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Abstract 

 

 

he decreasing sizes in complementary metal oxide semiconductor 

(CMOS) transistor technology requires the replacement of SiO2 

with gate dielectrics that have a high dielectric constant (k). When 

the SiO2 gate thickness was reduced below 1.4 nm, electron tunneling effects 

and high leakage currents occurred which presented serious obstacles for the 

reliability issue in terms of metal-oxide-semiconductor field-effect transistor 

(MOSFET) devices. In recent years, various alternative gate dielectrics have 

been researched. Following the introduction of HfO2 into the 45 nm process 

by Intel in 2007, the screening and selection of high-k gate stacks, 

understanding their properties, and their integration into CMOS technology 

has been a very active research area. Frequency dispersion of high-k 

dielectrics was commonly observed and classified into two parts: extrinsic 

and intrinsic causes. The frequency dependence of the dielectric constant 

(k-value), that is the intrinsic frequency dispersion, could not be assessed 

before suppressing the effects of extrinsic frequency dispersion, such as the 

effects of the lossy interfacial layer (between the high-k thin film and silicon 

substrate) and the parasitic effects. The significance of parasitic effects 

T 
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(including series resistance and the back metal contact of the 

metal-oxide-semiconductor (MOS) capacitor) on frequency dispersion was 

studied. The effect of the lossy interfacial layer on frequency dispersion was 

investigated and modeled using a dual frequency technique. The effect of 

surface roughness on frequency dispersion is also investigated. Several 

mathematic models were discussed to describe the dielectric relaxation of 

high-k dielectrics. Some of the relaxation behavior can be modeled using the 

Curie-von Schweidler (CS) law, the Kohlrausch-Williams-Watts (KWW) 

relationship and the Havriliak-Negami (HN) relationship. Other relaxation 

models were also introduced. For the physical mechanism, dielectric 

relaxation was found to be related to the degree of polarization, which was 

dependent on the structure of the high-k material. The degree of polarization 

was attributed to the enhancement of the correlations among polar nano-scale 

size domain within the materials. The effect of grain size for the high-k 

materials’ structure mainly originated from higher surface stress in smaller 

grain size due to its higher concentration of grain boundary. 
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Chapter 1: Literature Review 

 

 

 

ith the advance of metal oxide semiconductor technology, 

Si based semiconductors, with SiO2 as an outstanding 

dielectric, have been dominating microelectronic industry 

for decades. Recently, some semiconductor companies have moved to the 

leading-edge of the 32 nm technology and successfully realized advanced 

product development. Presently, companies are continuing research beyond 

22 nm of complementary metal oxide semiconductor (CMOS) technology1. In 

the current version of the International Technology Roadmap for 

Semiconductors (ITRS), the scaling of the metal-oxide-semiconductor 

field-effect transistor (MOSFET) is projected to the year 2016 when the 

channel length should be 9 nm2. MOSFETs have been scaled down, and the 

physical thickness of SiO2 dielectrics becomes as thin as 1.4 nm (just a few 

atomic layers)3. As the thickness of SiO2 gate dielectric films used in 

complementary metal oxide semiconductor (CMOS) devices was reduced 

toward 1 nm, the gate leakage current level became unacceptable1-3. The 

reduction of oxide thicknesses resulted in increased gate leakage current, 

which was a difficult obstacle to be solved, particularly for large density 

W 



2 
 

circuits4. Extensive efforts have been focused on finding alternative gate 

dielectrics for future technologies to overcome leakage current problem5-7. 

Oxide materials with large dielectric constants (so-called high-k dielectrics) 

have attracted much attention due to their potential application as gate 

dielectrics in MOSFETs8-12. The benefits of high-k dielectrics can be understood 

from Equation 1-1:  

 

 

𝑡𝑒𝑞 = 𝑡𝑆𝑖𝑂2
𝜀ℎ𝑖𝑔ℎ−𝑘

𝜀𝑆𝑖𝑂2
= 𝑡𝑆𝑖𝑂2

𝜀ℎ𝑖𝑔ℎ−𝑘

3.9
   (high-k＞ SiO2)   1-1 

 

where teq represents an equivalent oxide thickness (EOT), a quantity used to 

compare performance of high-k dielectric MOS gates with SiO2-based MOS 

gates. The EOT is the thickness of SiO2 gate oxide needed to obtain the same 

gate capacitance as that obtained with thicker high-k dielectrics. Thicker 

equivalent oxide thickness, to reduce the leakage current of gate oxides, was 

obtained by introducing the high-k dielectric to real application13-15.  

 

1.1 High-k Materials 

 

In the past ten years, significant progress has been made in the 

screening and selection of high-k gate dielectrics, understanding their physical 
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properties, and their integration into CMOS technology. Now it has been 

recognized that a large family of oxide-based materials emerged as leading 

candidates to replace SiO2 gate dielectrics in advanced CMOS applications16-17. 

There are a number of high-k dielectrics that have been actively pursued to 

replace SiO2. Among them are cerium oxide (CeO2)18-25, cerium zirconate 

(CeZrO4)26, gadolinium oxide (Gd2O3)27-29, erbium oxide (Er2O3)30-31, 

neodymium oxide (Nd2O3)32-33, aluminum oxide (Al2O3)34-35, lanthanum 

aluminum oxide (LaAlO3)36-37, lanthanum oxide (La2O3)38, yttrium oxide 

(Y2O3)39, tantalum pentoxide (Ta2O5)40, titanium dioxide (TiO2)41, zirconium 

dioxide (ZrO2)42-43, lanthanum doped zirconium oxide (LaxZr1−xO2−δ)44-45, 

hafnium oxide (HfO2)46, HfO2-based oxides (La2Hf2O747, CexHf1-xO2)48, hafnium 

silicate (HfSixOy)49, and rare-earth scandates (LaScO350, GdScO351, DyScO352, 

and SmScO353). The detailed feature list for some of the high-k materials is 

presented in Table 1-1. 

 

Table 1-1. High-k materials feature list 27-31,34-35, 40-46,48-49,51 

Oxide 

Dielectric 

Constant 

Features 

(including deposition, physical 

or electrical properties) 

HfO2 17-18 deposited by liquid injection atomic layer deposition 

(LI-ALD) and PDA in nitrogen (N2) ambient 

CeHfO2 32 low hysteresis voltages and negligible flat band 
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voltage shifts 

ErHfO2 28-30 its dopant elements have been demonstrated to 

stabilize the cubic fluorite and tetragonal phases of 

HfO2 

HfTiON 18.9 has an improved C-V characteristics and reduced 

leakage current have been achieved from HfTiON 

gate dielectric MOS capacitor 

HfSiO2 17.7 exhibits excellent C-V characteristics with an EOT of 

1.3 nm which are sufficient for implementing high 

mobility MOSFETs using compressively strained 

SiGe channels in future CMOS technology 

TiO2 55 has well behaved C-V curves observed but high 

leakage curent 

HfTaON 

/AlON 

20 exhibits low interface state to oxide-charge densities, 

low gate leakage, small CET about 1.1 nm; 

incorporation of N into both the interlayer and 

high-k dielectric further improve the device 

reliability under high field stress through the 

formation of strong N-related bonds 

LaZrO2 11-14 shows good dielectric properties with low hysteresis 

voltages and negligible flat band voltage shifts 

GeZrO2 37.7 Has a very high-k value at low deposition 



5 
 

temperatures and with excellent thermal stability 

LaZrO2 40 La-doped ZrO2 thin films grown by O3-based atomic 

layer deposition directly on Ge; Ge is widely 

considered due to its higher carrier motilities 

PrAlOx 14 combines the advantages of the high permittivity of 

the lanthanide oxide with the chemical and thermal 

stability of Al2O3 

Gd2O3 10.6 exhibits the best electrical characteristics, including 

the lowest gate leakage current, the lowest noise 

spectra density, and the high power performance 

GdScO3 23 has small hysteresis and low leakage current 

densities 

 

Among them, HfO2, HfO2-based materials, ZrO2 and ZrO2-based 

materials are considered as the most promising candidates combining high 

dielectric permittivity and thermal stability with low leakage current due to a 

reasonably high barrier height that limits electron tunneling. CeO2 is also 

proposed to be a possible gate dielectric material, because it has high 

dielectric constant. CeO2 has been successfully added to HfO2 in order to 

stabilize the high-k cubic and tetragonal phases. Consequently, LaxZr1−xO2−δ, 

La2Hf2O7, CexHf1-xO2 and CeO2 have received lots of attentions as the 

promising high-k gate dielectric materials for their potential applications in 
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sub-32nm node CMOS devices. 

 

1.2 High-k Dielectric Deposition 

 

Thin-film deposition is the art of applying a thin film to a surface and 

including any technique for depositing a thin film of material onto a substrate 

or onto other previously deposited layers. Deposition techniques fall into two 

broad categories, depending on whether the process is primarily chemical or 

physical. Chemical deposition is further categorized by the phase of the 

precursor. Plating relies on liquid precursors, often a solution of water with a 

salt of the metal to be deposited. Chemical solution deposition (CSD) uses a 

liquid precursor, usually a solution of organometallic powders dissolved in an 

organic solvent. Chemical vapor deposition (CVD) generally uses a gas-phase 

precursor, often a halide or hydride of the element to be deposited. Physical 

deposition uses mechanical, electromechanical or thermodynamic means to 

produce a thin film of solid. Examples of physical deposition include thermal 

evaporation, sputtering, pulsed laser deposition, cathodic arc deposition and 

electro-hydrodynamic deposition. Some methods fall outside these two 

categories, relying on a mixture of chemical and physical means including 

reactive sputtering, molecular beam epitaxy and topotaxy. The properties of 

the thin films produced have been reported to be closely dependent on the 
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growth method. Studies to gain insight into any correlation among the 

properties of the films, the interfacial layers, and growth condition have been 

investigated. 

Atomic layer deposition (ALD), a variant of CVD, is a popular 

technique used to deposit ultrathin metal-oxide layers with excellent electrical 

characteristics and conformal structure because of the layer-by-layer nature of 

the deposition kinetics54. The growth mechanism of ALD can be simply 

expressed as the surface exchange reactions between the chemisorbed 

metal-containing precursor fragments and the precursor which introduces the 

oxygen in the case of oxide deposition. The ALD growth mechanism can be 

described as a four step process, where a precursor gas is initially introduced 

followed by an inert gas to remove unreacted precursor from the reactor 

chamber. A second precursor is introduced, which completes the layer 

followed by inert gas to remove unreacted precursor. In self-limiting ALD, the 

growth surface becomes saturated with the precursor forming a new species 

that is unreactive with the precursor, so that the deposition automatically 

self-limits at one or two monolayers. Therefore, the growth rate in the system 

is surface-controlled. Unfortunately, many organometallic precursors 

commonly used for oxide growth do not exhibit a distinct self-limiting ALD 

window. Thus, the deposition rate in these processes is dependent on the 

temperature. Additionally some precursors would deposit films with a 

relatively high concentration of residual impurities originating from the 
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ligands, which is unfavorable for gate dielectrics. The choice of precursors 

providing low contamination and ability to self-limit is a critical issue for the 

ALD growth of high quality oxide films. ALD can be used to deposit several 

types of thin films, including various oxides (e.g. Al2O3, TiO2, SnO2, ZnO, 

HfO2), metal nitrides (e.g. TiN, TaN, WN, NbN), metals (e.g. Ru, Ir, Pt), and 

metal sulfides (e.g. ZnS).  

Metal-organic chemical vapor deposition, MOCVD, is a widely used 

technique of growth of the thin films55. Recently, as high-k dielectric materials 

came under extensive investigation, MOCVD emerged as a viable candidate 

for high-k film deposition on Si. Some oxide precursors used for high-k 

materials have low vapor pressure and low thermal stability, both of which 

are detrimental to the growth. This problem can be solved by applying liquid 

injection of precursors dissolved in a solvent. This takes place not in a vacuum, 

but from the gas phase at moderate pressures (2 to 100 kPa). As such, this 

technique is preferred for the formation of devices incorporating 

thermodynamically metastable alloys, and it has become a major process in 

the manufacture of optoelectronics. Even so, there remain some requirements 

for the precursors to meet: the precursors should be soluble and stable but not 

reactive to each other in the same liquid solution. 

In general, each deposition technique has been pursued or developed 

because it has unique advantage over others. However, each process 

technology has certain limitations. In order to optimize the desired film 
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characteristics, a good understanding of the advantages and restrictions 

applicable to each technology is necessary. A table of the most popular 

techniques (MOCVD and ALD) is presented (in Table 1-2) and the feature of 

process methods for thin film deposition is briefly discussed56-57. 

 

Table 1-2. MOCVD and ALD feature list 

Deposition 

Technique 

MOCVD 

Main 

Advantages 

MOCVD is not restricted to a line-of-sight deposition which 

is a general characteristic of sputtering, evaporation and 

other PVD processed.  

 

Deep trenches, holes and other complex 3D configuration 

can usually be coated with relative ease. 

The deposition rate is high and thick coatings can be readily 

obtained. 

 

MOCVD equipment does not normally require ultrahigh 

vacuum and can be adapted to many process variations, 

which makes MOCVD generally more competitive and, in 

some cases, more economical than PVD. 

