxygen atoms on 

the free hafnia surface is adjusted to eliminate gap states (same as in Figure 3.5). The 

vacuum layer is 10 Å thick. 
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a) b)
 

 
 
 

c)
 

Figure 3.7. Relaxed structures of the interface between monoclinic hafnia and β-

cristobalite with different coordination of the interfacial oxygen: a) m-332 structure, b) 

m-322 structure and c) m-222 structure. Strictly speaking, the m-222 structure actually 

has one 3-fold oxygen atom but one bond is broken in the second hafnia layer and we 

consider it effectively 222. 
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Figure 3.8. The interface of c-HfO2 with β-cristobalite containing a terminal 

oxygen atom. We call this interface c-221. 
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Figure 3.9. The planar-averaged and macroscopic average (smooth line) 

electrostatic potential for the c-221 SiO2/HfO2 interface (supercell geometry). Using two 

separate bulk calculations we place the valence band top on each side of the interface 

with respect to the average potential, and thus determine the valence band offset of 1.9 

eV. 
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Figure 3.10. The planar-averaged and macroscopic average (smooth line) 

electrostatic potential for the m-332 SiO2/HfO2 interface (slab geometry). Using the same 

method as in Fig. 9 the valence band offset of 0.9 eV is found. A weak electric field can 

be seen in the vacuum region, its contribution to the offset is insignificant and therefore 

neglected. 
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Figure 3.11. The site projected partial density of states method for the band offset 

at the m-332 SiO2/HfO2 interface. The DOS is projected onto p-orbitals of oxygen atoms 

deep in the bulk regions of silica and hafnia. The valence band offset is determined as a 

difference between the edges (determined by tangents at the density’s tail) and is 0.8 eV 

in good agreement with the reference potential method. 
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Figure 3.12. The valence band offset for several structures plotted as a function of 

the average coordination of the interfacial oxygen. Dashed line corresponds to Schottky 

limit recovered for a hypothetical interface with all oxygen 3-fold coordinated. 
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Figure 3.13. The interface dipole for the m-322 and c-221 SiO2/HfO2 interfaces. 

First the average charge density is subtracted from the each side of the interface (0.32 

and 0.48 electrons/Å3 for silica hafnia, respectively). The actual shape of the dipole is 

sensitive to the choice of the interfacial plane which is not clearly defined.  Our choice 

results in the symmetric charge spit. The dipole corresponding to the c-221 interface is 

about twice that for the m-322 interface, resulting in a larger correction to the Shcottky 

limit.   
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Figure 3.14. . The interface dipole for m-332 SiO2/HfO2 interface before and after 

the interface oxygen relaxes. The dipole is larger before the relaxation indicating the 

screening role of oxygen. 
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Figure 3.15. (a) The effective dielectric constant of the SiO2/HfO2 interface as a 

function of the average interfacial oxygen coordination backed out of the ab-initio result 

(shown in Figure 12) using a simple capacitor model (see text). (b) The Born effective 

charge for the interface oxygen as a function of its average coordination based on (a) 

(see text). 
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CHAPTER 4. Effects of the aluminum incorporation at the 

SiO2/HfO2 interface 

The results of the research presented in this chapter have been published in the 

Physical Review: O. Sharia, A. A. Demkov, G. Bersuker, and B. H. Lee, Phys. Rev. B, 

77, 085326 (2008). 

4.1 Introduction 

Among other challenges associated with the integration of these novel gate 

dielectric materials into the standard transistor fabrication process is the requirement to 

identify metal electrodes, which would exhibit the Si band edge work function values 

(matching the ones of the n- and p- type of Si substrate). Owing to inherent instability of 

the metals in contact with hafnia under high temperature processing conditions, the focus 

is shifted towards developing metal gate stack with appropriate effective work functions, 

which would provide required low transistor threshold voltage. This approach includes, 

among other techniques, incorporation of metal ions in the gate stack by means of the ion 

diffusion from the thin capping layer deposited on top of the Hf-based dielectric.  

In this chapter we discuss a theoretical study of the effect of Al incorporation near 

the SiO2/HfO2 interface on the band alignment of the gate stack. We study the relative 

thermodynamic stability of the SiO2/HfO2 system with Al atoms occupying various 

possible types of crystal sites, associated changes in the electronic structure and 

corresponding band alignment. The rest of the chapter is organized as follows. In the next 

section we discuss theoretical models built to describe the interface and provide essential 

computational details. These are followed by the discussion of thermodynamic stability 

and band alignment.  
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4.2 Theoretical model and computation details 

We describe the HfO2/SiO2 oxide stack theoretically using slab geometry, with 24 

Å of vacuum added to eliminate spurious slab/slab interactions. We start with a 

previously studied m-332 vacuum slab structure of the interface constructed from β-

cristobalite (C9) silica and monoclinic hafnia. Since the goal of the present study is to 

consider the effects of doping we double the simulation cell in one lateral direction.  The 

overall size of the simulation cell is therefore 10.4 Åx5.2 Åx53.1Å it contains 122 atoms. 

The thickness of HfO2 layer is 14.9Å and of SiO2 is 14.5Å. To make sure that the cell 

size is adequate we perform one calculation with a 2x2 243 atom cell.  

As we showed in Chapter 3, changing coordination of the interfacial oxygen has a 

strong effect on the band alignment. This suggests that by reducing the oxygen content at 

the interface one might control the offset. One way to achieve this is to introduce a metal 

with lower oxygen coordination. For example, Si prefers four-fold coordination, Hf 

prefers eight-fold, and octahedral Al is in the middle. This so-called aliovalent doping is 

often used in ceramics and is usually described in terms of pseudo-binary alloys e.g., 

(HfO2)1-x(Al2O3)x. Thus we substitute cations (Si and Hf) with Al while maintaining the 

overall stoichiometry of the system. This implies removing one oxygen atom for every 

two Al substitutions. The key element for this strategy is preferential segregation of Al 

towards the interface, which as we shall show is indeed the case. Recently Al has been 

used to passivate oxygen vacancies in hafnia by creating hafnium aluminate [47], our 

strategy is however, strictly interface specific. Note that this is different from having Al 

defects. Consider, for example, substituting Si or Hf with Al without introducing charge-

compensating oxygen vacancies or interstitials. This would generate holes near the Fermi 

level, and since in the actual CMOS device the Si Fermi level is above the maximum of 

the valence bands of both silica and hafnia, the holes (empty levels) would be filled by 

the substrate electrons. Therefore we would have negative charge across the oxide stack. 
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Obviously this would change the overall band alignment while not contributing to the 

dipole at the silica/hafnia interface.  

