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7.1 Introduction

The gate dielectric oxide plays a key role in the performance and reliability of
Metal–Oxide–Semiconductor Field Effect Transistors (MOSFETs), a typical logic
device in modern ultra large-scale integrated chips. The interface state density (Nit)
and the charge trapping behavior at the interface between the gate dielectric film
and a Si substrate determine the channel mobility degradation, threshold voltage
(VTH) instability, and life time of the device. SiO2/Si gate stack fabricated by
thermal oxidation of the Si substrate has provided the outstanding interface
properties for several decades. However, the continuous scaling of the devices has
driven the development of the alternative gate dielectric materials and processes.
In recent years, atomic layer deposition (ALD) HfO2-based gate dielectrics with a
metal gate have been implemented in a mass production [1].

ALD of metal oxides is based on sequential self-limiting chemisorption reac-
tions of a metal-containing precursor and an oxygen source [1, 2]. Both precursors
affect the quality of high-k films as well as the interfacial layer (IL) at the interface
with a substrate. Therefore, appropriate choice of metal precursor and oxygen
source, and understanding of their reaction mechanisms on the various surfaces are
important to obtain the promising performance and reliability of MOSFETs.
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Furthermore, evolutions of new channel materials (SiGe, Ge, and III–V compound
semiconductors such as GaAs, InGaAs, GaSb, InP, etc.) [3, 4] and multi-dimen-
sional devices including FinFETs or nanowire devices [5–7] further increased the
importance of appropriate metal precursor and the oxygen source for the ALD
process.

In this chapter, the ALD characteristics and properties of Hf-based high-k films
from different types of metal precursors, such as HfCl4, Hf(N(C2H5)(CH3))4,
(HfN(CH3)2)4, and HfOtBu(NEtMe)3 are compared, and the influences of oxygen
sources type, H2O and O3, are discussed. The discussion covers the ALD high-k
films on not only Si substrate but also the assorted alternative substrates such as Ge
and III–Vs. Finally, the performance and reliability of the sub 1 nm equivalent-
oxide-thickness (EOT) planar Si channel devices, SiGe- or III–Vs channel devices,
and FinFET devices with HfO2-based gate oxides grown by ALD are discussed in
detail. In fact, there have been many studies of other high-k dielectrics, such as
lanthanide-based oxides and ternary oxides, but dealing with all the other high-k
layers than HfO2 is not feasible for the given space of this chapter. However, this
does not undermine the importance of other high-k and higher-k dielectrics for
futuristic MOSFET devices.

7.2 Metal Precursor

7.2.1 Hafnium Chlorides (HfCl4)

HfCl4 has been the most commonly employed inorganic Hf precursor to fabricate
HfO2-based dielectrics because it has the advantages of smaller molecule size and
high thermal stability ([600 �C) providing less steric hindrance and a wider
temperature window for self-limited growth compared with the metal-organic
(MO) Hf precursors. In addition, HfO2 film from HfCl4 is free from carbon con-
tamination which might deteriorate the physical/chemical and electrical properties
of HfO2. HfO2 ALD using HfCl4 is typically performed in combination with either
H2O or O3. In combination with H2O as the oxygen source, the process demon-
strates fluent ALD saturation behavior at the reactor temperatures between 200 and
600 �C.

For HfCl4/H2O process, reaction pathway of ALD HfO2 is explained by the
ligand exchange reaction between HfCl4 and surface hydroxyl (OH) groups,
releasing HCl [8, 9]. Thus, the amount of OH groups existing on the surface can
strongly influence the initial growth behavior as well as the steady-state growth.
The steady-state growth per cycle of ALD HfO2 films at the deposition temper-
atures of 200 and 400 �C are *0.13 and *0.044 nm/cycle, respectively, as shown
in Fig. 7.1a [10]. Here, decrease in growth rate as increasing growth temperature is
attributed to lower OH density on the film surface at higher reactor temperature
[9–11]. Initial HfO2 growth behavior is also very sensitive to the status of starting
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surfaces. Figure 7.1b showed the variation of Hf-coverage at the early growth
stage with the number of ALD cycles on the variously prepared Si surfaces, such
as chemical SiO2, thermal SiO2, and diluted HF-cleaned Si [12]. To achieve
excellent EOT scalability of gate stack, thick interfacial low-k SiO2 layer is
unfavorable in spite of the improved initiation behavior of ALD on it. However, on
HF-cleaned Si surface (H-terminated surface) an incubation period of *20 cycles
was observed, because of the lack of OH functional group, while linear growth
behavior without the incubation step was exhibited on the chemical SiO2 surface.
H-terminated Si hinders nucleation of ALD HfO2 resulting in rough, three-
dimensional (3D), and nonlinear growth during first few ALD cycles due to the
retarded chemisorptions of HfCl4. Beyond the influence on the nucleation and
growth rates of HfO2 films, wafer temperature of ALD process affected the
crystalline structure of resulting HfO2 and thickness of the interfacial SiOx layer
which is formed between Si and HfO2 layer during HfO2 ALD process. The
microstructure of HfO2 films deposited on Si was investigated with varying the
growth temperatures from 200 to 370 �C [13]. As-deposited HfO2 film grown at

Fig. 7.1 (a) Change in the HfO2 (upper layer) thicknesses as a function of the number of ALD
cycles at the reactor temperatures from 200 to 400 �C [10]. (b) The Hf coverage as a function of
the number of ALD HfCl4/H2O cycles on the various substrates [12]. (c) The EOT of MIS stacks
after PDA at the various temperatures. The HfO2 films were deposited at the temperatures of 300
(square symbol) and 400 �C (circle symbol), respectively. Star symbol corresponds to HfO2/Si
stack without a RBL [15]
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200 �C showed amorphous phase, whereas HfO2 films grown at 300 and 370 �C
appeared polycrystalline with monoclinic and tetragonal phases. With increasing
post deposition annealing (PDA) temperature, the portion of tetragonal phase was
decreased, resulting in the monoclinic-rich phase [13]. The formation of the
interfacial layer (IL) is influenced by the process temperature of HfO2 ALD, but
PDA and pre-metal degas conditions play a critical role. Cho et al. [10] reported
that an IL is spontaneously growing at all investigated growth temperatures
ranging from 200 to 400 �C when ALD HfO2 films using HfCl4/H2O were
deposited on the H-terminated Si. At 200 �C, thickness of the interfacial SiOx

layer increased with the increasing number of ALD HfO2 cycles from 1.4 nm at 30
cycles to 5.5 nm at 200 cycles. However, IL thickness decreased as increasing
growth temperature over 300 �C due to the dissolution of the IL into the growing
HfO2 layer. It was reported that the use of a pre-metallization degas improves EOT
scaling [14]. The origin of the improvement is in the removal of H2O from the
high-k dielectric. Since HfO2 is a poor diffusion barrier for H2O, and H2O is a
strong oxidizer of silicon, H2O adsorbed to the dielectric during air exposure can
diffuse down to the silicon surface and contribute to interfacial layer regrowth
during subsequent high temperature steps in the process. As a result, the interfacial
oxide thickness and hence the EOT increases. For aggressive EOT scaling, it is
therefore important to reduce the amount of H2O released at temperatures where
oxidation of the silicon is favorable.