Main A major issue is the requirement of having chemical 
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Disadvantages precursors (the starting materials) with suitable thermal and 

chemical properties. This is what makes precursor 

development so challenging and important. 

 

There is continuous need to develop novel concepts for the 

synthesis of improved chemical precursors with tailored 

physico-chemical properties. 

Deposition 

Technique 

ALD 

Main 

Advantages 

The main advantages of ALD over other gas-phase 

deposition techniques include: precise film thickness control 

by simply changing the number of deposition cycles without 

controlling the dose of the precursor.  

 

Similarly, uniform doping is easy to be accomplished by the 

growth cycle by a doping cycle at a desired interval. 

 

Another advantages and inherent feature of ALD originates 

from its surface-controlled nature. It allows substrates of 

various sizes and geometries to be conformably coated 

within the deposition process. 

Main A main disadvantage of ALD in certain applications is the 
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Disadvantages fact that it is a relatively slow technique when thicker films 

of hundreds of nanometers need to be deposited. 

 

In addition, the ALD process is entirely dictated by 

precursor chemistry, which makes the availability of suitable 

chemical precursors the most critical issue for the successful 

development of new ALD process. This is especially true for 

the ALD of rare earth oxides where the very limited number 

of true ALD processes is mainly due to the lack of suitable 

precursors. There is a clear demand for novel precursor 

concepts, which are able to meet the demands of 

semiconductor industry. 

 

1.3 Objectives of Thesis 

 

Capacitance-voltage (C-V) measurements are the fundamental 

characterization technique for MOS devices. It could be used for the 

extraction of the oxide thickness58, the maximal width of the depletion layer, 

and the interface trap densities59. Also, some other important parameters 

could be obtained, like channel length60, mobility61, threshold voltage, bulk 

doping profile62, and the distribution of the charges in dielectrics, which is 
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used to evaluate the interface states between the substrate and dielectric. 

Frequency dispersion in SiO2 has frequently been observed in C-V 

measurements63-64. Several models and analytical formulae have been 

thoroughly investigated for correcting the measurement errors. Attention has 

been given to eliminate the effects of series resistance65, oxide leakage, 

undesired lossy interfacial layer (very thin) between oxide and 

semiconductor66, surface roughness67, polysilicon depletion68–70 and quantum 

mechanical effect71-74. Since dielectric relaxation and associated losses 

impaired MOSFET performance, the larger dielectric relaxation of most high-k 

dielectrics compared with SiO2 was a significant issue for their applications75-80. 

However, there is insufficient information about dielectric relaxation of high-k 

thin films, which prompts us to investigate the underlying mechanism. In the 

thesis, the dielectric relaxation of the high-k dielectric was discussed. 

In the thesis, the extrinsic and intrinsic causes of frequency dispersion 

during capacitance-frequency (C-V or C-f) measurements in high-k thin films 

were investigated. In order to reconstruct the measured C-V curves for any 

given measurement data, parasitic components including imperfection of the 

back contact and silicon series resistance which was one of the extrinsic causes 

of frequency dispersion must be taken into account. The corrected capacitance 

was provided following related models. Furthermore, another extrinsic cause 

of frequency dispersion, lossy interfacial layer effect, of high-k MOS 

capacitances was investigated for zirconium oxides and then a four-element 
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circuit model was introduced. Frequency dispersion from the effect of surface 

roughness was obviously demonstrated in ultra-thin SiO2 MOS devices67 

while the analysis of the LaxZr1−xO2−δ thin film and CexZr1−xO2−δ thin film led to 

the conclusion that surface roughness was not responsible for the observed 

frequency dispersion for the thick high-k dielectric. The polysilicon depletion 

effect and quantum confinement should be also considered. The extrinsic 

causes of frequency dispersion during C-V measurement were studied in 

Chapter 3 before validating dielectric relaxation. After taking into account all 

extrinsic causes of frequency dispersion mentioned above, the intrinsic effect 

(dielectric relaxation) of high-k dielectric thin films arose and several dielectric 

relaxation models were discussed. The dielectric relaxation results of 

CexZr1−xO2−δ, LaAlO3, ZrO2 and LaxZr1−xO2−δ thin films could be described by 

the Curie-von Schweidle (CS) law, the Kohlrausch-Williams-Watts (KWW) 

and the Havriliak-Negami (HN) relationships, respectively. The higher 

k-values were obtained from LaxZr1-xO2-δ and CexZr1-xO2-δ thin films with the 

low lanthanide concentration levels (e.g., x ~ 0.1) where the more severe 

dielectric relaxation was observed. In order to describe dielectric relaxation, 

many mathematic models were discussed in Chapter 4. After the mathematic 

models were finalized by fitting experimental data, physical mechanisms of 

dielectric relaxation were investigated in Chapter 5. Dielectric relaxation 

behaviors observed in the high-k dielectrics were partly due to the level of 

stress in the crystalline grains and the grain size. This behavior is analogous 
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to the behavior of ferroelectric ceramics.  
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Chapter 2: Experimental 

 

 

 

2.1 Sample Preparation 

 

HfO2, ZrO2, LaAlO3 thin films were deposited on n-type Si(100) 

substrates using liquid injection metal organic chemical vapor deposition 

(MOCVD) and atomic layer deposition (ALD). MOCVD and ALD carried out 

on an modified Aixtron AIX 200FE AVD reactor fitted with the “Trijet”™ 

liquid injector system. During the MOCVD experiments, oxygen was 

introduced at the inlet of the reactor. For the ALD experiments, the oxygen 

was replaced by water vapor, which was controlled by a pneumatic valve. The 

substrate was rotated throughout all experiments for good uniformity. All the 

high-k dielectric layers considered were 16 nm in thickness. 

LaxZr1−xO2−δ thin films were deposited onto n-type Si(100) wafers by 

liquid injection atomic layer deposition (ALD) at 300 °C. Both Zr and La 

sources were Cp-based precursors ([(MeCp)2ZrMe(OMe)] and [(iPrCp)3La]). 

La concentration was varied in different films. Particular attention has been 

given to the results from films with a La concentration of x=0.09 (55 nm) and 

x=0.35 (35 nm) but results are also included from films with a concentration of 
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x=0.22 (50 nm) and x=0, i.e. un-doped ZrO2 (35 nm). Post deposition annealing 

was performed at 900°C in a pure N2 ambient for 15 minutes. To form MOS 

capacitors (Au/LaxZr1-xO2/IL/n-Si, where IL stands for interfacial layer), metal 

(Au) gate electrodes with an effective contact area of 4.9×10-4cm2 were 

evaporated onto the samples. The backsides of the Si samples were cleaned 

with a buffered HF solution and subsequently a 200 nm thick film of Al was 

deposited by thermal evaporation to form an ohmic back-contact. 

La2Hf2O7 thin films were deposited on n-type Si(100) substrates by 

liquid injection ALD at 300oC. Both Hf and La sources are Cp-based 

precursors ([(MeCp)2HfMe(OMe)] and [(iPrCp)3La]). The composition of the 

La-doped HfO2 thin films was estimated to be La2Hf2O7. Selected thin films 

were subjected to 900°C post-deposition annealing (PDA) in N2 for 15min. 

Amorphous CexHf1-xO2 thin films (x=0.1) were deposited on n-type 

Si(100) substrates using liquid injection ALD. The doping level was varied up 

to a concentration x=0.63. The interfacial layer between high-k thin film and 

silicon substrate is a ~1 nm native SiO2. Samples were then annealed at 900℃ 

for 15 minutes in an N2 ambient to crystallize the thin films. 

Liquid injection ALD was used to deposit CeO2 thin films. ALD 

procedures were run at substrate’s temperatures of 150 °C, 200 °C, 250 °C, 

300 °C and 350 °C. The evaporator temperature was 100 °C and reactor 

pressure was 1 mbar. CeO2 films were grown on n-Si (100) wafers. Argon 

carrier gas flow was 100 cm3min−1. The duration of 
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[Ce(mmp)4]/purge/H2O/purge was 2/2/0.5/3.5 s and the number of growth 

cycles was 300. 

 

2.2 Physical Characterization 

 

The physical properties of the high-k thin films were studied using 

Auger electron spectroscopy (AES), X-ray diffraction (XRD), medium energy 

ion scattering (MEIS), cross-section transmission electron microscopy (XTEM), 

and atomic force microscopy (AFM). 

The atomic composition of the high-k thin films was determined by AES, 

which was carried out via a Varian’s scanning auger spectrometer. The atomic 

compositions quoted are from the bulk of the film, free from surface 

contamination, and were obtained by combining AES with sequential argon 

ion bombardment until comparable compositions were obtained for 

consecutive data points. Compositions were based on powder reference 

materials. 

XRD was used to study the crystallization of the high-k thin films and 

carried out using a Rikagu Miniflex X-ray diffractometer with nickel-filtered 

Cu Kα radiation (λ=1.5405Å) and a 2θ increment of 0.2° per minute. 

MEIS was used to obtain information on the elements depth 

distributions, on as deposited and annealed samples. This allowed 
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rearrangement of atoms following annealing to be observed. It was carried 

out at the STFC Daresbury facility1. A 200 keV He+ ion beam was used with a 

current of up to 200 nA and a dose per data set of 5 C at a scattering angle of 

125.3°. The angle and energy of the scattered ions were determined using a 

state-of-the-art toroidal electrostatic energy analyzer with a position-sensitive 

detector. This allows the simultaneous collection of ions from a 27° range of 

scattering angles and the pass energy equals to 1.6%. 

XTEM was used to obtain the film thickness and information about the 

crystal grain size. A JEOL 3010 and a JEOL 2000FX operated at 300 keV and 

200 keV, respectively. 

AFM was used to investigate surface morphology of these films. Digital 

Instruments Nanoscope III was used for the AFM characterization in contact 

mode. 

 

2.3 Electrical Characterization 

 

Electrical properties of the films were obtained by capacitance-voltage 

(C-V), capacitance-frequency (C-f) and current-voltage (I-V) measurements. 

I-V measurements were carried out using a Keithley K230 programmable 

voltage source and a K617 type electrometer. 

The C-V and C-f measurements system consists of two Agilent precision 



31 
 

LCR meters (4284A and 4275A), a desktop computer and a manual probe 

station. The MOS devices were wafer-probed on the probe station’s loading 

platform and were connected through Agilent 4284A/4275A to the desktop 

computer with a GPIB interface, as shown in Figure 2-1. The data measured 

from the LCR meters were collected by the computer and saved to obtain the 

C-V curves automatically. 

 

 

Figure 2-1. Capacitance-voltage (C-V) measurement system of metal oxide 

semiconductor (MOS) devices.  

 

The structure of the MOS device shown in Figure 2-1 is similar to planar 

capacitors which are formed by metal and dielectric. The differential 
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capacitance of a MOS capacitor is: 

 

𝐶 = 𝐴
𝑑𝑄𝐺

𝑑𝑉𝐺
=

𝑖𝑎𝑐

𝑑𝑉𝑎𝑐/𝑑𝑡
          2-1 

 

where QG and VG are the charge area density and voltage on the metal 

electrodes respectively, A is the metal electrode area, dVac/dt is the variation of 

AC voltage, and iac is the AC current. The capacitance of a MOS device was 

obtained by Agilent 4284A/4275A, which provided a small signal voltage 

variation rate (dVac/dt) and measured the small signal current (iac) flowing 

through the MOS device to calculate the differential capacitance of the MOS 

device according to Equation 2-12-3. For the Agilent 4284A/4275A precision 

LCR meters, there are two optional models to calculate the device capacitance. 

One is the series model and the other is the parallel model, as shown in Figure 

2-2. The parallel model was used in the following C-V and C-f measurements. 

In Figure 2-2, Cm is the measured capacitance. Rm and Gm are the measured 

resistance and conductance, respectively. CD is the depletion capacitance and 

Yit is the admittance due to interface states of the MOS device, and Cox 

represents the actual frequency independent capacitance. 
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Figure 2-2. Conventional LCR meters used to measure the device capacitance based 

on (a) Series capacitance model. (b) Parallel capacitance model. 
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However, the influence of the leakage current of oxides on iac in the C-V 

and C-f measurements of MOS devices by the LCR meters should be taken 

into account. Crystalline thin films exhibit significantly higher leakage current 

than amorphous thin films, which could be due to the leakage pathway 

introduced by the grain boundaries and the local defects4-5. An approximation 

for the relative instrumental error was given by the formula: 

 

𝐸 = 0.1 × √1 + 𝐷2       2-2 

 

where D is a dissipation factor of the capacitance. Usually it can be obtained 

from the imaginary part of capacitance value via the C-V measurement. If the 

instrumentation error is less than 0.3%, the leakage current in the MOS device 

is negligible6. In the following C-V and C-f measurements, the leakage current 

in high-k thin films was so small that it was not contributing to frequency 

dispersion7. 
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Chapter 3: Extrinsic Causes of Frequency 

Dispersion 

 

 

 

requency dispersion was categorized into two parts: extrinsic 

dispersion and intrinsic dispersion. Chapter 3 presents the extrinsic 

frequency dispersion. After analyzing the C-V curves of SiO2 MOS 

capacitors (MOSC), the parasitic effect is introduced in Section 3.1. Dispersion 

could be minimized by depositing an Al thin film at the back of the silicon 

substrate. The mathematical models were able to show that the dispersion can 

be minimized as well. The existence of frequency dispersion in the LaAlO3 

sample is discussed in Section 3.2, which is mainly due to the effect of the 

lossy interfacial layer between the high-k thin film and silicon substrate of the 

MOSC. Relatively larger thickness of the high-k thin film than the interfacial 

layer significantly relieved frequency dispersion. Also, extracted C-V curves 

were reconstructed by mathematic correction models. Frequency dispersion 

resulting from the effect of surface roughness was represented in an ultra-thin 

SiO2 MOS device, which is discussed in Section 3.3. Furthermore, the surface 

property of the LaxZr1−xO2−δ thin films is studied. In Section 3.4 two possible 

extrinsic causes: polysilicon depletion effect and quantum mechanical 

F 



37 
 

confinement, for frequency dispersion are considered. 