To create a simple stoichiometric Al doping model, we substitute two silicon 

atoms with aluminum (this generates two holes), and compensate this additional +2 

charge by removing one oxygen atom. After such substitution, the total number of atoms 

in the simulation cell is 121. We refer to this structure as VSi. V denotes that there is an 

oxygen vacancy and the subscript Si that the substitution is in silica. The next step is to 

identify the energetically preferred geometries. We create three versions of the VSi defect, 

which differ in the position of the oxygen vacancy: at the interface with hafnia (VSi, 

Figure 4.1a); in the first layer from the interface (VSi', Figure 4.1b); in the second layer 

from the interface (VSi′′, Figure 4.1c). We have also considered a possible defect, we 

substitute only one silicon atom with aluminum and then position aluminum and oxygen 

atoms interstitially (structure ISi, Figure 4.1d).  We construct one VHf –type defect in 

hafnia with an oxygen vacancy at the interface (Figure 4.2a), and the interface where both 

Si and Hf atoms are replaced with Al while one interfacial oxygen is removed (VSiHf, 

Figure 4.2b). After relaxation, the average distance between aluminum and oxygen atoms 

varies from 1.75Å to 1.85Å compared to 1.86Å to 1.96Å (according to our ab-initio 

calculations) in the bulk γ-Al2O3. The relaxation doesn’t change the interface structure 

dramatically except for the case of VSi′, where it results in the formation of a large 8-ring 

and a small 5-ring on the silica side of the interface. This can be attributed to the removal 

of an oxygen atom from the silica side, which changes the number of atoms in the ring. 

This is not the case for VSi where the oxygen atom is removed from the interface.  

In addition to the interface doping, we also consider Al atoms in the bulk silica 

and hafnia (VSiO2, and VHfO2). We calculate three different configurations of defects in 

silica and two in hafnia. In this study the total number of atoms in the supercell is 95. The 

lowest energy defects are shown in Figure 4.3. In both cases the lowest energy is 

obtained when the oxygen atom, bridging aluminum atoms, is removed. Aluminum atoms 
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move towards each other to minimize the distortion of the structure. In other words, the 

vacancy is in the first coordination sphere of both Al atoms.  

One of the important questions is whether Al atoms located in SiO2 away from the 

interface with hafnia effects the band alignment of these materials. To treat the case of 

non-interfacial doping we consider supercell geometry in order to avoid possible surface 

effects caused by the limited size of the simulation cell. We use a 10.38Åx5.19Åx42.23Å 

supercell with thicknesses of silica and hafnia being 21.8Å and 20.4Å, respectively. In 

the case of the Al atoms in silica, we substitute two Si atoms with two Al atoms and 

create one oxygen vacancy for charge compensation as discussed in the previous 

paragraph. The total number of atoms is 167 that results in a rather time consuming 

calculation. To study Al in hafnia we use a somewhat smaller cell 

(5.19Åx5.19Åx42.23Å).  In the following, we refer to the Al in the bulk structures as 

Vb
SiO2 and Vb

HfO2.   

4.3 Results and discussion 

To study the relative stability of the doping configurations one needs to consider 

specific chemical reactions. When the number of atoms in two models is the same it is 

possible to compare the total energies of two structures. However, when the number of 

atoms is different the stability of the defects depends on the chemical environment, and 

one has to introduce a chemical potential. This procedure is not unique, but as long as it 

is consistent, a meaningful comparison is possible. One of the possible reactions is to 

bring one Al2O3 molecule from bulk Al2O3 into SiO2, substitute two Si atoms with Al and 

remove an oxygen atom. We then assume these two extra silicon and four oxygen (three 

from the A2O3 molecule and the one removed) atoms form two SiO2 molecules in 

equilibrium with bulk SiO2:  

322332 OAlSiOmV EEEEG
Si

  (4.1)  
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For the VSiHf structure we consider the formation of a HfSiO4 molecule. We 

calculate the bulk structure (I41/amd symmetry) of HfSiO4 (hafnon). Our calculated 

lattice constants are a=6.48Å and c=5.91Å which is 1.5% less than the experimental 

values [48]. Si-O distance is 1.63Å and Hf-O distances are 1.13Å and 1.25Å. Table 4.1 

gives the formation energies and the corresponding chemical reactions.  

One may consider another reaction by bringing Al, Hf, Si and O as elements. The 

free energy difference between any two structures then can be written as: 

HfHfAlAlOOSiSitotal NNNNEG    (4.2)  

Where the first term describes the change of energy with respect to m-332 (for example 

332mVtotla
EEE

Si
 ) Al is considered in equilibrium with a metal source, and we use 

equilibrium conditions for (Si, O), and (Hf, O) pairs with bulk SiO2 and HfO2, 

respectively. In Figure 4.4 we plot the formation energies as a function of the oxygen 

chemical potential.  

Both methods give almost the same estimates of relative stability of deferent Al 

complexes. The only discrepancy (of only about 0.2 eV) is the relative stability of ISi vs. 

VSiHf. According to Table 4.1, VSiHf is more stable than ISi while ISi is more stable 

according to Figure 4.4. Three lowest energy structures are VSi, VSi' and VHf, of which VSi 

has the lowest energy and VHf the highest.  This suggests that doping of the silica/hafnia 

stack occurs via the generation of oxygen vacancies at the interface with hafnia 

accompanied by the Al substitution (for Si) in silica in the close proximity of the 

vacancy. Note, that the fact that Al prefers to be close to a vacancy is quite general and 

well known for ceramics. The energy of the vacancy created in the next oxygen layer in 

silica (with respect to the interface) is slightly higher (VSi'). When an oxygen vacancy is 

created in the second layer from the interface by removing an O atom to which Al atoms 

are not connected the energy is very high (VSi''). In other words, a locally stoichiometric 
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aluminum complex is more stable, this can be viewed as Al pairing.  Note that formation 

energies of VSi and VHf are similar. Thus, the important conclusion is that Al substitution 

near the interface is much more preferable thermodynamically than that in the bulk 

region of either oxide. The exception is the interface VSi'' complex that has a very high 

energy. Since the formation energy for any vacancy-containing complex near the 

interface is comparable to the thermal energy at about 1000° C one may expect a 

preferential segregation of Al to the interface. We also observe a slight difference in 

formation energies between doping bulk silica (VSiO2 complex) and bulk-like silica away 

from the interface ((Vb
SiO2). The same is true for doping of hafnia (VHfO2 complex) versus 

bulk-like hafnia (Vb
HfO2). However, the difference is very small and doesn’t change the 

above conclusion.  