In spite of thin IL layer of *1–2 nm at the high growth temperatures of 300 or
400 �C, the low-k HfSiOx layer formed after PDA over 800 �C by intermixing of
HfO2 and SiOx which increased the EOT.

To prevent the increase in EOT resulting from IL formation, a thin ALD Al2O3

layer was introduced as a reaction barrier layer (RBL) [15]. By interposing RBL,
EOT increase of HfO2/Al2O3/SiO2 stack after PDA can be remarkably reduced
indicating Si diffusion into HfO2 layer is suppressed as shown in Fig. 7.1c.
Although ALD Al2O3 films grown with either O2 plasma or H2O as oxygen source
were adopted, Al2O3 layer from O3 showed the best electrical properties regarding
the charge injection, stability against flat band voltage (VFB) shift, and increase in
leakage current density due to stoichiometric O/Al composition originating from
strong oxidation power of O3. Al2O3 RBL, however, brings about high density of
negative interfacial fixed charge between Al2O3 and SiO2 which induces positive
VFB shift. Nitridation of RBL layer greatly improved the thermal stability of the
capacitance–voltage (C–V) characteristics, providing ideal VFB and very small
hysteresis for HfO2/Al2O3 stack [16]. As the N incorporation into the Al2O3 layer
produced positive fixed charges, the negative fixed charges at Al2O3/SiO2 could be
compensated. Another way to optimize VFB is the combination of the thicknesses
of the Al2O3 and HfO2 with an appropriate ratio which results in the ideal VFB

value because positive fixed charge at the HfO2/Al2O3 interface can be compen-
sated by the negatively fixed charge at Al2O3/SiO2.

Unlike HfO2 film deposited from MO precursors, effect of Cl residue in the
HfO2 on the electrical properties of HfO2-based MOSFETs should be considered
in case of HfCl4/H2O process. Therefore, time-dependent dielectric breakdown
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(TDDB) characteristics of HfO2 films grown with different H2O pulse time were
examined [17]. Cl concentration in the deposited HfO2 films is decreasing as
increasing H2O pulse time from 0.3 to 90 s. It was found that one order higher
magnitude of Cl concentration does not exacerbate the TDDB characteristic of the
film. Furthermore, first-principles calculation proved that additional trap energy
level is not formed inside the HfO2 band gap when Cl content of HfO2 film
increases.

As MOSFET on high-mobility channels such as Ge and III–V compound
semiconductors would offer significant improvements in the electrical perfor-
mances over Si-based MOSFET, ALD HfO2 on Ge, GaAs, and InGaAs substrates
has obtained intensive interests [18–20]. ALD HfO2 on HF-cleaned Ge surface
was investigated using HfCl4 and H2O. The available reaction sites existing on
HF-cleaned Ge for HfCl4 chemisorptions are OH groups and possibly also oxygen
bridges (Ge–O–Ge). These remain present on the Ge surface after HF-cleaning, in
contrast to Si surfaces, which provide Si–H termination which is a poor reaction
site for chemisorptions of HfCl4. HF-cleaned Ge is, therefore, a more favorable
surface for initiation of HfO2 film than HF-cleaned Si. For this reason, substrate-
enhanced ALD HfO2 growth was obtained at 300 �C for first a few ALD cycles on
Ge surface. The steady-state growth rate is *0.04 nm/cycle which is comparable
with that on Si. The optimized growth condition allowed promising scalability of
HfO2/Ge stack with thin interfacial GeO2 layer (\*0.4 nm) and uniform/smooth
HfO2 film which was as thin as 1.6 nm [18]. In contrast, additional oxidation of Ge
occurred when O3 was employed as the oxygen source in HfCl4-based ALD
process [21]. HfO2 ALD process with HfCl4/O3 induces thicker interfacial GeO2

compared to HfO2 ALD from HfCl4/H2O. Interestingly, an even thinner IL was
formed during Al2O3 ALD process from trimethylaluminum (TMA)/O3 on HF-
cleaned Ge than HfCl4/O3 process. This is related to the difference in required O3

pulse time for ALD saturation according to the types of metal precursor. ALD
process using HfCl4 precursor requires higher O3 dose than other processes using
MO precursor due to strong Hf–Cl bond. Change in the thickness of interfacial
GeO2 layer before and after ALD of HfO2 and Al2O3 films on 1 nm-thick GeO2

and HF-cleaned Ge is summarized in Fig. 7.2a.
Ge channel layer, however, has still suffered from inadequate interface prop-

erties with high-k oxide due to the high electrically active Nit originating from the
lack of stable passivating native oxide in contrast to Si channel. In the case of Ge
substrate, the volatilization and desorption of GeO from the interfacial GeO2 layer
[as described by GeO2 ? Ge ? 2GeO(g)] occurs at rather low temperatures
(*400 �C) and leaves a large amount of interface states and charge trapping sites
[22, 23]. This can be suppressed using the high-k materials to form a stable
germanate such as La2O3, ZrO2, Y2O3, etc., [22, 24–29] or the interfacial reaction
barriers by various surface treatments [30–39]. Prior to high-k deposition, there-
fore, surface nitridation, oxidation, or sulfur (S) treatments have been performed
on Ge to reduce Nit by passivating the defective sites on surface [37–39] Among
them, effect of S-passivation of the Ge channel using (NH4)2S on the interface
quality of HfO2/S/Ge stack deserves detailed explanation due to its high
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effectiveness [39]. When the Ge surface is treated with (NH4)2S prior to ALD
HfO2 or ALD Al2O3, interfaces between high-k oxides and Ge channel show
improved IL properties that is free from defective GeOx, suggesting S-treatment is
very promising for EOT scaling as well as interfacial quality. Nevertheless, the
midgap Nit of 1013/cm2-eV for HfO2/S-treated Ge is not sufficiently low compared
to Nit for Al2O3/S-treated Ge. Therefore, bi-layer of HfO2/Al2O3 was fabricated to
reduce Nit and EOT. Consequently, high mobility of [200 cm2/Vs at an EOT of
1.5 nm was obtained using 2 nm-HfO2/2 nm Al2O3/S-treated Ge stack.