Several causes for unwanted frequency dispersions in SiO2 have been 

investigated. These causes includes surface roughness1, polysilicon 

depletion2-4, quantum confinement (only for an ultra-thin oxide layer)5-8, 

parasitic effect (including series resistance, back contact imperfection and 

cables connection)9-11, oxide tunneling leakage current (direct tunneling 

current, F-N tunneling etc.)12, unwanted interfacial lossy layer13 and dielectric 

constant (k-value) dependence (dielectric relaxation)14.  

Firstly, the extrinsic frequency dispersion is discussed. The extrinsic 

causes of frequency dispersion during C-V measurement in high-k thin film, 

which were investigated step by step before validating the effects of k-value 

dependence, were parasitic effect, lossy interfacial layer and surface 

roughness. The other causes like tunneling leakage current and quantum 

confinement are negligible if the thickness of the high-k thin film is large 

enough. Polysilicon depletion effects were not considered due to the fact that 

metal gates were used here. The C-V results of high-k or SiO2 based dielectrics 

are shown in Figures 3-1, 3-2 and 3-3, respectively. The parasitic effects are 

summarized in detail in Figure 3-4. The back contact includes imperfection RS’, 

CS’, cables RS’’, CS’’ and substrate resistance RS. The lossy interfacial layer effect 

is observed with Ci, Gi (between the high-k thin film and silicon substrate). 

Polysilicon depletion effect and surface roughness on high-k thin films are 

also shown in the Figure 3-4.  
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Figure 3-1. Frequency dispersion in C-V measurements observed in the thermal oxide 

(SiO2) sample.  

 

Figure 3-2. Presence of frequency dispersion in ZrO2 samples at different frequencies 
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(10kHz, 100kHz and 1MHz).  

 

Figure 3-3. C-V curves from a CexHf1−xO2−δ thin film at different frequencies (from 

100 Hz to 200 kHz).  

 

Figure 3-4. Causes of frequency dispersion during C-V measurement in the high-k 

thin film were the parasitic effect. 
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3.1 Parasitic Effects 

 

 

Figure 3-5. Frequency dispersion in C-V measurements observed in thermal oxide 
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(SiO2) samples. (a) In the absence of substrate back Al contact, dispersion was evident 

only in the sample with a smaller substrate area (denoted by s1). (b) The 

reproducibility of the tested devices in both the presence and absence of back metal 

contact.  

Parasitic effects in MOS devices included parasitic resistances and 

capacitances such as bulk series resistances, series contact, cables and many 

other parasitic effects15. Five different sources of parasitic series resistance 

have been suggested16. However, only two of them which have practical 

importance are listed as follows: (1) the series resistance RS of the 

quasi-neutral silicon bulk between the back contact and the depletion layer 

edge at the silicon surface underneath the gate; and (2) the imperfect contact 

of the back of the silicon wafer. Frequency dispersion caused by the parasitic 

effect is shown in Figure 3-1. 

The significance of the series resistance effect, which was common due 

to silicon bulk resistance and back contact imperfection, was best 

demonstrated in thermal SiO2 MOS capacitors, since in this case the effect of 

the lossy interfacial layer between the bulk dielectric and silicon substrate can 

be neglected. The thickness of thermal SiO2 was thick enough to allow the 

tunneling leakage current to be neglected17-18. Frequency dispersion in the SiO2 

capacitor was only observed in samples with small substrate effective areas as 

depicted in Figure 3-5a (solid symbols extracted from Figure 3-1). In addition, 

the measured results were also no longer reproducible for small samples in 
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the absence of Al back contacts, as shown in Figure 3-5b (the solid symbols). 

Both of the sample sets were measured three times within 24 hours. Solid 

symbols signified the C-V results from the sample without back Al contact 

(indicated by a blank square), while the opened symbols (e.g., ○) showed the 

C-V results from the other sample with back Al contact (indicated by a 

shadow square). It therefore impacted the measurement reliability. 

In order to reconstruct the measured C-V curves for a set of given 

measurement data in the frequency domain for SiO2, one must take into 

account the parasitic components that may arise due to the silicon series 

resistance and the imperfection of the back contact. A correction may then be 

applied for the measured C-V curves in order to eliminate the parasitic effects. 

Figure 3-6a shows an equivalent circuit of an actual case, where Cox represents 

the actual frequency independent capacitance across the SiO2 gate dielectric, 

RS includes both the bulk resistance in the silicon substrate and contributions 

from various contact resistances and cable resistances. The presence of the 

back contact capacitance and contributions from cable capacitance were also 

modeled by a capacitance CS. CC, GC, Cm, Gm refer to corrected (without the 

effect of the parasitic components RS and CS) measured capacitance and 

conductance, respectively. Following Kwa13, the corrected capacitance CC is 

given by19: 

 

𝐶𝐶 =
(𝜔2𝐶𝑚𝐶𝑝−𝐺𝑚

2−𝜔2𝐶𝑚
2)(𝐺𝑚

2+𝜔2𝐶𝑚
2)𝐶𝑝

𝜔2𝐶𝑝
2[𝐺𝑚(1−𝐺𝑚𝑅𝑠)−𝜔2𝐶𝑚

2𝑅𝑆]
2
+(𝜔2𝐶𝑚𝐶𝑝−𝐺𝑚

2−𝜔2𝐶𝑚
2)

2      3-1 
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where 

𝐶𝑝 =
𝐶𝑜𝑥(𝐺𝑚𝑎

2+𝜔2𝐶𝑚𝑎
2)

𝜔2(𝐶𝑚𝑎
2𝐶𝑜𝑥−𝐶𝑚𝑎

2)−𝐺𝑚𝑎
2                            3-2 

and 

𝑅𝑆 =
𝐺𝑚𝑎

𝐺𝑚𝑎
2+𝜔2𝐶𝑚𝑎

2                                    3-3 

where Cma and Gma are the capacitance and conductance measured in strong 

accumulation. The measured capacitance can be recovered, independently of 

the measurement frequencies, by applying the correction according to the 

model as depicted in Figure 3-6b. Dispersions disappear after considering CS 

and RS or depositing back Al contact (solid line). The blank square shows the 

tested device without back Al contact on silicon substrate. The effective 

substrate area is 1cm2. Alternatively, the parasitic effects can simply be 

minimized by depositing an Al thin film on the back of the silicon substrate 

(open symbols in Figure 3-5b and solid line in Figure 3-6b). In summary, it has 

been demonstrated that once the parasitic components are taken into account, 

it is possible to determine the true capacitance values free from parasitic 

errors.  
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Figure 3-6. Effects of series resistance and back contact imperfection. (a) Equivalent 

circuit model, taking into account the parasitic components from series resistance, 

cables and back contact imperfection (with the addition of the CS and RS). (b) 
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Extracted CC-Vg curves based on measured data Cm and Gm.  

 

3.2 Lossy Interfacial Layer Effect 

 

It should be noted that in Figure 3-2 the dispersion was not caused by 

parasitic effects, since this sample had a large substrate with an Al thin film 

on the back. The effect of the lossy interfacial layer between the high-k thin 

film and silicon substrate on the high-k MOSC was investigated.  

 

Figure 3-7. High frequency C-V results of LaAlO3 thin film. 
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interfacial layer. The absence of frequency dispersion in the LaAlO3 sample is 

observed with an effective area of 6 cm2 with back Al contact. Cacc is the 

capacitance in the accumulation range. In Figure 3-7, the interfacial layer 

thickness (~1 nm) was negligible compared with the capacitance equivalent 

thickness (CET) of ~ 21 nm. Therefore in this case, the high-k layer capacitance 

was much less than the interfacial layer capacitance (i.e., Ch << Ci) and the 

effect of Ci on Cm could be ignored. Furthermore the effect of the lossy 

interfacial layer conductance Gi on frequency dispersion can be suppressed by 

replacing the native SiO2 by a denser SiO2 thin film. In Figure 3-2, the 

frequency dispersion effect was significant even with the Al back contact and 

the bigger substrate area. In this case, Ch (CET = 2.7 nm) was comparable with 

Ci (~1 nm native SiO2) and the frequency dispersion was attributed to losses in 

the interfacial layer capacitance, caused by interfacial dislocation and intrinsic 

differences in bonding coordination across the chemically abrupt ZrO2/SiO2 

interface. 

Based on the above explanation, Figure 3-8a showed a four-element 

circuit model for high-k stacks, adapted from a dual frequency technique20, 

with the capacitance value reconstructed from the loss. Ch and Gh represent 

the actual capacitance and conductance across the high-k dielectric. CD is the 

depletion capacitance and Yit is the admittance due to interface states, 

respectively. The expression for the corrected capacitance CC, is given by19: 
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𝐶𝐶 =
∆2(𝜔1

2−𝜔2
2)

𝐼𝑚2𝜔2𝜔1
2(∆2+𝜔2

2)−𝐼𝑚1𝜔1𝜔2
2(∆2+𝜔1

2)
                     3-4 

where 

∆=
𝜔1𝐼𝑚1−𝜔2𝐼𝑚2

𝑅𝑚1−𝑅𝑚2
, 𝐼𝑚𝑗 =

𝜔𝑗𝐶𝑚𝑗

𝐺𝑚𝑗
2+𝜔𝑗

2𝐶𝑚𝑗
2, 𝑅𝑚𝑗 =

𝐺𝑚𝑗

𝐺𝑚𝑗
2+𝜔𝑗

2𝐶𝑚𝑗
2      3-5 

and Cm and Gm are the measured capacitance and conductance and ω is the 

measurement angular frequency. At an angular frequency ωj (j = 1 or 2), the 

measured capacitance and conductance are Cmj and Gmj, respectively. Three 

abstract parameters: Δ, Imj , and Rmj have been introduced to reduce the 

expression of CC. Figure 3-8b shows the corrected C-V curves from Figure 3-2. 

All of the extracted C-V curves closely align with one another over the three 

different frequency pairs to reconstruct the real capacitance values. This 

indicates that the presence of a lossy interfacial layer is also responsible for 

the frequency dispersion in high-k stacks. 
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Figure 3-8. Effect of the lossy interfacial layer on high-k stacks. (a) Four-element 

equivalent circuit model for high-k stacks. (b) Extracted CC-Vg curves based on data 

from Figure 3-1 and Figure 3-8a. 

3.3 Surface Roughness Effect 

 

Figure 3-9. Equivalent circuit of the parallel mode of the measurement system. 
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After taking the parasitic effects and the lossy interfacial layer into 

account, the unwanted frequency dispersion shown in Figure 3-3 may be 

caused by surface roughness. Frequency dispersion from the effect of surface 

roughness is well demonstrated in an ultra-thin SiO2 MOS device1. In the 

following discussion, the effects of direct tunneling, series resistance and 

surface roughness on the capacitance were taken into account without 

considering quantum confinement and the polysilicon depletion effect. From 

Figure 3-9, the measured capacitance Cm is given by21: 

 

𝐶𝑚 =
𝐶𝑖𝑑𝑒𝑎𝑙

[(𝐺+𝑔)𝑅𝑆+(𝜔𝐶𝑖𝑑𝑒𝑎𝑙𝑅𝑆)]
2               3-6 

 

where G is the conductance due to a pure tunneling effect, g is the 

conductance due to the surface roughness effect, and RS is the series resistance. 

The real capacitance taking into account the surface roughness, Cideal, can be 

calculated and it is independent of frequency21. It was found that the surface 

roughness affects frequency dispersion when the thickness of ultra-thin 

oxides is ~1.3nm. To investigate whether the unwanted frequency dispersion 

of the high-k materials in Figure 3-3 is caused by the surface roughness or not, 

the surface properties of the LaxZr1−xO2−δ thin films was studied using AFM. 

The typical AFM micrographs of the LaxZr1−xO2−δ annealed thin films (x = 0.35 

and x = 0.09) are shown in Figure 3-10. 
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Figure 3-10. AFM micrographs of the surface of the annealed LaxZr1−xO2 thin films. 

(a) x = 0.35; (b) x = 0.09. 
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Figure 3-11. C-V results at different frequencies from the annealed LaxZr1−xO2−δ 

samples with back Al contact and an effective substrate area: 6 cm2: (a) x = 0.35; (b) x 

= 0.09.  