The band alignment analysis is performed using the average potential and site 

projected DOS methods. The results of the band offset calculations without GW 

corrections are summarized in Table 4.2. We don’t include the structure VSi'' because it is 

not insulating, and has the same problem as non-stoichometric surfaces. There are 

unoccupied states in the valence band which would be filled, if a substrate or a gate 

electrode is included, thus giving additional band shift. We consider this to be an 

extrinsic effect. All other structures are insulating. As can be seen from Table 4.2 there is 

a big change in the band alignment with respect to m-332 due to the presence of Al. Note 

that the change is always one way -- the valence bend maximum of silica goes up and 

that of hafnia goes down. Th e largest change is 1.8 eV (with respect to the Al-free 

interface) for the VSiHf structure, which is enough for the valence bands of two oxides to 

change order! Importantly, Al atoms away from the interface do not affect the alignment 

as long as the associated vacancy is formed close to Al, which is an energetically 

preferred configuration. 

To ensure that the cell size is adequate we perform one calculation with a 2x2 243 

atom cell for our VSiHf structure. We considered one Al-vacancy complex.  After the 
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relaxation the formation energy for the complex is 2.4eV vs 2.6eV obtained with a 

10.38x5.19x53.05Å3 cell, which is reasonably close. The valence band offset is 1.1 eV, 

thus the difference with respect to m-332 is 0.7eV vs 1.8eV without doubling the cell. In 

other words, reducing the number of Al atoms by the factor of two reduces the effect on 

the valence band offset by the same factor, as expected. This confirms our results 

qualitatively, and puts an upper bound on the energies of the order of 0.2eV. 

Since the VSiHf –structure is so unusual we now discuss the band alignment in 

more details. In Figure 4.5 we show the plane-averaged and macroscopically averaged 

electrostatic potential across the SiO2/HfO2 junction. The calculations of the bulk 

structures of silica and hafnia place the maxima of their valence bands at -4.1 for both 

materials. Thus, there is no valence band discontinuity. We determine the positions of the 

conduction band minima using experimental values for the band gaps, 8.9 eV [49] for 

silica and 5.7 eV[50]  for hafnia. This gives us a -3.2 eV conduction band discontinuity. 

A small electric field can be seen across the vacuum layer in Figure 4.5. Using the 

experimental value for the HfO2 band gap its electron affinity comes out around 2.5 eV 

based on our results. In Figure 4.6 we plot the partial density of states projected onto p-

states of oxygen atoms in each atomic plane (parallel to the interface) as a function of the 

depth across the VSiHf –structure (obviously, partial DOS doesn’t include the GW 

correction). The Fermi level is set to zero energy. In HfO2 there is some ambiguity to 

which layer a given oxygen atom belongs to. For clarity and plotting convenience we 

combine two layers of oxygen atoms in the hafnia side. As can be seen Al bonded states 

extend into bulk for two layers on both sides of the interface (in the graph each panel on 

the hafnia side represents two layers). Also, the relative height of the Al-related peaks in 

hafnia is smaller because the number of oxygen atoms in a layer in hafnia is twice that in 

silica (the relative number of atoms bonded to Al is smaller). The energies of the valence 

band maximum of both silica and hafnia away from the interface converges rapidly to the 

corresponding bulk values, with practically no band bending. In this case, the average 
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potential method agrees well with the PDOS analysis. Note that there are two types of 

oxygen atoms in the interface region, those bonded to Al and those not. To identify the 

band edge we include only those oxygen atoms, which are not bonded to aluminum. The 

density of states corresponding to oxygen atoms bonded to aluminum is shown as a 

dashed line. Note that the “defect” states decay rapidly into the bulk of each oxide. 

In Figure 4.7 we plot the interface band structure for the VSiHf junction. The 

lighter shaded area represents the band structure of bulk silica and darker shaded area that 

of bulk hafnia. The Fermi level is set at zero energy. There are several occupied flat 

bands above the valence band maximum of silica. In order to identify the origin of these 

states in figure 9 we plot the planar averaged charge density for the two highest occupied 

bands (B1 and B2) as a function of z. One can see that band B1 is localized at the interface 

while band B2 is localized mainly at the free SiO2 surface. Other bands in figure 8 located 

above the valence band maximum of silica are also localized at the surface of silica. This 

is in agreement with the partial density of states plot: the highest occupied level is 

derived from the interface which is 0.35 eV above the surface states of silica. The B1 

band was not present in the m-332 structure. It is pinning the Fermi level approximately 

0.5 eV above the maximum of the SiO2 valence band. The charge distribution of B1 is not 

symmetric with respect to the interfacial layer (the position of the interface is defined by 

the position of the oxygen atom connecting two aluminum atoms). This asymmetry 

reflects the charge transfer from hafnia to silica. We calculate the total charge density on 

the left and right of the interface and find that the difference is 0.004 electrons/Å2. There 

are more electrons on the silica side than on the hafnia side. This creates a positive charge 

in hafnia. Using a plane capacitor model the potential drop in the dipole layer is: 

0


d
V   (4.3)  
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Where d is the thickness of the dipole layer, if we take it to be 3Å (the distance between 

Al atoms) that results in a 2.0 eV change in the band alignment vs 1.8 eV in Table 4.2. 

Obviously there is room for speculation for the value of  but within a reasonable range 

it gives a qualitatively correct estimate. 

Qualitatively our ab-intio results can be explained in the following way. In the 

case of non-interacting oxides layers, their band offset is described by the Schottky 

equation (the difference in electron affinities – the so-called Schottky limit). When the 

oxides are brought in contact the charge transfer between the materials takes place 

leading to a dipole formation across the interface. The associated electric field results in a 

correction to the Schottky limit of the band alignment. This dipole is formed by the Si-O-

Hf bridge due to the difference in the electro-negativity between Si and Hf (alternatively 

it can be seen as a result of the difference in electron affinities of two oxides). This dipole 

is then partially screened by the polarization of the interfacial oxygen atoms, which 

minimizes the total dipole effect5. In the relaxed m-332 structure, the substitution of two 

Si with two Al (note that the electro-negativity of Al (1.61) is between that of Si (1.9) and 

Hf (1.3)) and removal of an interfacial oxygen atom reduces the contribution of the 

oxygen polarizability to the screening of the interfacial dipole that results in stronger 

deviation of the band alignment from the Schottky limit. To summarize our argument, the 

Al doping forces the system to reduce its interface oxygen content (one Si needs two 

oxygen atoms but one Al needs only three halves) primarily at the silica/hafnia interface 

resulting in a large interface dipole and a sizable increase of the band offset. 

4.4 Conclusions 

In this chapter we discuss a theoretical study of the effects of Al doping of the 

SiO2/HfO2 heterostructure, and, in particular, on the change in the band alignment caused 

by the interaction between the materials in the presence of Al impurities. Our calculations 

suggest that Al tends to accumulate near the SiO2/HfO2 interface, simultaneously 

d



62 
 

reducing the amount of oxygen in that region. According to the model, this oxygen is 

responsible for screening the interfacial dipoles formed due to the charge transfer 

between the materials with different electronegativity. Thus, higher oxygen deficiency of 

the interfacial region leads to an increase of the effect of the interface dipole on band 

alignment shifting it away from the Schottky limit. We find that Al in the SiO2 layer near 

its interface with HfO2 changes the band discontinuity significantly thus offering a way to 

adjust the overall band alignment in the stack. 
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Table 4.1. The formation energy of different Al doping complexes with respect to 

the bulk γ-Al2O3. 

