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In the last decades, the number of transistors per chip with integrated circuits has increased leading to re-
duction in the thickness of silicon dioxide used as gate dielectrics. However, at small dielectric thicknesses leakage
current formation has begun due to the quantum tunneling effect. Thus, it became essential to replace SiO2

with alternative dielectrics with high dielectric constant to maintain the same capacitance at higher gate dielectric
thicknesses. This review analyzes alternative high-κ dielectric materials substituting for SiO2. For this reason,
the properties of materials with high dielectric constant are compared to SiO2 with a special emphasis on HfO2,
since it is the most promising high-κ dielectric to replace SiO2. The fundamental points concerning HfO2 gate di-
electrics are their high dielectric constant and their thermodynamic stability when in contact with Si. In this article,
properties of HfO2 fabricated with different coating methods and doped with different elements such as N, Si, Al,
Ti and Ta have been compared and discussed. In the conclusion part, we have summarized the results of char-
acterization obtained by X-ray diffraction, scanning electron microscopy, leakage current density–voltage (J–V ),
capacitance–voltage (C–V ) and UV–vis spectroscopy of HfO2 thin films.
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1. Introduction

Silicon oxide has been utilized as gate dielectric mate-
rial for over 40 years [1]. However, progressive minimiza-
tion of transistor dimensions requires the gate oxide lay-
ers with very low thickness leading to unwanted leakage
currents due to the tunneling effect. To solve this prob-
lem, alternative gate dielectric materials have been inves-
tigated with higher dielectric constant (high-κ) than that
of SiO2. These high-κ candidates are Ta2O5, TiO2, ZrO2,
Al2O3, HfO2, HfOxNy, HfSixOy, HfAlxOy, or nitrided
SiO2 and Zr-based oxides. These candidates should have
high dielectric constant and be thermally stable when
in contact with Si. Oxides of metals from group 2A like
CaO and the high-κ oxides such as TiO2, Ta2O5 and
Nb2O5 have not been preferred in the electronic circuits
because of their reactivity with Si. Therefore, dielectrics
alternative to SiO2 are restricted to the high-κ oxides
such as HfO2, ZrO2, Al2O3, Y2O3, and La2O3. Among
these candidates, HfO2 gate dielectric layers are the most
suitable materials because of their thermal, electrical,
and mechanical properties [2–8].

High-κ gate oxides emerged into the market with In-
tel’s new generation 45 nm microprocessors in 2007.
Next, Intel produced high-k/metal gates with 32 nm
width in 2009. In both transistors, silicon oxide-based
insulator has been replaced by hafnium-based oxides.
Furthermore, polycrystalline silicon gates were substi-
tuted with metal-gates [9, 10]. In 2011, 22 nm chips,
using high-k gate dielectrics, were demonstrated based
on 3D tri-gate transistor architecture by Intel. Then,
Intel started mass production of 14 nm microprocessors
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formed by 3D transistors in 2014 using the same gate
oxide layer [11–13]. Afterwards, Samsung announced
10 nm FinFET (fin field effect transistor) technology
on February 23, 2017. FinFET is a 3D double-gate tran-
sistor set up, where the gate is positioned on multi-
ple sides of the channel or wrapped around the chan-
nel, forming a double gate structure. By means of
this structure, transistors with smaller gate lengths
can be produced with increased efficiency and perfor-
mance. For instance, 10 nm FinFETs bring up 27 per-
cent higher performance and 40 percent less power con-
sumption than 14 nm FinFETs [14, 15]. In the follow-
ing years, Samsung has released details on the 7 nm
FinFET technology with EUV (extreme ultraviolet)
lithography and started mass production of FinFET
with higher performance and lower power consumption
on October 18, 2018 [16, 17]. Samsung had set a course
for FinFET technology since 2016 and FinFET process
technology will proceed with 5 nm 2019, 4 nm 2020 and
3 nm 2021 [18]. On January 7, 2019, Intel introduced
10 nm Ice Lake processors that have high-k metal gate
transistors with 3D structures [19].

