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Abstract  

Due to continued transistor scaling, work function tuning of metal gates has 

become important for advanced CMOS applications. Specifically, this research has been 

undertaken to discover the tuning of the MoxSiyNz gate work function through the 

incorporation of nitrogen. Metal Oxide Semiconductor (MOS) capacitors were fabricated 

using thermal SiO2 as gate oxide on lightly doped p-type Si wafer. A molybdenum 

silicide (MoSi2) target was reactively sputtered at 10mTorr in presence of N2 and Ar. The 

gas flow ratio, RN = N2/ (N2+Ar), was adjusted to vary the nitrogen concentration in 

MoSiN films. The gate work function (Фm) was extracted from capacitance-voltage (CV) 

measurements using the VFB-tox method. Interfacial barrier heights were measured using 

internal photoemission (IPE) as an independent confirmation of the MoSiN gate work 

function. The work function was found to decrease linearly (from ~4.7eV to ~4.4eV) for 

increasing gas flow ratios (from 10% to 40%). Secondary ion mass spectrometry (SIMS) 

depth profiles suggested that the nitrogen concentration was relatively uniform 

throughout the film. X-Ray Photoelectron Spectroscopy (XPS) surface analysis showed a 

steady increase in the total nitrogen concentration (from ~20% to 32%) in these films as 

gas flow ratio was increased. These data suggests that the increase in nitrogen 

concentration in MoSiN films corresponds directly with the lowering of MoSiN work 

function. These results clearly demonstrate that the work function of MoxSiyNz can be 

varied ~0.3 eV by adjusting the nitrogen concentration. 
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Chapter 1   Introduction 

1.1  Background 

Aggressive reduction of transistor dimensions has revealed short-channel effects 

in the conventional poly-silicon (poly-Si) gated complementary metal-oxide-

semiconductor (CMOS) devices. The conventional poly-Si gate is known to suffer from 

short-channel effects such as poly depletion, high gate resistance and dopant penetration. 

New electrode materials, including metal gates (in particular), are being researched to 

replace the traditional poly-Si gate for the next generation of CMOS devices [1].   

1.2  Metal Gate Technology 

To circumvent the above mentioned problems, poly-Si gate needs to be replaced 

with appropriate metal gates that not only eliminate gate depletion and boron penetration 

problems, but also reduces gate sheet resistance. However, the candidate metal gate 

materials are required to satisfy several requirements (discussed in the following section) 

and overcome process integration challenges before they are considered viable for the 

advanced CMOS devices.  

1.2.1  Compatibility with Standard Fabrication Process 

The selection criterion ensures that advanced gate CMOS devices can still be 

fabricated using the conventional CMOS processing standards and tools. It is also 

important that these materials are compatible with the conventional thin-film deposition 
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(including DC and RF sputtering, thermal evaporation or chemical vapour deposition 

(CVD)) and reactive ion etching (RIE) techniques. 

1.2.2  Gate Sheet Resistance  

The ITRS 2007 report specified that the maximum allowable sheet resistance (Rs) 

for a metal gate must be ≤ 26 µΩ·cm before any heat treatment or annealing. Thus, the 

potential gate material must be highly conductive and have a very high melting point to 

withstand the high temperature processing commonly used for CMOS fabrication. 

1.2.3  Metal Work Function 

The metal work function is conventionally defined as the energy required to 

remove an electron from the metal fermi level into vacuum.  Implicitly, the metal work 

function is characteristics property of a metal. Moreover, any structural and/or chemical 

changes in the material will affect the work function [2]. 

In addition to the above requirements, the selection of potential materials for a 

viable metal gate technology is constrained by the need of precise work functions within 

 0.2 eV of the conduction band edge (5 eV) and valence band edge (4 eV) for p-type and 

n-type si based MOS devices to minimize threshold voltage swings [3].  

Intuitively, the use of two different metals for PMOS and NMOS devices may 

require complicated selective deposition and etching process for integration onto the 

same silicon substrate. Another approach is to employ a single metal with mid-gap work 

function (~ 4.5 eV). The ability to tune the work function, by modulating the structural 
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and/or chemical properties, of a single metal gate electrode over the desired range for 

both n-type and p-type MOS devices is preferable.   

1.3  Potential Candidates 

The general requirements described above already limit the candidate materials to 

some elements of the IV-B transition metals group, e.g. W, Ti, Ta, Mo, Ru and their 

metallic derivatives, e.g. WN, TiN, TaN, MoN, TaSiN, and MoSiN. These transition 

metals are known to possess some desirable properties such as mid-gap work function, 

high melting point, low resistivity and thermal stability at high temperatures.  

The work function tuning of Mo based gates has been successfully implemented 

using various techniques including alloying [4], metal inter-diffusion [5], dopant 

implantation [6], sillicidation [7] and nitridation [8, 9]. However, unpredictable variations 

in the gate work function in some of these devices necessitate the use of a more reliable 

and consistent process for depositing and work function tuning of Mo-based metal gate 

electrode. 

1.3.1  MoSiN as the metal gate electrode 

Reid [10]
 
reported using reactively sputtered MoSiN films as a diffusion barrier for 

Aluminum interconnects. These films were found to have good thermal stability on SiO2. 

Recently, Zhao [11] investigated work function tuning of reactively sputtered MoSiN 

metal gate electrode. The MoSiN work function was found to exhibit a dependence on N2 

partial pressure, resultant Mo/Si/N ratio and subsequent thermal processing.  
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1.4  Aim of the Research Project:  

The reactively sputtered MoxSiyNz (MoSiN) is an attractive candidate for a single 

metal, dual work function technology provided that a desirable, stable and predictable 

work function shift can be achieved.  

The primary goal of this project is to investigate the work function tuning of 

reactively sputtered MoxSiyNz gate electrode, integrated with SiO2 dielectric films, for 

advanced CMOS technology. In the present study, the MoSiN work function is altered by 

incorporating nitrogen into these films. The amount of nitrogen in the reactively sputtered 

MoSiN films is varied by controlling the gate deposition conditions.  

1.5  Outline 

The remainder of this thesis is divided into several chapters as follows. In Chapter 

2, the relevant theories for MOS capacitor physics and electrical characterization 

techniques including the high frequency capacitance voltage (HFCV) and internal 

photoemission (IPE), adopted for characterizing MOS capacitors, are presented.  

In Chapter 3, a detailed description of the fabrication process and the 

experimental conditions for fabricating the MoSiN gate MOS capacitors is presented. The 

MoSiN gate deposition is carried out by reactively sputtering a MoSi2 metallic target in a 

mixture of nitrogen and argon plasma.  The nitrogen partial pressure, in the sputtering gas 

mixture (N2/ (N2 + Ar)), is varied to alter the electrical and structural properties of the 

reactively sputtered MoSiN films.  
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The experimental apparatus and measurement setup for the electrical 

characterization techniques, including the high frequency capacitance voltage (HFCV) 

and internal photoemission (IPE), are described in chapter 4.  

Chapter 5 focuses on electrical characterization results obtained from the MoSiN 

gate MOS capacitors. The electrical characterization techniques including high frequency 

capacitance-voltage (HFCV) and internal photoemission (IPE) measurements are used to 

extract the effective work function ( eff) of MoSiN.  

Chapter 6 includes the basic principle, instrumentation and characterization results 

obtained from X-ray Photoelectron Spectroscopy (XPS) surface analysis and Secondary 

Ion Mass Spectrometry (SIMS) depth profiling analysis. These material characterization 

techniques are used to analyse the physical and chemical structure of reactively sputtered 

MoSiN blanket films. The final chapter includes a brief summary, conclusions and 

suggested future work for this research project. 
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Chapter 2   MOS Capacitor and Measurement 

Theory 

2.1  Introduction 

The metal-oxide-semiconductor (MOS) capacitor is a simple, yet, a very powerful 

test structure, used for investigating the electrical properties of the Metal-Oxide-Silicon 

Field Effect Transistor (MOSFET). A number of publications, including those by 

Nicollian and Brews [12], S. M. Sze [13] and Taur and Ning [14], have been used as a 

reference by researchers to study and understand the MOS device physics.   

This chapter briefly reviews the basics of MOS capacitor theory and its three 

different regions of operation namely accumulation, depletion and inversion. The high 

frequency capacitance-voltage (HFCV) measurement technique is used for understanding 

the capacitance-voltage characteristics of an MOS capacitor. The CV measurement 

results also offer vital information regarding some of the very important MOS device 

characterization parameters.  

A brief introduction of the internal photoemission (IPE) and its application for 

barrier height extraction is discussed. The effect of the image force and the applied bias 

on the energy barrier ( b) between the metal fermi level and the oxide conduction band is 

presented. The procedure for extracting the effective barrier height ( beff) from the 

incident photon flux density and the quantum yield is also discussed in detail. The work 

function of the metal gate ( m) is computed from the extracted value of the effective 

barrier height ( beff). 
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2.2  Parallel Plate capacitor 

A conventional parallel plate capacitor, with two conducting metallic plates 

separated by an insulating layer of thickness (d), is schematically illustrated in Figure 

2-1. When a positive voltage (Vg) is applied to the upper electrode and the lower 

electrode is grounded, an accumulation of a uniformly distributed charge +Q on the upper 

plate and a matching negative charge –Q on the lower plate results in a parallel plate 

capacitance (C) given by the expression below [15]:  

,
d

Aεε
=C

or
              (2.1) 

where r  is the relative dielectric permittivity, o (= 8.854 × 10
-14

 F/cm) is the permittivity 

of free space, A is the area of the electrodes and d is the dielectric thickness.  

 

Figure 2-1: The schematic diagram of a parallel plate capacitor. 

2.3  MOS capacitor 

The metal-oxide-semiconductor (MOS) structure is analogous to a parallel plate 

capacitor with a thin dielectric film sandwiched between a metal and a semiconductor 

electrode. Unlike metals, a semiconductor has a limited supply of charge carriers. When a 

voltage is applied across the MOS structure, a capacitance arises due to the charge 
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distribution in the semiconductor. The MOS capacitance (the ratio of charge in the 

semiconductor at a given bias) is a key characterization parameter for a MOS capacitor.  

The metal oxide semiconductor (MOS) capacitor is a basic test structure used for 

the electrical characterization of the MOS system. The popularity of the MOS capacitor is 

due to its simple structure, simple fabrication, simple analysis, its similarity to the 

MOSFET structure and easy integration into the current technology [12].  

In the present study, the MOS capacitor is used to monitor as well as control the 

electrical properties of the MoSiN gate (discussed in Chapter 1) based MOS system. For 

this research, the silicon dioxide (SiO2), with an energy band gap of ~9 eV, was used as 

the gate dielectric. A p-type silicon wafer, with a low doping concentration Na = 1.5 × 

10
15

 cm
-3

, was used as the substrate. Hence, the theoretical discussions within this chapter 

are based upon a p-type silicon MOS capacitor. The fabrication process for the MOS 

capacitor is discussed in Chapter 3. The cross-section and the energy band diagram of a 

MOS capacitor [12] are shown in Figure 2-2.  

 

Figure 2-2: The cross-section and the energy band diagram of a MOS capacitor with 

a p-type silicon substrate [12]. 

http://en.wikipedia.org/wiki/Silicon_dioxide
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Silicon
http://en.wikipedia.org/wiki/Silicon
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2.4  High Frequency Capacitance-Voltage Method 

The capacitance-voltage (CV) method measures the MOS capacitance, arising due 

to charge variation in the silicon substrate, as a function of the applied gate bias [16]. As 

the gate voltage (Vg) is varied, the MOS capacitor operates in three distinct regions: 

accumulation, depletion, and inversion. A typical high frequency capacitance-voltage 

(HFCV) curve for a MOS capacitor, with a p-type substrate, is shown in Figure 2-3.  

C
MOS

 =  C
ox

. C
d

C
ox

+ C
d

C
MOS

 =  C
min

InversionDepletion

C
MOS

 =  C
ox

 

 

C
a

p
a

c
it

a
n

c
e

 (
fa

ra
d

s
)

Gate Voltage (volts)

Accumulation

C
FB

 

Flat Band 

capacitance

V
FB 

Flat Band 

Voltage

 

Figure 2-3: The measured high frequency capacitance-voltage (HFCV) curve of a 

MOS capacitor on a p-type silicon substrate. The three distinct regions of operation: 

accumulation, depletion and inversion are also shown. 

The high frequency capacitance-voltage (HFCV) measurement is carried out by 

super-imposing a small (~30mV) AC signal at a high frequency (typically, 100 kHz or 1 

MHz) on a DC gate bias sweep [12]. The backside of the silicon substrate is used as the 
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other electrical contact required for the CV measurement. The details of the HFCV 

measurement setup are described in section 4.3.1. 

2.4.1  Accumulation 

For a negative gate bias (Vg < 0), the negative charge on the gate electrode attracts 

positive charge from the substrate resulting in an accumulation of majority carriers (holes 

in this case) at the oxide-semiconductor interface. The MOS capacitance (in 

accumulation) is only affected by the potential variation in the oxide and is equal to the 

oxide capacitance. The oxide capacitance or the maximum capacitance (Cmax) is [13] 

,
t

Aεε
=C=C=C

ox

oxo

oxmaxMOS              (2.2) 

where o is permittivity of free space, ox is the relative dielectric permittivity ( ox = 3.9 

for SiO2), A is the area of the gate electrode and tox is the gate oxide thickness. 

2.4.2  Depletion 

When a small positive voltage (Vg > 0) is applied to the gate, the silicon surface 

(close to the oxide/semiconductor interface) is depleted of its majority carriers i.e. holes. 

As a result, the positive charge on the gate is balanced by a negative charge (due to the 

ionized acceptor ions) in the silicon depletion layer.  If the gate bias increases, the width 

of the depletion layer (Wd) also increases to balance the charge on both electrodes. The 

depletion capacitance (Cd) is related to the depletion width (Wd) by [12]  

,
W

ε
=C

d

si

d           (2.3) 
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where si (= 11.9) is the relative permittivity of the silicon. As shown in Figure 2-3, the 

MOS capacitance in depletion (Cdep) is the series combination of the oxide capacitance 

(Cox) and the depletion capacitance (Cd)and is expressed as [12] 

,
C+C

C.C
=C=C

dox

dox

depMOS             (2.4) 

The depletion capacitance (from equation 2.3) and the total MOS capacitance (from 

equation 2.4) decrease as the depletion layer width (Wd) increases.  

2.4.3  Inversion 

A very large negative gate voltage (Vg >> 0) will attract a high concentration of 

minority carriers towards the oxide/semiconductor interface. The silicon surface is said to 

be “inverted” (relative to the bulk p-type silicon) when the minority carrier concentration 

is greater than or equal to the majority carrier concentration. Any further increase in the 

gate bias only draws more minority carriers towards the silicon surface, pinning the 

depletion layer width to its maximum value, Wdmax. 

The negative charge in the silicon comprises of both the ionized immobile 

acceptor ions and thermally generated mobile minority carriers. The relationship between 

the minimum depletion capacitance (Cd,min) in inversion and the maximum depletion 

width (Wdmax) is given by the following equation [12]: 

,
W

Aεε
=C

maxd

sio

min,d            (2.5) 

where, the maximum depletion width is expressed as: 
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,
qN

ψεε2
=W

a

ssio

maxd              (2.6) 

o is the free space permittivity, si (=11.9) is the relative permittivity of the silicon, s is 

the band bending or the surface potential of silicon, q is the charge constant and Na is the 

(uniform) acceptor doping concentration within the depletion region. It should be noted 

that strong inversion is defined to begin at a surface potential [13], 

,ψ2=)inversion(ψ Bs                        (2.7) 

The bulk potential ( B) of silicon is related to the doping concentration (Na) by 

,
N

N
ln

q

kT
=ψ

i

a

B             (2.8) 

where k is the Boltzmann‟s constant, T is temperature, Ni is the intrinsic carrier 

concentration at room temperature (~ 1×10
10

 for silicon [13]).  

For a high frequency CV measurement, the minority carrier generation does not 

follow the rapidly varying AC gate bias and hence, the minority carriers do not contribute 

to the total MOS capacitance. However, the majority carriers respond instantaneously to 

the AC variations in the gate bias by flowing in and out of the depletion layer edge.  

The depletion layer width does not increase with the DC gate bias due to the 

presence of the inversion charge at the oxide/silicon interface. Hence, the depletion layer 

gets pinned to its maximum width (Wdmax) resulting in a minimum depletion capacitance 

(Cd,min). Since the inversion charge contributes no capacitance, the total capacitance in the 

inversion regime is a measure of the oxide capacitance (Cox) and the minimum depletion 

capacitance (Cd,min) in series. The MOS capacitance in inversion is minimised (Cmin) and 

is given by [13]: 
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,
C+C

CC
=C=C

min,dox

min,dox

minMOS        (2.9) 

2.5  Extraction of MOS Device Parameters from HFCV  

The high frequency capacitance-voltage (HFCV) measurement is a very powerful 

electrical characterization tool. The CV measurement results can be used to extract 

various MOS device parameters including oxide thickness (tox), oxide charge, substrate 

doping concentration (Na), flat-band voltage (VFB), and work function difference ( ms). 