 

  

Interface Reaction Formation energy (eV) 

VSi Al2O3+m-332→ VSi +2SiO2  0.38 

VSi
’ Al2O3+m-332→ VSi

’+2SiO2 0.54 

VSi
” Al2O3+m-332→ VSi

”+2SiO2 7.60 

ISi Al2O3+m-332→ ISi +SiO2 2.90 

VHf Al2O3+m-332→ VHf +2HfO2 0.84 

VSiHf Al2O3+m-332→ VSiHf +SiHfO4 2.65 

VSiO2 Al2O3+m-332→ VSiO2+2HfO2 4.67 

VHfO2 Al2O3+m-332→ VHfO2+2SiO2 3.24 

Vb
SiO2 Al2O3+m-332→ V

b
SiO2+2HfO2 5.09 

Vb
HfO2 Al2O3+m-332→ V

b
HfO2+2HfO2 3.38 
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Table 4.2. The LDA valence band offset for different Al-containing interface 

structures. 

 

  

Interface Average potential method (eV) Projected density of states method (eV) 

m-332 0.9 0.7 

VSi -0.2 -0.4 

VSi' 0.4 0.2 

ISi 0.2 0.2 

VHf 0.3 0.2 

VSiHf -0.9 -1.0 
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a) b)
 

 

c)
 

d)
 

Figure 4.1. a) The structure of the doped interface with the VSi complex (see text). 

The supercell is doubled with respect to m-332. Two silicon atoms are substituted with 

alumina atoms and one interfacial two-fold oxygen atom is removed while the other 

interfacial oxygen atom remains. The “missing” oxygen atom and bonds are indicated 

with a dashed circle and lines. b) The same as VSi complex, except the interfacial oxygen 

atoms are untouched and one oxygen atom from the next layer of oxygen is removed. 

After the relaxation the total number of oxygen atoms in the second silica layer is only 

three instead of four. c) In this case an oxygen atom from the third silica layer from the 

interface is removed. 
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a)

 

b)

 

Figure 4.2. a) The structure of the doped interface with the VHf complex (see text). 

Two hafnia atoms are substituted with aluminum atoms and a two-fold interfacial oxygen 

atom is removed. b) The structure of the doped interface with the VSiHf complex (see text). 

One hafnium and one silicon atoms are substituted with two aluminum atoms and an 

interfacial oxygen atom is removed. 
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a)

 

b)
 

Figure 4.3. a) The structure of the doped interface with the VSiO2 complex (see 

text). The lowest energy structure of a stoichiometric substitution in the bulk SiO2. Al 

substitutes two silicon atoms, and the oxygen atom bridging to alumina sites is removed 

to create a vacancy.b) The structure of the doped interface with the VHfO2 complex (see 

text). 
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Figure 4.4. The formation energies of different Al doping complexes versus the 

chemical potential of oxygen. 
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Figure 4.5. The plane averaged electrostatic potential for the VSi interface. The 

average values for the potential in the bulk silica and hafnia are used to determine the 

positions of the valence band maxima in silica and hafnia. Experimental band gap values 

are used to place the corresponding conduction band edges. 
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Figure 4.6. The partial density of states site-projected onto oxygen p-state, and 

plotted plane by plane (see text) as a function of depth across the SiO2/HfO2 slab for the 

VSiHf –structure. The dashed lines correspond to oxygen atoms directly bonded to Al. 
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Figure 4.7. The interface band structure for the junction with the VSiHf complex. 
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CHAPTER 5. Stability of HfO2/Rh interface 

The results presented in this chapter have been summarized in two papers entitled 

“Fermi level pinning by defects in HfO2-metal gate stacks” Appl. Phys. Lett. 91, 

132912 (2007) and “How Defects at Metal/Oxide Interfaces modify Band Alignments” 

which has been submitted to the Physical Review B.  

5.1 Introduction 

Until now we have discussed hafnia and its interfaces because of their 

significance in microelectronics, as the continued scaling of Si field effect transistors 

(FETs) leads to the use high dielectric constant (K) oxides such as HfO2 as gate oxides 

instead of SiO2, and the use of metals as gate electrodes instead of polycrystalline Si[51] . 

The gate metals are chosen so that their Fermi levels align to either the conduction band 

or valence band energy of Si, for n-FET or p-FETs, respectively. However, high work 

function metals show an instability in oxygen-deficient conditions, which causes their 

effective work function to shift towards mid-gap [52][53]. It appears to be related to the 

presence of oxygen vacancies in the oxide, which modify the interfacial Schottky barrier 

heights. However, it is unclear why oxygen vacancies are so prevalent, given that their 

formation energy in HfO2 is quite large, of order 6.3 eV [53]. The importance of the 

problem goes beyond microelectronics applications. The adhesion of metal - oxide 

interfaces is of critical importance for many applications, such as catalysis, oxidation-

resistant metals, seals and thermal barrier coatings [54]-[59]. It is known that creating 

interface defects and atomic intermixing will increase the adhesion of such interfaces. In 

catalysis, a de-activation of certain transition metal catalysts, known as the strong metal-

support interaction [60][61], has been attributed to the interaction between the metal 

catalyst and surface defects in the oxide [62][63]. 

This chapter shows that oxygen vacancies are stabilized when created next to a 

metal by the reaction of the removed oxygen with the metal, and by a charge transfer 
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from the vacancy energy level to the metal. This defect is called an extended Frenkel pair 

(EFP). The charged vacancy is also attracted by its image charge to the interface. This 

creates a dipole layer which modifies the Schottky barrier height.  

A recent study of the HfO2/Mo interface found that the presence of Mo allows the 

formation of EFPs with the formation energy of only 1.4eV [33]. This leads to a 

significant density of O vacancies on the HfO2 side of the interface which modifies the 

effective work function of Mo. This suggests that when searching for a suitable gate 

metal, the oxidation enthalpy should also be considered in addition to the work-function. 

In this Chapter, we report a detailed study for Rh which was identified in Ref. [33] as a 

promising p-type gate metal. Rh has a  high work-function, of 5.0 eV and a low value of 

oxidation enthalpy. Thus it is suitable for p-type gate electrodes.  

The Chapter is organized as follows: first we describe theoretical structural 

models for the HfO2/Rh interfaces and discuss their thermodynamic stability and band 

alignment. Next we consider several EFP defects at these interfaces with a vacancy 

placed at different distances from the metal. A simple physical model is proposed to 

explain our results qualitatively. 