The Root Mean Square (RMS) roughness of the x = 0.35 thin film is 0.64 
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nm after annealing as shown in Figure 3-10a. However no significant 

roughness was observed for the x = 0.09 thin film (RMS roughness of 0.3 nm) 

shown in Figure 3-10b14. It means that the x = 0.35 thin film has a rougher 

surface than the x = 0.09 thin film. The applied frequency is from 1 kHz to 1 

MHz. The annealed thin film with x = 0.09 had large frequency dispersion 

where the capacitance decreased from 192 pF to 123 pF as the frequency 

increased from 1 kHz to 1 MHz. However, the annealed thin film with x = 0.35 

showed small frequency dispersion where the capacitance decreased from 167 

pF to 151 pF and the frequencies changed from 1kHz to 1MHz. Comparing 

these results from the C-V measurements shown in Figure 3-11, it leads to the 

conclusion that the surface roughness is not responsible for the observed 

frequency dispersion of the high-k dielectric thin films in Figure 3-11. 

 

3.4 Other Effects of Frequency Dispersion 

 

There were two further more possible causes of the observed frequency 

dispersion: polysilicon depletion effect and quantum mechanical confinement. 

For thinner oxides, the poly depletion effect will become more significant 

leading to reduced surface potential, channel current, and gate capacitance. 

Furthermore, poly depletion will affect the extraction of the physical oxide 

thickness22-25. Some analysis and numerical methods for the polysilicon 
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depletion effect on the MOS device have been proposed26-27. The decrease in 

the gate capacitance caused by polysilicon depletion can be assumed as a 

result of the increase in the effective gate oxide thickness. There are many 

surface potential models that can be used to analyze the gate capacitance. 

These models are solved by the Poisson Equation with boundary conditions 

to investigate the polysilicon depletion effect28.  

For oxide thicknesses down to 1~3 nm, the quantum mechanical effect 

should be taken into account29-31. There was a difference between the 

calculated capacitance and the measured capacitance with ultra-thin gate 

dielectrics. Quantum mechanical confinement would result in the continuous 

band being quantized into electronic sub-band near the surface. The 

additional band bending confines the carriers to the narrow surface channel. 

The electrons redistribute in space due to the confinement effect and the peak 

of electron density are no longer within the silicon/silicon oxide interface, 

which would be further away from the surface in MOS devices32-33. However 

since the thickness of the high-k layer and the thickness of interfacial layer is 

greater than 3 nm in the samples under investigation, the quantum 

mechanical effects were not considered. 
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Chapter 4: Mathematical Models for 

Dielectric Relaxation 

 

 

 

xtrinsic causes of frequency dispersion during C-V measurements 

in high-k materials have been taken into account. After careful 

considerations of the extrinsic causes for frequency dispersion, 

high-k capacitance Ch was determined. Using the equation below, dielectric 

constant (k) was able to be extracted from the high-k capacitance. 

 

𝐶ℎ =
𝐴𝑘𝜀0

𝑡ℎ
          4-1 

 

where A is the area of the MOS capacitor and th is the thickness of the high-k 

oxides. Frequency dispersion can now solely be associated with the frequency 

dependence of the k-value in Figure 3-3, Figure 3-11 and Figure 4-1a. The 

frequency dependence of the k-value can be extracted as shown in Figure 4-1b, 

Figure 4-2 and Figure 4-3. No frequency dependence of k-value was observed 

for the LaAlO3/SiO2 and ZrO2/SiO2 stacks. The frequency dependence of the 

k-value was observed for the LaxZr1−xO2/SiO2 stacks. Solid lines are from fitting 

results from the Curie-von Schweidler equation. The details are given below.  

E 
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Figure 4-1. (a) Frequency dispersion in C-V measurements observed from LaxZr1−xO2 

samples. (b) A summary of frequency dependence of k-value extracted from Figure 

4-1a, Figure 3-5 (SiO2), Figure 3-7 (LaAlO3), and Figure 3-8 (ZrO2).  
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Figure 4-2. Frequency dependence of the k-value was extracted from C-f 

measurements of La0.35Zr0.65O2−δ and La0.09Zr0.91O2−δ thin films annealed at 900°C, or 

extracted from Figure 3-11 (a,b).  

 

Figure 4-3. Frequency dependence of the k-value was extracted from C-f 

measurements observed in four LaxZr1−xO2−δ thin films.  
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C-V data from the annealed thin films (La0.22Zr0.78O2 and La0.63Zr0.37O2) 

are given in Figure 4-1a. Figure 4-1b showed no frequency dependence of the 

k-value in LaAlO3/SiO2 and ZrO2/SiO2 stacks. However, it was observed in 

LaxZr1–xO2/SiO2 stacks. The k-values of La0.22Zr0.78O2 and La0.63Zr0.37O2 were 

observed to decrease from 13.5 and 10.5 to 12 and 9.5 respectively, as the 

frequency increasing from 1 kHz to 1 MHz. A constant frequency response 

was observed in thermal SiO2 shown in Figure 4-1b. 

The k-f (k-value-frequency) data of the CexHf1−xO2−δ, La0.35Zr0.65O2−δ and 

La0.09Zr0.91O2−δ thin films are given in Figure 4-2. Frequency dependence of the 

CexHf1−xO2−δ thin film was extracted from Figure 3-3. The experimentally 

observed dielectric relaxation for CexHf1-xO2 was modeled using the HN 

relationship. The composition of Ce, x, is 0.10, the relaxation parameter α and 

the relaxation time τ are 0.75 and 1×10-5 s, respectively. The fitted parameters 

of the dielectric relaxation models for LaxZr1-xO2 were shown in Table 4-1. The 

zirconia thin film with a lanthanum (La) concentration of x = 0.35 showed that 

a k-value slowly decreased from 18 to 15 as the frequency increased from 100 

Hz to 1 MHz. In contrast the lightly doped 9% sample demonstrated a sharp 

decrease in k-value and suffered from a severe dielectric relaxation. A k-value 

of 39 was obtained at 100Hz, but this value was reduced to 19 at 1 MHz. The 

10% Ce doped hafnium thin film also had a k-value decreasing from 33 at 100 

Hz to 21 at 1 MHz. Figure 4-3 summarizes the frequency dependence of 

k-value of four LaxZr1–xO2 thin films from Figures 4-1 and 4-2. 
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Many dielectric relaxation models were proposed to interpret intrinsic 

frequency dispersion which is also termed as frequency dependence of 

k-value. The fitted parameters of the dielectric relaxation models for Figure 

4-3 are shown in Table 4-1. The squares represent data from the La0.09Zr0.91O2−δ 

sample. The diamonds represent data from the La0.35Zr0.65O2−δ sample. The 

triangles represent data from the La0.22Zr0.78O2−δ sample. The circles represent 

data from the La0.63Zr0.27O2−δ sample. Solid lines are from fitting results from 

the Cole-Davidson equation, while the dashed line is from the HN equation. 

The parameters α, β and τ are parameters from the Cole-Davidson or HN 

equation. The details of the models are discussed below. 

 

Table 4-1. Fitted parameters of the dielectric relaxation models for Figure 4-3. 

Models Cole-Cole Cole-Davidson Havriliak-Negami 

Parameters α τ (s) β τ (s) Α β τ (s) 

LaxZr1–xO2–δ 

x=0.09 

0.75 3.9 × 10−7 0.0721 0.0028 0.6535 0.3458 7.3 × 10−5 

LaxZr1–xO2–δ 

x=0.35 
0.866 4.6 × 10−11 0.028 0.006 0 0.028 0.006 

LaxZr1–xO2–δ 

x=0.22 
0.815 3.8 × 10−11 0.0186 0.0013 0 0.0186 0.0013 

LaxZr1–xO2–δ 

x=0.63 
0.82 5.2 × 10−12 0.0143 0.0012 0 0.0143 0.0012 

 

4.1 Curie-von Schweidler and Debye Law 

 

In 1889, Curie-von Schweidler (CS) law was firstly announced and 
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developed later in 19071-2. The general type of dielectric relaxation in time 

domain can be described by the CS law (the t-n behavior, 0 ≤ n ≤ 1). 

 

𝑑𝑃(𝑡)

𝑑𝑡
∝ 𝑡−𝑛     4-2 

 

where P(t) represents the polarization and the exponent n indicates the degree 

of dielectric relaxation. After a Fourier transform, the complex susceptibility 

CS relation is: 

 

𝜒𝐶𝑆 = 𝐴(𝑖𝜔)𝑛−1    4-3 

 

where A and n are the relaxation parameters, ε∞ is the high frequency limit of 

the permittivity, χCS = [ωεCS − ε∞]/(εs − ε∞) is the dielectric susceptibility related 

to the CS law. The value of the exponent (n) indicated the degree of dielectric 

relaxation. An n−1 value of zero would indicate that the dielectric permittivity 

was frequency independent.  

In 1929, Debye described a model for the response of electric dipoles in 

an alternating electric field3. In time domain, the response of the polarization 

is: 

 

𝑑𝑃(𝑡)

𝑑𝑡
= −

𝑃(𝑡)

𝜏
       4-4 

𝑃(𝑡) = 𝑃0𝑒𝑥𝑝 (−
𝑡

𝜏
)      4-5 
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Unlike the CS law of power law, Debye law was an equation of 

exponential. As two main branches in the development of dielectric relaxation 

modeling, CS and Debye are the origins along the evolution beyond doubt. 

Debye model led to a description for the complex dielectric constant ε*. 

However, the change of Debye law was too sharp to describe the response 

change of the polarization. Therefore, an empirical expression originated from 

Debye law was proposed by Kohlrausch, Williams and Watts, which is a 

stretched exponential function, to be referred to later as the Kohlrausch 

-Williams -Watts (KWW) function widely used to describe the relaxation 

behavior of glass-forming liquids and other complex systems4-6. The detailed 

information concerning the KWW law will be discussed in the Section 4.3 later. 

The equivalent of the dielectric response function in time domain is: 

 

𝑃(𝑡) = 𝑃0𝑒𝑥𝑝 [(−
𝑡

𝜏
)
𝛽𝐾𝑊𝑊

]   4-6 

 

After a Fourier transform, the Debye equation in frequency domain and 

its real and imaginary parts are: 

 

𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠−𝜀∞

1+(𝑖𝜔𝜏)
    4-7 

𝜀′(𝜔) = 𝜀∞ +
𝜀𝑠−𝜀∞

1+𝜔2𝜏2
    4-8 

𝜀′′(𝜔) =
(𝜀𝑠−𝜀∞)𝜔𝜏

1+𝜔2𝜏2
        4-9 
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where τ was called the relaxation time which was a function of temperature 

and it was independent of the time, angular frequency ω = 2πf. εs was also 

defined as the zero-frequency limit of the real part, ε', of the complex 

permittivity. 𝜀∞ was the dielectric constant at ultra-high frequency. Finally, ε' 

was the k-value. 

The Debye theory assumed that the molecules are spherical in shape 

and dipoles are independent in their response to the alternating field with 

only one relaxation time. The Debye equation predicates ε' sharply decreases 

with frequency over a relatively small bandwidth. Generally, the Debye 

theory of dielectric relaxation is utilized for particular typed polar gases, 

dilute solutions of polar liquids and polar solids. However, the dipoles for a 

majority of materials are more likely to be interactive and interdependent in 

their response to the alternating field. Therefore, very few materials 

completely are in consistent of the Debye equation with only one relaxation 

time. The Debye expression cannot interpret the data of polar dielectrics with 

a distribution of relaxation times (comparing to one relaxation time)7-8. For 

example, Figure 4-2 shows that the intrinsic frequency dispersion of the 

high-k materials (LaxZr1–xO2 and CexHf1–xO2–δ) occurred over a wide frequency 

range. The data are unable to be fitted with the Debye equation because the 

high-k materials have more than one relaxation time. 
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4.2 Cole-Cole and Cole-Davidson Law 

 

Since the Debye expression cannot properly predict the behavior of 

some liquids and solids such as chlorinated diphenyl at −25 °C and 

cyclohexanone at −70 °C7, Cole K.S. and Cole R.H. proposed an improved 

Debye equation, known as the Cole-Cole equation, to interpret data observed 

on various dielectrics. Among relaxation frequencies Cole-Cole relaxation 

showed that ε' decreased more slowly with frequency than the Debye 

relaxation. By observing a large number of materials, they found that when 

the imaginary part (ε'') was plotted versus ε', a curved arc resulted, whereas 

a semicircle was predicted by the Debye relation. The Cole-Cole equation can 

be represented by ε*(ω)7: 

 

𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠−𝜀∞

1+(𝑖𝜔𝜏)1−𝛼
   4-10 

 

where τ was relaxation time and α was a constant for a given material, having 

a value 0 ≤ α ≤ 1. α = 0 for Debye relaxation. The real and imaginary parts of 

the Cole-Cole equation are: 

 

𝜀′(𝜔) = 𝜀∞ + (𝜀𝑠 − 𝜀∞)
1+(𝜔𝜏)1−𝛼 𝑠𝑖𝑛(

1

2
𝛼𝜋)

1+2(𝜔𝜏)1−𝛼 𝑠𝑖𝑛(
1

2
𝛼𝜋)+(𝜔𝜏)2(1−𝛼)

  4-11 

𝜀′′(𝜔) = (𝜀𝑠 − 𝜀∞)
1+(𝜔𝜏)1−𝛼 𝑐𝑜𝑠(

1

2
𝛼𝜋)

1+2(𝜔𝜏)1−𝛼 𝑠𝑖𝑛(
1

2
𝛼𝜋)+(𝜔𝜏)2(1−𝛼)

      4-12 



68 
 

 

The larger the value of α, the larger is the distribution of relaxation 

times. The Cole-Cole equation can be used to fit the dielectric relaxation 

results shown in Figure 4-3 of the La0.91Zr0.09O2, La0.22Zr0.78O2, La0.35Zr0.65O2 and 

La0.63Zr0.37O2 thin films and the fitting parameters are shown in Table 4-1. All 

of the data are perfectly fitted, but the relaxation time was too small (e.g., 

10−11s), as shown in Table 4-1. 