In this section, a brief discussion on the procedure for extracting each of these important 

characterization parameters is presented. 

2.5.1  Oxide Thickness (tox) 

For a SiO2/Si system, the oxide capacitance Cox measured in the accumulation 

regime (equation 2.2) and the gate area can be used to calculate the gate oxide thickness 

(tox) of a MOS capacitor. In section 3.3.1, other methods for the characterization of the 

gate oxide thickness are discussed.  

2.5.2  Doping Concentration (Na) of the Silicon Substrate 

The maximum-minimum capacitance method [12] can be used to determine the 

doping concentration (Na) of a uniformly doped silicon substrate. The value of maximum 

capacitance, Cmax, (measured in accumulation), and the minimum capacitance, Cmin, 

(measured in strong inversion) are obtained from a HFCV curve. A relationship between 
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the minimum capacitance (Cmin) and the maximum depletion width (Wdmax) can be 

derived by simplifying the equations 2.2 through 2.9 [13] and is given by:  

,

qN

ψεε2

ε

ε
+t

ε
=

W
ε

ε
+t

ε
=C

a

ssio

si

o

ox

o

maxd

si

o

ox

o

min     (2.10) 

The average doping concentration (Na) can be calculated by iterating the above 

expression, with the help of MATLab or any other programming software, over an 

expected range of doping concentration.  

The interface traps may have no influence in this measurement for capacitance 

values measured in strong accumulation or strong inversion. Moreover, this method is 

fairly accurate for extracting an average doping concentration value from the maximum 

depletion width (in inversion regime) of a uniformly doped substrate.  

2.5.3  Flat-band Voltage (VFB) 

The flat band capacitance (CFB), as labelled on the CV curve in Figure 2.3, is the 

point where the energy bands in the silicon are flat i.e. the surface potential ( s) in silicon 

substrate is zero. The flat-band voltage (VFB) is a gate bias (applied externally) to achieve 

the flat-band condition by balancing out the metal-semiconductor work function 

difference ( ms) (discussed in section 2.5.4) and any charge present within the oxide  

(discussed in section 2.5.5). The flat band voltage is given by [12] 

( ) ,
C

Q
+Φ-Φ=

C

Q
+Φ=V

ox

ox

sm

ox

ox

msFB     (2.11) 
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Cox is the oxide capacitance, m is the work function of the metal gate, s is the work 

function of the silicon and Qox is the total oxide charge density present within the oxide 

and at the oxide/semiconductor interface. 

The flatband capacitance (CFB) method can be used to determine the flatband 

voltage (VFB). For a uniform doping, the silicon flatband capacitance (CFBS) is [12] 

,
λ

ε
=C

p

s

FBS           (2.12) 

where s (= 11.7) is the permittivity of silicon and p is the extrinsic Debye length in 

silicon. The extrinsic Debye length ( p  is the typical distance needed for screening the 

effect of  the majority carriers present in the silicon substrate and is related to the uniform 

doping concentration (Na) by [12]  

,
Nq

Τkε
=λ

a

2

s

p          (2.13) 

where kT is the thermal energy at room temperature and q is the electron charge. The 

high frequency flatband capacitance can be calculated from the oxide capacitance (Cox) 

and the silicon flatband capacitance (CFBS) shown below [12]: 

,
C+C

CC
=C

oxFBS

oxFBS

FB                   (2.14) 

The flatband capacitance (CFB) is used to locate the flatband condition and the value of 

the flatband voltage (VFB) on the HFCV curve. 
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2.5.4  Work Function of metal and silicon substrate 

For an MOS capacitor, the work function difference ( ms) between the metal gate 

and the p-type silicon substrate is given by 

,Φ-Φ=Φ smms          (2.15) 

where m is the work function of the metal gate and s is the work function of the 

silicon. The energy band diagrams of a metal and a p-type silicon substrate are shown in 

Figure 2-4.  

 

Figure 2-4: The energy band diagram illustrating the work function of metal ( m), 

the work function of p-type silicon ( s) and the electron affinities of SiO2 ( i) and 

silicon ( si) substrate are shown with reference to the vacuum level. [13] 

The work function of a material ( ) is defined as the energy required to extract an 

electron from the Fermi energy to the vacuum level. The vacuum level is usually used as 

a reference point and defined as the energy possessed by an electron when isolated from 

an atom. The electron affinity is defined as the amount of energy required to remove an 
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electron from the conduction band to vacuum level. In Figure 2-4, the energy band 

diagram illustrates the work function of metal ( m), the work function of p-silicon 

substrate ( si) and the electron affinities of SiO2 (χi) and Si (χsi) substrate.  

As shown in Figure 2-4, the silicon work function ( s) equals the sum of the 

electron affinity of silicon (χsi = 4.05 eV), the silicon bulk potential ( B) in addition to the 

energy band gap in silicon (Eg = 1.12 eV) divided by 2q. For a p-type silicon substrate, 

the silicon work function varies with the doping concentration (Na) and is expressed by 

the following equation: 

,
q2

E
+ψ+χ=Φ

g

Bsis                   (2.16) 

The work function difference ( ms) of an MOS capacitor can be obtained from the 

relationship between the flat band voltage (VFB) and the oxide capacitance (Cox) (see 

equation 2.11). This method requires the use of capacitors with different oxide 

thicknesses. The flatband voltage (VFB) is extracted from the HFCV curve and plotted as 

a function of the oxide thickness (tox) [12].  A linear fit to the data points is extrapolated 

to zero oxide thickness (tox = 0). At the intercept, the flatband voltage (VFB) is equal to 

the work function difference ( ms). The metal work function ( m) can be easily 

calculated by using equations 2.12 and 2.13. The slope of the fit gives the oxide charge 

density (Qox).  

The work function difference ( ms) can also be obtained by comparing the CV 

curves of two different metal gates. If a metal gate with known work function difference 

( ms)1 is used, the work function difference ( ms)2 of the second metal gate can be 
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obtained by comparing the flatband voltage shifts in the HFCV curves of both capacitors, 

as shown below [12]: 

( ) ( ) ( ) ( ) ,Φ-Φ=V-V
2ms1ms2FB1FB         (2.17) 

It is extremely important that the MOS capacitors, with two different metals, are built on 

the same gate oxide and are fabricated under the same conditions. In this case, the doping 

concentration (Na) and the oxide charge density (Qox) will be the same and the can be 

cancelled out. 

2.5.5  Oxide Charge  

Any charge, present in the oxide or at the SiO2/Si interface, has an influence on 

the silicon band bending ( s). These charges can shield a part of the applied gate bias and 

may introduce a voltage shift in the HFCV curve, shown in Figure 2-5, affecting the 

extracted value of the flatband voltage (VFB) of a MOS capacitor [12]. There are three 

typical types of oxide charge that may be found in silicon dioxide: mobile, oxide trapped 

charge and oxide fixed charge. 

The mobile charge due to the presence of alkali metal ionic impurities, such as 

sodium (Na
+
) or potassium (K

+
), may be introduced in the oxide during the device 

fabrication process. The mobile oxide charge can drift under the influence of an applied 

electric field and a hysteresis in the HFCV curve may result, when the gate voltage is 

swept back and forth. 

The oxide trapped charge is usually due of holes or electrons trapped in the bulk 

SiO2. The oxide trapped charge may be introduced when the gate oxide is exposed to 

ionising radiation, high energy plasma processes or high current density.  
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Figure 2-5: The CV curve shifts, along the voltage axis, due to presence of either 

positive or negative charge in the oxide or at the oxide/semiconductor interface. 

The oxide fixed charge is a located close to SiO2/Si interface. The fixed oxide 

charge are immobile and do not respond to the applied electric field. They are primarily 

structural defects commonly seen in oxides grown at low temperatures.  

2.5.6  Interface States or Trap Charge 

Interface states or trap charge are electronically active defects present at the 

SiO2 Si interface. Depending upon the applied gate bias, the trap charges (distributed 

throughout the silicon band gap) exchange charge carriers with either the conduction or 

the valence band. The charging and discharging of the interface trap charge affects the 

band bending at the silicon surface resulting in a lower MOS capacitance. Unlike the 
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oxide charges, the interface trapped charges do not introduce parallel voltage shifts in the 

CV curve but results in voltage shifts due to a “stretched-out” CV curve illustrated in 

Figure 2-6.   
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Figure 2-6: The presence of interface trap charge affects the high frequency 

capacitance voltage (HFCV) characteristics of a MOS capacitor. A reduction in the 

interface trap density is observed after the MOS capacitors are annealed in a forming 

gas ambient (400
o
C) for 30min.  

It has been shown that a majority of the oxide fixed and the interface trapped 

charges can be passivated by a low temperature forming gas anneal (described in Section 

3.9). After the annealing process, the oxide charge density is usually reduced to a range 

(typically in the ~10
10

 cm
-2

) acceptable for most MOS device applications [12].  
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2.6  Current-Voltage Measurement 

An ideal insulator is a material that resists the flow of electric current through it. 

However, the real insulators such as SiO2 have shown conductance when a very high 

electric field is applied across the insulator [13]. The current-voltage measurement can be 

used to assess the quality of the gate oxide. The defects or traps present in the oxide may 

lead to current leakage paths through the oxide. In the case of SiO2, the measured current 

is due to is due to charges tunnelling through the insulator barrier.  

The gate oxide may encounter two types of tunnelling – Direct Tunnelling and 

Fowler Nordheim (FN) Tunnelling. In FN tunnelling (Figure 2-7(a)), electrons with 

sufficient energy may tunnel into the SiO2 conduction band through the top triangular 

portion of the barrier when a large electric field (> 5 10
6
 V/cm) is applied across the 

oxide [17]. For direct tunneling (Figure 2-7(b)), the electrons may tunnel through the 

forbidden gap of the gate oxide where the barrier is assumed to be rectangular. The 

probability of direct tunneling is very high in thin oxides (< 4nm) resulting in a large gate 

leakage current [17]. 

A thermally grown SiO2, with low a interface trap and fixed oxide charge density, 

is known to have excellent insulating properties and may sustain applied electric fields 

substantially greater than 5 10
6
 V/cm before breaking down [13]. In this research, the 

oxide thicknesses vary from 10nm to 40nm and are not likely to suffer from direct 

tunnelling [18]. To avoid getting into the FN tunnelling regime, the maximum electric 

field applied across the gate oxide is limited to 5 10
-6

 V/cm for all current-voltage 

measurements.   
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Figure 2-7: The energy band diagram of a MOS capacitor during (a) Fowler-

Nordheim (FN) Tunneling and (b) Direct Tunneling from the metal gate electrode. 

2.7  Internal Photoemission 

Internal Photoemission (IPE) is a powerful optical/electrical characterization 

technique that may be used to measure the energy barrier at a metal/insulator or an 

insulator/semiconductor interface. The barrier height ( b) can be determined by photo-

excitation of carriers over the energy barrier at low electric fields.  

Prior to discussing the use of internal photoemission for barrier height extraction, 

it may be useful to understand the concept of an interfacial energy barrier between a 

metal and a dielectric interface. A theoretical discussion on the effect of image force on 

the barrier height lowering (i.e. Schottky effect) is also presented. It is also assumed that 

the oxide charge, present at the Si/SiO2 interface, has no or at least a minimal effect on 

the barrier height lowering at the metal/SiO2 interface. 

In theory, the internal photoemission of both holes and electrons is possible. 

However, it has been shown that the measured photocurrent is mostly due to electrons 

coming from the gate for a negative gate voltage i.e. Vg < 0 and from the silicon substrate 
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for a positive gate voltage i.e. Vg > 0 [19]. Hence, the effective metal/SiO2 barrier height 

( beff) can be extracted by applying a negative bias on the gate and optically exciting 

electrons from gate fermi level (EF) into SiO2 conduction band (EC). The extracted barrier 

height ( beff) is used to compute the work function of the metal gate ( m).  

2.7.1  The Schottky Effect  

For a metal-SiO2 interface, the theoretical barrier height ( b) is illustrated in 

Figure 2-8(a).  When an electron travels a distance „x‟ (within the oxide) from the metal-

oxide interface, a positive image charge is induced in the metal. An attractive image force 

prevents the electron from being emitted into the SiO2 conduction band. Under the 

influence of the image force, the energy barrier is no longer equal to b at the metal/SiO2 

interface and varies with distance „x‟ as shown Figure 2-8(b) [20]. 

When an external electric field (F) is applied across the oxide, the energy barrier 

(Ex) is equal to the sum of the external field component (qFx) and the image force (q
2
/ 

(16 ix)) component [13]. 

,qFx+
xπε16

q
=E

i

2

X        (2.18) 

As shown in Figure 2-9, the effective energy barrier ( beff) is slightly lower than 

the theoretical barrier height ( b) due to the applied field and the presence of image 

charge. This effect is known as the Schottky effect [13].  Due to image force lowering, 

the oxide cannot completely screen the effect of the image force on the emitted carriers 
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and hence, the dielectric permittivity for SiO2 ( i = 2.2 o), used in the image force 

component, is slightly lower than its dc value ( i = 3.9 o) [12]. 

 

Figure 2-8: The energy band diagram of a metal-SiO2 interface depicts the (a) 

theoretical barrier height ( b) without the effect of an image force or external 

electric field across the oxide, and (b) the energy barrier under the influence of 

image charge (After [20]). 

 

Figure 2-9: The energy band diagram of a metal/oxide interface under the influence 

of image force and applied field across the oxide [12]. The energy distribution of 

photo-excited electrons at the metal/oxide interface is shown (left) [21]. After [25] 
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The energy barrier curve, depicted in Figure 2-9, has a maximum at a distance xmo 

from the metal/SiO2 interface. This point corresponds to a zero electric field within the 

oxide and hence, is referred to as the zero field point distance (xmo) [13].   

,
Fπε16

q
=x

i

mo           (2.19) 

At the distance xmo, the effective barrier height ( beff) for internal photoemission 

of electron from the metal fermi level to SiO2 conduction band is given by [13]: 

,ΔΦ-Φ=Φ bbbeff             (2.20) 

where b is the Schottky barrier lowering or the image force barrier lowering and is 

related to the applied electric field by [12] 

,FK=Fx2=ΔΦ mo         (2.21) 

where, K is a constant given by: 

.
xπε4

q
=K

moi

        (2.22) 

For incident photon energies (h ) greater than the theoretical barrier height ( b), 

the energetic distribution Ni(E, h ) of the photo-excited electrons, close to the metal/SiO2 

interface, is illustrated in Figure 2-9(left). The shaded portion (in red) is indicative of the 

number of photo-excited electrons likely to enter the SiO2 conduction band [21].  

The intensity of the measured photocurrent was appreciable for applied electric 

field greater than or equal to 1 10
6
 V /cm [13]. However, the Schottky barrier lowering 

( b) as well as FN tunnelling currents were observed to be quite significant at oxide 

fields exceeding 5 10
6
 V/cm [22]. In this research, the electric fields, ranging from 1 
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MV/cm to 5 MV/cm, were used for extraction of the barrier height measurement using 

internal photoemission (IPE).  

2.7.2  Barrier Height Measurement using Gate Injection 

In gate injection, the metal SiO2 barrier height can be obtained by measuring the 

photocurrent spectrum at negative gate voltages i.e. Vg < 0. As shown in Figure 2-10(a), 

the metal gate electrode is illuminated with a beam of monochromatic ultra violet (UV) 

light. The high energy photons can stimulate and excite the electrons in the metal gate.   

 

Figure 2-10: The schematic diagram (a)  and the energy band diagram (b) of an 

MOS capacitor illuminated with high energy photons during internal photoemission 

(IPE). For barrier height measurement using gate injection, a negative bias is applied 

to the metal gate electrode.  

The negative gate bias induces an electric field in the oxide that pushes the photo-

excited electrons towards the metal/SiO2 interface. As shown in Figure 2-10(b), the 

barrier height is lowered due to image force effect and the applied bias. The photo-

excited electrons, possessing energies greater than the effective barrier height i.e. (h  > 

beff), may surmount the energy barrier and contribute to the measured photocurrent. 
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At varying oxide fields, the photocurrent (Im) vs. photon energy (h ) spectrum is 

used to calculate the quantum yield (Y). The quantum yield (Y) is defined as the ratio of 

number of photo-excited electrons surmounting the energy barrier to the number of 

photons absorbed in the gate. Experimentally, the quantum yield is expressed as [23]: 

,
qP

νhI
=Y

a

m
          (2.23) 

where Im is the photocurrent measured from a MOS capacitor and Pa is the 

absorbed photon power by the metal gate. As the oxide field increases, photocurrent as 

well as the quantum yield increases due to lowering of the effective barrier height. The 

quantum yield (Y) is related to the photon energy and the effective barrier height by [23]: 

( ) ,Φ-νh  ∝Y
P

beff        (2.24) 

The quantum yield is found to have a square root dependency i.e. P = 2 for 

metal/insulator interface and cubic dependency i.e. P = 3 for insulator/semiconductor 

interfaces [23].  