2. Gate dielectrics

According to the Moore’s law, it is predicted that
the dimensions of the transistors will shrink every 2 years.
With advancing technology, as the dimensions of the di-
electric material diminish, the number of transistors per
chip increases. In addition to size shrinking, performance
and functionality of the new generation transistors also
improve (Fig. 1). Moreover, the cost of the circuits re-
duces biennially [20, 21]. As the gate length of transistors
decreases, the thickness of the gate oxide layer should also
decrease to maintain the same performance. However,
thickness of the gate oxide layer below 1 nm causes high
leakage currents due to the tunneling effect [2, 6]. To use
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thicker oxide layers and maintain the same performance,
SiO2 should be replaced by high dielectric constant oxides
in the new generation transistors. A high κ value pro-
vides lower equivalent oxide thickness (EOT) and higher
the gate capacitance at the desired thickness. The EOT
can be calculated as

EOT = dHik
KSiO2

KHiK
, (1)

where dHiK is the thickness of the dielectric layer, KSiO2

is the dielectric constant of silicon dioxide and KHiK is
the dielectric constant of gate oxide.

In addition, convenient gate oxide layers must have
the band offset values of at least 1 eV in order to prevent
leakage currents. High-κ oxides with over 5 eV band gaps
tend to satisfy this value and hinder flux of electrons or
holes into the oxide layers. However, κ values of most
dielectric materials are inversely proportional to the band
gap value as shown in Table I [21–23].

TABLE I

Comparison of dielectric constant and band gap for var-
ious dielectric materials [24–28].

Dielectrics Dielectric constant (κ) Band gap [eV]
Si – 1.1

SiO2 3.9 9
Si3N4 7.5 5
ZrO2 25 5.8
Y2O3 15 5.6
La2O3 30 6
Al2O3 10 8.8
TiO2 80 3.5
Ta2O5 22 4.4
HfO2 22–25 5.5–6

LaAlO3 30 5.6
SrZrO3 24–27 5.7

Optical band gap of the dielectrics can be analyzed
by UV–vis spectroscopic techniques. The band gap of
a semiconductor is related to absorbance and photon en-
ergy in the following Eq. (2):

αhν = B(hν − Eg)m (2)
where α is the absorption coefficient, hν is the photon
energy, Eg is the optical band gap, B is a constant and
m is a constant related to different electronic transitions
for direct allowed m = 1/2 , indirect allowed m = 2,
direct forbidden m = 3/2 and indirect forbidden m = 3
transitions. First, the graph of optical absorption coeffi-
cient (α) with photon energy is acquired. Then, extrap-
olation the straight-line part of the curves to zero ab-
sorption coefficient value reveals the optical energy band
gap value [29].

Dielectric materials are preferred to have amorphous
structure, because leakage current occurs more frequently
in crystalline structures than in amorphous structures
due to presence of grain boundaries [30].

Fig. 1. Moore’s law scaling [31].

The selection criteria of a new high-κ dielectric is as
follows: dielectric properties, defect chemistry, chemi-
cal suitability with the silicon channel and the gate di-
electric leakage current value [21]. When these criteria
are considered, alternative dielectrics can be listed as
(BaxSr1−x)TiO3 (BST), Al2O3, Y2O3, La2O3, HfO2,
ZrO2, TiO2, Ta2O5 and some nitrides, especially
Si3N4 [21].

BST has high dielectric constant (κ ≈ 100–700) and
low leakage current density of 5 × 10−8 A/cm2 at 1 V
at 30 nm thickness, but it reacts with the Si sub-
strate to form undesirable interfacial layer [21, 32].
Al2O3 has many advantages such as a large band
gap (≈ 9 eV) and good thermal stability with sil-
icon substrates [33]. Si3N4 has good mechanical
properties and corrosion/thermal-shock resistance. How-
ever, both Al2O3 (κ ≈ 9) and Si3N4 (κ ≈ 7) have
low dielectric constants [34, 35]. La2O3 has a high
dielectric constant (κ ≈ 27) and it is thermody-
namically stable with Si, but its band gap value is
small (4.3 eV) [36]. TiO2 and Ta2O5 have high di-
electric constants (κ = 40–80 and κ = 25, respectively),
but both are instable with silicon substrates [37–39].