Another important channel material for future CMOS is III–V compound
semiconductors, such as GaAs, InGaAs, etc., because of its higher carrier mobility
even though their density of states is lower compared with Si. Initial reaction of
HfCl4 on GaAs substrate is quite different from that of Ge. ALD HfO2 growth
using HfCl4 and H2O was performed on native GaAs oxide and HCl-cleaned GaAs
[19]. Here, ‘‘self-cleaning’’ of native oxide of GaAs was observed during the early
growth stage. In X-ray photoelectron spectroscopy (XPS) of Fig. 7.2b, as 3d
spectra corresponding to AsOx native oxide disappeared after ALD HfCl4/H2O
process indicating that interfacial ‘‘self-cleaning’’ occurred. When an ALD HfO2

process using tetrakis[diethylamino]hafnium (TDEAH, Hf(N(C2H5)2)4) precursor
was employed to fabricate HfO2 film on GaAs surface, the self-cleaning of IL was
not found. On the other hand, Chang et al. [40] reported the removal of native
AsOx on InGaAs during HfO2 deposition using tetrakis[ethylmethylamino]haf-
nium (TEMAH, (HfN(C2H5)(CH3))4). The ‘‘self-cleaning’’ of GaAs native oxide
was also achieved from ALD Al2O3 growth where TMA and H2O precursors are
used [41–43]. These results suggest that the reduction of IL on III–V channel is
strongly related to not only process parameters but also the types of metal pre-
cursors, emphasizing the importance of appropriate selection of metal precursor
for native oxide free interface.

Fig. 7.2 (a) Thickness of GeO2 layer before and after ALD of 2 nm thick HfO2 or Al2O3 on 1
nm thick GeO2 and HF-cleaned Ge [21]. (b) XP spectra of As 3d after 40 cycles HfCl4/H2O
process on GaAs with native oxide and HCl-cleaned GaAs [19]
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7.2.2 Metal–Organic Precursors

In spite of many advantages of HfCl4 precursor mentioned in the previous section,
the low reactivity and low vapor pressure of HfCl4 lead to undesired growth
behavior and film properties such as high substrate-dependent growth, low growth
rate, and presence of Cl residue. Furthermore, formation of the HCl by-product
might result in film etching as well as corrosion of reactor wall and increases the
risk of failure of abatement system. Therefore, ALD growth of HfO2 film from MO
precursors has been investigated for achieving better growth characteristics and
more ALD-hardware-friendly growth conditions. Hf–amide and Hf–alkoxide
compounds are the most widely used among a wide variety of MO Hf precursors.
In this section, growth behaviors and properties of ALD HfO2 film from MO
precursors are described.

7.2.2.1 Tetrakis[ethylmethylamino]hafnium (Hf(N(C2H5)(CH3))4,
TEMAH) and Tetrakis[dimethylamino]hafnium (Hf(N(CH3)2)4,
TDMAH)

The nucleation behavior of ALD HfO2 using TEMAH precursor is less dependent
on the types of starting surfaces due to its higher reactivity as compared to the
HfCl4 precursor. The metal-nitrogen bond of the amide precursors such as Hf–N
has relatively weak bond strength compared to metal-halide bond. Figure 7.3a
showed the number of Hf atom on chemical SiO2 and HF-cleaned Si as a function
of the number of ALD TEMAH/H2O cycles [44]. Although there are small
incubation cycles on HF-cleaned Si, relatively less substrate dependency of initial
behavior were obtained compared to HfCl4/H2O ALD process shown in Fig. 7.1b.
This allowed smoother surface morphology even on low-OH containing surface.

Influences of the growth temperature on the resulting HfO2 properties were
investigated on Si and Ge substrates using TEMAH and O3 at the growth tem-
peratures ranging from 160 to 360 �C [45]. Because of limited thermal stability of
TEMAH precursor, high impurity concentration, too high growth rate, and non-
uniformity of HfO2 film were resulted in when the deposition temperature is over
300 �C due to thermal decomposition of Hf precursor (Fig. 7.3b). Growth rate of
ALD HfO2 at 160 �C is *0.12 nm/cycle and decreases with increasing growth
temperature to 280 �C indicating that the density of reaction sites decreases with
increasing growth temperature, whereas film density increases with temperature,
and saturated at 280 �C. Generally, lower growth temperature induces higher C
impurity in the film which adversely affects the physical/electrical properties of the
film. Jung et al. [46] reported the effects of the C concentration on the dielectric
property and leakage current density of HfO2. Crystalline structure of HfO2 film
grown at 200 �C showed a tetragonal phase after PDA at 600 �C which has higher
dielectric constant than amorphous and monoclinic phase. The residual C can
stabilize the tetragonal phase because defects induced by C impurity lower the
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phase transition energy from monoclinic to tetragonal. However, gain on the
dielectric performance with low process temperature is nullified by deteriorated
leakage current property of HfO2. Figure 7.3c showed the changes in the leakage
current density as a function of EOT of HfO2 film grown at 200 and 280 �C.
Although HfO2 film deposited at low temperature (200 �C) showed higher
dielectric constant (and thus lower EOT), no improvement in gate current density-
EOT (Jg-EOT) curve was found.

To obtain EOT of sub 1 nm on Ge channel, TiO2/HfO2 gate stacks was imple-
mented on ultra-thin GeO2 which is formed by O2 plasma treatment prior to ALD
high-k process [47]. HfO2 film is deposited with TEMAH and O2 plasma. Presence
of stable and uniform GeO2 IL prevents intermixing of HfO2 and Ge during ALD
HfO2 process and resulted in significantly reduced hysteresis of\30 mV, whereas
C–V hysteresis of 900 mV was achieved without GeO2 passivation layer. Fur-
thermore, very low interfacial trap density of Nit * 5 9 1011 eV-1 cm-2 indicates
HfO2/GeO2 provides high interface quality for high-k TiO2 on Ge channel. Finally,
an EOT of 0.9 nm with low leakage current of 2 9 10-7 A/cm2 at VFB ± 1 V was
achieved for TiO2(3 nm)/HfO2(1.2 nm)/GeO2(0.7 nm)/Ge capacitor.

Fig. 7.3 (a) Hf coverage as a function of the number of ALD TEMAH/H2O cycles on the
chemical SiO2 and HF-cleaned Si [44]. (b) Variations in the growth and film density of ALD
HfO2 films on Si as a function of deposition temperature [45]. (c) Variations in the leakage
current density (at a voltage of VFB—1 V) as a function of EOT of the HfO2 films grown at 200
and 280 �C after PDA at 450 and 600 �C [46]
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HfO2 films were also grown by ALD using Tetrakis[dimethylamino]hafnium
((HfN(CH3)2)4, TDMAH) and H2O at 300 �C. TDMAH precursor belongs to
amide precursor group like as TEMAH. The growth rate of HfO2 film from
TDMAH was 0.078 nm/cycle and less substrate-dependent initial growth was
observed compared to HfCl4/H2O process [48]. As TDMAH contains nitrogen
atoms in the precursor, SiNx layer was simultaneously formed on Si during HfO2

deposition. It was found that this spontaneously formed SiNx layer that plays a role
as a RBL which prevents diffusion of Si into the HfO2. Figure 7.4a showed the
variations in the EOTs of the TDMAH-HfO2 film and HfCl4-HfO2 film after PDA
as a function of the physical HfO2 thickness. Interestingly, the increase in the EOT
of HfO2 film after PDA is much smaller for the TDMAH-HfO2 than HfCl4-HfO2

film due to suppression of Si diffusion into HfO2 by the SiNx RBL.