A relationship between the quantum yield (Y) and effective barrier height ( beff) 

can be obtained by using equations 2.16 through 2.21 [23]: 

( ),FK-Φ-νh  ∝Φ-νh  ∝ 
qP

νhI
  bbeff

P

a

m
    (2.25) 

The functional form of quantum yield Y
1/P

 is plotted as a function of photon energy (h ). 

This plot can be extrapolated to zero yield i.e. Y = 0 and the intercept gives the effective 

barrier height ( beff) for a given applied field across the oxide. The experimental 

procedure, outlined by Afanas‟ev [24] and Felnhofer [25], was used to measure the 

values of effective barrier height ( beff).  
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These measured effective barrier heights ( beff) can be plotted as a function of the 

oxide field (F). The beff vs. F plot can be extrapolated to zero field i.e. F = 0, where the 

intercept at F = 0 gives the zero field barrier height or the theoretical barrier height ( b). 

The metal work function ( m) is the sum of the zero field barrier height ( b) at the 

metal/SiO2 interface and the electron affinity of SiO2 ( i ~ 0.9 eV) [13]: 

,χ+Φ=Φ ibm          (2.26) 
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Chapter 3   Device Fabrication 

3.1  Introduction 

In this chapter, the processing steps for fabricating a test MOS capacitor are 

explained in detail. An array of test MOS capacitors was fabricated on p-type silicon 

{100} substrates. In this research, the MoxSiyNz (MoSiN) was used as the metal gate 

electrode with silicon dioxide (SiO2) as the gate dielectric.  

The fabrication process was started with a chemical clean to remove organic 

contaminants and the native oxide from the polished silicon surface. The clean silicon 

wafers were thermally oxidized to grow a thin (< 40nm) layer of high quality silicon 

dioxide (SiO2). A DC magnetron sputtering technique was used to deposit the MoSiN 

gate material. A molybdenum silicide (MoSi2) target was reactively sputtered in a 

nitrogen (N2) and argon (Ar) plasma. The nitrogen concentration in the MoSiN films was 

altered by varying the nitrogen gas flow ratio i.e. (N2/ (N2 + Ar) from 10% to 40%.  

A photolithography technique was used to spin and pattern a positive photoresist 

on the blanket MoSiN films. The reactive ion etching (RIE) technique was used to pattern 

the MoSiN gate material using the CF4 + O2 chemistry. The test MOS capacitors were 

annealed in forming gas (5% H2 in N2) at 400
o
C for 30 minutes to reduce the fixed oxide 

charge and interface state density. To obtain a good ohmic contact to the silicon substrate, 

a buffered oxide etch (BOE) solution was used to remove an oxide layer from the back 

side of the silicon wafers and a thin layer of gallium- indium (Ga-In) eutectic was applied 

onto the etched areas of the silicon wafers. 
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3.2  Silicon Substrate 

For this research work, the test MOS capacitors were fabricated on a p-type 

silicon {100} wafer. The electrical resistivity (ρ) of the silicon wafer was ~ 1-10 Ω·cm. 

The silicon wafers, grown using the Czochralski (CZ) method, were ~350 µm thick and 

3-inch in diameter.   

3.2.1  Silicon clean 

To obtain a good Si-SiO2 interface, the silicon wafers were cleaned using the 

recipe summarised in Table 3-1. This clean, a critical processing step for growing a thin 

high quality silicon dioxide (SiO2), was performed just prior to the thermal oxidation of 

silicon. In the Table 3-1, the acid piranha (step 1) and the base piranha (step 3) etch 

solutions were used to remove organic contaminants present on the silicon surface. The 

hydrofluoric (HF) acid (step 5) was used to remove the native oxide from the silicon 

surface. The hydrochloric (HCl) acid (step 6) was used to remove any metallic 

contaminants introduced by the HF acid. 

The acid piranha solution was prepared by slowly adding one part of hydrogen 

peroxide (H2O2) to 5 parts of sulphuric acid (H2SO4). The chemical reaction between the 

sulphuric acid and the hydrogen peroxide is an exothermic process (~ 100
0
C). The silicon 

substrates were etched in the acid piranha solution for approximately 5 minutes and 

rinsed in DI water for another 5 minutes.  

For preparing the base piranha solution, 1 part of ammonium hydroxide (NH4OH) 

and 2 parts of hydrogen peroxide (H2O2) were added to a large container of water (25 

parts). The dilute mixture was heated up to 60
o
C to initiate the chemical reaction between 

http://en.wikipedia.org/wiki/Czochralski_process
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the constituents. The silicon substrates were etched in the base piranha for 5 minutes, 

followed by a 5 minute DI water rinse.  

Table 3-1: The recipe for pre-oxidation clean for chemically cleaning silicon wafers. 

Step Etching Solution Description/Purpose Temperature Duration 

1 5:1  H2SO4 : H2O2 
Acid piranha (self-starting) 

removes organic residue 

Exothermic 

(~100
0
C) 

5 minutes 

 

2 DI water rinse Rinse the wafers 
Room 

temperature 

5 minutes 

 

3 
25:2:1  H2O : H2O2  

: NH4OH 

Base piranha, organic 

clean removes insoluble 

contaminants 

Heated to 60
0
C 

 

5 minutes 

 

4 DI water rinse Rinse the wafers 
Room 

temperature 

5 minutes 

 

5 100:1  H2O : HF 
Oxide strip – removes thin 

layer of native oxide 

Room 

temperature 
3 minutes 

6 100:1 H2O : HCl 

Ionic clean – removes 

metal contaminants 

present in HF  

Room 

temperature 
1 minute 

 

 

After the base piranha etch, the silicon substrates were etched in a dilute (100:1) 

HF acid solution for approximately 3 minutes.  The HF acid attacks SiO2 with high etch 

selectivity to the underlying silicon substrate, leaving behind a hydrogen-passivated 

silicon surface [26]. Thus, it is commonly used to strip the native oxide from a silicon 

surface. The silicon substrates were extremely clean and hydrophobic i.e. repels water 

when slowly pulled out of the HF solution. 
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The hydrochloric (HCl) acid is normally used to remove any metal contaminants 

or ionic residue left behind on the silicon surface after the HF clean. The silicon 

substrates were etched for 1 minute in a dilute (100:1) HCl solution. The pre-oxidation 

silicon clean was completed by rinsing the silicon wafers in DI water rinse and blown 

dried using N2. 

3.3  Thermal Oxidation (Dry) 

The thermal oxidation of silicon was performed at atmospheric pressure in an 

oxidizing ambient at a temperature of 1000
o
C. After the pre-oxidation clean, the silicon 

wafers were placed on a fused quartz boat.  A quartz rod was used to push the quartz boat 

inside a 6” inch horizontal oxidation furnace. To minimize contamination during the 

oxide growth, all quartz apparatus used for the oxidation process were cleaned using the 

isopropyl alcohol (IPA).  

The furnace tube was continually purged with nitrogen (N2) gas while being 

ramped up to the desired oxidation temperature (~1000
o
C). At the desired temperature, 

ultra pure (99.9999%) dry oxygen (O2) gas was introduced into the furnace tube to 

initiate the oxidation reaction. The oxygen molecules reacted with the exposed silicon 

surface and diffused through the growing SiO2 layer to form silicon dioxide. The thermal 

oxidation of silicon (for up to 2 hours) in dry oxygen promoted the growth of a thin (> 

40nm) layer of silicon dioxide on the silicon surface.  

The oxidation reaction was stopped by cutting-off the oxygen supply and the 

power supply to the furnace while purging it with inert nitrogen gas. The silicon wafers 
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were removed after the furnace cooled down to room temperature. The oxidation process 

was characterized to obtain an oxide thickness vs. oxidation time relationship. 

3.3.1  Oxide Thickness Characterization 

The Nanometrics Nanospec 210 resist and dielectric thickness measurement 

system was used to characterize the thin layer of thermal silicon dioxide. The Nanospec 

system uses an optical reflectometry technique to determine the oxide thickness. The 

reflectometry is a non-contact and a non-destructive technique. This technique 

determines the thickness of a film by measuring the intensity of the reflected light as a 

function of incident wavelength (λ). For dry oxidation at 1000
o
C, the thickness of the 

SiO2 layer ranged from ~10nm to ~40nm for the oxidation time ranging from 30 minutes 

to 2 hours. 

A capacitance-voltage (CV) measurement can also be used to calculate the gate 

oxide thickness. The oxide thickness can be approximated from the measured oxide 

capacitance (Cox) using the equation 3.1: 

,
t

Aεε
=C

ox

oxo

ox          (3.1) 

o is permittivity in vacuum, ox is the relative permittivity of the dielectric, A is the area 

of the gate electrode and tox is the gate oxide thickness. The gate oxide thickness, 

calculated from the CV characteristics, was in good agreement (± 5 Ǻ) with the thickness 

obtained from the Nanospec system. The CV measurement results also revealed that the 

thermally grown SiO2, prior to any thermal annealing, had a low oxide charge density (~ 

1.2 ×10
-11

 cm
-3

)
 
consistent with the values reported by Nicollian [12]. 
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3.4  Metal Gate Deposition 

In order to form the MOS structure, a metal deposition onto the gate dielectric is 

required. A selection criterion, discussed in Chapter 1, was used to short-list the potential 

candidates for a metal gate technology. The selection criterion ensured that the advanced 

metal gate material was compatible with the conventional thin-film deposition and the 

reactive ion etching (RIE) techniques.  

In this research, the MoxSiyNz (MoSiN) film was used as the metal gate electrode 

for the test MOS capacitors. The blanket MoSiN films were deposited using the reactive 

sputtering of a MoSi2 target in argon/nitrogen plasma. During the MoSiN gate deposition, 

the nitrogen flow rate was regulated to deposit the MoSiN films with varying nitrogen 

concentration. The MoSiN work function ( m) was altered by varying the amount of 

nitrogen in the films. As a reference metal with a known work function, Aluminum (Al) 

blanket films ( m ~ 4.1eV) were also DC sputter deposited on the same gate oxides as 

the MoSiN films. 

3.4.1  DC Sputter Deposition 

The DC sputtering technique is a vacuum deposition process, where a "target" is 

bombarded by the energized plasma ions and the ejected particles are then deposited onto 

a "substrate", e.g. a silicon wafer. In this case, the sputter target material consists of the 

metal that needs to be deposited onto the underlying substrate.  

The sputter deposition of metals was carried out using the MRC 603 DC RF 

magnetron sputtering system. Inside the vacuum chamber, a thermally oxidized silicon 
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wafer was placed on a rotating substrate plate. The metallic sputter target was held in 

place by a magnetic target holder. The substrate plate and the target plate were separated 

by a distance of ~8 cm. 

The chamber was pumped down to a base pressure of 1×10
-6

 Torr to purge out 

contaminants. For a stable and a uniform sputter deposition, it is essential that the 

chamber pressure is maintained in the milli-Torr range [27]. The gas outlet from the 

vacuum chamber was partially closed by a throttle or a cover plate. The chamber pressure 

was raised to the desired range by introducing an inert gas, such as argon. The mass flow 

controllers were used to regulate the flow rate of gases into the deposition chamber and 

as such the chamber pressure.  

When a negative DC bias was applied to the target plate, the inert argon gas 

ionised to form a glow discharge, commonly called as "plasma". The positively charged 

plasma ions were attracted towards the negatively biased target plate. The continuous 

bombardment of the target caused atoms, and sometimes entire molecules, to be ejected 

from the target material. The ejected particles were deposited as a thin film onto the 

oxidized silicon surface.  

3.4.1.1  DC Magnetron Sputter Deposition 

The MRC 603 magnetron sputtering system uses powerful magnets to confine the 

plasma along the magnetic field lines. The magnets assisted in maintaining a higher 

density of ions close to the target. The sputtered atoms were electrically neutral and 

remained unaffected by the magnetic field. The use of magnetron sputtering system 
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allowed higher deposition rates for a given deposition pressure. In other words, 

magnetron sputtering system allows the plasma to sustain at lower deposition pressures.  

The DC magnetron sputtering process was careful tuned to deposit thin, highly 

uniform, low resistivity metal films. To deposit thin films with low resistivity, the sputter 

deposition was carried out at a low (10mTorr) pressure [28]. To obtain reproducible 

results, the deposition pressure was kept constant for all DC sputtering sessions. 

To minimize contamination, the target plate is pre-sputtered for 5 minutes in 

vacuum prior to the actual deposition. The pre-sputtering is carried out at the same 

conditions used for the actual deposition. A shutter above the substrate prevents any 

deposition falling down on the substrate during pre-sputtering.  

3.4.1.2  Reactive Sputtering 

Reactive sputtering is a modified sputter deposition technique carried out in 

presence of a reactive gas (e.g. nitrogen or oxygen) to deposit the metal compounds such 

as nitrides or oxides. The reactive sputtering is usually performed using a conventional 

DC sputtering system with an additional gas inlet for the reactive gas.  

Similar to the conventional DC sputtering, highly energetic plasma (consisting of 

argon and reactive gas) strikes the negatively biased target material. The sputtered 

particles undergo a chemical reaction with the reactive gas (i.e. oxygen or nitrogen) 

species present in the vacuum chamber. The reaction that forms the desired compound 

may take place either at the substrate, at the target surface or in the gas phase. The 

deposition conditions can be adjusted to ensure that the reaction takes place at the surface 

of the substrate [29].  
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As seen previously, the sputtering gas composition plays an important role in 

controlling the composition of the reactively sputtered film. Hence, reactive sputtering 

was used to deposit metal nitride films by sputtering a single metal target in a gaseous 

mixture of nitrogen (N2) and argon (Ar) [30]. The gas (N2/Ar) ratio was adjusted during 

the reactive sputtering to deposit metal nitride films with varying nitrogen concentration 

[30]. The reactively sputtered molybdenum nitride (MoNx) films were found to have 

good physical and electrical properties and were thermally stable after high temperature 

anneals [31].  

3.4.1.3  Film Thickness Measurement 

Prior to the sputter deposition, a part of the sample surface was covered by a cover 

slide to obtain a step height. After deposition, the cover slide was removed to form a step 

on the sample surface. A Tencor Alpha Step 500 surface profiler with a mechanical stylus 

was used to scan the sample surface across the step height. The vertical movement of the 

stylus crossing the step was measured by a piezoelectric sensor and amplified to give the 

step height, which is equivalent to the thickness of the deposited film. 

3.4.1.4  Electrical Resistivity ( ) Measurement 

The sheet resistance (Rs) of the sputtered films was measured using a 4 point 

probe method [16]. The schematic diagram of a four point probe resistance measurement 

setup is shown in Figure 3-1. A small current was passed through the outer probes (1 & 
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4) and the voltage was measured between the inner two probes (2 & 3). The electrical 

resistivity (ρ) of the MoSiN films was calculated using the equation  

WR=ρ s ,                 (3.2) 

where Rs is the sheet resistance obtained from the 4 point probe measurement and W is 

the thickness of the sputtered films obtained using the surface profilometer. 

 

Figure 3-1: The schematic diagram of a four point resistance method. 

3.4.2  Reactive Sputter Deposition of MoSiN Gate  

The MoSiN films were deposited by reactively sputtering a molybdenum silicide 

(MoSi2 - 99.997% pure) sputter target in presence of Ar/N2 plasma. After loading the 

oxidized silicon wafers into the vacuum chamber, the chamber pressure was lowered to 

1×10
-6 

Torr. Prior to the actual deposition, the MoSi2 target was sputter-cleaned at 200W 

for ~5minutes. A 200W DC power was applied to generate the plasma with a – 150V bias 

onto the sputter target. The ratio of N2/Ar gas mixture was systematically varied to 

deposit the MoSiN films with varying N2 concentration. 

For the reactive sputter deposition, the gas flow rates (in sccm - standard cubic 

centimetres per minute) were regulated by mass flow controllers (MFC s) to maintain a 
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constant chamber pressure of 10mTorr. At 10mTorr, the flow rate settings (in sccm) used 

for argon and nitrogen gas to vary the gas flow ratio, RN = (N2/ (N2 + Ar)) from 10% to 

40% are illustrated in Table 3-2. 

Table 3-2: The gas phase ratio (RN) at 10mTorr is varied from 10% to 40% by 

regulating the flow rate (sccm) of argon and nitrogen 

Argon flow rate 

(sccm) 

Nitrogen flow rate 

(sccm) 

Gas flow ratio 

RN = (N2/ (N2 + Ar)) 

60 7 10% 

55 14 20% 

50 21 30% 

45 30 40% 

 

Table 3-3: The reactive sputtering of MoSiN films was carried out for 2 minutes at 

200W DC and 10mTorr. The thickness of the MoSiN films decreased as the gas flow 

ratio increased from 10% to 40%.  