The dielectric constants of materials are interrelated
with the structure (i.e., amorphous and crystalline).
ZrO2 and HfO2 vary from κ ≈ 17–47 and κ ≈ 12–17.
In addition, HfO2 is more stable than ZrO2 if the interac-
tion with the Si substrate is concerned [40, 41]. Moreover,
the leakage current of HfO2 (10−3 A/cm2) is lower than
that of ZrO2 (4 × 10−3 A/cm2) under the electric field
1 MV/cm at temperature of 550 ◦C [42].

HfO2 thin films have wide band gap of ≈ 5.8 eV,
high dielectric constant (κ ≈ 25) and suitable band
offset values relative to Si substrate. In addition,
they have excellent thermodynamic and chemical sta-
bility with Si [43, 44]. Therefore, Hf-based oxides are
the strongest candidate materials for replacing SiO2

gate dielectrics.
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3. Hf-based high-κ dielectrics

HfO2 presents polymorphisms. It crystallizes in mon-
oclinic m-HfO2 structure at low temperature, which
changes to tetragonal t-HfO2 upon heating and to cubic
c-HfO2 at higher temperatures (Fig. 2) [45]. Experimen-
tal results showed that change in the crystal structure
of HfO2 also changes the band gap. The band gaps of
c-HfO2, t-HfO2, m-HfO2 and a-HfO2 (amorphous) are
5.53, 5.79, 5.65, and 6.04 eV, respectively [30, 45].

Fig. 2. Polymorphic transformation of HfO2 [46].

Generally, amorphous structures are preferred in di-
electric materials, because leakage current occurs in crys-
talline structure due to grain boundaries. Thus, a-HfO2

is the most preferred structure in electronic and optoelec-
tronic devices [47].

Following defects form in HfO2 (Fig. 3), interstitial
oxygen (O′′i = O2−

i ), oxygen vacancy (V′′O = V2+
O ) and

hafnium vacancy (V′′′′HF = V4−
Hf ) [48].

• Oxygen vacancy defect chemistry in Si–HfO2 het-
erostructure can be suggested according to Eq. (3):

OO
x → V′′O + 2e′ +

1

2
O2(g). (3)

• Oxygen interstitial defect chemistry in Si–HfO2

heterostructure can be suggested according to
Eq. (4):

1

2
O2(g)→ O′′i + 2h′. (4)

• Hafnium vacancy defect chemistry in Si–HfO2 het-
erostructure can be suggested according to Eq. (5):

O2 → V′′′′Hf + 4h + 2OO
x
. (5)

These defects can adversely affect the performance
of devices. Also, they can create an electric field
which can change band offsets and disrupt its dielectric
properties [49].

It is quite essential to determine thermodynamic sta-
bility of HfSi2 at the HfO2/Si interface by using isother-
mal sections and the isopleth calculations. This thermo-
dynamic stability is related to the formation energy of
HfSiO4. The enthalpy of formation for HfSiO4 is calcu-
lated according to Eq. (6) by using the data from Table II.
The result of calculation foresees that HfSi2 is stable
below 543.53 K [50]:

∆HHfSiO4

f = H(HfSiO4)− 1

2
H(HfO2)− 1

2
H(SiO2) (6)

Fig. 3. Initial structures of (a) HfO2 with one oxygen
vacancy and (b) HfO2 with one interstitial for quantum
chemical molecular dynamics simulation [49].

TABLE II

First-principles calculation results of pure elements, hypothetical compounds (α, β-Hf), and stable compounds (HfO2,
SiO2, and HfSiO4) [50].