Fig. 7.4 (a) Variations in the capacitance equivalent thickness (CET) of the HfO2 films grown
from the Hf[N(CH3)2]4 and HfCl4 precursors, respectively, after PDA as a function of the
physical thickness. The CVD HfO2 film data were also included for comparison [48]. (b) The
leakage current density as a function of EOT for Hf–O, Hf–O–N, and Hf–N–O films. The filled
and open symbols correspond to before and after PDA, respectively [49]. (c) The variations in Nit

as a function of Etrap-Ei before (closed) and after (open) CVS (5 MV/cm, 300 s) [49]. (d) Weibull
distribution from TDDB analysis deposited as H–h and H–l samples [50]
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To effectively incorporate N into the HfO2 and IL layers for obtaining better
electrical properties of metal–oxide–semiconductor capacitor (MOSCAP), modi-
fied ALD HfO2 processes with in situ NH3 injection, where the sequence of
TDMAH/purge-NH3/purge-H2O/purge (Hf–N–O) or TDMAH/purge-H2O/purge-
NH3/purge (Hf–O–N) was adopted, were demonstrated [49]. Interfacial SiNx layer
is formed at the HfO2/Si interface for both HfO2 ALD processes. The in situ NH3

pulse leads to reduced C and increased N contents in the HfO2 and IL layers
compared to conventional ALD HfO2 (Hf–O). Decreased C concentration might
be ascribed to enhanced desorption of C by NH3 injection. Figure 7.4b showed the
Jg-EOT curve of Hf–O, Hf–O–N, and Hf–N–O samples before and after PDA. The
leakage current density of HfO2 film was improved by NH3 injection. This might
be attributed to the formation of SiNx IL and the lower density of electrical defects
induced by C residue. The variation in the Nit was measured by the conductance
method before and after constant-voltage stress (CVS) at 5 MV/cm. Figure 7.4c
showed that larger degradation in the Nit was observed after CVS in case of the
HfO2 film without NH3 injection compared to in case of the HfO2 film with NH3

injection. It is believed that SiNx IL suppresses the degradations of Nit. The effect
of C impurity concentration on the reliability of HfO2 was also examined by
varying concentration of O3 to make HfO2 films with different C concentration
[50]. Figure 7.4d shows Weibull distribution from TDDB analysis for HfO2 films
from high O3 concentration (H–h) and low O3 concentration (H–l). The films
grown with higher O3 concentration has a lower amount of C residue. It was
confirmed that C impurity in the HfO2 film produces deep acceptor-like trap states
in the band gap, and results in inferior leakage current and poor TDDB properties.

7.2.2.2 Tert-butoxytris[ethylmethylamido]hafnium (HfOtBu(NEtMe)3,
BTEMAH)

In this section, the growth behavior and electrical properties of ALD HfO2 film
deposited using heteroleptic tert-butoxytris(ethylmethylamido)hafnium (BTE-
MAH) precursor and O3 at a deposition temperature of 300 �C are described [51].
The structure of BTEMAH is slightly modified from that of TEMAH precursor by
replacing one of four amido ligands in TEMAH with a tert-buthoxy ligand. This
buthoxy ligand largely increases the volatility and reactivity of Hf precursor which
results in not only improved growth rate (0.16 nm/cycle) but also 20 % higher Hf
density of the HfO2 film compared with the HfO2 film grown with TDMAH
precursor. Higher Hf density induces more amorphous-like nature of HfO2 film
and the amorphous phase at the as-deposited state is maintained up to *15 nm
while it changes to crystalline (monoclinic) phase at \*10 nm for TDMAH (or
TEMAH) case. Changes in the microstructure of HfO2 and thickness of IL
between Si and HfO2 are observed by high-resolution transmission electron
microscopy (HRTEM) in comparison with the TDMAH HfO2 film (Fig. 7.5).
After PDA at 700 �C, HfO2 from BTEMAH remains amorphous phase while HfO2

film from TDMAH is fully crystallized. Both HfO2 films are crystallized after

184 J. H. Han et al.



PDA at 1,000 �C. It should be noted that thicknesses of interfacial SiO2 layers are
different according to the types of Hf precursor. The thickness of IL layer for
BTEMAH-HfO2 is thinner than that for TDMAH-HfO2, and there is significantly
smaller increase in the thickness of IL after annealing up to 1,000 �C in the case of
BTEMAH which might be attributed to higher density of HfO2 film grown from
BTEMAH.

7.3 Oxygen Sources

7.3.1 Effect of Oxygen Source on Properties of ALD High-k
Films on Si

The type of oxygen source crucially affects the various properties of ALD high-k
metal-oxide films for the give n metal precursor. From the early stages of the ALD
process development, H2O has been extensively used as an oxygen source which

Fig. 7.5 HRTEM images of HfO2 films grown on Si from the BTEMAH precursor (a) in the as-
deposited state, and after annealing at (b) 700 �C and (c) 1,000 �C. (d–f) show the corresponding
films from TDMAH [51]
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provides near-perfect ALD reaction (ligand exchange). This can be most typically
observed from the ALD of Al2O3 films using TMA as the Al-precursor. As various
metal precursors have been developed for more stable and efficient ALD process,
another oxygen source than H2O, such as O3, NO2 and H2O2 has been required for
the better reactivity because they also functions as a reaction agent which removes
or exchanges the ligand molecules in the metal precursor during ALD reaction [52,
53]. However, the understanding of the detailed chemical reaction routes for ALD
processes is limited. The well-known chemical reactions between TMA and H2O,
and diethylzinc and H2O are two examples for the well-understood ALD mech-
anisms. Nevertheless, it seems that the detailed chemical reaction mechanism of
oxygen source during ALD is directly related with the physical density and the
impurities level of the film, which determine the electrical properties of the ALD
high-k film such as the permittivity and gate leakage current density. In addition,
interface properties of the ALD high-k films with a substrate are also greatly
influenced by the oxygen source, because the surface reaction of the oxygen source
with a substrate in the initial stage of the film growth determines the IL growth,
nucleation behavior, incubation time (cycle), etc. H2O and the representative
alternative, O3 as an oxygen source for ALD high-k film process on Si are mainly
discussed in this section.

The growth rate is one of the most important physical factors for the ALD
process, which is influenced by the oxygen source as well as the metal precursor.
In general, O3 provides the higher growth rate of the ALD high-k film due to the
stronger oxidation power and higher reactivity compared to H2O, which dimin-
ishes the steric hindrance effect originating from the incompletely reacted ligand
molecules during the surface reaction. Liu et al. reported the higher growth rate of
ALD HfO2 film using TEMAH with O3 than H2O as shown in Fig. 7.6a. Similar
results have been reported for the cases with other precursors [54–59]. However, it
also depends on the process conditions such as the chemical structure of the metal
precursor, deposition temperature, etc. [60, 61].