Gas flow 

ratio 

MoSiN Film Thickness (nm) Avg. MoSiN 

Thickness 

(nm) 

Deviation 

(nm) 
A B C D 

10% 160 155 150 165 157.5 5.6 

20% 105 115 119 102 110 7 

30% 75 69 86 80 77 6.4 

40% 67 59 55 58 60 5 
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During reactive sputtering, the gas flow rate ratios of (N2/ (N2 + Ar)) were varied 

from 10% to 40% while keeping other deposition conditions i.e. target power = 200W, 

deposition pressure = 10mTorr and deposition time = 2 minutes. As shown in Table 3-3, 

the thickness of MoSiN films (for the deposition conditions listed above) were calculated 

by taking an average of the film thicknesses, measured using the Alpha Step 

profilometer, from 4 different samples (A, B. C and D). 

For a 2 minute deposition time, the MoSiN film thicknesses (measured using the 

Alpha Step profilometer) were observed to decrease from 158  6 nm to 60  5 nm as the 

gas flow ratio was increased from 10% to 40%. This result confirmed that the deposition 

conditions for the reactive sputtering changed as the sputtering gas composition was 

varied. Hence, systematic studies were conducted to investigate and understand the 

physical and electrical properties of the reactively sputtered MoSiN films.  

The MoSiN deposition rate (nm/min) was calculated by taking a ratio of the 

average film thickness (nm) (from Table 3-3) over the deposition time (min). As shown 

in Table 3-4, these deposition rates were used to limit the thickness of the reactively 

sputtered (at 200W and 10mTorr) MoSiN films to ~100nm for all gas flow ratios. 

Moreover, all of the ~100nm MoSiN films were found to incredibly smooth with an 

average surface roughness < 10nm. The average electrical resistivity ( ) of the MoSiN 

films, measured using the 4-point probe method, is also listed in the Table 3-4. 

The dependence of the measured electrical resistivity (ρ) and the deposition rate 

of the MoSiN films on the gas flow ratio are shown in Figure 3-2. The electrical 

resistivity (ρ) of the MoSiN films was found to steadily increase with the gas flow ratio. 

This increase may be attributed to the presence of nitrogen during the reactive sputtering.  
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Table 3-4: The average deposition rate, surface roughness and the electrical 

resistivity of the MoSiN films deposited at varying gas flow ratio. The deposition of 

the MoSiN film was timed to obtain MoSiN films with thickness of ~ 100nm. 

Gas flow ratio 
Avg. Dep. Rate 

(  3 nm min) 

Film thickness 

(  5 nm)  

Surface 

Roughness    

(  0.5 nm) 

Elec. Resis ( ) 

(  2 µΩ.cm) 

10% 79 101 2.1 17.7  2 

20% 55 94 3.0 39  2 

30% 38 99 4.7 61.9  5 

40% 30 107 6.4 105  6 
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Figure 3-2: The electrical resistivity (ρ) and the deposition rate (nm/min) of the 

MoSiN films as the gas flow ratio (RN) is varied from 10% to 40%. 
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As more nitrogen species were made available during the deposition process, an 

increased amount of nitrogen may have been incorporated into the MoSiN films making 

them more resistive. A drastic increase in the electrical resistivity of the MoSiN films 

was observed for the reactive gas ratio ranging from 30% to 40%.  The sputter deposition 

rate of the MoSiN films was found to decrease, relative increase in film resistance, as the 

gas flow ratio was increased from 10% to 40%.  

During the reactive sputtering, a chemical reaction between the reactive gas and 

the target surface may have affected the sputter deposition rate. For a gas flow ratio in the 

30% to 40% range, the deposition rate of the reactively sputtered MoSiN films did not 

decrease at the same rate as for the previous values. This may indicate that the chemical 

reaction between the target and the reactive gas may have reached saturation. 

From the above discussion, it is clear that the sputtering gas composition affects 

the composition as well as the electrical properties of the reactively sputtered MoSiN 

films. In the succeeding chapters, various electrical measurements are performed to 

ascertain and optimize the MoSiN work function by adjusting the N2 contents during the 

reactive sputtering.   

3.4.3  DC Sputter Deposition of Aluminum Gate  

The conventional DC sputtering was used to deposit blanket films of the 

aluminum control gate. The base pressure in the deposition chamber was maintained at 

1×10
-6 

Torr. The deposition pressure was maintained at 10mTorr by setting the argon 

flow rate to 40 sccm. A 200 W DC power setting was applied between the aluminum 

target and the substrate plate.  
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To maintain low levels of impurity in the sputtered aluminum films, the target 

plate was sputter cleaned for ~5 minutes before the actual deposition process. After 

sputter cleaning, the deposition of the sputtered aluminum was carried out for 2 minutes. 

An average of four samples was taken for each measurement. The average deposition rate 

of the sputtered aluminum films, measured using the profilometer, was ~7.5  0.8 Å/sec 

for a 200W DC power setting. The average electrical resistivity (ρ) of the sputtered 

aluminum films, measured using the 4-point probe method, was ~1.75  0.12 µΩ·cm. 

3.5  Patterning the Metal Gate Electrode 

After the metal gate deposition, the blanket films of the gate material were 

patterned using the photolithography process. The photolithography process used a ultra-

violet (UV) light source to transfer geometric patterns from a positive photomask to a 

light sensitive polymer, also known as a photoresist, spin-coated on the test sample.  

3.5.1  Photoresist Spin Coating 

A Machine World photoresist spinner was used to coat the sputtered gate material 

with a photoresist. The HPR-504 positive photoresist was spun on the test wafers for 35 

seconds at 3000 rpm (rotations per minute). A vacuum chuck held the test wafers in place 

during the entire spinning process. The spin coated photoresist, measured using the 

surface profilometer, was ~1.5 µm thick. To harden the photoresist for photolithography 

process, the test samples were baked at 110
°
C for ~ 60 seconds. The samples were 

allowed to cool down to the room temperature. 
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3.5.2  Photomask 

A positive photomask was used to lithographically expose the positive 

photoresist. The photomask consisted of a transparent glass substrate with several sets of 

shaded geometric shapes. The geometric features consisted of square, circle and crossbars 

sets in varying sizes. For this research project, a set of square features [32] with areas 

5×10
-3

, 2×10
-3

, 1×10
-3

, 5×10
-4

, 2×10
-4

 and 1×10
-4 

were used for transfer patterns onto the 

blanket films. An enlarged top view of the square set (on the photomask), used for this 

research work, is shown in Figure 3-3.  

   

Figure 3-3: An enlarged top view of the square set on the positive photomask. 

3.5.3    Contact-mode Photo-Lithography 

The ABM 6-inch two-sided Mask Aligner was used for exposing the photoresist 

layer. The test sample was held in place using a vacuum chuck. The photomask was 

placed face down on a vacuum mask holder. The photomask and the sample were 

separated by a small distance. Once the mask and the sample were satisfactorily aligned, 

the sample was slowly raised to make a soft contact with the photomask. The sections of 

photoresist, not shaded by the features on the mask, were exposed to a UV light beam 

Scale 

0.1 cm 



58 

(from a 200W Hg arc lamp) for ~ 10 seconds. The exposure was sufficient to change the 

molecular bonding / structure of the exposed photoresist. 

The substrates were then placed in a bath containing a MicropositTM 352 positive 

photoresist developer solution. The photoresist developer solution stripped off the 

exposed photoresist from the sample in ~ 25 seconds. To remove the photoresist residue, 

the samples were immediately rinsed in DI water and N2 blown dried. A final hard bake 

at 120
°
C for 30 minutes assisted in hardening the photoresist for the subsequent wet and 

dry etching processes. The patterned and hard baked photo-resist was used as an etch 

mask for both MoSiN and aluminum gate formation. 

3.6  Reactive Ion Etch (RIE) for Gate Formation 

To avoid under-cut (i.e. removal of material under the photoresist edge) related 

issues, a dry etch is usually preferred over the conventional wet etch process for 

patterning the gate electrode. The reactive ions etch (RIE) is a dry etching technique that 

employs chemically reactive plasma to selectively remove materials deposited on a 

sample wafer.  

In a typical RIE system, the sample wafer is placed on one of the electrodes in a 

vacuum etch chamber. Reactive gases are introduced into the chamber to produce the 

reactive species/ions. An applied electric field accelerates the ionized plasma toward the 

sample. Upon striking the sample surface, the reactive gas ions chemically react with the 

exposed materials and the gaseous by-products are removed from the sample surface and 

eventually pumped out of the chamber.  

http://en.wikipedia.org/wiki/Chemical_reaction
http://en.wikipedia.org/wiki/Plasma_%28physics%29
http://en.wikipedia.org/wiki/Wafer_%28electronics%29
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Etch selectivity is defined as the ratio of etch rates of various materials and 

anisotropy is defined as the preferential etching in the direction perpendicular to the 

sample surface. The RIE etch recipe for the gate patterning must be highly anisotropic 

and have a high etch selectivity to the underlying gate oxide. To achieve a high 

anisotropy (vertical etch profile) and a high etch selectivity, the RIE technique is usually 

combined with an inductively coupled plasma (ICP) source. The ICP power generates a 

highly directional electric field near the sample resulting in high densities of plasma 

attacking the sample surface.  

3.6.1  Trion RIE - ICP Plasma Etcher 

A Trion plasma etcher was employed to pattern the blanket films of the sputtered 

gate material using the fluorine-based etch chemistries. The Trion system featured the 

reactive ion etching (RIE) capabilities with an inductively coupled plasma (ICP) source. 

The Trion plasma etch system consisted of a cylindrical vacuum chamber with inlets for 

the reactive gases. The RIE pressure was maintained by regulating the flow of reactive 

gases into the chamber. The flow rate of the reactive gases into the etch chamber was 

controlled by a set of mass flow controllers.  

The sample (to be etched) was placed on a substrate plate (the cathode) in the etch 

chamber. The substrate plate, situated at the bottom of the chamber, was electrically 

isolated from the rest of the chamber. The positive electrode, attached to the ICP source, 

was placed ~6cm above the wafer plate. The plasma etcher was interfaced with a 

computerized control system for automated operation.  
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3.6.2  RIE Etch Recipe for Patterning Gate Electrode 

The patterned and hard-baked photo-resist was used as an etch mask for 

patterning the MoSiN and aluminum (Al) blanket films. A 10:1 gaseous mixture of CF4 

and O2 was used to etch the exposed areas on the sample surface. During the RIE etch 

process, the pressure was maintained at 250 mTorr by setting the flow rates of CF4 and 

O2 to 40 and 4 sccm respectively. The RIE power was set to 50W and ICP power was set 

to 300W to generate plasma. The RIE etch recipe for patterning the gate electrode is 

illustrated in Table 3-5.    

The etch rate (Å/min) for the p-type silicon (Si) substrate was calculated by 

etching a patterned silicon wafer using the RIE etch recipe in Table 3-5. Similarly, the 

etch rates for thermal SiO2, sputtered Al and MoSiN films were also calculated by 

etching patterned SiO2, Al or MoSiN films on silicon substrate.  

For the above mentioned RIE etch recipe, the etch rates (summarized in  

Table 3-6) for MoSiN is ~1000Å/min (or ~17Å/sec) and aluminum is 

~1500Å/min (or ~25Å/sec).  The etch rates of both thermally grown SiO2 and Si substrate 

are ~ 75 Å/min. Hence, the etch selectivity of the MoSiN:SiO2 or MoSiN:Si is ~ 14:1 

whereas the etch selectivity of the Al:SiO2 or Al: Si is ~ 20:1. 

3.7  Photoresist Strip 

After patterning the gate electrode, the test wafers were placed in an acetone bath 

to strip off the patterned photo-resist. To remove the acetone residue, the test wafers were 

rinsed using the DI water and blown dry with N2 to complete the gate patterning process. 
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Table 3-5: The RIE recipe for patterning both MoSiN and Aluminum gate electrode 

Etch Parameter Set Value 

RIE pressure (mTorr) 250 

RIE power (W) 50 

ICP power (W) 300 

Gas - CF4/O2 (sccm) 40/4 

 

Table 3-6: The etch rates (A
o
/min) of MoSiN, Al, thermal SiO2 and p-type Si using 

the RIE etch recipe summarized in Table 3-5. 

Material Etch Rate (Å/min) Etch Selectivity 

MoSiN 1000 14 

Al 1500 20 

SiO2 75 1 

Si (p-type) 75 1 

 

3.8  Forming Gas Anneal 

After the gate patterning step, the test wafers were annealed in forming gas (5% 

H2 in N2) at 400
°
C for 30 minutes. The forming gas anneal is mainly used for hydrogen 

passivation of the silicon dangling bonds and consequently, to reduce the Si/SiO2 

interface trap charge density (Dit) [13]. As described in Section 2.5.6, the interface trap 
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charge shifts the flat-band voltage, resulting in deviations from the ideal CV 

characteristics.  

The high frequency capacitance voltage (HFCV) curve of a MOS capacitor (with 

12nm SiO2) measured before and after a 30 minute forming gas anneal is shown in Figure 

3-4. A reduction in the interface trap density, from ~1.2  10
-12

 to ~1.17  10
-10

 cm
-3

, can 

be observed from the shape and the voltage shift in the post-anneal HFCV curve. This 

result emphasises on the importance of the forming gas anneal in the MOS fabrication 

process. 
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Figure 3-4: A HFCV curve of an MOS capacitor (MoSiN/SiO2/Si) before and after 

undergoing a 30 minute forming gas anneal at 400
o
C. The post-metallization anneal 

passivated the interface trap charge density. 
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3.9  Backside etch for electrical contacts 

It is extremely important to form good ohmic contacts with the gate electrode and 

the substrate of a MOS capacitor. A thin layer of silicon dioxide (SiO2) grows on both 

sides (i.e. the polished and the backside) of the silicon wafer during the thermal oxidation 

step. After the forming gas anneal, a 10:1 buffered oxide etch (BOE) solution was used to 

remove oxide from the unpolished backside of the silicon substrate. The wafers were 

immediately rinsed with DI water and blown dry with N2 gas. To form a good ohmic 

contact with the silicon substrate during the electrical characterization of the test MOS 

capacitors, a thin layer of gallium-indium (Ga-In), a eutectic metal alloy, was applied to 

the backside of the silicon wafer. 
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Chapter 4   Experimental Setup  

4.1  Introduction 

In this chapter, various electrical and optical characterization techniques, used in 

this research, are discussed. In addition, a detailed description of the experimental setup, 

the apparatus and the testing procedure used for each of these techniques is provided.  

The current-voltage (IV) and capacitance-voltage (CV) measurements were used for 

parameter extraction and electrical characterization of the test metal-oxide-semiconductor 

(MOS) capacitors. The photo-detector measurements were used to calculate the incident 

photon flux density of the light source. The barrier height measurements were used to 

optically excite electrons over the interfacial barrier and extract the metal gate work 

function ( m) for the test MOS capacitors. 

4.2  Basic Experimental Setup 

For this research, a personal computer was used to carry out several automated 

tests for the measurement techniques, including capacitance-voltage, current-voltage, 

photo-detector and barrier-height measurements. The computer was also used to 

communicate with the test equipment over the GPIB (IEEE 488) or the RS232 bus 

systems. For a given experiment, the test equipment were connected to the MOS 

capacitors either manually or through a Keithley 7001 switch matrix for automated 

testing and switching capabilities.  
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4.2.1  Probe Station 

An Alessi REL6100 probe station (manufactured by Cascade Microtech) was 

used to perform the current-voltage and the capacitance-voltage measurements. The use 

of a probe station facilitated taking measurements with high accuracy and low electrical 

noise. The probe station was placed in a shielded dark box in order to reduce noise 

associated with the ambient light.  

For good ohmic contact, a thin layer of gallium-indium (Ga-In), a eutectic metal 

alloy, was applied on the backside of the sample. The test sample was then placed onto a 

copper plate.  An aluminum chuck provided good vacuum to hold the test sample in 

place. A tungsten probe was used to electrically contact the gate electrode of the test 

capacitor. The measurement set-up for both the capacitance-voltage and the current-

voltage tests is shown in Figure 4-1. 

 

Figure 4-1: The measurement setup for capacitance-voltage (CV) and current-

voltage (IV) measurements. The test capacitors were connected to the test 

equipments manually or routed through a Keithley switch matrix. 
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4.3  Experimental Setup for Measurement Techniques 

Several different measurement set-ups were used, including: a) photo-detector 

measurements for obtaining the incident optical flux density of the light source, b) 

electrical probe station measurements for metal-oxide-semiconductor (MOS) capacitor 

characterization under dark conditions, and c) barrier height measurement techniques for 

MOS capacitor characterization under illumination.  

4.3.1  HFCV Measurement 

For the high frequency (100 KHz) capacitance-voltage (HFCV) measurements, a 

small AC signal (typically 30mV) was super-imposed on a DC gate voltage. The DC bias 

was applied to the gate electrode of a test MOS capacitor and the silicon substrate was 

grounded. The MOS capacitor was swept from the inversion into the accumulation 

regime. The MOS capacitance as a function of applied gate voltage was measured using 

an Agilent 4284A LCR meter. The high frequency capacitance-voltage (HFCV) 

technique was used for extracting the flat-band voltage (VFB), the work function 

difference ( ms) and other important electrical parameters for the test capacitors.  