Phases Space group
Lattice parameters [Å] Total energy

[eV/atom]
∆Hf

[kJ/(mol atom)]a b c
HCP_A3 (Hf) P63/mmc 3.198 3.198 5.053 −9.8320 0
Diamond_A4 (Si) Fd3̄m 5.468 5.468 5.468 −5.4315 0
Gas (O2) – – – – −4.7936 0
α−Hf (HfO0.5) P 3̄m1 3.225 3.225 5.150 −4.7936 −175.511

B-Hf (HfO3) Im3̄m 4.364 4.364 4.364 −7.7253 −161.308

Monoclinic (HfO2) P21/c 5.135 5.194 5.134 −10.2101 −360.563

Quartz (SiO2) P3221 5.007 5.007 5.496 −7.9581 −284.809

HfSiO4 I41/amd 6.616 6.616 6.004 −9.1024 −324.453
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3.1. Fabrication methods

HfO2 thin films have been synthesized by chemical
vapor deposition (CVD) [51], atomic layer deposition
(ALD) [52], pulsed laser deposition (PLD) [53], plasma
oxidation [54], electron beam evaporation [55], molecular
beam epitaxy [56], RF magnetron sputtering [57] and sol-
gel method [58]. As a precursor, HfOCl2 (hafnium(IV)
oxychloride) [59], Hf (O-i-Pr)4 (hafnium isopropox-
ide) [60], Hf(OC2H5)4 (hafnium tetra-ethoxide) [61],
HfCl4 (hafnium tetra-chloride) [58] were used.

Gopalan et al. indicated that HfO2 films were de-
posited by CVD on p-type Si (100) substrates. Di-
electric constant and the EOT of HfO2 thin films an-
nealed at 600 ◦C and 700 ◦C were measured as 22.18 nm,
16.95 nm, and 2.45 nm, 2.73 nm, respectively [62].
Sayan et al. showed that leakage current densities of
HfO2 thin films as-deposited and annealed (crystallized)
at 800 ◦C by using CVD technique were 7.4×10−8 A/cm2

and 2.6× 10−5 A/cm2 at 1 V, respectively [63].
Hackley and Gougousi deposited HfO2 films by

ALD using the tetrakis ethylmethyl amino hafnium
(TEMAHf) as a precursor which were annealed at differ-
ent temperatures. The root-mean-square (RMS) rough-
ness values of HfO2 films were between 0.9 and 1.7 nm
annealed at different temperatures (400, 700 and 900 ◦C).
Increasing annealing temperature significantly increased
surface roughness. According to XRD and FTIR analy-
ses, the films annealed at 400 ◦C were amorphous, while
at 600 ◦C films crystallized to monoclinic phase [64].

Wang et al. have synthesized HfO2 films prepared by
pulsed laser deposition on Si(100) substrate in air and
N2 atmosphere. Dielectric constant, band gap, and EOT
of the films annealed at 500 ◦C in air were κ = 40.8,
Eg = 5.30 eV and 8.68 nm, respectively. These val-
ues changed to κ = 25.1, Eg = 5.57 eV and 7.44 nm,
when films annealed at 500 ◦C in N2 [65]. In another
study, Ying et al. have investigated electrical properties
of polycrystalline monoclinic HfO2 dielectrics prepared
by pulsed laser deposition. The dielectric constants for
as-deposited and 700 ◦C annealed HfO2 films were 12.2
and 16.5, respectively. Leakage current densities were
measured as 9.8× 10−8, 9.2× 10−7 A/cm2 under electric
field of +0.75 and −0.75 MV/cm [66].

He et al. have demonstrated HfO2 films grown on
Si(100) by plasma oxidation. Characterization results are
summarized in Table III. Both thickness and band gap of
the films decreased with increase of annealing tempera-
ture [54]. Li et al. found as the highest dielectric constant
of κ = 22 of HfO2 when the film was annealed at 500 ◦C
by plasma oxidation [67]. Yamamoto et al. have analyzed
the relation between leakage current density and EOT of
HfO2 films prepared by remote plasma oxidation. The re-
sults showed as the EOT increasing, the leakage current
density decreased to 1.7× 10−6 A/cm2 [68].

Ramzan et al. have found that optical band gap energy
of e-beam evaporated HfO2 at different substrate temper-
atures (25–120 ◦C) were strongly dependent on the mor-
phology and grain orientation. There was no significant

TABLE III

Electrical results on as-deposited and annealed
at 700 and 800 ◦C samples [54].