Davidson et al.8 proposed the following expression (Cole-Davidson 

equation) to interpret data observed on propylene glycol and glycerol based 

on the Debye expression: 

 

𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠−𝜀∞

(1+𝑖𝜔𝜏)𝛽
   4-13 

 

where τ was the relaxation time and β was a constant for a given material. The 

smaller the value of β then the larger was the distribution of relaxation times. 

For angular frequencies ω > 1/τ, the Cole-Davidson model exhibits an 

asymmetric broadening of the spectrum towards high frequency. The data of 

propylene glycol and glycerol can be fitted with the Debye formula in the low 

frequency region. However, at high frequencies, the Debye formula is no 

longer suitable for fitting. The data can be properly fitted by the 

Cole-Davidson formula instead9. It was reported as a limiting case to the 

Debye equation. The real and imaginary parts of the Cole-Davidson equation 
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are given by: 

 

𝜀′(𝜔) = 𝜀∞ + (𝜀𝑠 − 𝜀∞)(𝑐𝑜𝑠 𝜑)
𝛽 𝑐𝑜𝑠 𝛽 𝜑  4-14 

𝜀′′(𝜔) = (𝜀𝑠 − 𝜀∞)(𝑐𝑜𝑠 𝜑)
𝛽 𝑠𝑖𝑛 𝛽 𝜑      4-15 

𝜑 = 𝑡𝑎𝑛−1(𝜔𝜏)                      4-16 

 

The Cole-Davidson equation could also be used to fit the dielectric 

relaxation results shown in Figure 4-3 and the fitted parameters are shown in 

Table 4-1. However, the fitting for the La0.91Zr0.09O2 thin films was not 

acceptable. 

The Cole-Cole and Cole-Davidson equations are empirical and could be 

considered to be the consequence of the existence of a distribution of 

relaxation times rather than that of the single relaxation time (Debye 

equation). The physical reason for the distribution of relaxation times in the 

Cole-Cole and Cole-Davidson empirical equations is not yet clear. The reason 

for a distribution of relaxation times has been identified in certain particular 

cases, e.g., the occurrence of protonic resonance (reported by Kliem and Arlt10) 

and the porosity effect (proposed by Cabeza et al.11). 

 

4.3 Havriliak-Negami Law 
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In 1966, S. Havriliak and S. J. Negami reported the Havriliak-Negami 

(HN) equation which combined Cole-Cole and Cole-Davidson equations for 

twenty one polymers12-13. The HN equation13 is: 

 

𝜀∗(𝜔) = 𝜀∞ +
𝜀𝑠−𝜀∞

[1+(𝑖𝜔𝜏)1−𝛼]𝛽
    4-17 

 

The real and imaginary parts of the HN equation are given by: 

 

𝜀′(𝜔) = 𝜀∞ + (𝜀𝑠 − 𝜀∞)
𝑐𝑜𝑠(𝛽𝛷)

*1+2(𝜔𝜏)1−𝛼 𝑠𝑖𝑛(
𝜋𝛼

2
)+(𝜔𝜏)2(1−𝛼)+

𝛽
2

   4-18 

ε′′(ω) = (𝜀𝑠 − 𝜀∞)
sin(𝛽𝛷)

*1+2(𝜔𝜏)1−𝛼 𝑠𝑖𝑛(
𝜋𝛼

2
)+(𝜔𝜏)2(1−𝛼)+

𝛽
2

       4-19 

𝛷 = 𝑡𝑎𝑛−1
(𝜔𝜏)1−𝛼 𝑐𝑜𝑠

1

2
𝜋𝛼

1+(𝜔𝜏)1−𝛼 𝑠𝑖𝑛
1

2
𝜋𝛼

                        4-20 

 

where α and β are the two adjustable fitting parameters. α is related to the 

width of the loss peak and β controls the asymmetry of the loss peak14. In this 

model, parameters α and β could both vary between 0 and 1. The Debye 

dielectric relaxation model with a single relaxation time α = 0 and β = 1, the 

Cole-Cole model with symmetric distribution of relaxation times follows for β 

= 1 and 0 ≤ α ≤ 1, and the Cole-Davidson model with an asymmetric 

distribution of relaxation times follows for α = 0 and 0 ≤ β ≤ 1. The HN 

equation had two distribution parameters α and β but Cole-Cole and 

Cole-Davidson equations had only one. 
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This relaxation function had two intriguing features associated with it. 

First, and most importantly, it represented the experimental quantities almost 

within their fitting range. Secondly, this function could be considered as a 

generalized way of writing the two well documented dispersion functions of 

Cole8. Hartmann et al.14 have shown that the five parameters HN model used 

in the frequency domain can accurately describe the dynamic mechanical 

behavior of polymers, including the height, width, position, and shape of the 

loss peak. 

The HN equation can be used to fit the dielectric relaxation of the four 

La0.91Zr0.09O2, La0.22Zr0.78O2, La0.35Zr0.65O2 and La0.63Zr0.37O2 thin films more 

accurately than the Cole-Cole and Cole-Davidson equations which have only 

one distribution parameter. The fitting curves are shown in Figure 4-3. The 

fitting parameters of the LaxZr1–xO2 (x = 0.09, 0.22, 0.35 and 0.63) dielectrics are 

provided in Table 4-1. 

From Table 4-1 and Figure 4-3, the fitting results of the Cole-Davidson 

equation showed that the asymmetry of the dielectric loss peak, β, increases 

with decreasing concentration, x, of La. To best fit the x = 0.09 sample, the 

width change of the loss peak α should be taken into account and, therefore, 

the HN Equation should be used, where α = 0.6535, β = 0.3458 and τ = 7.3 × 

10−5 s. 
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4.4 Kohlrausch-Williams-Watts Law 

 

To fit the data in time domain, an empirical expression was proposed 

by Kohlrausch, Williams and Watts, which is a stretched exponential 

function15, 𝑒
−

𝑡

𝜏𝐾

𝛽𝐾

, to be referred to later as the Kohlrausch-Williams-Watts 

(KWW) function. The equivalent of the dielectric response function is: 

 

𝑓(𝑡) =
𝑑𝛷

𝑑𝑡
             4-21 

𝛷(𝑡) = 𝑒
−

𝑡

𝜏𝐾

𝛽𝐾

         4-22 

 

where the τK is the characteristic relaxation time, βK is a stretching parameter, 

whose magnitude could vary from 0 to 1. For βK = 1 the Debye process is 

obtained. In order to analyze the KWW law in the frequency domain, a 

Fourier transform is needed. The KWW function in the frequency domain15 is: 

 

𝜀∗(𝜔) = 𝜀∞ + (𝜀𝑠 − 𝜀∞) ∫ 𝛽𝜏−𝛽𝐾𝑡𝛽𝐾−1𝑒−
𝑡

𝜏

𝛽𝐾
−𝑖𝜔𝑡𝑑𝑡

∞

0
         4-23 

 

The KWW law has been widely used to describe the relaxation behavior 

of glass-forming liquids and other complex systems16. The KWW law is not 

simply an empirical expression, but has a profound theoretical significance. 

Ngai et al. 17–20 developed a coupling model and derived the Kohlrausch 

function theoretically. It has already been pointed out by Yoshihara and 



73 
 

Work21 from their careful dielectric measurements that the HN equation can 

describe the complex permittivity of poly more precisely than the KWW 

function because the HN equation has two distribution parameters α and β22. 

However, a possible relationship between α, β and βK was hinted at by the 

results in Reference23–25, where the following analytical relations could be 

derived: 

 

𝛽𝐾 = [(1 − 𝛼)𝛽]
1

1.23     4-24 

 

For characteristic relaxation times, the relationship between τ (the 

relaxation time of the HN equation) and τk is 

 

𝑙𝑛 (
𝜏

𝜏𝐾
) = 2.6 × (1 − 𝛽𝐾)

0.5 𝑒−3𝛽𝐾       4-25 

 

where α and β are the distribution parameters of the HN equation and βK is 

the distribution parameter of the KWW equation. For the shape parameters, 

there is a direct transformation from the HN parameters into the KWW 

parameters. It is well known that a Fourier transform is needed to analyze the 

KWW law in the frequency domain. However, there is no analytic expression 

for the Fourier transform of the KWW function in the frequency domain. A 

Fourier transform of the KWW function in the frequency domain can be 

approximated by a HN function which has a more complex relaxation form, 
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but not vice versa26. 

Since KWW model does not hold the analytical expression due to the 

difficult to integral nature in the equation, computation of Fourier transform 

poses numerical problems originating from cutoff effects which yield 

unwanted oscillations, especially when treating real data. A novel model is 

proposed here to simplify the original KWW model which has an analytical 

expression in both high and low frequency-domain. 

In the remainder of the part, we elaborate on the following themes. 

Figure 4-4 above showed the comparison between the Cole-Cole plot for CD 

model and the original KWW model with different value of the external 

parameter. The horizontal axes (dielectric permittivity) have been normalized 

as the maximum permittivity value equals to one. The value of τ has been 

chosen from 10-5 to 105. The differences between these two models can be 

neglected in both high frequency region and low frequency region. In the 

following part, the slope of these curves was used to find the relationship 

between these two models. Then the simplified KWW model was proposed 

and a critical comparison was made between the simplified one and the 

original one.  
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Figure 4-4. Cole-Cole plot for CD function and KWW function for β=0.3, 0.5, 0.7 

and 0.9 when τ changes from 10-5 to 105 as labeled.  

 

The empirical decay function for KWW model was given as: 

𝜑𝐾𝑊𝑊(𝑡) = 𝑒
[−(

𝑡

𝜏𝐾𝑊𝑊
)𝛽𝐾𝑊𝑊]

.  

The complex permittivity 𝜀∗(𝜔) = 𝜀′(𝜔) − 𝑗𝜀′′(𝜔) can be expressed by 

the Kremers-Kroning relation: 

 

𝜀∗(𝜔) = 𝜀∞ + (𝜀𝑆 − 𝜀∞) ∫ *−
𝑑𝜑𝐾𝑊𝑊(𝑡)

𝑑𝑡
+

∞

0
× 𝑒−𝑗𝜔𝑡𝑑𝑡        4-26 

 

where εs is the static dielectric constant, ε∞ is the dielectric constant with very 

high frequency, and  is the angular frequency. 

The decay function was inserted into equation 4-26 and the integration 
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was used. Given s = a + j and z = st, (a→0+) the path of the integration can 

be changed from the real axis to the imaginary axis. The Maclaurin series was 

used for simplification. Then an infinite integral of an infinite series was 

obtained: 

 

𝜀∗(𝜔)−𝜀∞

𝜀0−𝜀∞
= 1 − 𝑙𝑖𝑚𝑎→0+

𝑗𝜔

𝑠
∫ 𝑒−𝑧 × ∑

[−(
𝑧

𝑠𝜏𝐾𝑊𝑊
)𝛽𝐾𝑊𝑊]

𝑛

𝑛!
∞
𝑛=0

∞

0
𝑑𝑧   4-27 

 

It was possible to prove that the integral and summation signs of 

equation 4-27 can be exchanged. Then the series expansion was obtained: 

 

𝜀∗(𝜔)−𝜀∞

𝜀0−𝜀∞
= 1 − ∑

(−1)𝑛

(𝑗𝜔𝜏𝐾𝑊𝑊)𝑛𝛽𝐾𝑊𝑊𝑛!
∞
𝑛=0 𝛤(1 + 𝑛𝛽𝐾𝑊𝑊)  4-28 

 

When τKWW >>1, the real part ’ of equation 4-28 can be simplified as: 

 

𝜀′′(𝜔) ≈
𝑐𝑜𝑠(

𝛽𝐾𝑊𝑊𝜋

2
)𝛤(1+𝛽𝐾𝑊𝑊)

(𝜔𝜏𝐾𝑊𝑊)𝛽𝐾𝑊𝑊
           4-29 

 

The imaginary part ’’ of equation 4-28 can be simplified as: 

 

𝜀′′(𝜔) ≈
𝑠𝑖𝑛(

𝛽𝐾𝑊𝑊𝜋

2
)𝛤(1+𝛽𝐾𝑊𝑊)

(𝜔𝜏𝐾𝑊𝑊)𝛽𝐾𝑊𝑊
           4-30 

 

Then the slope of Cole-Cole plot for KWW model in high frequency 

region can be simplified as: 
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𝜀′′(𝜔)

𝜀′(𝜔)
≈ 𝑡𝑎𝑛(

𝛽𝐾𝑊𝑊𝜋

2
)                   4-31 

 

However, for τKWW<<1, equation 4-28 has a slow convergence and it can 

not be simplified. The asymptotic expansion for small τKWW was introduced: 

 

1 + ∑
(−𝑗𝜔𝜏𝐾𝑊𝑊)𝑛+1

𝑛!
∞
𝑛=0

1

𝛽𝐾𝑊𝑊
𝛤(

𝑛+1

𝛽𝐾𝑊𝑊
)     4-32 

 

For βKWW<1, the series 4-32 constitute the asymptotic expansion for 

equation 4-26. 