4.3.2  Current-Voltage Measurement 

A stepped DC voltage sweep was applied to the gate electrode and the silicon 

substrate was grounded. The gate leakage current was measured using an Agilent 4156C 

semiconductor parameter analyzer by stepping the gate voltage from inversion into the 

accumulation regime. Since the current-voltage (IV) technique is sensitive to the oxide 
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quality and defects within the oxide, these measurements were used to characterize the 

thin gate oxide.  

4.3.3  Photo-detector Measurement 

A 200W mercury (Hg) arc lamp (Oriel 6823) was used as the light source in 

junction with a grating monochromator to provide a spectral range from 1.5 eV to 6.0 eV. 

The output spectrum of a mercury arc lamp has a number of high intense characteristic 

peaks in the near-ultraviolet region.  

A computer controlled shutter and a focusing lens were placed between the light 

source and a monochromator. The monochromator diffraction gratings were used to 

diffract the incident light beam with a maximum spectral resolution of ~2nm. A high 

spectral resolution is desirable for barrier height measurements. For this research, the 

input and output slits of the high-resolution monochromator were set to half of their 

widest setting (~1 mm) for increased wavelength resolution. 

A calibrated silicon photodiode (Newport 818-UV) was placed at the output slit of 

the monochromator. The photodiode was used to measure the absorbed power of the 

incident photons. When the photodiode is exposed to illumination, the incident photons 

excite carriers within the photodiode material resulting in a photodiode current (Idiode).  

A HP 4140B pico-ammeter (pA) or Agilent 4156C semiconductor parameter 

analyzers were used to measure the photodiode current. The wavelength of the 

monochromatic light was varied from 200nm to 500nm by performing a linear 

wavelength sweep. The photodiode current assisted in calculating the absorbed power 

(Pa) of the incident photons and incident photon flux (Fph) as a function of the incident 
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photon energy (h ). The photo-detector measurements were primarily used to calibrate 

the light source. The entire measurement setup was placed in a shield box to reduce noise 

levels. The measurement setup and the apparatus used for the photo-detector 

measurements are shown in Figure 4-2. 

 

Figure 4-2: The apparatus for the photo-detector measurements. The optical spectra 

of the light source were obtained using these measurements. 

The optical focusing system is positioned near the exit slit of the monochromator 

to collimate the beam before it is focused onto the sample. The optical system makes the 

image of the monochromator exit slit as small as practical at the sample surface. 

Optimum sample position was obtained by positioning the sample holder for maximum 

photocurrent.   
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4.3.4  Barrier-Height Measurement 

The measurement setup for the barrier height measurements is shown in Figure 

4-3. The apparatus required for these measurements are similar to the ones used for the 

photo-detector measurements.  

A Newport 77577 fiber-optics bundle is connected to the output slit of the 

monochromator. Light from the monochromator exit slit is collimated and then focused 

down to a fine size spot on the metal electrode surface of a MOS device by the fiber 

optics focusing bundle. The fibre optics bundle was mainly used for efficiently carrying 

light from the monochromator to the test sample (with minimal loss). The fiber optics 

bundle consisted of a light guide and a focusing lens at the output end.  

 

Figure 4-3: The measurement setup for the barrier height measurements. 



70 

The light transmitted through the focusing lens illuminated the entire gate 

electrode area. The distance between the focusing lens and the test capacitor was 

carefully selected in order to obtain maximum illumination intensity. The test samples 

were placed on a sample holder, shown in Figure 4.4. A copper plate and an aluminum 

vacuum chuck provided good substrate contact.  

The gate electrode was electrically probed using a tungsten needle. For these 

measurements, the gate electrode was optically excited by an external illumination. A 

constant DC bias was also applied to the gate electrode and the substrate was grounded. 

The measurement sweep was performed in steps from high to low photon energy (h ).  

At each photon energy step, multiple measurements and averaging were 

performed for a better signal to noise ratio. It should be noted that the photo-detector 

measurements were used to calibrate the light source prior to measuring the barrier 

height.  The photo-current was measured using an Agilent 4156C semiconductor 

parameter analyzer.  An initial time delay, inserted prior to the actual test, allowed the 

photocurrent to settle to a steady state value.  
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Chapter 5   Electrical and Optical 

Characterization Results 

5.1    Introduction 

As discussed in Chapter 1, the aim of this research is to understand the 

dependence of the MoSiN work function on the nitrogen concentration which was 

controlled by adjusting the (N2/ (N2+Ar)) gas flow ratio. The primary objective for using 

both the capacitance-voltage and the internal photoemission characterization techniques 

was to determine work function ( m) of MoSiN gate and extract other important MOS 

device parameters (discussed in later sections). The relevant theory and basic 

measurement setup for the two electrical/optical characterization techniques (used in this 

research) have been discussed in the preceding chapters. 

The HFCV measurement data was used to calculate the MoSiN work function 

( m) using the relationship between flatband voltage (VFB) and the oxide thickness (tox). 

The dark current-voltage (IV) measurements were used to assess the quality of the gate 

oxide used in this research work. The barrier height measurements, which are based on 

the internal photoemission of electrons (IPE), used external illumination to extract the 

MoSiN/SiO2 interfacial barrier height ( b). The extracted barrier heights provided 

independent confirmation of the MoSiN gate work function ( m).  

For simplicity, characterization results for the MoSiN gate, reactively sputtered at 

10% (N2/ (N2+Ar)) gas flow ratio, and 20nm SiO2 on p-type silicon substrate are 

discussed in this chapter. The characterization results were primarily obtained from 

capacitor with three different areas; 5 10
-3

 cm
2
, 2 10

-3
 cm

2
 and 1 10

-3
 cm

2
. However, 
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measurement results from other capacitor sizes were included when discussing scaling of 

device parameter with capacitor area. 

5.2  High Frequency Capacitance-Voltage (HFCV) 

Characterisation Results 

The high frequency capacitance-voltage (HFCV) response of a MOS capacitor is 

a very important electrical characterization tool providing vital material and device 

information, including the gate oxide thickness (tox), the acceptor doping concentration 

(Na) of p-silicon substrate, oxide charge (Qox), flatband voltage (VFB) and the work 

function ( m) of the MoSiN metal gate. The capacitance-voltage measurement theory 

was introduced in Chapter 2 (Section 2.4) and the HFCV measurement experimental 

apparatus was described in Chapter 4 (Section 4.3.1).  

5.2.1  Oxide Thickness (tox)  

The gate oxide thickness (tox) of a MOS capacitor is commonly determined from a 

high frequency capacitance-voltage (HFCV) curve. From equation 2.2, relationship 

between the oxide thickness (tox) and the oxide capacitance (Cox) in accumulation is  

,
t

Aεε
=C

ox

oxo

ox          (5.1) 

where o (= 8.854  10
-14 

F cm
2
) is permittivity of free space, ox (= 3.9 for SiO2) is the 

relative dielectric permittivity and A is the area of the gate electrode.  



73 

From equation 5.1, the oxide capacitance (Cox) is shown to have dependence on 

the gate area, A. The oxide capacitance per unit area (F/cm
2
) is obtained by performing 

an HFCV measurement on different sized MOS capacitors for the same oxide sample. 

The relationship between the oxide capacitance per unit area (F/cm
2
) and the oxide 

thickness (tox) is expressed as 

),cm/F(
t

ε
=C 2

ox

ox

ox         (5.2)  

After undergoing a number of fabrication steps, the gate area may tend to vary 

from capacitor to capacitor on the same sample. To minimize errors, the gate area of each 

MOS capacitor, undergoing an electrical measurement, is measured using an optical 

microscope.  

The oxide capacitance (Cox) per unit area (F/cm
2
) for capacitor areas ranging from 

5×10
-3

 to 1×10
-4

 cm
2
 are listed in Table 5-1. The results were obtained by taking an 

average of 4 different same sized capacitors on the same sample. The measured values of 

capacitance per unit area (F cm
2
) were found to be significantly constant at 170 nF cm

2
 

( 1% deviation) for the capacitor sizes used in this research.  

The HFCV response of MOS capacitors, with three different gate areas, is shown 

in Figure 5-1. The overlapping of oxide capacitance per unit area, for all three capacitors, 

confirms the scalability of the oxide capacitance (Cox) with area. Using equation 5.1, the 

calculated oxide thickness (tox) for this sample is ~ 20nm. 
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Table 5-1: The oxide capacitance scales with area for MoSiN 20nm SiO2 p-Si 

capacitor. The MoSiN gate was reactively sputtered at 10% gas flow ratio. 

Area 

( 10
-3

 

cm
2
) 

Oxide Capacitance Cox ( 10
-7

 F/cm
2
) from HFCV Measurement 

No. of capacitor set measured 
Avg. Cox  

( 10
-7 

F/cm
2
) 

Std. Dev. 

( 10
-7 

F/cm
2
) 1 2 3 4 

5.01 1.76 1.68 1.76 1.75 1.74  0.03  

2.03 1.72 1.79 1.65 1.76 1.75  0.025  

1.01 1.75 1.74 1.79 1.76 1.71  0.05 

0.502 1.72 1.62 1.69 1.74 1.69  0.02  

0.204 1.66 1.71 1.75 1.691 1.70  0.03  

0.102 1.691 1.76 1.66 1.62 1.68  0.045  
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Figure 5-1: The oxide capacitance per unit area as a function of applied gate bias for 

a MoSiN SiO2 p-Si capacitor. The gate oxide thickness is 20nm.  
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To grow silicon dioxide with different thicknesses, the oxidation temperature was 

kept constant at 1000
o
C while varying the oxidation time from 20 minutes to 45 minutes 

(see Section 3.3.1). The oxide thickness (tox) was also measured optically using the 

Nanospec system. The oxide thicknesses (tox) obtained from Nanospec measurements 

(listed in Table 5-2) and from the HFCV measurement results (listed in Table 5-3) are in 

good agreement with the each other. 

5.2.2  Substrate Doping Concentration (Na) 

In this research, 3-inch p-type silicon wafers were used as the substrate. The 

lightly doped silicon substrates had an electrical resistivity ( ) of 1-10 Ω·cm, which 

corresponds to a doping concentration (Na) between 1.5×10
16

 and 1.35×10
15

 cm
-3

. As 

described previously in Section 2.5.2, the HFCV measurements results can be used to 

calculate the acceptor doping concentration (Na).  

Using the maximum-minimum capacitance method, (see Section 2.5.2) a single 

average value of the acceptor doping concentration can be calculated for a uniformly 

doped p-type silicon substrate. The maximum capacitance (Cox), in accumulation, and the 

minimum capacitance (Cmin), in inversion, are measured from a HFCV curve. The HFCV 

measurement is performed on multiple MOS capacitors (on the same oxide sample) to 

obtain average maximum and minimum capacitance values.  

From equation 2.10, the minimum capacitance (Cmin) is shown to be inversely 

related to the maximum depletion width (Wdmax) and hence, to the doping concentration 

(Na). A range of theoretical minimum capacitance values are calculated (using MATLab) 

over the expected range (1.5×10
16

 cm
-3

 to 1.35×10
15

 cm
-3

) of doping concentrations (Na). 
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Table 5-2: The average oxide thickness (tox) obtained using the Nanospec system for 

dry oxidation of silicon at 1000
o
C. The oxidation time ranged from 20 minutes to 45 

minutes. 

Oxidation time 

(min) 

Oxide Thickness (nm) obtained from Nanospec 

Wafer Samples Average 

(nm) 

Std. Dev. 

(nm) A B C D E 

20 13 10.8 11.6 10.9 11.4 11.5  0.8 

25 15.6 14.9 14.2 16.5 15.8 15.4 0.7 

30 18.9 19.7 20.9 21 18.5 19.8 0.9 

35 22.9 23.5 22.4 21.9 21 22.3 0.8 

40 26.7 28.2 27.5 26.9 27.1 27.3 0.8 

45 33.7 30.9 33.1 32.5 34 32.8 0.9 

 
 

 

Table 5-3: The average oxide thickness (tox) obtained using the HFCV 

measurements, for dry oxidation of silicon at 1000
o
C. The oxidation time ranged 

from 20 minutes to 45 minutes. 

Oxidation time 

(min) 

Oxide Thickness (nm) obtained from HFCV Measurement 

Wafer Samples Average 

(nm) 

Std. Dev. 

(nm) A B C D E 

20 12 11.5 11.7 13.1 12.9 12.2 0.55 

25 16 16.1 15.4 15.3 16.2 15.8 0.4 

30 19.5 19.9 19.2 20.3 20.7 20 0.5 

35 22.1 23 23.5 22.9 22.8 23 0.5 

40 27.8 28.9 28.4 28 27.9 28.2 0.45 

45 33 33.5 33.8 35 34.5 34 0.89 
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Table 5-4: The average acceptor doping concentration (Na) for p-type Si substrate 

was calculated using the maximum-minimum capacitance method. 

Oxide 

Thickness 

tox  0.5 

(nm) 

Gate Area 

( 10
-3 

cm
2
) 

Oxide 

Capacitance Cox 

( 10
-7 

F cm
2
) 

Min Capacitance 

Cmin ( 10
-7 

F cm
2
) 

Sub. Doping Na 

( 10
15

 cm
-3

) 

12 5.02 2.87 0.33 1.05 

12 2.03 2.89 0.34 1.21 

12 1.00 2.85 0.31 1.09 

Avg. Doping Concentration (Na) = (1.11  0.07)  10
15

 cm
-3

 

16 5.04 2.15 0.3 1.24 

16 2.01 2.17 0.29 1.27 

16 1.03 2.16 0.3 1.20 

Avg. Doping Concentration (Na) = ( 1.24  0.04)  10
15

 cm
-3

 

20 5.04 1.73 0.22 1.09 

20 2.02 1.74 0.22 1.16 

20 1.001 1.74 0.24 1.10 

Avg. Doping Concentration (Na) = (1.12  0.03)  10
15

 cm
-3

 

23 5.03 1.52 0.22 1.25 

23 2.03 1.49 0.22 1.18 

23 1.02 1.51 0.21 1.14 

Avg. Doping Concentration (Na) = ( 1.19  0.05)  10
15

 cm
-3

 

28 5.01  1.23 0.19 1.20 

28 2.02 1.234 0.18 1.17 

28 1.00 1.22 0.20 1.25 

Avg. Doping Concentration (Na) = (1.21  0.06)  10
15

 cm
-3
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The doping concentration was determined by comparing the theoretical and the 

experimental values of the minimum capacitance. The average doping concentrations 

(Na) calculated for the different oxide thicknesses (tox) are shown in Table 5-4. The 

average substrate doping concentrations (Na), listed in Table 5-4, are evidently quite low 

(i.e. ~1.2  10
15

 cm
-3

) for the p-silicon substrates used in this research. For Na = ~1.2  

10
15

 cm
-
3, the work function ( si) of p-type silicon substrate, calculated using equation 

2.13, is ~ 4.935  0.05 eV. 

5.2.3  Flat-Band Voltage (VFB) 

For a uniformly doped p-Si substrate, the flatband voltage (VFB) may be 

calculated using the flatband capacitance (CFB) method as previously described in Section 

2.5.3. The extracted oxide thickness (tox) and average doping concentration (Na) are first 

used to calculate the flatband capacitance (CFB). The flatband voltage (VFB) is then 

determined by locating the flatband capacitance on the HFCV curve. 

For the set of MOS capacitors illustrated in Figure 5-1 the flatband capacitance 

was calculated to be ~ 0.94 10
-7

 F/cm
2
. As shown in Figure 5-2, the flatband capacitance 

(CFB) was located on the HFCV curve and extrapolated to the voltage axis to determine 

the corresponding flatband voltage (VFB) as  0.8V. 

5.2.4  Flatband voltage shifts 

 The flat-band voltage (VFB) is the externally applied gate bias that balances out 

the metal-semiconductor work function difference ( ms) and any charge present in the 
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oxide or at the Si/SiO2 interface. If there is no interface or oxide charge, the measured 

flatband voltage (VFB) is considered to be “ideal” and equal to the work function 

difference ( ms).  
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Figure 5-2: The flatband capacitance (CFB) and flatband voltage (VFB) determined 

from the high frequency capacitance-voltage (HFCV) curve of the MoSiN SiO2 p-Si 

capacitor.  

Conversely, it can be deduced that any change in the MoSiN work function ( m) 

will also affect the work function difference ( ms) and hence, the flatband voltage (VFB). 

It should be noted that the maximum (Cmax) or minimum capacitance (Cmin), substrate 

doping concentration (Na) and the flat-band capacitance (CFB) values are not affected by 

the MoSiN work function and will be relatively constant for a given SiO2 Si system.  
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Moreover, the work function difference ( ms) will be positive for a metal work 

function ( m) greater than silicon work function ( s) i.e. m > s. The positive ms will 

shift the flatband voltage (VFB) and hence, the HFCV curve towards positive voltages. On 

the contrary, the work function difference will be negative for m < s shifting the 

flatband voltage as well as the HFCV curve towards negative voltages.  