Annealing
temperature

t-HfO2 [nm] Eg [eV]

as-deposited 43.1 5.77
700 ◦C 35.0 5.65
800 ◦C 34.2 5.56

difference in the optical band gap value of the films
as the substrate temperature changes. The optical
band gap energy of as-deposited and annealed HfO2

films were between 3.4 and 3.65 eV, and 4.36–4.45 eV,
respectively [69]. It was shown that dielectric constant,
leakage current density, and EOT of the films de-
posited by electron beam evaporation were κ = 21.2,
J = 2×10−3 A/cm2 at 1 V and 0.65 nm, respectively [70].

Leakage current density and EOT of HfO2 thin films
prepared by laser molecular beam epitaxy (LMBE) were
characterized by Lu et al. [56]. It was found that leak-
age current density and EOT of HfO2 thin films were
1.5 × 10−2 A/cm2 (at 1 V) and 1.3 nm, respectively.
Yan et al. prepared HfO2 thin films by atomic oxygen
assisted molecular beam epitaxy. In this study, dielec-
tric constant before annealing was 19, which decreased
to 17 after annealing [71].

Nath and Roy investigated the effects of annealing tem-
perature on HfO2 thin films grown by radio frequency
sputtering. From the I–V analyses, the lowest leakage
current density of 1.5 × 10−5 A/cm2 was measured at
−2 V at 600 ◦C. According to C–V analyses at the same
annealing temperature, the highest dielectric constant
κ = 14 and the lowest EOT=1.3 nm were obtained [72].

Jin et al. investigated the optical and electrical prop-
erties in relation to annealing temperatures of HfO2 thin
films deposited on n-type Si and quartz substrates by
using sol–gel method. The smallest EOT was deter-
mined as 3.10 nm when HfO2 thin films were annealed
at 400 ◦C [43]. HfO2 thin films were synthesized on
p-type Si (100) by sol–gel method with high purity by
Leu et al. [73]. The results indicated that the thickness
and surface roughness values of HfO2 thin films annealed
at 900 ◦C were 8.2 nm, 10.4 nm and 0.283 nm, 0.257 nm,
respectively. Crystallization temperature of the HfO2

films deposited by sol–gel methods was observed between
500 and 550 ◦C by Nishide et al. [58].

According to Table IV, the best results of thin films
derived from different coating methods are as follows.
The highest value of dielectric constant is obtained with
pulsed laser deposition method. The lowest values of
EOT and leakage current are observed with e-beam evap-
oration and atomic layer deposition methods. Among
them, sol–gel method results in high-quality films in var-
ious shapes, sizes and forms. It is also a simple technique,
with which the components of a multi-layered structure
can be easily controlled. In addition, the process takes
place at low temperatures leading to lower cost.
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TABLE IVSummary of results of different coating methods [43, 58, 62–76].

Methods Advantages Disadvantages Electrical properties

CVD

large area growth, good
composition control, film
uniformity, excellent confor-
mal step coverage

restricted deposit temper-
ature, difficult controlling
composition, composition
impurity, high cost

κ = 17–23
J = 7.4 × 10−8 A/cm2 at 1 V
EOT= 2.73 nm at 700 ◦C

ALD

atomic level control of the
film thickness, excellent con-
formal step coverage, ultra-
thin films, deposit at low
temperature

very slow growth rate κ = 12–20
J = 2.2 × 10−9 A/cm2 at 1 V
EOT = 0.5 nm at 800 ◦C