5.2 HfO2/Rh interface 

5.2.1 Interface geometries 

For the HfO2/Rh interface, we use monoclinic HfO2. The supercell consists of 

15.47Å of monoclinic hafnia, oxygen-terminated and (100) oriented, and 21.89Å of fcc 

rhodium. The lattice constant of Rh (5.34Å) is about 4% larger than both lateral lattice 

constants of HfO2 (a=5.12Å and b=5.17Å). We compressively strain Rh laterally to 

match hafnia. The Rh slab relaxes normally by 3% to accommodate this compressive 

strain. Overall, the supercell size is 5.12x5.12 x37.39Å3. Note that the a axis of HfO2 is 

not normal to [001] plane, the angle β is 99.4°. Therefore, the two HfO2/Rh interfaces in 
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the supercell are slightly different. Although bond lengths and angles at the two interfaces 

are very similar, the small difference can result in asymmetric relaxation. However, for 

most cases this carouses no problems.  

We consider three different geometries of the HfO2/Rh interface. The O4 interface 

has four interface oxygen atoms per surface cell (Figure 5.1a), structure O3 has three 

oxygen atoms (Figure 5.1b) and structure O2 has two (Figure 5.1c). After relaxation, the 

interfacial oxygen atoms in all three structures are four-fold coordinated, making two 

bonds to Rh and two to Hf. The Rh-O distances range from 1.97 to 2.18Å, and Rh-O-Rh 

angles range from 70 to 83º. These bond lengths are similar to those in the rutile phase of 

RhO2 (2.00 and 2.01 Å Ref. [64]), while bond angles are significantly smaller (compared 

with 103 º and 128 º). 

5.2.2 Interface energy 

The interface energy is estimated using standard thermodynamics [65][66]. The 

Gibbs free energy at zero temperature is given by: 

))()()((
2

1
RhRhRhOOOHfHfHftotal

EnEnEnE
A

   (5.1)  

where  is the interface energy, Etotal is the total energy of the supercell, and A is the 

interface area. The factor 2 accounts for the two interfaces per supercell. 
Hf

E  and 
Rh

E  

are the total energy per atom of metallic Hf and Rh, respectively.  
O

E  is one half of the 

energy of an oxygen molecule, and nHf, nRh, and nO are the numbers of atoms of each 

species.  μHf,  μRh, and  μo are chemical potentials with respect to metallic hafnium, 

rhodium, and oxygen molecule, respectively. We impose constraints on the chemical 

potentials at the interface for equilibrium with the bulk HfO2 and metallic Rh: 
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f

HfOHfO E 22    (5.2)  

and 

0
Rh

  (5.3)  

Here f

HfOE 2  is the formation enthalpy of hafnia (negative). Using these constraints, we 

obtain the surface energy per unit area as function of the oxygen chemical potential: 

))2)(((
2

1
2 RhRhHfOOOHfOHftotal

nEnnEEnE
A

   (5.4)  

To find the upper and lower limits of O, we use the equilibrium condition at the 

interface. Oxygen and hafnium atoms prefer forming HfO2 rather than O2 molecules and 

metallic Hf. This means that chemical potentials of oxygen and hafnium are negative. 

Combining these conditions with equation (2) we obtain: 

0
2

1
2


O

f

HfO
E   (5.5)  

We can narrow the window of the chemical potential even further. Since HfO2 is 

in equilibrium with Rh, we can say that oxygen prefers to form HfO2 rather than RhO2 

and leaving behind residual metallic Hf. Writing this constraint in terms of chemical 

potential gives: 

f

RhOO

f

HfO
EE

22
2

1

2

1
   (5.6)  

In Figure 5.2 we show the formation energies for three structures. For the oxygen 

rich condition O4 is the most stable structure and for the oxygen poor condition O2 is the 

most stable structure. O2 is stoichiometric with respect to HfO2 (there are twice more O 
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than Hf) and as such is independent of the oxygen chemical potential. There is very a 

narrow window when O3 structure becomes stable. 

5.2.3 Band alignment  

The band alignment is calculated using the average potential method (see Figure 

5.3). We find the valence band offsets are 2.1 eV, 2.6 eV and 3.1 eV for O4, O3, and O2 

interfaces, respectively. The O-rich interfaces have smaller VBO or larger (n-type) 

Schottky barriers, or higher effective work functions (EWFs).  

This effect was found previously for all metals by Tse and Robertson [67]. It may be 

understood as follows. The O2 interface is defined as a non-polar face of HfO2, so there 

is no need for a net charge transfer from this face to the metal. Adding extra O2- ions to 

the interface layer, these are not balanced by cations in the oxide, so they can only gain 

electrons from metal atoms in the metal, leaving a O2- - Rh+ dipole across the interface. 

This dipole raises the potential in the oxide, lowers the VBO and increases the EWF. 

5.2.4 Extended Frenkel Pairs 

We now consider how the formation of EFPs affects the thermodynamic stability 

and band offsets at the interfaces. In other words how the oxygen exchange across the 

interface modifies the Schottky barrier. To study this problem, we need to consider 

slightly larger (laterally) cells to eliminate spurious interactions between EFPs. To do so 

we rotate cells by 45º. The new simulation cell vectors are a=b=7.28Å, and the angle 

between them is γ=89.36º (see Figure 5.4).  

For each interface structure, there are several options how to create an EFP defect. 

One can remove oxygen from various places in HfO2 and put it in various places in the 

metal. We first transfer only interfacial oxygen into two different places in Rh. First, an 

oxygen atom is transferred into the Rh layer adjacent to the plane of the interface 

(referred to as a short EFP, Figure 5.5a). Second, the oxygen atom is transferred deeper 
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into the metal (a long EFP, Figure 5.5b). Note that there are two interfaces in each 

simulation cell (due to supercell geometry and periodic boundary conditions). Therefore, 

we must transfer oxygen atoms across both interfaces in a symmetric way. However, 

after optimization of the atomic positions in the case of the short O3 structure, the atoms 

did not relax symmetrically but ended up at different depths in Rh, we ignore this case. In 

all relaxed structures discussed here oxygen atoms in Rh are four-fold coordinated. The 

average Rh-O distances is 1.85Å and the Rh-O-Rh angles range from 89º to 119º. The 

EFP formation energies are summarized in Table I. For O-rich structures the formation 

energy is smaller than for stoichiometric interfaces (2.77 eV for short O4 and 3.38 eV for 

short O2). The formation energy is higher for long EFPs compared to short ones. For a 

long EFP, the Schottky barrier decreases by ~0.3 eV with respect to the initial interface, 

while for a short EFP it has almost no effect. This is easily understood in terms of the 

interface dipole, the long FEP results in a larger charge separation. 