When two different metals gates are deposited on the same oxidized wafer, the 

difference between the two HFCV curves will represent the difference in their work 

functions. If the work function of one metal is known, then the work function of the other 

metal can be easily determined from the voltage shift. This method, which was described 

briefly in Section 2.5.4, can be used to extract work function ( m) of the MoSiN gate by 

comparing the HFCV curves (i.e. the flatband voltage shifts) with a metal (e.g. 

Aluminum) with known a work function ( m ~ 4.1eV) [13].   

Such voltage shifts are also observed in the normalized (C/Cox) HFCV curves of 

aluminum (Al) and MoSiN gate MOS capacitors shown in Figure 5-3. The flatband 

voltage, determined using the flatband capacitance method, for MoSiN gate is  0.8V and 

that for Al gate is  1.35V. The voltage shift in the flatband voltage is directly related to 

the difference in the aluminum and MoSiN work function ( m).  

The HFCV response of different MoSiN gate MOS capacitors, reactively 

sputtered at varying nitrogen and argon partial pressures are illustrated in Figure 5-4. The 

HFCV curves were observed to shift, in a parallel fashion, towards greater negative 

values as the gas flow ratio (N2/(N2 + Ar)) increased from 10% to 40%. These voltage 

shifts confirmed that the MoSiN work function decreased slightly as the gas flow ratio 

was varied.  
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Figure 5-3: The HFCV curves for MOS capacitors with Aluminum and MoSiN gate 

electrode on the same sample (20nm SiO2 and p-silicon substrate). The flatband 

voltage shift is observed due to the difference in work function of the two metals. 
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Figure 5-4: The HFCV curves for MoSiN/20nm SiO2/p-Si capacitors shift towards 

negative voltages for an increase in the gas flow ratio (N2/ (N2 + Ar)). For 

comparison, aluminum gate reference capacitors were fabricated on the same oxide. 
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The HFCV curve of an aluminum gate MOS capacitor, shown in Figure 5-4, was 

used as a reference to compare the extracted values of flat band voltage (VFB) and the 

work function ( m) for the MoSiN gate. The MoSiN and the aluminum gate were 

deposited on the same gate oxide and fabricated under the same conditions to ensure that 

the doping concentration and the oxide charge density (Qox) remained the same. 

5.2.5  Work Function Difference ( ms) 

The flatband voltage obtained from a HFCV curve can be used to calculate the 

work function difference ( ms) of an MOS capacitor. However, the oxide charge affects 

the flatband voltage (VFB) by introducing voltage shifts in the HFCV curve. Hence, it is 

important to determine the oxide charge density and accordingly, separate the voltage 

shift introduced by the oxide or interface charge. 

 The relationship between the flatband voltage (VFB) and the oxide thickness (tox) 

(see Eqn. 2.11) can be used to calculate the work function difference ( ms) and the oxide 

charge density (Qox). This method requires MOS capacitors fabricated with multiple 

oxide thicknesses (tox).  

The extracted flatband voltages (VFB) as a function of the oxide thickness (tox) are 

plotted in Figure 5-5. The VFB vs. tox plot exhibits a linear relationship between VFB and 

tox for all gate stacks. The linear fits (represented by the dashed lines), applied to all data 

points, are extrapolated to zero oxide thickness (tox = 0). At the intercept, the flatband 

voltage (VFB) is equal to the work function difference ( ms). Using equation 2.15, the 

work function ( m) of metal gate can be determined from the work function difference at 
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zero oxide thickness i.e. tox = 0. The oxide charge density (Qox), determined from slope of 

the fit, is ~ 5 10
10

 cm
-2

. 

0 10 20 30 40
-2.0

-1.5

-1.0

-0.5

0.0
MoSiN Gate

Gas flow ratio 

 10%

 20%

 30%

 40%

Al gate

 

 
F

la
t 

b
a

n
d

 v
o

lt
a

g
e

, 
V

F
B
 (

v
o

lt
s

)

Oxide thickness, tox  (nm)
 

Figure 5-5: A plot of flatband voltage (VFB) as a function of SiO2 thickness for 

MoSiN and Al gate capacitors. The dashed lines represent linear fits applied to the 

data points. The MoSiN gate is reactively sputtered at varying gas flow ratio. Similar 

behavior is observed between different MoSiN and reference aluminum gate 

capacitors. 

The extracted values of flatband voltage (VFB) for the aluminum gate electrode for 

different oxide thicknesses (tox) are shown in Table 5-5. The extracted work function of 

aluminum is ~ 4.09 and is in good agreement with reported values [12, 13]. As the gas 

flow ratio (N2/(N2+Ar)) is increased from 10% to 40%, the extracted MoSiN work 

function ( m), listed in Table 5-6, is observed to decrease linearly from ~ 4.65  0.02 eV 

to ~ 4.42  0.02 eV. These results confirm a reduction in the MoSiN work function as the 

N2 gas phase ratio is increased during the reactive sputter deposition. 
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Table 5-5: The extracted flatband voltages (VFB) and the work function ( m) of the 

aluminum gate MOS capacitors. 

Flatband Voltages (VFB) and Work Function ( m) for the Aluminum Gate 

Oxide Thickness tox  0.5 (nm) 
VFB @ tox = 0 

(V) m (eV) 
12 16 20 23 28 

-1.1 -1.2 -1.32 -1.42 -1.67 -0.85  0.010 4.09  0.02 

 

Table 5-6: The extracted flatband voltages (VFB) and work function ( m) of MoSiN 

Gate MOS capacitors. The MoSiN gate was reactively sputtered at a varying gas 

flow ratio (N2/ (N2+Ar)). 

Flatband Voltages (VFB) and Work Function ( m) for the MoSiN Gate 

Gas Flow 

Ratio 

(%) 

Oxide Thickness tox  0.5 (nm) At tox = 0,  

VFB = ms  

(V) 
m (eV) 

12 16 20 23 28 

10% -0.55 -0.65 -0.8 -0.85 -0.9 -0.30  0.011 4.65  0.02 

20% -0.67 -0.74 -0.87 -0.92 -1.04 -0.37  0.014 4.57  0.02 

30% -0.75 -0.85 -0.95 -0.1 -1.16 - 0.44  0.012 4.50  0.02 

40% -0.83 -0.91 -1.02 -1.07 -1.25 -0.52  0.015 4.42  0.02 

 

5.3  Current-Voltage Characterisation Results 

The current-voltage (IV) measurements were performed to assess the quality of 

the gate oxide. For the IV measurements, a DC step voltage sweep was applied to the 
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gate electrode using an Agilent 4156C semiconductor parameter analyzer. These 

measurements were performed in the dark to minimize errors due with ambient light. 

In an MOS capacitor, the measured current can be dominated by either 

displacement or particle current or a combination of both. The displacement current is a 

result of movement/displacement of charge on both electrodes of a capacitor due to 

potential variations across the dielectric [13]. A particle current arises due to charged 

carriers (electron or hole) travelling across the dielectric, either by trap assisted 

mechanisms, under the influence of external excitation or simply by tunnelling through 

the dielectric layer [13].  

The current density (current/area, Jg) response of a MoSiN  20nm SiO2 p-Si MOS 

capacitor is shown in Figure 5-6. In this plot, the current density (Jg) for capacitor areas 

including 5×10
-3

, 2×10
-3

 and 1×10
-3 

cm
2
 are shown to overlap as expected. The scaling of 

current density (Jg) with area confirms that the gate oxide (used in this research) has 

fairly uniform insulating properties.  

The measured current, shown in Figure 5-6, is most probably dominated by 

displacement current. The current is observed to saturate for positive gate biases due to 

limited number of minority carriers generated in the inversion regime. For a low negative 

bias, the measured current is slightly higher due to abundance of mobile carriers in the 

accumulation region.  
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Figure 5-6: The current density-voltage response of MoSiN gate MOS capacitors. 
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Figure 5-7: The leakage current (due to FN tunnelling) for a MoSiN gate, 20nm 

SiO2 MOS capacitor. Gate area = 5 10
-3

 cm
2
. 



87 

In Figure 5-7, an appreciable particle/leakage current is shown to arise from FN 

tunnelling, at higher negative gate voltages. At a gate voltage of ~ 7V, the oxide electric 

field (Fox) will be ~ 6MV/cm across the 20nm SiO2 film. The applied electric field is 

large enough to tunnel charged carriers through the triangular portion of the interfacial 

barrier into the SiO2 conduction band, resulting in extremely high leakage currents. 

If the bias is increased even further, the gate oxide (SiO2) may eventually 

breakdown resulting in very high leakage currents shorting the MOS capacitor. The 

typical current-voltage characteristics of all MOS capacitors, used in this research, were 

similar to the current-voltage response shown in Figure 5-6 and Figure 5-7. 

5.4  Internal Photoemission Characterization Results 

Internal photoemission, a powerful characterization technique, was used to 

determine the barrier height ( b) at the MoSiN gate/SiO2 interface by optical excitation 

of electrons over the energy barrier. The internal photoemission theory was discussed in 

Chapter 2 (Section 2.7) and the experimental apparatus for the barrier height 

measurements was described in Chapter 4 (Section 4.3.4). 

Since the interfacial barrier between MoSiN gate and SiO2 gate is not affected by 

the oxide thickness (tox), the IPE characterization results for only MoSiN/ 20nm SiO2/p-

Si MOS capacitors are discussed in this section. The MOS capacitors with areas 5×10
-3

 

cm
2
, 2×10

-3
 cm

2
 and 1×10

-3
 cm

2
 were used for the barrier height measurements. Using 

equation 2.26, the extracted barrier height ( b) is used to determine the work function 

( m) of the MoSiN gate.  
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5.4.1  Calibration of the Light source 

For the barrier height measurements, 200W mercury (Hg) arc lamp was used as 

the light source. The mercury arc lamp emits a high intensity light spectrum over a wide 

range of wavelength ( ), with characteristic peaks in the near UV region. Calibration of 

the measurement apparatus, i.e. the mercury arc lamp and monochromator, was made 

using a reference silicon photodiode (Newport 818-UV). The experimental setup for the 

photodiode (photodetector) measurement was described in Section 4.3.3. 

The responsivity (R) of a photodiode is defined as the ratio of electrical output for 

an optical input and is usually provided by the manufacturer. The Newport 818-UV 

silicon photodiode has a relatively flat response over the desired range of wavelength i.e. 

1500 Å to 6000 Å. Figure 5-8 shows the output spectrum of the 200W Hg arc lamp 

measured using a monochromator and calibrated photodetector.  

The associated wavelength ( ) and corresponding energies (Eph) of the peaks in 

Figure 5-8, labelled from A to G, are listed in  

 

 

Table 5-7. The photon energy Eph (h ), inversely related to the wavelength (λ), is 

calculated by  

,
λ

hc
=νh=Eph          (5.3) 

where h is Planck‟s constant, ν is the optical frequency, and c is the speed of light. 
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Figure 5-8: The mercury (Hg) arc lamp spectrum measured using a monochromator 

and a calibrated silicon photodiode. 

 

 

Table 5-7: The wavelength and the photon energies of dominant peaks (in the near 

UV region) in the mercury arc lamp spectrum [33]. 

Dominant Peak  

(from Figure 5-8) 
Known Wavelength ( )  

(Å) 

Photon Energy h  (eV) 

at Known Wavelength 

A 2536.52 4.89 

B 3129.00 3.96 

C 3650.15 3.40 

D 4046.57 3.06 

E 4358.33 2.84 

F 5460.74 2.27 

G 5787.00 2.14 
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5.4.2  Incident Photon Flux (Fph)  

The photon flux (Fph), defined as the number of incident photons per unit time, is 

used to calculate the quantum yield (Y). Experimentally, incident photon flux (Fph) is the 

ratio of total absorbed power (Pa) over energy (h ) of each photon and is expressed as  

,
R×νh

I
=

νh

P
=F

diodea

ph          (5.4) 

where, the absorbed power of the incident photons (Pa) is the ratio of the photodiode 

responsivity (R) and the measured photodiode current (Idiode).  The measured incident 

photon flux (i.e. relative no. of incident photons per second) and the responsivity (R) of 

the silicon photodiode are plotted in Figure 5-9.  
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Figure 5-9: The responsivity (R) of the silicon photo-diode and the measured 

incident photon flux (Fph) as a function of wavelength ( ) of incident light. 
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5.4.3  Gate Injection 

A negative bias was applied to the MoSiN gate electrode to measure the 

interfacial energy barrier ( b) at the MoSiN/SiO2 interface. The MoSiN gate electrode 

was illuminated with photon energies (h ) ranging from 2 eV to 6 eV. The input and 

output slits of the high resolution monochromator were set to their maximum width to 

obtain a constant spectral resolution of 2 nm.  

The absorbed photons optically excite electrons from the metal gate fermi level 

(EF) into the oxide conduction band (EC). The photo-excited electrons, possessing 

energies greater than the energy barrier (i.e. h   b), surmount the energy barrier and 

contribute to the measured photocurrent (Iph) in the external circuit.   

The photo-detector current (top spectrum) as a function of photon energy (h ) is 

illustrated in Figure 5-10. The photocurrent spectrum, measured from at a MoSiN SiO2 p-

Si MOS capacitor, at an applied oxide field of 2MV cm, is also plotted on the same scale 

for comparison. The MoSiN gate was deposited with a 10% gas flow ratio. The area of 

these capacitors was 5 10
-3

 cm
2
 and 5 10

-4
 cm

2
.  

For photon energies (h   3 eV), the measured photocurrent is due to 

photoemission of electrons into the oxide conduction band under the influence of the 

applied field. However, the intensity of the photocurrent is significantly reduced for 

photon energies (h )  3.5eV. This may be attributed to fewer electrons being excited 

with sufficient energy to surmount the energy barrier at the applied electric field.  

The photocurrent, measured at photon energies less than 3 eV, is dominated by 

leakage current and is not useful for the barrier height measurement. Nonetheless, the 
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measured leakage current (refer Section 5.3) for the 5 10
-3 

cm
2
 and 5 10

-4
 cm

2
 MOS 

capacitors scales with capacitor area (A). 
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Figure 5-10: The photocurrent intensity measured using a photo-detector and from 

the MOS capacitor is shown on the same scale. The MoSiN gate is deposited at 10% 

gas flow ratio. 

As shown in Figure 5-11, the photocurrent vs. photon energy (capacitor area = 

5 10
-3

 cm
2
) is repeated for various oxide fields (Fox). The applied electric field (Fox) was 

varied from 1 MV cm to 4 MV cm where the probability of FN tunnelling is minimal.  

An additional peak (corresponding to peak D at 3.06 eV) is observed in the 

measured photocurrents for the 3 MV/cm and 4 MV/cm oxide fields. This may be due to 

lowering of the effective barrier height ( beff) as the applied field across the oxide 
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increases. A lower barrier height allows electrons possessing lower energy to overcome 

the barrier and result in higher photocurrent and hence, higher quantum yield (Y).  
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Figure 5-11: The measured photocurrent at different electric field across gate oxide. 

5.4.3.1  Quantum Yield (Y) 

The photocurrent (Im) vs. photon energy (h ) spectrum, for various oxide fields, 

was used to calculate the quantum yield (Y). The quantum yield (Y) is defined as the 

ratio of number of photo-excited electrons surmounting the energy barrier to the number 

of photons absorbed in the gate. Using equation 2.23, the quantum yield was calculated 

using the absorbed power of the incident photons (Pa) and the measured photocurrent (Iph) 

from a MOS capacitor.  
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Using equation 5.4, quantum yield (Y) can alternatively be calculated using the 

measured photocurrent (Iph) and incident photon flux (Fph), and is given by    

,
qF

I
=

qP

νhI
=Y

ph

ph

a

ph

             (5.5) 

where q is electronic charge and h  is photon energy (eV). For barrier height 

measurements, the square root of relative yield is the best model to use for a metal gate 

electrode [19].  
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Figure 5-12: The typical plot of square root of quantum yield (Y) vs. photon energy 

(h ) for oxide field = 2 MV/cm. The MoSiN gate is deposited at 10% gas flow ratio 

and capacitor area = 5x10
-3

 cm
2
. The extrapolated effective barrier height ( beff) = 

~3.6  0.02 eV. 

A typical square root of quantum yield (Y
1/2

) vs. photon energy (h ) plot, for a 

5x10
-3

 cm
2
 MOS capacitor, is shown in Figure 5-12.  For this capacitor, the MoSiN gate 
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was deposited with a 10% gas flow ratio. A linear fit is applied to the data plot, shown in 

Figure 5-12, and extrapolated to zero yields. The effective barrier height ( beff) at the 

metal/SiO2 interface is measured from the intercept.  

As explained before in Section 2.7.2, a linear fit cannot be made over the entire 

range of photon energy (from 5 to 2.5 eV) displayed in Figure 5-11.  In this work, the 

internal photoemission data was analysed using the procedure outlined by Afanas‟ev [24] 

and Daniel Felnhofer [25]. In other words, a linear fit was over the range of photon 

energies where the correlation coefficient was ~ -1  0.1. 