PLD

simplicity, flexibility, main-
taining the target stoichiom-
etry, large deposition rate,
low growth temperature

relatively difficult to control
film composition

κ = 25–40
J = 9.8 × 10−8 A/cm2 at 0.75 V
EOT = 7.44 nm at 500 ◦C
Eg = 5.57

plasma oxidation

low growth temperature,
high quality, easy control-
lable growth

difficult controlling compo-
sition

κ = 22

J = 2.7 A/cm2 at −1 V
EOT =0.65 nm at 600 ◦C
Eg = 5.77 eV

e-beam evaporation

control of deposition rates,
excellent material utiliza-
tion, freedom from contam-
ination, good purity

higher surface roughness,
relatively difficult to control
film

κ = 21

J = 2 × 10−3 A/cm2 at 1 V
EOT = 10.9 Å at 400 ◦C
Eg = 3.65 eV

molecular beam epitaxy
atomic level control of the
film thickness, high purity

slow growth rate κ = 17–19
J = 1.5 × 10−2 A/cm2 at 1 V
EOT = 1.3 nm at 500 ◦C

RF sputtering
lower contaminants, control-
lable growth, low tempera-
ture process, compositional
consistency, low cost

sputtered target plasma in-
duced damage, difficult to
deposited complex shape

κ = 14

J = 1.5 × 10−5 A/cm2 at −2 V
EOT = 1.3 nm at 600 ◦C

sol–gel

easy composition control,
high purity, large area
deposition, low operation
cost, better homogeneity for
multi-component materials,
low temperature process

segregation of gel, cracks
and voids during annealing

κ = 15–22
J = 10−8A/cm2 at 1 V
EOT = 3.10 nm at 400 ◦C
Eg = 5.60 eV

3.2. Commonly used dopants in HfO2

Doping of HfO2 gate dielectric provides many advanta-
geous properties. Therefore, HfO2 has been doped with
elements such as N, Si, Al forming mostly interstitial de-
fects or Ti and Ta forming substitutional defects [77, 78].
3.2.1. N-doping

It has been observed that thermal and electrical prop-
erties of HfO2 are improved by N doping. Nitrogen
incorporation increases the crystallization temperature
enabling the application of higher annealing tempera-
tures [79]. The valence band offset and the conduc-
tion band offset of high-κ gate dielectrics should be
larger than 1 eV. Liu et al. deposited HfOxNy sam-
ples on Si(100) by using radio-frequency reactive mag-
netron sputtering and have demonstrated that valence
band offset and conduction band offset of the HfOxNy in-
creases with annealing temperature. Table V summarizes
the effect of annealing temperature on the band offsets
of HfOxNy films [80].

TABLE V

Conduction band offsets and valence band offset of
HfOxNy films: as-deposited, 500 ◦C, and 800 ◦C [80]

Annealing
temperature

Conduction
band offsets (∆Ec)

Valence
band offset (∆Ev)

as-deposited 0.85 2.46
500 ◦C 1.20 2.73
800 ◦C 1.25 2.95

3.2.2. Si-doping
HfSiOx gate dielectrics, deposited by co-sputtering of

hafnium oxide and silicon, in different annealing temper-
atures were prepared by Lim et al. [81]. In this article,
HfSiOx thin films are thermally more stable than HfO2

because Si inhibits crystallization of HfO2. HfSiOx films
crystallized above 800 ◦C whereas crystallization of HfO2

occurred at 500 ◦C. Six different defects form in HfSiOx;
oxygen vacancy (V2+

O ), hafnium vacancy (V2−
Hf , V4−

Hf ),
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silicon vacancy (V2−
Si , V4−

Si ), oxygen interstitial (O2−
i ),

hafnium interstitial (Hf4+
i ) and silicon interstitial (Si4+

i ).
In the presence of V4−

Hf , V
4−
Si , V

2+
O defects, the conduc-

tion band offset reduces and the leakage current density
increases [82].
3.2.3. Al-doping

When Al is added to HfO2 dielectrics, Hf atom is
substituted by an Al atom forming the defect (Al′Hf =
Al−Hf) [83]. Interstitial Al defect can be written by

Al2O3
HfO2−−−−→ 2Al′Hf + V′′O + 3OO

x

(7)
Lu et al. deposited HfO2 and HfAlO thin films on n-type
Si-doped GaAs wafers by atomic layer deposition and
stated that effective dielectric constant (κeff) of HfO2

increases, while EOT decreases by the addition of Al2O3

(Table VI) [84].
3.2.4. Ti-doping

Ti and Hf have the same valence numbers as they
both belong to group 4B in the periodic table [78].
The possible defect chemistries can be written accord-
ing to Eqs. (8)–(11):