The transfer of oxygen from the bulk HfO2 to Rh in supercell geometry is 

computationally demanding. Vacancies in two symmetric positions must be created (to 

eliminate a spurious electric field), and due to a limited HfO2 thickness these vacancies 

will interact with each other.  Therefore, we use a vacuum slab geometry with 9.7Å of m-

HfO2, 7.4Å of Rh, and 17 Å of vacuum.  One must also eliminate a large field in the 

oxide created by the charge at the interface. When an oxygen vacancy is created in HfO2, 

it leaves behind the +2 charge and causes electron accumulation on the metal side of the 

interface. For a narrow simulation cell, the field and the interface charge are 

overestimated. Therefore, we double the width of the initial 5.12x5.12 Å2 cell to 

10.23x10.23 Å2.  

 Figure 5.6 shows the transfer of oxygen from HfO2 to Rh between the first and 

second metal layers for the O4 interface. The local configuration of oxygen in Rh is 

slightly different from the previously discussed cases. The Rh-O bond lengths are slightly 

longer with an average value of 2.0 Å. The formation energy of the EFP is 3.6 eV (O4 
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slab in Table I), which is almost 1 eV higher than the short EFP. Thus, oxygen atoms in 

the deeper layers of HfO2 are more stable with respect to the formation of EFPs than 

interfacial oxygen atoms. The reason is that oxygen atoms in the interfacial layer do not 

form proper HfO2, but rather a mixed oxide HfRhO. Since the enthalpy of oxidation of 

Rh is lower than that of Hf, interfacial oxygen atoms are easier to remove from such a 

compound than from stoichiometric HfO2.   

Overall for the HfO2/Rh interface we obtain the following results: the 

stoichiometric interface is most stable. Under O-rich conditions, O-rich interfaces can be 

stabilized. The stoichiometric interface is most stable with respect to internal oxidation 

and formation of the EFP defects. The formation energy of short EFP is lower than that 

of a long EFP. However, short the EFP does not significantly affect the band alignment, 

while the long EFP reduces the Schottky barrier by 0.3 eV. 

The energy required to transfer an oxygen atom from the HfO2 bulk (making this a 

long EFP) into Rh is 1eV higher than that to transfer oxygen from the interfacial layer 

which makes O atoms deep HfO2 more stable. Most importantly, Rh appears to be a 

stable p-type electrode for HfO2. 

5.3 Discussion 

These results can be understood in terms of a simple model [68] shown in Figure 5.7. 

The oxygen vacancy is created in the HfO2, and the oxygen is transferred to the metal M 

to form a unit of that metal oxide denoted MOn. The overall reaction is  

OO  +  (1/n)M   =   VO
2+  +  (1/n)MOn  + 2e- (5.7)  

The oxygen vacancy in HfO2 is initially neutral, and it has an energy level in the 

gap about 3.8 eV above its valence band edge containing 2 electrons. These electrons will 

gain energy by falling to the metal Fermi level. Thus, the formation energy is the sum of 

four terms, 
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Eform is the formation energy of the neutral vacancy with respect to molecular O2, 

the zero chemical potential of oxygen. Eox is the free energy of formation of the oxide 

MOn per oxygen atom. The third term is the energy gained by the two electrons falling 

from the V
0 level to the metal Fermi energy, at infinite separation. Vimage is the 

electrostatic contributions to the energy, including the image potential [69][70] between 

the charged vacancy and its negative image in the metal. In the low vacancy density limit 

the image potential energy can be calculated as:  

d

e
V

image


0

2

2
  (5.9)  

Thus, in this limit the induced charges at the interface do not overlap. Here d is the 

distance from the interface to a vacancy with +2 charge and ε is the dielectric constant of 

HfO2 (20 – 25). This term is of order 0.5 eV. If the density of vacancies is very high, so 

the entire surface is uniformly charged, the image charge energy can be calculated as: 


0

22
2 deN

V
image

  (5.10)  

where N is the areal density of vacancies at distance d from the interface.  The third term 

in equation (5.9) will be reduced by the band bending in the oxide due to the other nearby 

charged defects.  

Figure 5.7 and equation (5.8) explain the much reduced formation energy for O 

vacancies in HfO2 when in contact with metals of higher work function. The basic cost of 

the vacancy 6.3 eV is greatly reduced by the oxide formation and the charge transfer. 
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Equation (5.8) also explains the difference in EFP formation energies at O-rich 

and O-poor interfaces. The O-rich interface has a smaller valence band offset, so the 

energy gain is greater, and the formation energy is smaller. This is seen in Table 1. 

It is interesting to understand the chemical trends behind equation (5.8) if 

different metals are used. To do this, we first plot the experimental heats of formation of 

the metal oxide MOn per oxygen atom [71], against the experimental work function of the 

metal M [72], as in Figure 5.8. There is a clear trend. As expected, less reactive metals 

have larger work functions and oxides with lower heats of formation. This means that the 

second and third terms in equation (5.8) oppose each other; the oxide formation energy 

decreases with increasing WF while the energy gain from electron transfer increases. To 

zeroth order, the two terms almost balance.  

We can estimate EEFP using equation (5.8), leaving out the image potential term, 

and the result is plotted in Figure 5.9. We see a rather scattered distribution. This arises as 

follows. Although there is a general trend for larger (negative) oxide formation energies 

for lower work functions in Figure 5.8, the trend is not monotonic. Some elements like Ni 

and Si have more stable oxides than expected from their work functions, other like Rh or 

Cu have less oxides. Those with less stable oxides have the largest EFP formation 

energies in Figure 5.9. 

In the present study, the formation energy of short EFPs at HfO2/Rh is less than 

for those with the vacancy further from the interface because the vacancy breaks weak 

Rh-O bonds as well as strong Hf-O bonds, so it is not to be compared with a bulk 

vacancy. On the other hand, O vacancies can segregate to the Si/HfO2 interface because 

the vacancy can form Hf-Si bonds across the original vacancy, for this case. Again, 

compared to Cho et. al. [73], care must be taken in how energy is assigned, to vacancy 

formation, relaxation etc. The V0 has a small relaxation, but V2+ has a large relaxation. 

Here all our formation energies refer to relaxed vacancies. 
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In p-type FETs in CMOS, we need a gate metal with a high work function of ~5.2 

eV. However, according to equation (5.8) this can lead to creation of charged EFPs, 

which will cause band bending in the oxide and reduce its effective work function. For 

this application, we need to suppress the vacancy formation. This is best achieved by 

choosing a metal with the highest EFP formation energy in Figure 5.9. Note that the EFP 

concentration quenched in at some anneal temperature will depend exponentially on this 

energy, so increases of 0.5 eV are useful. We see that the most useful metals are Rh and 

Ru, those metals with large work functions but whose oxides have a small heat of 

formation. (Pt and Cu also qualify, but they are undesirable for other reasons.) Mo has 

often previously been proposed as a p-type metal, because its (110) face has a large work 

function of 4.9 eV. However, it has a stable oxide, so the EFP formation energy of 1.4 eV 

is too low. 
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Table 5.1. Band alignments and EFP formation energies for structures. 