The second part of the series was chosen as the first neglected term 

which is: 

 

(−𝑗𝜔𝜏𝐾𝑊𝑊)
2 1

𝛽𝐾𝑊𝑊
𝛤(

2

𝛽𝐾𝑊𝑊
)          4-33 

 

When τKWW<10-3 s and βKWW≥0.3, the real part of the series can be 

simplified as: 

 

𝜀′(𝜔) = 1 −
(𝜔𝜏𝐾𝑊𝑊)2

𝐶𝛽𝐾𝑊𝑊
𝛤(

2

𝛽𝐾𝑊𝑊
)        4-34 

 

where C is a constant bigger than one. The imaginary part can be 

simplified as: 
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𝜀′′(𝜔) ≈
𝜔𝜏𝐾𝑊𝑊

𝛽𝐾𝑊𝑊
𝛤(

1

𝛽𝐾𝑊𝑊
)              4-35 

 

The slope of Cole-Cole plot for KWW model in low frequency region 

can be shown as: 

 

𝜀′′(𝜔)

𝜀′(𝜔)−1
= −

1

𝜔𝜏𝐾𝑊𝑊

𝛤(
1

𝛽𝐾𝑊𝑊
)

𝐶×𝛤(
2

𝛽𝐾𝑊𝑊
)
≈ −𝑡𝑎𝑛(

𝜋

2
)    4-36 

 

After using several frequency-domain spectroscopies, it was empirically 

found that the following expression was a good fit to the data which was 

known as the Cole-Davison function: 

 

𝜀∗(𝜔)−𝜀∞

𝜀0−𝜀∞
=

1

(1+𝑗𝜔𝜏𝐶𝐷)
𝛽𝐶𝐷

             4-37 

 

where βCD is a parameter between zero and one. The real part ’ and 

imaginary part ’’ can be got and shown as: 

 

𝜀′(𝜔) = (𝑐𝑜𝑠 𝜑)𝛽𝐶𝐷 𝑐𝑜𝑠(𝛽𝐶𝐷𝜑)       4-38 

𝜀′(𝜔) = (𝑐𝑜𝑠 𝜑)𝛽𝐶𝐷 𝑠𝑖𝑛(𝛽𝐶𝐷𝜑)       4-39 

𝜑 = 𝑡𝑎𝑛−1𝜔𝜏𝐶𝐷                  4-40 

 

Then the slope of Cole-Cole plot for CD model in high frequency region 
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can be simplified as: 

 

𝜀′′(𝜔)

𝜀′(𝜔)
= 𝑡𝑎𝑛(𝛽𝐶𝐷𝜑) ≈ 𝑡𝑎𝑛(

𝛽𝐶𝐷𝜑

2
)          4-41 

 

For low frequency: 

 

𝜀′′(𝜔)

𝜀′(𝜔)−1
=

(𝑐𝑜𝑠𝜑)𝛽𝐶𝐷 𝑠𝑖𝑛(𝛽𝐶𝐷𝜑)

(𝑐𝑜𝑠𝜑)𝛽𝐶𝐷 𝑐𝑜𝑠(𝛽𝐶𝐷𝜑)−1
≈

𝛽𝐶𝐷𝜑

1−
(𝛽𝐶𝐷𝜑)

2

2
−1

≈ −𝑡𝑎𝑛(
𝜋

2
)      4-42 

 

Based on the equation 4-31, equation 4-36, equation 4-41 and equation 

42, the KWW model and CD model can have the similar results for both high 

frequency region and low frequency region if the following equation is 

satisfied: 𝑡𝑎𝑛
𝛽𝐾𝑊𝑊𝜋

2
= 𝑡𝑎𝑛

𝛽𝐶𝐷𝜋

2
 . From the comparison above, it obviously 

means: 𝛽𝐶𝐷 = 𝛽𝐾𝑊𝑊. 

Figure 4-5 compared the real part of the original KWW equation and 

the simplified equation 4-29 in high frequency-domain for β=0.3, 0.5, 0.7 and 

0.9. The vertical axes have been normalized to make the maximum value to 

one. HFA represents High Frequency Approximation for short. It was clearly 

presented that the simplified model (β=0.3, 0.5 and 0.7) coincided with the 

original one comprehensively in the high frequency domain (0<lg(τ)<3). For 

the simplified model with β=0.9, the curve fitted excellently with the original 

model. However, some margins of error were observed in the frequency 

domain (0<lg(τ)<1). Nevertheless, for high-k materials, normally, the 
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dielectric relaxation phenomenon was not obvious which meant the value of β 

is close to zero. It meant that the simplified models were able to fully be 

suitable for high-k materials in high frequency range. 

 

 

Figure 4-5. Linear-log plot for the real part of the original KWW function and 

simplified KWW function with β=0.3, 0.5, 0.7 and 0.9 when τ changes from 1 to 

1000 as labeled.  

 

Figure 4-6 compares the real part of the original KWW equation and the 

simplified equation (7) in low frequency region as β=0.3, 0.5, 0.7 and 0.9. C=1 

at the same time. The vertical axes have been normalized to make the 

maximum value to be one. LFA stands for Low Frequency Approximation. It 
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was clear that for LFA, the changes of the boundary of suitable region were 

obvious. As the value of β increased, the suitable regions increased as well. 

For the different values of β, the boundary of suitable region in HFA changed 

very small unless β was very close to one. 

 

 

Figure 4-6. Linear-linear plot for the real part of the original KWW function and 

simplified KWW function with β=0.3, 0.5, 0.7 and 0.9 when τ changes from 0.001 

to 1 as labeled.  

 

For high-k materials, as mentioned above, the value of β (KWW and CD) 

for dielectric relaxation was very close to zero. This brought a challenge for 

the original KWW equation. When using the original one to fit the dielectric 
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constant versus frequency data, it surely took a long time to accomplish with 

unwanted oscillations from cutoff effects. The simplified KWW model, 

Equation 4-29 offered a convenient solution for the fitting issue. Furthermore, 

a comparison was made between the simplified KWW model and the original 

one. The simplified model was shown to fit the dielectric relaxation data of 

high-k materials to a high degree of accuracy and it was almost fitted equally 

excellent with CD model does. 

 

4.5 Final Fitting of Frequency Domain Response 

 

A theoretical description of the slow relaxation in complex condensed 

systems is still a topic of active research despite the great effort made in recent 

years. There exist two alternative approaches to the interpretation of dielectric 

relaxation: the parallel and series models27. The parallel model represents the 

classical relaxation of a large assembly of individual relaxing entities such as 

dipoles, each of which relaxes with an exponential probability in time but has 

a different relaxation time. The total relaxation process corresponds to a 

summation over the available modes, given a frequency domain response 

function, which can be approximated by the HN relationship. 

The alternative approach is the series model, which can be used to 

describe briefly the origins of the CS law. Consider a system divided into two 
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interacting sub-systems. The first of these responds rapidly to a stimulus 

generating a change in the interaction which, in turn, causes a much slower 

response of the second sub-system. The state of the total system then 

corresponds to the excited first system together with the un-responded 

second system and can be considered as a transient or meta-stable state, 

which slowly decays as the second system responds. 

In some complex condensed systems, neither the parallel nor the series 

approach is accepted. For the final fitting of the frequency domain response, 

the frequency dependence of complex permittivity ε*(ω) can be expressed by 

combining the CS law and the modified Debye law (HN or KWW law)28: 

 

𝜀∗(𝜔) = 𝜀∞ + 𝜒𝐶𝑆
∗ (𝜔) + 𝜒𝐻𝑁

∗ (𝜔) −
𝑖𝜎𝐷𝐶

𝜔𝜀𝑆
                      4-43(a) 

𝜀∗(𝜔) = 𝜀∞ + 𝜒𝐶𝑆
∗ (𝜔) + 𝜒𝐾𝑊𝑊

∗ (𝜔) −
𝑖𝜎𝐷𝐶

𝜔𝜀𝑆
                    4-43(b) 

𝜒𝐶𝑆
∗ (𝜔) = 𝐴(𝑖𝜔)𝑛−1                                    4-44 

𝜒𝐻𝑁
∗ (𝜔) =

𝜀𝑠−𝜀∞

[1+(𝑖𝜔𝜏)1−𝛼]𝛽
                                   4-45(a) 

𝜒𝐾𝑊𝑊
∗ (𝜔) = (𝜀𝑠 − 𝜀∞) ∫ 𝛽𝜏−𝛽𝐾𝑡𝛽𝐾−1𝑒−

𝑡

𝜏

𝛽𝐾
−𝑖𝜔𝑡𝑑𝑡

∞

0
            4-45(b) 

 

where ε∞ was the high frequency limit of permittivity, εs is the permittivity of 

free space, σDC is the DC conductivity. The parameters in the equation are in 

form of physical meanings (activation energy: EA): 

 

𝜏 = 𝜏0𝑒𝑥𝑝 *−
𝐸𝐴,𝜏

𝑘(𝑇−𝑇𝜏)
+               4-46 
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𝜎𝐷𝐶 = 𝜎0𝑒𝑥𝑝 *−
𝐸𝐴,𝜎

𝑘(𝑇−𝑇𝜎)
+            4-47 

𝛼 = 𝛼0𝑒𝑥𝑝 *−
𝐸𝐴,𝛼

𝑘(𝑇−𝑇𝛼)
+             4-48 

𝛽 = 𝛽0𝑒𝑥𝑝 [−
𝐸𝐴,𝛽

𝑘(𝑇−𝑇𝛽)
]             4-49 

𝑛 = 𝑛0𝑒𝑥𝑝 *−
𝐸𝐴,𝑛

𝑘(𝑇−𝑇𝑛)
+             4-50 

 

HN law was a modified Debye equation via evolution. Thus, CS and 

HN law in time domain represented the original power-law and exponential 

dependence respectively. Most of dielectric relaxation data were able to be 

modeled by the final fitting law: the combined CS+HN laws. 

Based on the discussion above, the dielectric relaxation results of 

La0.35Zr0.65O2 for as-deposited and PDA samples (shown in Fig. 4-7) have been 

modeled with the CS and HN relationships (see solid lines in Fig. 4-7)27. 

Significant dielectric relaxation was observed in the air-annealed sample. 

Solid lines are the fitting results using CS and HN equations. The relaxation of 

the as-deposited film obeyed a combined CS+HN laws. After the 900 °C PDA, 

the relaxation behavior of the N2-annealed film was dominated by the CS law, 

whereas the air-annealed film was predominantly modeled by the HN 

relationship that was accompanied by a sharp drop in the k-value. 
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Figure 4-7. Frequency dependence of k-value of La0.35Zr0.65O2 dielectric for 

as-deposited and PDA samples.  

 

The frequency dependent change in the real and imaginary permittivity 

of La2Hf2O7 dielectric for the as-deposited and PDA samples is shown in Fig. 

4-829. Two dot-lines and two solid lines are the fitted results using CS and HN 

laws. Clearly, the PDA process improved the dielectric relaxation and reduced 

the dielectric loss. The dielectric relaxation of the PDA films was revealed to 

be dominated by the CS law (n=0.9945, see two dot lines in Fig. 4-8) at f<3×104 

Hz. However, at f>3×104 Hz, the HN law plays an important role (=0.08, 

=0.45, and =1×10-8 s, see two solid lines in Fig. 4-8). The dielectric loss 

reduces at f<3×104 Hz because an increase of the interfacial layer thickness 
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caused the reduction of the DC conductivity. 

 

 

Figure 4-8. Frequency dependence of the real and imaginary permittivities of 

La2Hf2O7 dielectric for the as-deposited and PDA samples.  

 

Frequency dependence of the k-value was extracted from C-f 

measurements observed in the LaxZr1−xO2−δ thin films (shown in Fig. 4-3)30. 

Solid lines are from fitting results from the Cole-Davidson equation, while the 

dashed line is from the HN equation. α, β and τ are parameters from the 

Cole-Davidson or HN equation. The Cole-Cole and Cole-Davidson equation 

could fit the dielectric relaxation results of the La0.91Zr0.09O2, La0.22Zr0.78O2, 

La0.35Zr0.65O2 and La0.63Zr0.37O2 thin films. The LaxZr1−xO2−δ thin films can be also 

modeled by the HN equation more accurately than the Cole-Cole and 
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Cole-Davidson equations. 