The residual impurities in ALD high-k films are unavoidable, because it is
either difficult to remove perfectly the ligand molecules in the metal precursor or

Fig. 7.6 Thickness of ALD
Al2O3 film grown using TMA
with H2O and O3 as an
oxygen source as a function
of the number of cycles. The
slope in the fitting equation is
the deposition rate, and the
intercept is the thickness of
the native oxide of the Si
wafer [56]
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to avoid the incorporation of by-product gas molecules into the film during ALD
process. The device performance and reliability could be significantly deteriorated
by the residual impurities in the gate dielectric high-k film, even in minute
quantities, because the impurities can act as active electrical defects during device
operation. In addition, too high impurity concentrations result in a lower physical
density of the film, which can enhance the interfacial reactions with a Si substrate
such as inter-mixing and Si out-diffusion [62]. In general, the concentration of
residual impurities from the precursor molecules, such as Cl, C, H, N, etc., can be
decreased by adopting O3 due to the higher reactivity and stronger oxidation power
compared with H2O [62–64]. Park et al. recently reported the O3 in ALD process
largely decreased the C- and N-related residual impurities in La2O3 high-k film
compared to H2O, which was observed by high-resolution in situ XPS at the each
half-ALD cycle as shown in C 1s core level spectra of Fig. 7.7a, b. While the
residual impurities such as C–N, C–O, C–H, and C–O–H were accumulated with

Fig. 7.7 C 1s core level XPS spectra of the ALD La2O3 films grown on Si using Tris(N,N0-
diisopropylformamidinato)lanthanum with (a) H2O and (b) O3 for first and third ALD half-cycles
[62]. (c) TOF–SIMS depth profiles of the C impurities in 10 nm thick ALD HfO2 films grown
using TEMAH with H2O and O3 at low and higher temperatures [55]
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increasing ALD cycle number from 1 to 3 cycle in H2O process (Fig. 7.7a), the
accumulated impurities were removed considerably at each O3 pulse in O3 process
as indicated in red (Fig. 7.7b). Therefore, O3 with a higher concentration was even
more effective to decrease the impurity level, which improved the reliability of the
high-k films, such as breakdown voltage (time-zero dielectric breakdown, TZDB)
and TDDB [63, 65–68]. However, it also depends on the process conditions such
as the feeding time and purging time of oxygen source, process temperature, etc.
The different temperature dependence of C impurity between O3 and H2O was
reported for HfO2 ALD using TEMAH, whereas the O3 process effectively
decreased the C concentration in the ALD high-k film grown at 345 �C compared
to H2O process, but it result in a higher C concentration in the film grown at
285 �C as shown in Fig. 7.7c [55, 56]. The lower impurity concentration and
higher physical density of the ALD high-k film grown using O3 results in the
higher permittivity and higher breakdown voltage (field) compared to H2O process
[63, 64, 69–73]. Nevertheless, there are several other reports revealing the reversed
trend making this issue still somewhat controversial [54, 55, 65, 66].

Interfacial reactions such as initial oxidation of a Si substrate and the inter-
mixing of the related elements by diffusion-out of Si from a substrate are inevi-
table during the ALD film growth and various post-deposition processes. Espe-
cially, the initial oxidation of a Si substrate affects even the crystallinity of the film
bulk as well as IL formation. Figure 7.8a showed the comparisons in the initial
growth behavior of ALD HfO2 on various substrates using either H2O or O3 as the
oxygen source. While H2O process on the HF-last Si substrate induces the long
incubation time (or cycle) and the island-type film growth due to a lack of the
reactive sites, O3 process forms a thin surface SiO2 layer during the initial stages
of ALD film growth to induce a more 2D growth without incubation time. As a
result, the larger grain size and flat surface with thicker IL were observed in the
ALD high-k film grown with O3 compared to H2O as shown in the HRTEM image
of Fig. 7.8c [54, 64]. However, the thicker IL of the film grown using O3 is the
critical drawback with respect to the scaling of EOT of the film.

The initial oxidation status of a Si surface during ALD process, which is mainly
determined by the oxygen source, influences significantly the Nit of the high-k film
affecting the carrier mobility in the MOSFETs. This results in a very delicate
balance, because the improvement in Nit can be achieved not only by the thicker IL
in O3 process (more SiO2/Si-like interface), but also by H-passivation at the
interface with Si in H2O process [74, 75]. However, it seems obvious that the
severe interfacial oxidation by O3 with a high concentration deteriorates the Nit,
because the excess concentration of oxygen in the film grown in a higher O3

concentration induced excess bonding with interfacial Si so as to decrease the
thickness of interfacial sub-oxide (SiO2-x) releasing the interfacial stress [65, 66,
74]. Moreover, the influence of oxygen source on the fixed charge and charge trap
density of the ALD high-k film causing the VFB shift and hysteresis, respectively,
heavily depends on the process conditions.

The diffusion-out of Si from a substrate degrades the permittivity, device
reliability, and interface properties of the ALD high-k film. While the thicker IL
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grown during ALD using O3 decreases the permittivity of the film compared to
H2O, it plays as a good diffusion barrier for Si diffusion-out from a substrate
during PDA [76]. Hence, the very thin SiO2 can be intentionally grown with
various methods prior to the ALD high-k film growth for achieving the thermal
stability of the film.

Consequently, O3-process provides the better physical properties as well as the
related electrical properties of the ALD high-k film on Si compared to H2O.
However, identifying the various aspects of the O3-process for high-k deposition
including the structural and chemical changes occurring during the whole
CMOSFET fabrication processes requires further study.

7.3.2 Effect of Oxygen Source on Interface Properties
of ALD High-k Films on Ge and III–Vs

While the alternative substrates such as Ge and III–V compound semiconductors
provide the enhanced device performances due to their high intrinsic carrier
mobilities, the reliabilities such as VTH instability, TDDB, etc., were deteriorated
compared to the Si-based devices. This is because the interface properties of ALD

Fig. 7.8 (a) The thickness of ALD HfO2 film using Cp2Hf(CH3) 2 with H2O and O3 as a function
of the number of cycles. HF indicates a surface pretreatment with HF etching. Otherwise, the
films were deposited on Si covered by native oxide. Linear fitting curves are provided when
ozone was used. The deposition temperature was 350 �C. Cross-sectional HRTEM images of
HfO2 films grown on HF-etched Si(100) using (b) H2O and (c) O3 as oxygen source [54]
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high-k film/substrate are degraded, partly by complicated interfacial reactions
during ALD process of high-k films resulting in the high Nit and high density of the
charge trapping sites near the interface. Therefore, the interfacial reactions
between the ALD high-k film and Ge or III–V compound semiconductors occurred
during ALD and the post-deposition processes should be carefully controlled. On
the other hand, the bulk properties of the high-k films were reported similar with
those of the film grown on a Si substrate [77].