Structure Eformation (eV) VBO (eV) 

O4  2.1 

O3  2.6 

O2  3.1 

O4-short 2.77 2.1 

O2-short 3.38 3.1 

O4-long 3.81 2.4 

O3-long 3.87 3.0 

O2-long 4.12 3.3 

O4-slab 3.60  
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a)
 

b)
 

c)
 

Figure 5.1. Interface structures for O4 (a), O3 (b), and O2(c) at m-HfO2/Rh. The 

structures differ in the number of oxygen atoms at the interface (four, three, and two). 
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Figure 5.2. The interface energy as function of the oxygen chemical potential. The 

lower limit of the chemical potential is set as a half of the HfO2 formation energy and the 

upper limit is a half of the RhO2 formation energy. 
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Figure 5.3. The plane averaged electrostatic potential for O4 structure in the z 

direction. From a bulk HfO2 calculation we determine the valence band maximum to be 

2.4eV above the average electrostatic potential and use this value to determine the HfO2 

valence band maximum in the supercell. 
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Figure 5.4. Top view of a simulation cell. Initial cell vectors are a′ and b′. We 

choose the new cell vectors a and b along diagonals of the  initial simulation cell. 
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a)
 

b)
 

Figure 5.5. Short (a) and long (b) extended Frenkel pairs for O4 structure. 
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Figure 5.6. A vacuum slab structure of the HfO2/Rh interface. We transfer one 

oxygen atom from HfO2  into Rh. 
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Figure 5.7. Band model of extended oxygen Frenkel pair formation, with charge 

transfer from the vacancy level to the metal. 
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Figure 5.8. Experimental heat of formation of metal oxides per O atom, vs the 

experimental metal work function. 
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Figure 5.9. Calculated net formation energy of EFPs from eqn (8), for various 

metals on HfO2 vs the metal work functions. 
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CHAPTER 6. Oxygen vacancies in the Si/SiO2/HfO2/Rh gate 

stack 

The results presented in this chapter have been summarized in a paper entitled 

“The band alignment and oxygen vacancies across a high-k gate stack”, which will be 

submitted to the Applied Physics Letters. 

6.1 Introduction 

Oxygen vacancies in the gate stack are believed to play an important role in the 

device performance acting as electron or hole traps. The bulk or interfacial charge in 

oxides significantly modifies one of the main device characteristics, the flat band voltage 

(voltage required to make the bands across the stack flat). As we will show in this 

chapter, oxygen vacancies act differently in SiO2 and HfO2. Therefore, it is important to 

know whether oxygen vacancies prefer to be in SiO2 or in HfO2, at least from the 

thermodynamics point of view. 

A comparative study of vacancies in SiO2 and HfO2 was performed by Scopel et. 

al. [74], who concluded that it is easier to create oxygen vacancies in SiO2 than in HfO2. 

However, the formation energy of a charged vacancy depends on the position of the 

Fermi level and thus on the overall band alignment in the stack. More recently, Capron et. 

al. [74] studied oxygen vacancies in the SiO2/HfO2 stack. For the charged vacancies they 

calculate the formation energies as: 

FermiOinitialfinalformation
qEEEEE 

22

1  (6.1)  

Here, Efinal and Einitial are the final and the initial energies of the system, EO2 is the energy 

of an oxygen molecule, q is the charge of the vacancy, and EFermi is the Fermi level of the 

system.  Again, the key weakness of this approach is that one needs to know the Fermi 
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level position to calculate the formation energy, which determines the concentration of 

charged defects, and thus the Fermi energy position. 

To partially address this issue in this work we consider the full stack composed of 

silicon, silica, hafnia, and a metal, so the Fermi level position is defined self-consistently. 

The next step would be to perform this calculation for a different doping levels and 

vacancy concentrations. However, this is clearly outside the computational capabilities at 

present time. We consider the case of a p-type metal gate and dope silicon n-type with 

phosphorus. Since, we explicitly include the metal in our calculation we don’t need to use 

equation (6.1). The equilibration of the Fermi level between the metal and doped Si fixes 

its energy across all insulating layers of the stack. Next we will discuss the geometry of 

the structure, its band alignment, the vacancy formation energies, and their effects on the 

flat band voltage.  

6.2 Interface Geometry 

We construct an atomistic model of the gate stack composed of n-type doped Si, 

SiO2, HfO2, and Rh using slab geometry. The Si/SiO2 interface is modeled as proposed in 

Ref. [76]. SiO2 has the β-cristobalite (C9) structure. Its lattice constant is matched to that 

of Si. The lateral strain of 3.8% is accommodated with the appropriate out-of-plane 

relaxation. In spite of its simplicity, the interface has all three experimentally observed 

oxidation states: O+1, O+2, and O+3.  The dangling bonds at the silicon surface are 

terminated with hydrogen atoms. The interface between SiO2 and HfO2 is similar to m-

332, discussed in Chapter 3. However, in this case we take HfO2 in the (100) direction 

due to better lattice matching. The (100) planes alternate between oxygen and hafnium 

planes. There are four-fold and three-fold coordinated oxygen planes. We choose to have 

a four-fold oxygen plane at the interface.  HfO2/Rh interface is modeled as proposed in 

the pervious chapter. Since our goal is to model a p-type gate stack we need to align the 

Fermi level of Rh to the valence band maximum of Si. We achieve this by carefully 
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choosing the appropriate number of oxygen atoms at the HfO2/Rh interface. The 

thicknesses of Si, SiO2, HfO2, and Rh are 16.64Å, 19.x Å 14.08Å, and 6.36 Å, 

respectively. It is important to note that this thickness of Si doesn’t result in the quantum 

confinement. We dope silicon with phosphorus. The concentration of phosphorus is 

5.4x10-20cm-3, a realistic value for high performance devices. On top we place 10Å of 

vacuum. The lateral size of the cells is 10.78x10.78Å2.The structure is shown in Figure 

6.1. 

6.3 Band alignment 

We study the band alignment in the stack using the average potential method. We 

also include the GW correction as discussed in Chapter 3. The GW correction for the top 

of the valence band of the Si is -0.2 eV. We didn’t perform a GW calculation for Rh, 

usually for metals the correction is negligible [77][78]. In Figure 6.2 we show the band 

alignment across the Si/SiO2/HfO2 stack before we dope Si and add Rh. The valence 

band offset between Si and SiO2 is 4.1 eV, between SiO2 and HfO2 is 1.7 eV, which 

results in 2.4eV VBO between HfO2 and Si. After we add rhodium and dope silicon with 

phosphorus we see approximately 1.2 eV potential drop across SiO2 (See Figure 6.3). 