The dielectric relaxation data in Figure 4-3 were modeled by the CS law 

or the combined CS+KWW laws, as shown in Figure 4-9. The measured data 

are the same as Figure 4-3. All solid lines are fitting results from the CS law or 

the combined CS+KWW laws. βK, τK and n are parameters of the KWW law 

and CS law. The k-values of the LaxZr1−xO2 (x = 0.22, 0.35 and 0.63) dielectrics 

clearly show a power-law dependence on frequency known as the CS law, 

𝑘 ∝ 𝑓𝑛−1, (0 ≤ n ≤ 1)31-32. For LaxZr1−xO2−δ thin films with x = 0.63, x = 0.35 and x 

= 0.22 La content, the dielectric relaxation response could be fitted by the pure 

CS law, the n values were 0.981, 0.98 and 0.985 when the composition of La, x, 

was 0.22, 0.35 and 0.63, respectively. 

 

 

Figure 4-9. Fitting results from the CS law or the combined CS+KWW laws. 
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However, for the x = 0.09 La content, the dielectric relaxation response 

could not be modeled by the pure CS law or the pure KWW law, but could be 

modeled by the combined CS+KWW law. The relaxation parameter βk and n 

were 0.53 and 0.91, respectively, and the relaxation time τK was 3 × 10−3 s, as 

shown in Figure 4-9. From Figure 4-9, the exponent value n decreased with 

increasing k-values. 

Compared with Figure 4-3, it was found that the combined CS+KWW 

relaxation process (βk = 0.53 and n = 0.91) could be substituted by the HN 

function where α and β were 0.6535 and 0.3458, respectively, in Figure 4-3 

because both the HN function and the combined CS+KWW relationship both 

have two distribution parameters. 
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Chapter 5: Physical Mechanism for 

Dielectric Relaxation 

 

 

 dielectric material is a non-conducting substance whose 

charges are polarized under the influence of an applied electric 

field. Dielectric behavior must be specified with respect to the 

time or frequency domain. Different mechanisms show different dynamic 

behaviors in the time domain. In consequence, adsorption occurs at different 

windows in the frequency domain.  

 

 

Figure 5-1. Physical mechanisms of dielectric relaxation in real and imaginary part. 

 

A 
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For the physical mechanism of the dielectric relaxation, Figure 5-1 is to 

describe the degree of polarization in a given material within frequency 

domain1. The response of the dielectric relaxation in lower frequency range is 

firstly categorized into the interface polarization. In the region, surfaces, grain 

boundaries, inter-phase boundaries may be charged, i.e. they contain dipoles 

which may become oriented to some degree in an external field and thus 

contribute to the polarization of the material. It is within the orientation 

polarization as frequency increasing. Here the material must have natural 

dipoles which can rotate freely. As the frequency increases further, dielectric 

relaxation is termed as ionic and electronic polarization. Mutual displacement 

of negative and positive sub-lattice in ionic crystals taken place. In this case a 

solid material must have some ionic character. Then, it is observed that 

displacement of electron shell is positioned against positive nucleus. Also, the 

region is called atomic polarization. In a summary, it is clear that the degree of 

polarization is related to the structure of the material. Therefore, dielectric 

behavior in electrostatic and alternating electric fields depends on static and 

dynamical properties of the structure. 

 

5.1 Lanthanum-doped Zirconium Oxide 

 

X-ray diffraction data is shown in Figure 5-2 from an as-deposited film 
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and from annealed samples with a La content of x=0, x=0.09, x=0.22 and x=0.35.  

* denotes monoclinic diffraction peaks from the x=0.09 sample. All 

as-deposited samples were effectively amorphous and showed no diffraction 

features. After annealing, XRD data from the un-doped sample (x=0) shows 

that the film had crystallized, forming a mixed phase of monoclinic, with 

diffraction peaks at 28.4° (-111), 31.7° (111), 34.2° (002) and 35.4° (200), and a 

diffraction peak at 30.4° corresponding to either the tetragonal (101) 

diffraction peak or the cubic (111) peak. The tetragonal or cubic phase cannot 

be unambiguously distinguished by XRD. In comparison the result from a 

lightly La doped (x=0.09) film contains a much broader peak centered about 

30° corresponding to the tetragonal or cubic phase, with only a small content 

from the monoclinic phase. The difference in diffraction peak widths from the 

two films is indicative of their average grain sizes, with the much broader 

peak from the x=0.09 sample indicative of smaller crystal grains. Two 

diffraction peaks at 30.0° and 34.6° were observed for the x=0.22 sample and 

two diffraction peaks at 29.3° and 33.9° were observed for the most heavily 

doped, x=0.35 annealed film. These are from either the tetragonal or cubic 

phase, the shifts in peak positions relative to the x=0 and x=0.09 samples arises 

from the excessively high La contents expanding the lattice. No monoclinic 

content was observed for either of the two most heavily doped samples. These 

results show that by increasing the La content the general trend is to suppress 

the monoclinic phase and stabilize the tetragonal or cubic phase; however the 
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relationship is not straight forward and the crystal grain size is also affected 

by the level of doping.  

 

 

Figure 5-2. X-ray diffraction data for LaxZr1-xO2-δ thin films deposited by ALD, 

as-deposited and following annealing at 900°C in N2 for 15min.  

 

XTEM was carried out on both x=0.09 and x=0.35 lanthanum doped 

zirconium oxide samples. Images2 from the annealed samples are shown in 

Figure 5-3a and Figure 5-3b. These images show that equiaxed 

nanocrystallites of ~4 nm diameter form in the x=0.09 sample, in contrast to a 

larger ~15 nm diameter crystal for the x=0.35 sample. This trend is also 

consistent with the average grain size estimated using a Scherrer analysis of 

the XRD data shown in Figure 5-2, which gives similar values. It appears that 

varying the doping level changes the phase that the films crystallize into 
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during annealing, it also affects the size of the crystal grains formed. 

 

 

Figure 5-3. XTEM images from two LaxZr1-xO2-δ films, which were annealed in N2 at 

900oC for 15min. (a) Small nano-crystallites are formed in the x=0.09 sample (b) with 

larger crystalline grains formed in the x=0.35 sample. 

 

The relationship between the extracted k-value and test frequency is 

shown for annealed samples in Figure 5-4, having been extracted from the 

strong accumulation capacitance at +3V (<+1MV/cm). When the effects in the 

previous section are accounted for, Figure 5-4 reveals that the frequency 

dependency of k-value is a real material property of the LaxZr1-xO2-δ dielectric 

films. The un-doped ZrO2 film (x=0) has a relatively flat frequency response 

and a k-value of 17 at 50Hz and 16 at 100 kHz. In comparison to the un-doped 

sample, the sample doped with a La content of x=0.09 has a significant 

increase of the k-value of the dielectric, but also has a large dielectric 



98 
 

relaxation. A k-value of 40 is obtained at a frequency of 50Hz, but reduces 

substantially as the frequency is increased, dropping to 25 at 100 kHz. 

Nevertheless the doped film always has a higher k-value than the un-doped 

film. The sample with a La content of x=0.22 has a flatter frequency response, 

but with lower overall values of 22 at 50Hz and 19 at 100 kHz. At a frequency 

of 2MHz the k-values of the x=0.09 and x=0.22 films are almost identical. For 

the highest doped sample, x=0.35, there is a further reduction in the k-values, 

with only a marginal improvement over the un-doped sample. That is, at a 

frequency range of 1k to 2MHz, the k-values of the x=0.00 and x=0.35 films are 

almost identical. An inset in the figure illustrates the relationship between the 

level of doping and the k-value. Other studies also show maxima in the region 

of 10% doping3-4. While there is an understanding within the literature that 

doping can enhance k-values, the frequency response of doped films has not 

previously been addressed. The present study shows that the dielectric 

relaxation is most severe at concentration levels where the highest k-values 

are achieved. To be able to implement doped dielectric films in future 

semiconductor devices, the frequency response of the films must be 

understood. 
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Figure 5-4. Frequency dependence of the k-value of annealed LaxZr1-xO2-δ thin films. 

An inset shows the change in k-value with doping level, at different frequencies. 

 

The effect of annealing on the dielectric relaxation is shown by the 

results in Figure 5-5 which contains the results of as-deposited and annealed 

samples with a La concentration of x=0.09 and x=0.35. Solid lines are fitted 

results using either CS or CS + KWW relationships. For the x=0.35 dielectric 

(open and closed circle symbols), the annealing improves the dielectric 

relaxation and has weak effect on the k-value, that is, there is a small increase 

in k-value at some frequencies and there is a flatter frequency response 

compared to the as-deposited sample. For the x=0.09 as-deposited sample, the 

k-values are low and annealing (and hence crystallization into predominantly 

the tetragonal or cubic phase) produces the high k-values. It is possible that 

the dielectric relaxation behavior observed is due to the level of stress in the 
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crystalline grains, depending on the grain size, analogous to the behavior of 

ferroelectric ceramics. 

 

 

Figure 5-5. A comparison between LaxZr1-xO2-δ as-deposited and annealed samples. 

 

5.2 As-Deposited and Post Deposition Annealed Cerium 

Oxides 

 

Figure 5-6 is XRD diffraction patterns for 250 °C as-deposited and 

annealed samples. The grain size of annealed sample (9.55 nm) is bigger than 

the original sample (8.83 nm), which suggest that post deposition annealing in 
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vacuum (700 °C - 900 °C) causes an increase in the size of the crystalline 

grains. The same phenomenon is also recorded in the 150 °C as-deposited and 

annealed samples. 

 

 

Figure 5-6. XRD patterns for the 250°C samples (green for the as-deposited and blue 

for the post deposition annealed).  

 

C-V measurements are used to characterize frequency dispersion5 and 

obtain permittivity of CeO2 thin films. A typical set of C-V characteristics of 

the as-deposited (dashed line) under different frequencies (100 Hz, 1 kHz, 10 

kHz, 100 kHz and 1 MHz) is shown in Figure 5-7 for the sample of deposition 

temperature 150 °C. Remarkable frequency dispersions on C-V curves are 
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observed for both the as-deposited and the annealed samples. Compared to 

the as-deposited samples, the annealed samples show pronounced 

accumulation capacitance reduction. The most important effect of annealing is 

related to weakened accumulation capacitance and hence reduced k-value. 

C-V measurements are carried out from strong inversion (-1 V) toward strong 

accumulation (2 V). Noticeable frequency dispersions on C-V curves are 

observed. Similar cases also happened in rest of the as-deposited samples 

(deposition temperature: 200 °C - 350 °C). Under the frequency of 1 MHz, the 

capacitance is 310 pF in strong accumulation. Enhanced capacitance (1420 pF) 

in strong accumulation under the frequency of 100 Hz is observed. The 

capacitance value is more than four times of the 1 MHz case. Moreover, it is 

found that the tendency of strong accumulation capacitance is inverse-linear 

with frequency. In contrast, C-V measurement of the annealed sample (solid 

line) is also demonstrated in Figure 5-7. Compared to the as-deposited high-k 

film, the annealed sample shows pronounced accumulation capacitance 

reduction. The most obvious effect of annealing is related to weakened 

accumulation capacitance and hence reduced k-value. Insignificant frequency 

dispersion is observed from 100 Hz to 1 MHz. The capacitance at 100Hz of 

annealed sample decreases by approximately 70% compared with the 

as-deposited one. The accumulation capacitance value is 410 pF. The 

capacitances from 1 kHz to 1 MHz are in the range of 180 pF - 240 pF. Similar 

relieving frequency dispersions are also seen for the 250 °C annealed sample 
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(compared to 250 °C as-deposited sample). The dielectric constant can be 

extracted from the capacitance values in strong accumulation. In Figure 5-7, 

for the 150 °C as-deposited sample, the extracted k value at 1 MHz is 42. 

Likewise, the k value at 1 MHz is 36 for the 150 °C annealed sample. 

 

 

Figure 5-7. Capacitance-Voltage (C-V) measurement of the as-deposited (AD) and the 

annealed (ann) samples under different frequencies (100Hz, 1kHz, 10kHz, 100kHz 

and 1MHz).  

 

In order to further investigate the k-value dependent frequency 

dispersion for CeO2, normalized dielectric constant is quantitatively utilized 

to characterize the dielectric constant variation. At the very start, as-deposited 

and annealed samples are used. Concerning the 250 °C sample, the 
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comparison between the as-deposited and annealed is given in Figure 5-8. It is 

observed that the dielectric relaxation for the as-deposited sample 

(triangle-symbol) is serious than the annealed one (square-symbol). From the 

analysis at all frequencies, the normalized k value of the as-deposited sample 

is lower. Obviously, the worst case happens at 1 MHz and the normalized 

dielectric constant is 0.11. It means that the k value is only 10% of the highest k 

value measured at 100 Hz. The conclusion is made upon the data that the 

CeO2 samples have eased frequency dispersion after annealed. From the 

analysis of Figure 5-6, the grain size for annealed samples is larger than the 

as-deposited one. It is easy to make an inference that grain size affects 

dielectric relaxation. The smaller grain size has bigger dielectric relaxation.  