At photon energies less than 3.5 eV, the measured data is dominated by direct 

tunnelling leakage current. Hence, the data below 3.5 eV is not relevant for extracting the 

effective barrier height ( beff). However, a significant increase in the quantum yield (Y) 

is observed for energies (h ) greater than 3.5 eV due to optical excitation and emission of 

electrons into the oxide (SiO2) conduction band (EC). At photon energies (h ) exceeding 

3.5 eV, a linear fit is applied to the relative yield plot. The effective barrier height ( beff) 

is determined by extrapolated the linear fit to zero yields; Y = 0. For an oxide field (Fox) 

of 2 MV/cm, the effective barrier height ( beff) at the intercept was ~ 3.6 ± 0.02 eV.    

5.4.4  Determination of Barrier Height ( b) 

The zero field barrier height ( b) was determined from the field dependence of 

the effective barrier height ( beff) by calculating the relative quantum yields for varying 

oxide fields (Fox). A plot of square root of relative quantum yield (Y
1/2

) as function 
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photon energy (h ) for a wide range of applied oxide fields (1 MV/cm to 4 MV/cm) in 

depicted in Figure 5-13.  
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Figure 5-13: The plot of (relative yield)
1/2

 at varying electric fields (Fox). 

As explained previously, extrapolation of the linear fits to zero yields (Y = 0) was 

used to measure the effective barrier height ( beff) at an applied field. To determine the 

actual MoSiN/SiO2 barrier height ( b), the effective barrier heights ( beff) were plotted 

(see equations 2.20 and 2.21) as a function of the square root of the electric field (Fox)
1/2

 

and are shown in Figure 5-14. Due to Schottky effect or image force induced barrier 

lowering (Section 2.7.1), a reduction in the effective barrier height is observed as the 

electric field (Fox) in the SiO2 layer increases.  
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Figure 5-14: The plot of effective barrier height ( beff) as a function of applied 

electric field (Fox) across the oxide.  The zero field barrier height ( b) is 3.78  0.02 

eV for MoSiN/SiO2 interface. The MoSiN gate is reactively sputtered at 10% gas 

flow ratio.  

The actual barrier height is determined by extrapolating the linear fit to zero oxide 

field, Fox = 0. The zero field barrier height, obtained from the field dependence, is ~ 3.78 

 0.02 eV for MoSiN/SiO2 interface. This particular MoSiN gate was reactively sputtered 

with a 10% gas flow ratio. The same methodology, employed for a smaller (5×10
-4

 cm
2
) 

capacitor on the same sample (not shown), yielded the same zero field barrier height ( b) 

a barrier height of ~ 3.78  0.02 eV. 
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5.4.5  MoSiN Work Function ( m) 

Using equation 2.26, the extracted barrier height ( b) was used to determine the 

work function ( m) of the MoSiN gate. The effective barrier heights, zero field barrier 

heights and the extracted work function for the MoSiN/SiO2 interface are shown in Table 

5-8. These results were obtained by performing the barrier height measurements (using 

IPE) on all MoSiN gates, reactively deposited using varying gas flow ratios. 

Table 5-8: The values of effective barrier heights ( beff), zero field barrier height 

( b) and extracted work function ( m) for the MoSiN gate deposited at varying 

gas flow ratios. 

Gas Flow 

Ratio (%) 

Effective barrier height ( beff) (eV) 
Zero Field 

Barrier Height 

b (eV) 

MoSiN Work 

Function 

( m) 

(eV) 

Applied Electric Field Fox (MV/cm) 

1 2 3 4 

10% 3.64 3.60 3.56 3.51 3.78  0.021 4.65  0.02 

20% 3.67 3.62 3.58 3.54 3.54  0.024 4.57  0.02 

30% 3.6 3.57 3.53 3.48 3.48  0.022 4.50  0.02 

40% 3.54 3.49 3.46 3.42 3.42  0.025 4.42  0.02 

 

The extracted values are an average of 4 different sized capacitors on each test 

sample. The MoSiN work functions ( m), listed in Table 5-8, are observed to decrease 

linearly from ~ 4.69   0.02 eV to ~ 4.47  0.02 eV for the gas flow ratios (N2/ (N2 + Ar)) 

ranging from 10% to 40%. These results are in good agreement with the values extracted 

using the high frequency capacitance-voltage characterization technique. 
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5.4.6  Comparison: Extracted Work Function  

The extracted work function of the MoSiN gate as a function of the gas flow ratio 

(N2/(N2 + Ar)), ranging from 10% to 40%, are shown in Figure 5-15. The MoSiN work 

functions ( m), extracted using both the high frequency capacitance-voltage (HFCV) and 

the internal photoemission (IPE) characterization techniques, are in good agreement. 

However, a constant difference of ~ 0.05 eV was observed in the two extracted datasets 

and may be attributed to presence of small amount of fixed oxide charge or interface 

charge. However, the trend observed in both characterization results clearly indicates a 

steady decrease in the MoSiN work function ( m) with an increase in N2 gas phase ratio 

during the gate deposition. 
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Figure 5-15: Extracted MoSiN work function ( m), extracted using capacitance-

voltage and photocurrent-voltage measurements, as a function of gas flow ratio 

(N2/(N2 + Ar)).  
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Chapter 6   Material Characterization 

6.1  Introduction 

Material characterization refers to the use of characterization and analysis tools 

for investigating material properties of a test sample. These material characterization 

techniques are typically used to extract elemental composition, concentration as well as 

various physical and chemical properties, which are not available from electrical or 

optical characterization of the test sample films. 

As described in Chapter 3, the blanket MoSiN films were reactively sputtered 

with a sputtering gas mixture (N2/ (N2 + Ar)), varying from 10% to 40%. These films 

were subsequently annealed at 400
o
C in forming gas (5% H2) for 30 minutes. In the 

previous chapter, the MoSiN work function, extracted using the capacitance-voltage and 

barrier height measurements, was found to decrease by ~ 0.3 eV for an increase in the gas 

flow ratio from 10% to 40%. 

Structural and/or chemical changes within the metal or at the metal/insulator 

interface are likely to affect the metal work function. The notion that the MoSiN work 

function is altered, by varying the gas flow ratio during gate deposition, demands 

extensive investigation of the physical and chemical properties of the reactively sputtered 

MoSiN films. 

Material analysis and characterization tools, including x-ray photoelectron 

spectroscopy (XPS) and secondary ion mass spectrometry (SIMS), were employed to 

study the surface, bulk and interfacial chemistry of MoSiN blanket films. The basic 
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principles and instrumentation for these two techniques are briefly introduced in this 

chapter.  

The x-ray photoelectron spectroscopy (XPS) was used to analyse the surface of 

the MoSiN blanket films and extract vital information regarding the elemental 

composition, chemical bonding and chemical structure. The secondary ion mass 

spectrometry (SIMS) depth analysis was performed on the same MoSiN blanket films to 

obtain an elemental distribution profile within the bulk of the sample. The 

characterization results and relevant conclusions are presented at the end of this chapter.    

6.2  X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS), also known as ESCA, an abbreviation 

for Electron Spectroscopy for Chemical Analysis, is a non-destructive characterization 

technique typically used to measure the surface chemistry of any material. In this 

research, XPS was primarily used to measure the elemental composition, chemical 

environment surrounding an element and atomic concentration (%) of the elements, 

present in the analyzed material.  

6.2.1  Basic Principle 

An XPS analysis is performed by irradiating a sample surface with a beam of x-

rays. The incident x-rays, with sufficient energy h  (typically 1 to 2 keV), can excite 

photoelectrons, as shown in Figure 6-1, from the inner core orbital of the elements 

present on the surface.  

http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Photoelectron
http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Chemical_state
http://en.wikipedia.org/wiki/Chemical_state
http://en.wikipedia.org/wiki/Chemical_state
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Figure 6-1: An energy-level diagram illustrating the basic principles of x-ray 

photoelectron spectroscopy [34]. 

The number of photo-emitted electrons and their kinetic energy is simultaneously 

measured. Experimentally, the kinetic energy (Ek) of these photo-emitted electrons is 

related to the energy of incident x-rays (h ) and the electron binding energy (Eb) by:  

,Φ -E -νh=E bk          (6.1) 

where  is the work function of the spectrometer [34].  

The binding energy (Eb) is the minimum energy required to release an electron 

from its atomic orbital to vacuum level. Since the photoelectrons emitted from an element 

have characteristic binding energies (Eb), almost all elements (except hydrogen and 

helium) can be identified by measuring the corresponding binding energy of these core-

level photoelectrons. 

The XPS measurement is a surface sensitive technique used to investigate the 

composition of top ~5 nm of the film where the photoelectrons generated near the surface 

can escape (with very little energy loss) and become available for detection. Due to 

http://en.wikipedia.org/wiki/Electrons
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collisions within the sample's atomic structure, photoelectrons originating from more than 

50 Å to 100 Å below the surface cannot escape with sufficient energy to be detected.  

Any variation in the chemical bonding structure of an atom changes the binding 

energy of its core electrons. The variation of binding energy results in a "chemical shift" 

in the corresponding XPS peak. Thus, XPS can be used for chemical and elemental 

identification by measuring the shifts in the binding energy (Eb). 

6.2.2  XPS Instrumentation 

The AXIS Ultra DLD, supplied by Kratos Analytical Ltd, was used to perform the 

chemical characterization of the reactively sputtered MoSiN films. The XPS instrument, 

shown in Figure 6-2, includes an aluminum (Al) x-ray source (1486 eV), concentric 

hemispherical electron analysers (CHA), and delay-line electron detector (DLD) [35]. 

The detection limit of this instrument is in the range of parts per thousand. 

 

Figure 6-2: A schematic diagram of the XPS instrument (Axis Ultra DLD) 

manufactured by Kratos Analytical Ltd [35]. 
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For XPS analysis, the MoSiN SiO2 Si test wafers were sized ( 1 1 cm
2
) to fit into 

the sample holder, provided with the XPS equipment. The test samples were placed in an 

ultra-high (  1 10
-10

 Torr) vacuum chamber. An x-ray beam (spot size of  50 m) was 

used to scan a small area ( 2 2 mm
2
) in the centre of each test sample.  

The MoSiN test sample was irradiated with x-rays (2 keV) resulting in 

photoemission of core-level electrons from the sample. The kinetic energy (Ek) of the 

photoelectrons, leaving the sample, was measured using the concentric hemispherical 

analyser (CHA). The measured kinetic energy (Ek) was converted to binding energy (Eb) 

from the relationship described in equation 6.1. A delay-line-detector was used to 

determine the intensity (counts per sec) i.e. number of emitted photoelectrons. 

6.2.3  Low Resolution XPS Spectrum for Element 

Identification 

Upon exposure to x-rays, each element present in the test sample may produce a 

characteristic set of XPS peaks at characteristic binding energies. Each peak will 

correspond to the atomic orbital from which photoelectrons are being emitted, e.g., 1s, 2s, 

2p, 3s, etc.   

An intensity (counts per sec) vs. the binding energy (eV) spectrum for the MoSiN 

blanket film, deposited at 10% gas flow ratio, is shown in Figure 6-3. This low resolution 

scan (also known as a survey scan) was performed to quickly identify the elements 

present on the MoSiN surface. The top surface of the MoSiN blanket films was analyzed 

for a wide range of binding energies (0 to 800 eV). The XPS intensity vs. binding energy 

http://www.uksaf.org/tech/cha.html
http://en.wikipedia.org/wiki/Binding_energy
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plot was calibrated using the carbon (C 1s) peak (part of surface contamination), at 

binding energy = 284.5eV, as the reference point. 
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Figure 6-3: The raw XPS spectrum obtained by analysing the surface of blanket 

MoSiN films (reactively sputtered at 10% gas flow ratio). The plot was calibrated by 

fixing the plot to the reference C 1s (284.5 eV) peak.  

The plot illustrates the characteristics XPS peaks for carbon (C 1s), oxygen (O 

1s), silicon (Si 2p), nitrogen (N 1s) and molybdenum (Mo 3d). The location of these 

peaks i.e. binding energy, compared with the values reported in reference books [34, 37] 

and NIST (National Institute of Standards and Technology) XPS reference database [38], 

were used to identify the presence of these elements on the surface of the MoSiN test 

sample. The molybdenum (Mo 3d) peak was observed to split into two components i.e. 

doublets (Mo 3d
5 2

 and Mo 3d
3 2

) due to spin-orbit coupling of the Mo 3d orbital [39]. 
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6.2.4  High Resolution XPS Spectrum of Individual Peaks  

For each element detected on the MoSiN surface, a high energy resolution scan 

was performed to distinguish key features of individual XPS peaks. The peak shape and 

height were closely observed to identify the chemical bonding states and determine 

elemental composition of the MoSiN films.  

The raw XPS peaks were analyzed using Visions – a standardized curve fitting 

and peak separation software, provided with the XPS equipment. The raw XPS spectrum 

was fitted using a combination of Gaussian and Lorentzian curves after performing 

background subtraction using a Shirley function [42]. 

The high resolution spectra (after background subtraction) for oxygen (O 1s – 

532.5 eV) and carbon (C 1s – 284.5 eV), shown in Figure 6-4, exhibits no change for the 

reactive sputtering conditions (gas flow ratio - 10%, 20%, 30% and 40%). These peaks 

were not seen after cleaning the MoSiN surface with an argon ion gun for 5 minutes, 

indicating possible contamination in the top few mono-layers due to exposure to air.   

6.2.4.1  Molybdenum (Mo 3d) Peak 

The high resolution XPS analysis for molybdenum (Mo 3d doublet), for all 

MoSiN films prepared in this study, are shown in Figure 6-5. The binding energy for Mo 

3d
5/2

 (227.8 eV) and Mo 3d
3/2

 (231 eV) are in good agreement with the values reported in 

[37] where Mo 3d
5/2

 corresponded to Mo-Si bonds in MoSi2 films and Mo 3d
3/2

 

corresponded to Mo-N bonds for MoNx films. 



107 

540 535 530 525

Binding Energy (eV)

 10%

 20%

 30%

In
te

n
s

it
y

 (
c

p
s

) 
a

rb
it

ra
ry

 u
n

it
s

 40%

Oxygen peak

O 1s - 532.5 eV

295 290 285 280 275

 Binding Energy (eV)

  10%

  20%

  30%

Carbon peak

C 1s - 284.5 eV

  40%

 

Figure 6-4: Individual XPS peaks for Carbon (C 1s) and Oxygen (O 1s) as a 

function of binding energy. 
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Figure 6-5: The XPS photoelectron peak for Molybdenum (Mo 3d doublet) as a 

function of binding energy. 
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The XPS spectra show that the intensity of Mo 3d
5/2 

peak gradually decreases, i.e. 

reduction in Mo-Si bonds is observed as the nitrogen (N2) partial pressure in the 

sputtering gas mixture (N2/(N2 + Ar)) is increased. A concurrent increase in the Mo-N 

bonds is confirmed by the asymmetric broadening of the Mo 3d
3/2

 peak for the gate 

deposition conditions mentioned above. 

6.2.4.2  Silicon (Si 2p) Peak 

The silicon (Si 2p) XPS spectra obtained from the MoSiN films are shown in 

Figure 6-6. For MoSiN films deposited at 10% gas flow ratio, peak „A‟ located around 

103 eV in the silicon spectrum corresponds to the binding energy of Si–N bond in Si3N4 

[37], and peak „B‟ located close to 99.5 eV corresponds to Si–Mo bond in molybdenum 

silicide (MoSi2) [37]. 

110 105 100 95

B

In
te

n
s

it
y

 (
c

o
u

n
ts

 p
e

r 
s

e
c

) 
a

rb
it

ra
ry

 u
n

it
s

Si-Mo bond

99.4 eV

102.5 eV

Binding Energy (eV)

Gas Flow Ratio

 10%

 20%

 30%

 40%

Si 2p XPS peakSi-N bond

102.9 eV

A

 

Figure 6-6: The XPS peak of silicon (Si 2p) peak shifts from 103.1eV (10% gas 

flow ratio) to 102eV (40% gas flow ratio). Intensity of second peak at 99.6 eV 

reduces as the gas flow ratio is increased. 
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As illustrated in Figure 6-6, the two distinct Si 2p peaks (for 10% gas flow ratio) 

indicate that the silicon atoms are bonded to both molybdenum and nitrogen atoms. The 

intensity of both peaks „A‟ and „B‟ is observed to consistently decrease for an increase 

(from 10% to 40%) in the gas flow ratio. This trend suggests a reduction in the formation 

of Si-Mo and Si-N bonds. The peak „B‟, corresponding to Si-Mo bonds, is almost non-

existent for MoSiN films deposited at 40% gas flow ratio, leading to the notion that 

perhaps very few silicon atoms remain bonded to molybdenum atoms.   