This potential drop in SiO2 equals to the flat band voltage. In other words, one needs to 

apply 1.2 eV voltage to the gate to make the SiO2 band flat. Since, the dielectric constant 

of HfO2 is much higher than that of SiO2 we don’t see a potential change in the HfO2 

region. The potential drop in hafnia would be noticeable if its thickness were much larger 

than the thickness of silica. The valence band offset between HfO2 and Rh is 2.1 eV. 

Using the 4.1 eV value for the valence band offset between Si and SiO2, we find that the 

Fermi level is 0.9 eV above the valence band maximum of the SiO2. Thus, the impurity 

levels created by phosphorus are 0.2eV below the conduction band of Si.  
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6.4 Oxygen Vacancies 

Modeling a realistic gate stack is associated with additional problems and one 

needs to choose simulation parameters rather judiciously in order to avoid them. If there 

is no charge in the bulk oxides and at the SiO2/HfO2 interface, the potential drop in the 

oxide layer is determined by the charge accumulated at the Si/SiO2 and HfO2/Rh 

interfaces. This charge is related to the flat band voltage and the equivalent oxide 

thickness: 

A
t

V
Q

eq

SiOFB 20
  (6.2)  

A is the area of a computational cell. Q is the chare per computational cell at the Si/SiO2 

interface. 
2SiO

  is the dielectric constant of SiO2. For the p-type metal the charge at the 

Si/SiO2 interface it is positive and at the HfO2/Rh interface it is negative. We the effective 

thickness t is: 

dt
ox

SiO




2  (6.3)  

where εox and d are the dielectric constant and d of the oxide. the dielectric region at z. 

When we introduce a vacancy into the stack, if the vacancy state is above the Fermi level, 

electrons will transfer into Si and Rh if they are sufficiently close for tunneling. If t1 and 

t2 are the equivalent thicknesses from the vacancy position to the Si/SiO2 and HfO2/Rh 

interfaces, the charge transfer to the interfaces are: 

ox
t

t
eQ 2

1
2  (6.4)  

and 
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ox
t

t
eQ 1

2
2  (6.5)  

As one can see from equation (6.2) the charge depends on the area of a computational 

cell. Since the lateral size of our computational cell is limited, electrons transferred to the 

Si/SiO2 interface can exceed the initial positive charge at the interface and invert the flat 

band voltage. In some cases, the charge accumulated at the interface can lower the 

vacancy level below the Fermi level and partially fill the gap states. Obviously, such a 

large change of the flat band voltage is not physical and its consequences are not realistic.  

From equation (6.4) it is clear if we don’t want to transfer too many electrons into the 

Si/SiO2 interface we need to consider a vacancy in HfO2 close to the HfO2/Rh interface. 

 The vacancy position in HfO2 is shown in the Figure 6.1. Similarly, we consider 

an oxygen vacancy in the middle of SiO2. Their formation energies are 6.56 and 6.69eV 

in hafnia and silica, respectively. This means that it is easier to create vacancy in HfO2 

than in SiO2. However, our vacancy formation energy in SiO2 is overestimated. In a real 

device SiO2 has the amorphous structure.  The vacancy formation energy depends on the 

local atomic structure which varies significantly. The average vacancy formation energy 

in amorphous silica is 5.71eV [79], approximately 1eV lower than what we calculate for 

β-cristobalite. The calculations in Ref [79] were performed with the same VASP code. 

We also calculate the formation energy of an O vacancy in the bulk β-cristobalite and 

found to be exactly the same as in the stack. Therefore, we argue that for the amorphous 

SiO2 the formation energy in the gate stack would be 5.71eV, 1eV lower than that of 

HfO2. 

To calculate the effects of an oxygen vacancy on the band alignment in Figure 6.4 

we plot the plane averaged electrostatic potential in the SiO2 region for the vacancy in 

HfO2. We do not observe any change in the electrostatic potential in the HfO2 region. The 

flat band voltage changed approximately by 0.5eV. This means that oxygen vacancies 
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create the positive charge in the oxide which degrades the device. The situation is 

completely different when a vacancy is created in SiO2. We don’t observe any change in 

the average potential after creating a vacancy. Thus, the vacancy in SiO2 is neutral.  

Our discussion above is based on only one scenario of the band alignment. 

However, from these results we can make the conclusions when the band alignment 

across the stack is different. Experimentally there are different reports of the band 

alignments. Sayan et. al. [45] reported 3.0eV of the valence band offset between Si and 

HfO2, while more recently Widiez et. al [80] measured 2.5eV. Obviously the result 

depends on the experimental conditions. Our value for the Si/HfO2 band offset is 2.4eV 

(note that in our case in the flat band condition the VBT of Rh is slightly below than VBT 

of Si). If the Si/HfO2 band offset is increased, the vacancy formation energy also will 

increase as we saw it in Chapter 5 for HfO2/Rh case. The reason is that the system will 

loose more energy by moving two electrons from VBT of hafnia to the Fermi level. 

Therefore, for the both experimentally reported band alignments we still expect the 

vacancy formation energy in SiO2 to be lower than in HfO2.  

6.5 Conclusions 

In this chapter we report a study of the band alignment and the vacancy formation 

across the p-type Si/SiO2/HfO2/Rh gate stack. We obtain 4.1eV of the valence band offset 

between Si and SiO2 which is in good agreement with the experimental value [81] for a 

thin SiO2 layer. We find that the vacancy in SiO2 has no effect on the band alignment. 

However, in the HfO2 it creates positive charge in the oxide and reduces the flat band 

voltage. The neutral vacancy formation energy in β-cristobalite SiO2 is approximately the 

same as the charged vacancy formation energy in the HfO2. However, this value is 1eV 

higher than the average formation energy of a neutral vacancy in amorphous silica. 

Therefore, there is the thermodynamic driving force for oxygen atom to migrate from 

SiO2 to HfO2 and occupy its vacancy sites. 



98 
 

  

 

Si SiO2 HfO2 Rh

P O vacancy

 

Figure 6.1. The atomistic structure of the gate stack composed of phosphorus 

doped Si, SiO2, HfO2, and Rh 



99 
 

Distance (Å)

E
n

er
g

y
 (

eV
)

SiO2 HfO2Si

4.1 eV

1.7 eV

 
Figure 6.2. The band alignment across the Si/SiO2/HfO2 stack. The VBO between 

Si and HfO2 is 2.4 eV. 
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Figure 6.3. After doping Si and adding the metal we observe 1.2 eV the voltage 

drop in SiO2. 
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Figure 6.4. The potential drop in SiO2 became 0.5 eV smaller after we introduce 

an O  vacancy in HfO2. 
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