In the case of Ge substrates, the oxygen-deficient GeOx IL deteriorates the
interface properties as mentioned in the preceding sections [22, 23]. Therefore,
regarding the oxygen source, the understanding of the properties of IL grown
simultaneously on a Ge substrate during ALD process of high-k film is most
important [77]. Figure 7.9 shows the cross-sectional HRTEM image of ALD HfO2

film grown with (Fig. 7.9a, b) H2O and (Fig. 7.9c, d) O3 on Ge substrate [78].
While HfO2 film grown with O3 has flat HfO2 film and uniform IL, that is grown
with H2O is locally in direct contact with the Ge substrate and has very thin non-
uniform IL resulting in the rough surface. This is similar with the ALD film grown
with H2O on a Si substrate but more serious, because the suppressed (negligible)
GeO2 IL growth compared to SiO2 [21, 79]. Therefore, the high-k film grown with
O3 shows the higher EOT than that grown with H2O due to the thicker IL, but the
Nit is obviously lower for O3 process than H2O process [78, 80], which is quite
different from the case of Si substrate. It was also reported that the band gap
energy of the interfacial GeO2 layer grown during H2O-based ALD process
(*4.3 eV) is lower than that during O3-based ALD process (*5.7 eV) due to the
incorporated hydroxyl group, which would affect the gate leakage current density
through the film and charge trapping characteristics of the device [78, 81–83].

The interfacial reactions at the interface between ALD high-k film and III–V
substrates, such as GaAs, InGaAs, InAs, etc., are even more complicated as
compared to Ge substrate because the selective oxidation and reduction of the
substrate elements and the volatile group V oxides induces the high Nit in the band
gap energy of semiconductor. Although the ‘‘self-cleaning’’ of IL on III–Vs by
ALD process was reported [84–87], the interfacial reaction is still a key restriction
for the adoption of III–Vs because even the tiny quantity of elemental As, specific
Ga oxidation state, etc., at the interface deteriorates significantly the interface

Fig. 7.9 Cross-sectional
HRTEM images and
corresponding AFM surface
morphology of HfO2 films
grown using HfCl4 with
(a) and (b) H2O and (c) and
(d) O3 as oxygen sources [78]
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properties [88–91]. Many surface passivation (or cleaning) methods using various
chemicals, such as H2SO4, HCl, HF, NH4OH, H2O2, H, (NH4)2Sx, Na2S, H2S, etc.,
along with ALD process [92–105], hardly provide the sufficient improvement in
the interface properties. The interfacial RBL such as Si and Ge grown by various
methods suppressed interfacial reaction efficiently, but this buried channel struc-
ture has an EOT scaling limit of the gate dielectrics [106–111].

Although ‘‘self-cleaning’’ [84–87] during ALD of high-k film suggests the
reactivity of the metal precursor affects the interfacial reaction at high-k/III–V
substrate, the oxygen source mainly determines the interfacial reaction. H2O has
been popular oxygen source for ALD of high-k on III–Vs because it minimizes the
interfacial reaction (thinner IL) during ALD compared to O3 [112]. In situ XPS
study by Brenan et al. revealed that ALD Al2O3 grown using O3 induced the thick
IL with a high oxidation state (As5+) on In0.53Ga0.47As substrate, which was hardly
eliminated by self-cleaning effect of TMA pulse [113]. The thick IL formed by O3

generated the larger amount of elemental As and Ga-oxide at the interface than the
case of H2O, which degraded the electrical properties including interface property
[113]. Madan et al. also reported that ALD Al2O3 process using O3 resulted the 1.5
time higher Nit and an order of magnitude higher capture cross section of the
midgap trap at the interface with In0.53Ga0.47As substrate than that using H2O. The
typical C–V curves of Al2O3 grown using H2O and O3 on In0.53Ga0.47As substrate
in Fig. 7.10 show that the H2O process improved the interface property with
the less frequency dispersion compared to O3 process [114]. For the same reason,
the lower O3 concentration for the ALD HfO2 process on GaAs substrate allowed
the better electrical properties than the case with a higher O3 concentration [115].

7.4 Transistor Characteristics with ALD Gate Oxides

7.4.1 Sub 1 nm EOT Devices

Since continuous MOSFET downscaling is inevitable, investigating the perfor-
mance and reliability of sub 1-nm EOT regime devices became an important topic.
The sub 1 nm EOT has been mainly obtained by ALD high-k oxides, thanks to the
precise thickness control across the wafer. However, reduction of the interfacial
SiO2 layer (or IL with slightly different chemical composition) while at the same
time maintaining a good quality of the Si/oxide interface is not straightforward.

Several approaches have been followed to obtain the sub 1 nm EOT devices,
such as depositing HfSiOx IL before ALD-HfO2 deposition [116], controlling
oxygen source during ALD-HfO2 deposition [117], or mixing exotic materials to
HfO2 to increase the dielectric constant [118]. One popular method introduced
recently is remote scavenging of oxygen by a very thin TiN metal layer on top of
the ALD gate oxide [119, 120]. The oxygen transfer from the SiO2 IL to the TiN
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metal through the high-k layer decreases the physical SiO2 IL thickness and as
such the EOT. The IL thickness can be controlled by the TiN layer thickness.

HRTEM images showed the thickness of the IL decreases in SiO2/HfO2 gate
stacks when a TiN metal gate is present instead of TaN [5], while the HfO2 layer
thickness does not change. Since the initial SiO2/HfO2 stacks are deposited by
exactly the same process, this scavenging effect is coming from the metal gate
difference only. Finally thinner SiO2 layer generates smaller EOT as shown in
Fig. 7.11a [5]. Note that a Lanthanum (La) oxide capping layer is used for the VTH

tuning in this case, but this does not disturb the scavenging effect. Figure 7.11b
shows variation in Jg as a function of EOT. Thinner EOT devices, which expe-
rienced severe scavenging process, still show a reasonable Jg trend in both 1.2- and
1.8 nm-thick ALD HfO2 devices. However, the mobility significantly decreases
because the thinner SiO2 layer enhances remote phonon and charge scattering from
the HfO2 layer to the channel region (Fig. 7.11c) [5]. Ando et al. [119] also
showed that scavenged devices, with HfO2 dielectric layers with or without La-
capping layer show decreased mobility in the sub 1-nm EOT range.