 

 

Figure 5-8. Normalized dielectric constants for the as-deposited and the annealed 

samples under different frequencies (100Hz, 1kHz, 10kHz, 100kHz and 1MHz).  
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These findings are in good agreement with theoretical and experimental 

studies which confirm that grain size makes significant impact on dielectric 

relaxation. Yu et al.6 reported the effect of grain size on the ferroelectric 

relaxor behavior in CaCu3TiO12 (CCTO) ceramics. The normalized dielectric 

constant value of CCTO over frequency response (100, 1k, 10k and 100k Hz) is 

extracted as supporting evidence here, which is shown in the inset of Figure 

5-8. CCTO ceramics with different grain sizes (small, medium and large) were 

prepared. Strong frequency dispersion of dielectric constant for all the grain 

size is related to the frequency dependent board and shift of glasslike 

transition temperature. It is finally associated with the slowing down of 

dipolar fluctuation within the polar nanodomain. The dielectric relaxation for 

small grain size sample is the worst. The dielectric constant at 100k Hz is only 

10% of the value at 100 Hz, which is similar to the as deposited temperature 

250 °C CeO2 sample. The medium grain size CCTO sample is superior to the 

small sample at all frequencies. Moreover, the large grain size sample 

performs better than the medium one. The effect of grain size mainly 

originates from higher surface stress in smaller grain due to its higher 

concentration of grain boundary. To illustrate this point, surface stress in grain 

is high, medium and low for the small, medium and large grain size CCTO 

samples. As surface stress increases, the glasslike transition temperature 

decreases considerably. It is attributed to the enhancement of the correlations 

among polar nanodomain. Ultimately, both frequency dispersion and 
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relaxation strength, as typical characteristic of relaxor ferroelectrics, will 

increase when grain size decrease. 

 

5.3 As-Deposited Cerium Oxides under Various 

Deposition Temperatures 

 

XRD diffraction patterns for films as-deposited at 150 °C, 200 °C, 250 °C, 

300 °C and 350 °C are shown in the inset of Figure 5-9. Diffraction scans with 

a slower scan speed were performed in the region of the peak to obtain full 

width at half-maximum data (the most distinct diffraction peak). XRD results 

show crystalline diffraction features for all deposition temperatures. The grain 

size value is obtained by Scherrer formula7 based on XRD data (in Figure 5-9). 

The measurements performed have the grain size changing from 6.14 nm for 

the 150 °C sample, to 23.62 nm for the 350 °C sample. For 200 °C, 250 °C and 

300 °C samples, the grain size are 6.69 nm, 8.83 nm and 15.86 nm respectively. 

There is a clear trend that the grain size increases with increasing deposition 

temperature, which might be attributed to increased mobility of the deposited 

material with increased deposition temperature. 
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Figure 5-9. Grain sizes for the as-deposited CeO2 samples under different deposition 

temperatures (150°C, 200°C, 250°C, 300°C and 350°C).  

 

Figure 5-10 lists normalized dielectric constant for all as-deposited CeO2 

samples under the deposition temperatures (150 °C, 200 °C, 250 °C, 300 °C 

and 350 °C). It is known from XRD (Figure 5-9 inset) and Raman scattering 

spectrum that grain size increases as deposition temperature increases. The 

relationship between grain size value and deposition temperature is 

explained as follow: 6.13 nm for 150 °C, 6.69 nm for 200 °C, 8.83 nm for 250 °C, 

15.85 nm for 300 °C and 23.62 nm for 350 °C. Large dielectric relaxation 

happens for the sample of 6.13 nm (diamond-symbol). The minimum k value 

at 1 MHz is one third of the maximum value at 100 Hz. When deposition 

temperature increases, the dielectric relaxation is even worse for the sample of 
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6.69 nm (square-symbol). The k value variation is more significant at all the 

frequencies. In addition, the most severe dielectric relaxation is recorded for 

the sample of 8.83 nm (star-symbol). It is noted that the sample of 8.83 nm has 

the worst dielectric relaxation for both as-deposited and annealed samples. 

The worst case is that the k value at 1 MHz takes only 10% of the k value at 

100 Hz. From the figure, the normalized dielectric constants are the lowest for 

all the frequencies, which means the dielectric constant makes the most 

significant value drop in the region of higher frequencies. The sample of 15.85 

nm (triangle-symbol) has significant improvement on dielectric relaxation. 

The k value variation is narrowed. The sample of 23.62 nm (round-symbol) 

shows more stable frequency response for the k value. As a consequence, it is 

not always true for the inference we made above: the smaller grain size has a 

larger dielectric relaxation (the sample of 8.83 nm has the worst dielectric 

relaxation, but 8.83 nm is not the smallest grain size value among all the 

samples). Nevertheless, if a comparison is made between samples of 6.13 nm 

(the smallest) and 23.62 nm (the largest), the larger grain size sample is 

proved to have better performance on dielectric relaxation under high 

frequency measured condition. It is also consistent with the experimental 

results we obtained before8.  
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Figure 5-10. Normalized dielectric constants for the as-deposited samples under 

different frequencies (100Hz, 1kHz, 10kHz, 100kHz and 1MHz).  

 

Similarly, the effect of grain size on dielectric relaxation is found on the 

Nd-doped Pb1-3x/2Ndx(Zr0.65Ti0.35)O3 composition (PNZT)19, where x = 0.00, 0.01, 

0.03, 0.05, 0.07, 0.09. PNZT were prepared by traditional mixed oxide solid 

state reaction method. The grain size decreases with increasing Nd doping (x). 

The normalized dielectric constant vs. frequency is extracted in the inset of 

Figure 5-10. Strong frequency dispersion is observed for all the samples. It is 

clear that the deteriorative degree of dielectric relaxation increases from 12.1 

nm, reaches the peak at 22.5 nm and then declines. A comparison between 

samples of 12.1 nm and 25 nm is made. Uniformly, the sample with the grain 

size of 25 nm is shown to perform superior on dielectric relaxation. The 

dielectric constant frequency response of the PNZT samples shares exactly the 
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same with CeO2 samples. One possible reason of the observation above could 

be due to the broadened dielectric peak and the transition temperature shift. 

The dielectric constant shows phase transition as expected for normal 

ferroelectrics. The region around the dielectric peak is broadened, which is 

one of most important characteristics of disordered perovskite structure with 

diffuse phase transition. Transition temperature is found to shift forward 

lower temperature with the grain size from 12.1 nm to 22.5 nm, with further 

larger grain size remained at the same position. Concerning the strong 

frequency dispersion, it is mainly attributed to the low frequency space 

charge accumulation effect. Such strong frequency dispersion in dielectric 

constant appears to be a common feature in ferroelectrics associated with 

non-negligible ionic conductivity. 

 

Figure 5-11. Cole-Davidson fitting parameters: β (beta) and τ (tau) for the 

as-deposited CeO2 samples with different grain sizes.  
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Dielectric relaxation can be described by Cole-Davidson (CD) law for all 

the CeO2 samples. CD fitting are denoted as the solid-lines in the Fig. 6. CD 

law is widely used in glass forming materials to explain the frequency 

dependent dielectric relaxation10. The fitting parameters of CD equation: β 

(beta) and τ (tau) are demonstrated in Figure 5-11. Left Y coordinate axis is for 

beta value and right Y coordinate axis is for tau value. Subsequently, X 

coordinate axis is for the grain size of the samples. It is clear that the trend of 

beta increases from 6.13 nm, peaks at 8.83 nm with the beta value of 0.21 and 

then descends. Thus, the curve of beta is found to be consistent with 

deteriorative degree of dielectric relaxation, which agrees with fact that the 

slop of the real part ε' to frequency is dependent on parameter beta. 

Furthermore, the asymmetry of loss factor is more serious as the parameter 

beta increases. For the parameter tau, the trend decreases from 6.13 nm to 

23.62 nm. The real part of CD equation shifts horizontally to higher frequency 

value as the values of tau decrease. Usually, tau is identical in form with 

Vogel-Fulcher-Tammann (VFT) law for the temperature dependence of 

viscosity of a number of polar materials11. Through VFT law, activation energy 

and freezing temperature can be obtained. Tau is probably determined by the 

depositon temperature. So the related activation and freezing temperature 

could be calculated afterwards. The cause for a distribution of relaxation 

times occasionally has been made associated with certain particular cases, e.g. 

the suggestion made by Kliem and Arlt12 concerning the occurrence of 
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protonic resonance, Cabeza et al.13 concerning the porosity effect. Equally, 

dielectric relaxation of the PNZT samples can be modeled by CD law as well. 

The inset of Figure 5-11 shows the relationship between CD fitting parameters 

(beta and tau) and grain size likewise. The trend of beta rises from 12.1 nm, 

peaks at 22.5 nm with the beta value of 0.03 and then glides back downwards 

within the range of 22.5 nm to 25 nm. The beta is proven to represent the 

deteriorative degree of dielectric relaxation. In the same manner, the trend of 

tau decreases from 12.1 nm to 25 nm. 
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Chapter 6: Conclusion and Further Work 

 

 

 

n summary, in the thesis, extrinsic and intrinsic frequency dispersion 

has been investigated and discussed in detail. Two causes of extrinsic 

frequency dispersion were investigated: firstly the parasitic effect 

(series resistance, back contact imperfection, cables and connections) and the 

lossy interfacial layer. These effects were analyzed and modeled based on 

correction models. Secondly, the surface roughness was observed in ultra-thin 

dioxide thin films. However, after AFM micrographs were analyzed, the 

surface roughness was found to be not responsible for the observed frequency 

dispersion of the thick high-k dielectric thin films (>3 nm). 

After causes for the extrinsic frequency dispersion were considered and 

determined, intrinsic frequency dispersion (dielectric relaxation) was found to 

be strongly related to the frequency dependence of the k-value on the high-k 

MOS capacitors. For low levels of doping (~10%), k-values of 39 and 33 were 

obtained from the La0.09Zr0.91O2−δ thin film and Ce0.1Hf0.9O2−δ thin film, 

respectively, at 100 Hz; while no significant enhancement of the k-value was 

achieved with high levels of doping (such as 35%). 

The dielectric relaxation models in the frequency domain (such as the 

I 
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Cole-Cole equation, the Cole-Davidson equation, the HN equation) and in the 

time domain (such as the KWW law and the CS law) were comprehensively 

considered. The dielectric relaxation results of the CexZr1−xO2−δ, LaAlO3, ZrO2 

and LaxZr1−xO2−δ thin films may be described by either the combined 

CS+KWW laws or the HN relationship. The fitting results of the HN equation 

showed that the asymmetry of the dielectric loss peak β increases with 

decreasing concentration levels of La x. For a severe dielectric relaxation (for 

example, the significant decrease of the k-value with increasing frequency for 

the La0.09Zr0.91O2−δ thin film), the width change of the loss peak α played an 

important role during data fitting. For the La0.09Zr0.91O2−δ thin film, it was 

found that the combined CS+KWW relaxation process (βk = 0.53 and n = 0.91) 

can be substituted by the HN function where distribution parameters α and β 

were 0.6535 and 0.3458, respectively because both the HN function and the 

combined CS+KWW relationship had two distribution parameters. 

It was found that dielectric relaxation is related to the size of the crystal 

grains formed during annealing and that doping affects the size of the crystal 

grains formed. CeO2 thin films were found to be deposited as a crystalline 

film for a range of substrate temperatures within the ALD growth window of 

the Ce[mmp]4 precursor with water as an oxidant. XRD and Raman scattering 

spectrum show an increase in grain size for increasing growth temperatures. 

From C-V measurement of the samples, strong frequency dispersion is 

observed. In order to further investigate dielectric relaxation, the normalized 
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dielectric constant is utilized for CeO2 samples of different grain sizes. CeO2 

sample has better dielectric relaxation after annealing since the annealed 

sample has larger grain size. Within the grain size range of CeO2 samples 

(6.13 - 23.62 nm), the most serious dielectric constant frequency dispersion is 

found in the sample of 8.83 nm. Similarly, the relationship between grain size 

and dielectric relaxation is also observed in CCTO and Nd-doped PNZT 

samples. The mechanism of grain size effects is attributed to the alignment 

enhancement of the polar nano-domains. 

The rapid growth of the Flash memory market has been driven by the 

increase of memory capacity and the decrease of unit price, due to the 

continuous downscaling of Flash memory cells. However, the scaling of the 

conventional SiO2-based tunnel and control dielectric layers in Flash memory 

technology is fast approaching its limits, as increasing leakage current 

through thinner SiO2 layers will result in a fast data loss. According to the 

ITRS Roadmap 2013, this becomes the most pressing issue to be solved for 

floating-gate Flash memory. Furthermore, starting from the 45-40 nm 

technology generation for floating-gate Flash devices, the spacing between 

two adjacent floating gates becomes too small to allow the control gate to 

overlap the floating gate on the vertical sidewalls in minimum feature-sized 

cells. In order to maintain the coupling ratio, this will require a further 

reduction of the dielectric thickness between control and floating gates, i.e., 

the inter-poly dielectric (IPD), which will, in turn, inevitably increase the 
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leakage and degrade the data retention.  

The introduction of high-k materials as the IPD in floating-gate Flash 

memory has been proposed as a potential solution. Higher dielectric constant 

will increase the IPD capacitance without reducing its physical thickness and 

therefore help in maintaining the coupling ratio and allow the cell size to 

continue downscaling. A large amount of work will be carried out to 

investigate the capabilities and limits of using high-k layers to replace the 

conventional oxide-nitride-oxide stack in the further works. The key issues 

are the capabilities of the SiO2/high-k layers to provide enough program/erase 

windows, sufficient data retention and endurance, and most importantly, a 

low leakage to guarantee longer retention. 

 

 