TiO2
HfO2−−−−→ TiHf

x

+ 2OO
x, (8)

OO
x → V′′O + 2e′ +

1

2
O2(g), (9)

1

2
O2(g)→ O′′i + 2h′, (10)

O2 → V′′′′Ti + 4h′ + 2OO
x
. (11)

Microstructures of HfO2, TiO2 and HfO2–TiO2 films
deposited by reactive magnetron sputtering were inves-
tigated by Mazur et al. [85]. SEM images of HfO2,
(Hf0.83Ti0.17)Ox, (Hf0.72Ti0.28)Ox, (Hf0.55Ti0.45)Ox and
TiO2 thin films are shown in Fig. 4. It can be seen
that as the ratio of Ti composition in the thin films in-
creases, surface morphology becomes more homogeneous
and smoother. From SEM images, grain sizes of HfO2,
(Hf0.83Ti0.17)Ox, (Hf0.72Ti0.28)Ox, (Hf0.55Ti0.45)Ox and
TiO2 thin films can be observed as 20–30 nm, 25–95 nm,
15–25 nm and 30–150 nm, respectively.

HfTiO thin films coated on silicon p-type layer an-
nealed at 400 ◦C, 500 ◦C, 600 ◦C and 700 ◦C by radio fre-
quency (RF) magnetron co-sputtering were compared by
Ye et al. [86]. HfTiO thin film annealed at 600 ◦C has
the lowest leakage current 3.1 × 10−6 A/cm2 at −1 V,
EOT of 0.8 nm and the highest κ value of 45.9.

TABLE VI

Comparison of effective dielectric permittivity
and equivalent oxide thickness for HfO2 and
HfAlO dielectrics [84].

Dielectrics κeff EOT [nm]
HfAlO 13.21 2.63
HfO2 3.89 8.28

Fig. 4. SEM images of the surface of: (a) HfO2, (b) (Hf0.83Ti0.17)Ox, (c) (Hf0.72Ti0.28)Ox, (d) (Hf0.55Ti0.45)Ox, (e)
TiO2 thin films [85].
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3.2.5. Ta-doping

Ta introduction into HfO2 films has significantly
improved crystallization temperature. Yu et al. [87]
have stated that crystallization temperature of HfTaON
thin films deposited by a dual ion beam sputtering
deposition technique (DIBSD) is above 1100 ◦C, while
HfO2 crystallizes at ≈ 400 ◦C. Ta-doped HfO2 creates
substitutional Ta incorporated in HfO2 [66] and defect
chemistry is likely as follows:

Ta2O5 → 2Ta′′Hf + O′′i + 4OO
x (12)

HfTaO thin films with varying Ta composition (20%,
30%, 40%, and 50%) were co-sputtered with dif-
ferent annealing temperatures in N2 atmosphere by
Zhang et al. [88]. The results confirmed that as Ta com-
position in HfTaO thin films is increased, crystallization
temperature increases up to 40 at.% (Table VII).

TABLE VII

Crystallization temperature of HfTaO with
various Ta contents [88].

Ta composition [%]
Crystallization

temperature [ ◦C]
15 600
20 600
30 800
40 900
43 900
5 800

4. Conclusion

This article has reviewed significant historical develop-
ments of high-κ materials and latest progress in Hf-based
high-κ gate dielectric fabrication methods and commonly
used dopants in HfO2. Mass-production of 45 nm chips
with high-κ/metal gates started in 2007. Then, 22 nm
chips, using high-κ gate dielectrics, were demonstrated
based on 3D tri-gate transistor architecture in 2011.
At the year of 2019, 10 nm processors with high-κ metal
gate transistors with 3D structures became commercially
available. The processor manufacturers had set a course
to decrease the gate length to smaller values in the follow-
ing years. There is still demand for gate dielectrics with
better properties and conquest to find new materials will
not be concluded in the next few years.
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