For increasing gas flow ratios, peak „A‟ is also observed to shift (by ~ 0.4 eV) 

towards lower binding energy, confirming a change in the bonding structure of silicon 

atoms.  A similar “chemical shift” (0.5 eV) has been observed for TiSiN films [40], 

where a reduction in the Si-N and a simultaneous increase in Si-Si bonds was observed 

for increasing nitrogen ratio in the sputtering gas mixture. These results indicate that 

majority of the silicon atoms, in the MoSiN films deposited at 40% gas flow ratio, are 

either bonded to silicon or nitrogen with very few Si-Mo bonds. 

6.2.4.3  Nitrogen (N 1s) Peak 

The high resolution nitrogen (N 1s – 397.5 eV) spectrum, for the analysed MoSiN 

films, is shown in Figure 6-7. The shoulder peak located at ~393 eV could not be related 

to any element or compound reported thus far. However, the measured binding energy 

(393 eV) is fairly close to the reported values for Mo 3p
3/2

 (394.5 eV) corresponding to 

Mo-N bonds in molybdenum nitride (Mo2N) films [41, 4342]. Since the origin of this 

peak is unknown, the contribution from this peak was neglected. 
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Figure 6-7: The XPS peak for Nitrogen (N 1s) – intensity increases with the gas 

flow ratio. 

Moreover, the binding energy for the N 1s peak, shown in Figure 6-7, is in the 

range of values reported for both molybdenum nitride (MoN) and silicon nitride (Si3N4) 

films. Therefore, it is ambiguous whether nitrogen has a higher affinity to readily form 

bonds with molybdenum or silicon.  

The N 1s peak intensity is observed to consistently increase with the gas flow 

ratio. The peak height or area under the peak is a direct measure of the amount of 

nitrogen absorbed in the MoSiN films. Hence, it may be concluded that increasing the 

nitrogen partial pressure in the sputtering gas mixture incorporated larger amounts of 

nitrogen in the reactively sputtered MoSiN films.  

Reviewing the Mo 3d, Si 2p and N 1s spectra for different gas flow ratios, it may 

be speculated that a larger percentage of nitrogen atoms, absorbed in the MoSiN films, 

have a tendency to bond with molybdenum rather than to silicon atoms. In any case, the 
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intensity variations in N 1s peak confirmed a steady increase in the total nitrogen 

concentration in the reactively sputtered MoSiN films. 

6.2.5  Atomic Concentration from XPS Spectrum 

The peak height or area under a raw XPS peak was used to calculate the relative 

amount of each element present within the analysis area on the MoSiN samples. For 

overlapping peaks, curve fitting and peak separation software was used to separate and 

estimate the contribution from each peak.  
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Figure 6-8: A plot of atomic concentration (%) vs. gas flow ratio (%) obtained from 

the Molybdenum (Mo 3d), Silicon (Si 2p) and Nitrogen (N 1s) XPS spectres. 
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The area under individual (de-convoluted) peak was used (with appropriate 

sensitivity factors) to estimate the atomic concentration (%) for each element detected 

during the XPS surface analysis of the MoSiN sample. The atomic concentration (%) of 

molybdenum, silicon and nitrogen as a function of gas flow ratio (N2/ (N2 + Ar)) as 

illustrated in Figure 6-8.  

This data plot confirms that the atomic concentration of nitrogen increases (from 

~13% to ~35%) with the gas flow ratio (varying from 10% to 40%). However, the rate at 

which nitrogen was incorporated into the MoSiN films appears to have slowed down for 

40% gas flow ratio. It may be speculated that the MoSiN films may begin to saturate and 

not absorb any more nitrogen, if higher (over 40%) gas flow ratios are used. 

6.3  Secondary Ions Mass Spectrometry (SIMS) 

Secondary ion mass spectrometry (SIMS) is one of the most powerful and 

versatile technique for characterizing semiconductor materials. Amongst other 

applications, SIMS in the “dynamic mode” is commonly used as a high sensitivity depth 

profiling tool when investigating chemical modification at thin film interfaces. This 

capability of the SIMS technology is of particular interest for characterizing the MoSiN 

films in this research project.  

The secondary ions mass spectrometry (SIMS) is primarily used to monitor the 

nitrogen distribution profile in the bulk MoSiN film as well as at the MoSiN/SiO2 

interface. Since SIMS is a destructive technique, the (non-destructive) XPS analysis was 

carried out prior to performing the SIMS depth analysis on the same MoSiN samples. 
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6.3.1  Basic Principle  

A typical SIMS instrument primarily consists of an ion source, a mass 

spectrometer and secondary ions detection unit as shown in Figure 6-9. The ion source is 

used to produce a highly focused ion beam. The ion beam is directed towards the sample 

(to be analyzed) resulting in sputter removal of particles from the sample surface.   

 
 

Figure 6-9: The Schematic diagram of a typical SIMS instrument. After [44] 

This high energy bombardment may ionize some of the sputtered 

material/particles. These charged particles or secondary ions are separated using an 

energy filter and directed towards a mass spectrometer. The ionized particles, filtered by 

the difference in their mass, are measured to determine the elemental composition of the 

sample surface.   

In SIMS depth profile analysis, a primary ion beam is used to continuously raster 

a selected region on the sample surface and etches a crater that may be used for SIMS 
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analysis. The ionized particles, from the analysis crater, are mass analysed to obtain 

chemical information as function of depth. 

6.3.2  Instrumentation 

In this research, a Cameca IMS-7f Universal Magnetic Sector SIMS instrument 

was used to perform depth profiling of the MoSiN films. The detection limit of this 

instrument is in the range of 10
14

 to 10
15

 atoms per cm
3 

for most bulk elements.  

The SIMS instrument uses two types of ion source - oxygen (O
-
) and cesium 

(Cs
+
). The cesium (Cs

+
) ions were found to generate a higher secondary ions count for the 

key elements (i.e. molybdenum, silicon, nitrogen and oxygen) for this research. Thus, low 

energy (keV) primary cesium ion beam was used to characterize the reactively sputtered 

MoSiN films. 

The Cameca IMS-7f employs magnets to separate the secondary ions. The 

secondary ions (with different masses), accelerated to the same kinetic energy, have a 

different resultant velocity. When these accelerated secondary ions are directed through a 

magnetic field, they experience a deflection force. The amount of deflection will depend 

on the mass (m) and charge (q) of the secondary ion [44].  

For an applied magnetic field, secondary ions with the right mass/charge ratio 

amount will be directed towards the secondary ion detector. The secondary ion current 

for other elements can be detected by varying the magnetic field. Thus, the mass/charge 

ratio can be used to identify elements present in an analysis sample.  

http://en.wikipedia.org/wiki/Oxygen
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6.3.3  Measurement Setup 

A primary (5 keV) cesium ion beam, focused to a fine spot of 10 m, was used to 

raster a 200 m
2
 square crater on the sample surface. The secondary ions, originating only 

from a 100 m
2
 region in the centre of the crater, were directed towards the mass 

spectrometer. The vacuum pressure in the analysis chamber was maintained at ~ 1 10
-9

 

Torr. The secondary ions for the key elements (molybdenum, silicon, nitrogen and 

oxygen) in the MoSiN/SiO2/Si stack were monitored and detected in the depth profiles.  

During the depth analysis, test samples were rotated at ~1 rpm (rotations per 

minute) to obtain a uniformly sputtered analysis crater. Essentially, analysis crater with a 

flat/smooth bottom assisted in detecting a sharp MoSiN/SiO2 interface. After the 

completion of depth analysis, crater depth was measured using a surface profilometer.  

6.3.4  SIMS Results 

Secondary ion mass spectrometry (SIMS) depth analysis was performed on 

MoSiN blanket films, deposited at varying gas flow ratios (10% to 40%).  A raw 

compositional depth profile for the MoSiN/SiO2/Si gate stack is shown in Figure 6-10. 

The MoSiN gate, reactively sputtered at 10% gas flow ratio, was deposited on a 20nm 

thick silicon dioxide and p-type silicon substrate.  

The depth profile illustrates a ~110nm MoSiN gate, ~20nm thick SiO2 and silicon 

substrate, clearly separated by very sharp MoSiN/SiO2 and SiO2/Si interfaces. The depth 

profile also suggests a uniform distribution of nitrogen throughout the bulk MoSiN films 

with minimal piling up at the MoSiN/SiO2 interface. The highly sensitive SIMS 
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instrument can also be seen to dynamically following the (orders of magnitude) change in 

the oxygen signal intensity.  
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Figure 6-10: A secondary ions (counts per sec) vs. depth profile for MoSiN/ (20 nm) 

SiO2/Si gate stack. The MoSiN gate material was deposited using reactive sputtering 

at 10% gas flow ratio. 

A tail in the molybdenum and nitrogen ion intensities is observed due to the 

surface-mixing effect . During sputtering, the primary ion beam may push some of the 

ejected atoms deeper into the sample resulting in surface-mixing. A low energy (5 keV) 

primary (Cs
+
) ion beam was used to ensure minimum damage to the sample surface. 

A SIMS depth analysis (not shown here) was performed on a silicon nitride 

(Si3N4) calibration standard sample to ascertain that SIMS can be reliably used as a 

sensitive quantitative analysis tool for nitrogen-rich films.  
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The nitrogen (counts) profile as a function of (normalized) depth, acquired from 

MoSiN films deposited at varying gas flow ratios, is displayed in Figure 6-11. The depth 

analysis suggested that nitrogen was uniformly distributed throughout all MoSiN films. 

The SIMS results also confirmed that the nitrogen content incorporated into MoSiN films 

increased linearly as the gas flow ratios were increased from 10% to 30%. However, the 

MoSiN films deposited at 40% gas flow were observed to have slightly lower nitrogen 

concentration than might be expected.  
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Figure 6-11: The nitrogen (secondary ions count) depth profile as a function of 

relative depth (normalized) for MoSiN/SiO2/Si gate stacks, deposited at gas flow 

ratios ranging from 10% to 40%. Uniform distribution of nitrogen is observed for all 

films. Nitrogen ion intensity increases with the gas flow ratio.  

It should be mentioned however, that these SIMS profiles cannot be used for 

quantitative depth analysis due to lack of appropriate calibration samples. For 
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quantitative SIMS analysis, the secondary ion intensity should be converted into 

concentration using relative sensitivity factors (RSF). Relative sensitive factors can 

typically be measured from standard calibrated samples that closely match the test sample 

being analysed. Hence, SIMS is often used in conjunction with other characterization 

techniques to obtain quantitative element composition. 

6.4  Comparison: XPS and SIMS Analysis 

The nitrogen counts (from SIMS depth analysis) and the nitrogen concentration 

(%) (from XPS surface analysis) vs. gas flow ratio are shown in Figure 6-12. These 

results confirm that a higher nitrogen partial pressure, in sputter gas mixture ((N2/(N2 + 

Ar)) during gate deposition, resulted in an increased nitrogen concentration in the 

reactively sputtered MoSiN films.  

Both XPS and SIMS results show similar behavior, i.e. lower nitrogen 

concentration, in MoSiN films deposited at 40% gas flow ratio. We speculate that the 

MoSiN films may not be able to absorb nitrogen at the same rate and may experience 

nitrogen saturation at higher (> 40%) flow ratios.  

6.5  Effect of Nitrogen Concentration on MoSiN Work 

Function ( m) 

As discussed in Chapter 5, the electrical characterization results clearly indicated 

a steady decrease in the MoSiN work function ( m) with an increase in N2 gas phase ratio 

during the gate deposition. Combining the results shown in Figure 5-15 and Figure 6-12, 
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it can be construed that the high nitrogen concentration are likely responsible for the 

change in the properties of the metal gate and effectively, lowered the MoSiN work 

function. 

Hence, it can be concluded that an increase in the nitrogen concentration is 

primarily responsible for the large shift (~ 0.3 eV) in the work function of the reactively 

sputtered MoSiN films. These results clearly demonstrate that adjusting the nitrogen 

concentration in MoSiN films can be used to tune the MoSiN gate work function over a 

wide range. 
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Figure 6-12: Nitrogen counts (SIMS depth profile) and atomic concentration of 

nitrogen (XPS surface analysis) in MoSiN films as a function of gas flow ratio 

(N2/(N2 + Ar)). 
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Chapter 7   Conclusion 

7.1  Summary 

To replace the conventional poly-silicon gate, extensive research on work 

function ( m) engineering of potential metal gates is being carried out globally to keep up 

with the scaling requirements for future CMOS devices [45, 46, 47]. The ability to tune 

the work function ( m) of a single-metal gate technology, over the desired range, is 

highly preferable.  

In this work, the MoxSiyNz (MoSiN) films were used as the metal gate electrode in 

a simple MOS capacitor structure. The objective of this research was to realize the work 

function tuning of MoSiN gate through the nitrogen incorporation. The metal oxide 

semiconductor (MOS) capacitors were fabricated using thermally grown silicon dioxide 

(gate dielectric) on a p-type silicon (100) substrate.  

The MoSiN films were deposited using the reactively sputtering technique. The 

gas flow, RN = (N2/ (N2 + Ar)), was varied from 10% to 40% to alter the nitrogen content 

in the reactively sputtered MoSiN films. The gate electrodes were defined by lithographic 

patterning and RIE etching of the MoSiN blanket films. Reference aluminum gate MOS 

capacitors were used to compare the extracted values of metal work function ( m). All 

MOS capacitors underwent a 30 minute post-metallization anneal at 400
o
C. 

Electrical characterization measurements were performed on all MoSiN/SiO2/Si 

gate stacks to extract the MoSiN work function and other important MOS device 

parameters, including gate oxide thickness (tox), the acceptor doping concentration (Na) of 

p-silicon substrate, oxide charge (Qox), flatband voltage (VFB) and the work function ( m) 
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of the MoSiN metal gate. Additionally, material characterization techniques including x-

ray photoelectron spectroscopy (XPS) and secondary ion mass spectrometry (SIMS) were 

performed to understand the surface and interfacial chemistry of the reactively sputtered 

MoSiN blanket films.  

High frequency capacitance-voltage (HFCV) measurements were used to extract 

the MoSiN work function using the well-understood relationship between flatband 

voltage (VFB) and oxide thickness (tox). The internal photoemission used optical 

illumination to excite electrons over the MoSiN/SiO2 interfacial barrier. The interfacial 

barrier heights form the IPE measurements were used to corroborate the extracted values 

of MoSiN work function from the HFCV.  

The extracted work function of MoSiN gate electrode was observed to decrease 

linearly for increasing gas flow ratios (N2/ (N2 + Ar)). The results extracted using both 

techniques were found to be analogous and confirmed that the MoSiN work function can 

be controlled and varied ~0.3 eV by adjusting the gate deposition conditions.  

During XPS surface analysis, the nitrogen (N 1s) photoelectron peak intensity was 

observed to increase with an increase in the gas flow ratio. This result confirmed an 

increase in the Mo-N bond formation and most importantly, in the total nitrogen 

concentration incorporated in the MoSiN films. The SIMS depth analysis confirmed that 

nitrogen was uniformly distributed throughout the bulk MoSiN films with minimal or no 

piling up at the MoSiN/SiO2 interface.  

The SIMS results also confirmed that the nitrogen content incorporated into 

MoSiN films increased linearly for gas flow ratios ranging from 10% to 30%. However, 

the MoSiN films deposited at 40% ratio were observed to have slightly lower N2 content 
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than expected. Hence, the MoSiN films may not be able to absorb nitrogen at the same 

rate and may experience nitrogen saturation at higher (> 40%) flow ratios. 

A strong correlation between the MoSiN work function and the total nitrogen 

concentration in MoSiN films was found to be evident from the electrical and material 

characterization results. It has been clearly demonstrated that adjusting the nitrogen 

concentration in MoSiN films can be used to tune the MoSiN gate work function over a ~ 

0.3 eV tuning window. 

The observations and results, derived from this research work, validate the 

potential of reactively sputtered MoxSiyNz (MoSiN) films as a promising material for gate 

work function engineering. However, strong improvements in work function tuning are 

required for successful application of MoSiN metal gates in advanced CMOS devices.  

7.2  Suggestions for Future Work 

Future work in three major areas can be undertaken for significant enhancement 

of this research project. Although the results presented in this work are encouraging, a 

wider (~ 1eV) tuning window is necessary to replace both n-type and p-type poly-silicon 

gate. Thus, work function engineering of MoSiN gate still requires extensive research. 

Another area that needs investigation is the gate sheet resistance (Rs). The sheet 

resistance of reactively sputtered MoSiN films, used in this research, is a little higher than 

the values suggested by ITRS and can be reduced by employing addition processing step 

including high temperature annealing.  

A number of unacceptable issues have emerged due to current scaling trends in 

the CMOS technology. Extremely high tunnelling current through thin silicon dioxide 
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(SiO2) is one of the most critical issues at hand limiting its usefulness in advanced 

complementary metal oxide semiconductor (CMOS) devices.. This necessitates the 

replacement of SiO2
 
with high dielectric constant (high-k) gate dielectrics. Integration of 

MoSiN metal gate with potential high-  dielectric materials can be another interesting 

challenge that can extended from the present research work.  
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