Next, the device reliability in sub 1nm EOT devices is focused. The negative
bias temperature instability (NBTI) degradation mechanism was investigated for
metal-gated ALD high-k devices as shown in Fig. 7.12a [121]. The NBTI deg-
radation was studied from 2 down to 0.5 nm EOT with a severe criterion of 30 mV

Fig. 7.10 C–V characteristics as a function of frequency of MOSCAP with ALD Al2O3 grown
using H2O and O3 (a) on n-type and (b) p-type In0.53Ga0.47As [114]
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in VTH difference (DVTH). The international technology roadmap for semicon-
ductors (ITRS) [122] suggests that satisfying the demand for a rapidly increasing
electric field in the sub 1 nm EOT regime will become difficult to meet even with a
higher quality oxide because the hole trapping into the bulk defects has been
increased. Therefore, an iso-electric field target at 5 MV/cm has also been con-
sidered in Fig. 7.12a together with the ITRS standard. In the EOT regime higher
than 1 nm, the NBTI degradation followed an iso-electric field model because the
Si/SiO2 interface degradation mechanism is dominant [123–126]. However, in the
sub 1 nm EOT regime, NBTI was in addition affected by hole trapping into bulk

Fig. 7.11 (a) EOT extracted from C-V measurements on n-type MOSCAPs with ALD-HfO2 and
La capping layer as a function of the metal gate thickness for TiN and TaN. (b) The variation in
Jg as a function of EOT for TaN and TiN gates and for two different ALD-HfO2 thicknesses.
Thinner EOTs are found with TiN. (c) The long channel electron mobility as a function of EOT
for stacks with different interface layers, metal electrodes (TiN, TaN) and TiN thicknesses. IL has
no impact on the mobility. TiN thickness is 2 nm when not indicated [5]

Fig. 7.12 (a) Over-drive voltage at 10 years extracted from NBTI on 70 different p-type
MOSFET devices. Below 1 nm EOT, the over-drive voltage decreases more than the iso-electric
field at 5 MV/cm. ITRS data is also added. The inset shows electric field at 10 years. In sub 1 nm
EOT, ITRS suggests increased electric field, but real devices shows even more decreased NBTI
reliability. (b) Over-drive voltage at 10 years extracted from PBTI on 63 different n-type
MOSFET devices is shown (circles). The straight line is from ITRS. Over-drive voltage at
10 years from N/PBTI is shown together, with only HfO2 devices. N/PBTI does not show clear
difference (closed circles for PBTI, ‘‘x’’ symbols for NBTI) [121]
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defects in the high-k dielectric. The kinetics for VTH shift according to the stress
time showed much lower time exponent (*0.13) in the 0.5 nm EOT device than in
the 2 nm EOT device (*0.24) [121], indicating a reduced interface degradation
contribution to the total NBTI degradation. Charge pumping analysis combined
with NBTI showed that bulk trap degradation increases to *two orders of mag-
nitude higher than the interface trap generation during NBTI stress in a 0.58 nm
EOT device [121]. The activation energy was lower in the 0.58 nm EOT device
(0.49 eV) than in the 2 nm EOT (0.68 eV) due to the increased bulk trapping
component including direct tunneling, which is independent of temperature. The
bulk defects affecting NBTI are mostly preexisting defects in the ALD high-k
layer. Therefore, decreasing high-k bulk defects can improve NBTI in sub 1 nm
EOT regime, at least up to the iso-electric field limitation from interface
degradation.

In case of positive BTI (PBTI) reliability, the degradation in the EOT regime
higher than 1 nm is known to be driven by electron trapping into defects in the
high-k layer [127–129]. Figure 7.12b shows lower voltage over-drive because
thicker high-k dielectric layers contain more defects to be filled (the IL thickness is
fixed at 1 nm). However, the PBTI lifetime decreases when the EOT decreases
below 1 nm, because the thinner SiO2 thickness increases the electron tunneling
probability from the Si substrate into the high-k defects. Indeed, slight transcon-
ductance (Gm) degradation was also observed after stress in a 0.61 nm device with
ALD HfO2 gate oxide [130], which indicates trap generation near the Si/oxide
interface. However, Fig. 7.12b clearly shows that PBTI degradation largely
depends on the process and the high-k material quality at a given EOT. Depositing
a La-oxide capping layer on top of the ALD HfO2 dielectric or applying Ar/As
implantation can improve PBTI by shifting up the trap levels away from the Si
conduction band. As such, these levels cannot be reached by injected electrons
during PBTI stress [128–131]. In addition, adding Gadolinium in the HfO2

dielectric by ALD can also improve PBTI because a trap level aligned to the Si
conduction band is absent in contrast to HfLaOx [132].

TDDB is also a large concern in sub 1 nm EOT devices, because the very thin
oxide layer can be broken down by a percolation path containing just a few
generated defects. Figure 7.13 shows an All-in-one TDDB map on a 0.63 nm EOT
pMOSFET device with ALD-HfO2 layer [133]. The All-in-one TDDB map is
obtained by extracting soft breakdown (SBD) and post-SBD wear-out parameters
from measuring the time to hard breakdown (HBD) [134]. Although the EOT is
extremely small, the device shows a 10 years lifetime at VG = 0.5 V from the
SBD, and VG = 1.0 V from the HBD. Since the operation voltage is lower than
1.0 V in this EOT regime, the device is not limited by the HBD until 10 years.
This shows TDDB is a lower concern than NBTI in sub 1 nm EOT devices with
ALD-HfO2 dielectric layers.

On the other hand, the impact of impurities resulting from the ALD process
needs to be studied carefully, because they can generate interface or bulk defects
and affect device performance and reliability. Fortunately, Cl residue from HfCl4
precursor does not degrade mobility and TDDB reliability when combined with
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H2O oxidant in the 0.9 nm EOT devices as mentioned earlier in this chapter [17].
This observation was further confirmed by first-principles calculations, which
proved that residual chlorine does not form additional trap energy levels inside the
HfO2 band gap [17]. In case of O3 with HfCl4, optimizing the O3 concentration
during ALD process is important to improve the interface trap density and mobility
[135].

Study on carbon residue related to the ALD-HfO2 dielectric was also reported
regarding the TDMAH and O3 precursors. The 10 years TDDB lifetime of high
density O3 condition was guaranteed at -1.0 V, whereas that of low density O3 was
only obtained at voltages lower than -0.8 V [50], which may imply higher O3

successfully removed carbon residue-related defects. The first-principles calcula-
tions showed that the interstitial carbon atoms in the HfO2 films produced deep
acceptor-like trap states in the band gap, which may enhance the electrical con-
duction by a trap-mediated conduction mechanism. TEMAH precursor has been
studied also, which showed using D2O oxidant instead of H2O oxidant decreases
interface and bulk trap generation after CVS, and improves TDDB reliability [136].

7.4.2 SiGe and III–V Channel Devices

pMOSFETs with Ge or SiGe channels have been demonstrated to be a viable
option for future logic device applications thanks to the high hole mobility and the
possible integration onto silicon substrates [137–139]. However, a high Nit

between Ge substrate and high-k materials is a big concern [140]. Adopting a thin
Si layer on top of the Ge substrate can reduce the Nit significantly as mentioned in
previous section [141]. When the Si capping layer thickness increases, the carrier
scattering by the Si/oxide interface reduces, however, the carrier density in the Ge
channel also decreases. Therefore, a careful optimization of the Si capping layer
thickness is important for the mobility enhancement [142, 143].

Fig. 7.13 ‘All-in-one’
TDDB reliability for a
0.63 nm EOT p-type
MOSFET device. For a fixed
lifetime of 10 years three
different regions of area/VG

combinations can be
distinguished: SBD free, SBD
& wear-out, and HBD. For
this very thin ALD-HfO2

devices, a VG,SBD = 0.5 V
and VG,HBD = 1 V is
extracted [133]
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Figure 7.14a shows a good example of enhanced hole mobility in ALD-HfO2

devices on Ge substrate, regardless of channel length (LG) [137]. The low field
hole mobility in pMOSFET devices increases about twice higher for the Ge
substrate as compared to the Si substrate. ALD-HfO2/Al2O3 structures also showed
high hole mobility of 546 cm2/Vs at 0.76 nm of EOT [144]. The mobility
enhancement continues as SixGey substitutes Ge channel [3]. Furthermore, there is
a report that the short channel effect has been improved with SixGey channel as
shown in Fig. 7.14b [145].

NBTI reliability on the Ge channel device with a 0.5 nm of Si layer and an
ALD-HfO2 high-k dielectric showed similar 10 years lifetime as the Si substrate
device [146], even though the initial Nit was about two orders of magnitude higher
in the Ge device. Further NBTI study on the SixGey channel devices suggested a
possible solution to obtain reliable pMOS devices in sub 1 nm EOT regime [147].
Figure 7.15a shows improved NBTI with the Si0.45Ge0.55 channel, and the ALD-
HfO2 device is more robust when the Si capping layer thickness on the Si0.45Ge0.55

channel decreases. This improved NBTI is due to the charge-injection level
adjustment [147]. By adopting a SixGey channel and a thin Si capping layer, the
Fermi level of the SixGey channel moves further from the oxide valence band
edge, and less high-k bulk defects can be charged during the NBTI stress.
Therefore, the reduction of bulk defects in the ALD high-k layer can improve
further the NBTI reliability in the SixGey channel devices.

Hot carrier reliability studies have been also performed on the SixGey channel
devices with ALD high-k layers. Loh et al. [148] showed that a higher Ge content
and thinner Si capping layer can help to improve the channel hot carrier reliability.
However, the SixGey channel devices showed more degradation than Si substrate
devices after stressing at maximum impact ionization or (VG - VTH = VD) con-
ditions as shown in Fig. 7.15b, c. Franco et al. [149] showed less degradation after
hot carrier stress than NBT stress in ALD-HfO2 devices, due to the reduced charge
trapping into the pre-existing HfO2 bulk defects. However, again the SixGey

Fig. 7.14 (a) Low field hole mobility as a function of effective gate length for Ge p-type
MOSFETs. About twice higher and stable mobility are found than in Si p-type MOSFETs [137].
(b) Enhanced short channel effect control with SiGe channel p-type FETs is shown. SiGe channel
p-type FETs are compared to control Si planar devices (with implants) [145]
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channel devices were more degraded than Si substrate devices after the hot carrier
stress at VG = VD (VD is the drain voltage).

Although the III–V substrate for nMOSFETs is receiving intense research
interests, the Nit between III–V substrate and gate oxide is a serious problem as in
the Ge substrate case. The oxidation of the surface introduces stress at the surface,
and reduction of the oxides does not decrease Nit generated by the oxidation [150].
Further, Nit in mid-gap is independent of the oxide, or different surface cleans and
post-anneals, it is likely that the defects are originally due to the In0.53Ga0.47As
itself [151]. This mid-gap Nit generates the Fermi level pinning [152]. Figure 7.16a
shows mobility from InGaAs or Ge substrate devices with different surface
treatments, and sulfur treatment shows about 3 times higher peak mobility than
HCl treatment for the InGaAs devices [153].

Another important factor in III–V devices is the border traps located in the
high-k layer [153]. The spatial and energetic distribution of the traps inside the
ALD-Al2O3 layer on InGaAs has been extracted by the TSCIS technique [154,
155] as shown in Fig. 7.16b [4]. 9 nm-thick ALD-Al2O3 were grown with TMA
and H2O on the In0.53Ga0.47As channel after surface preparation for those devices.
The border trap density inside the ALD Al2O3 layer was significantly reduced by
(NH4)2S treatment, and time-of-flight secondary ion mass spectroscopy showed
lower In concentration inside the Al2O3 layer. Sulfur acted as an In-diffusion
barrier during the ALD of Al2O3, lowered the border trap density in the oxide.
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Fig. 7.15 (a) The operating electric field (Eox) for 10 year NBTI reliability improves when
reducing the Si cap thickness, which is observed consistently for several SiO2 IL and for different
Si precursors and epi-growths (‘Prec. 1’ and ‘Prec. 2’). The inset shows a schematic diagram of a
SiGe pFET [147]. In (b) and (c), voltage dependency of HC degradation at maximum impact
ionization (DAHC) and VG = VD (CHC) for Si and SiGe (Ge 20 %) devices are shown. HC stress
performed for 100 s [148]
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It is also reported that direct ALD of TaSiOx on (100) InP and (100)
In0.53Ga0.47As substrates results in low electron barriers that cannot prevent
electron injection into the oxide [156]. This increases electron trapping in the
TaSiOx and can degrade the device reliability.

7.4.3 Three-Dimensional Devices

The 3D device or FinFET is recently highlighted due to its superior electrostatic
control to the devices with planar-geometry, which improves the short channel
effect [157]. The conformality of ALD can be used to deposit a gate dielectric
oxide and metal gate on the side- and top-walls of the fin structure.

The recent production of the 3D device in the 22 nm node [158] has accelerated
related research. Indeed the 22 nm p-type FinFET device shows 27 % improved
saturated drain current (Idsat) characteristics from Ion–Ioff analysis, and 13 % of Idsat

improvement was reported in n-type FinFET as compared to the 32 nm planar
transistors. Another performance boost has been demonstrated with the conformal
doping process using plasma (self-regulatory plasma doping, SRPD) [159]. The
SRPD device with ALD HfO2 gate stack shows 15 % improved Ion–Ioff charac-
teristic in n-type FinFETs by increasing the side-wall doping concentration relative
to the ion implanted devices.

Replacement metal gate (RMG) process has been strongly considered recently,
in order to lower thermal budget for the high-k/metal gate stacks [160, 161].
Figure 7.17a shows the 25 % higher Ion at 10-7 A/lm of Ioff in the RMG p-type
FinFET with ALD HfO2 layer compared to the traditional gate first (GF) devices
[162]. The high-k first (HKF) device where the deposited high-k layer is protected
during gate removal or the high-k last (HKL) device where the high-k layer is
deposited at the end of the process does not show a large difference in the Ion–Ioff

characteristics. Lower VTH is also observed in the RMG devices compared to the

Fig. 7.16 (a) Mobility of InGaAs or Ge substrate devices with ALD-Al2O3 layer [153],
(b) Al2O3 trap density as a function of energy at a depth of 1.5 nm inside the oxide measured
from the interface of InGaAs/ALD-Al2O3 [4]
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GF. Additionally, the HKL p-type FinFET devices revealed a lower EOT as
compared to the HKF and GF devices at similar gate leakage (Fig. 7.17b). The
lower thermal budget in HKL process can suppress the regrowth of low-k inter-
facial SiO2.

A conventional FinFET device includes a top-wall with (100) direction, and
side-walls with (110) direction. Especially, in this structure, the Nit from side-walls
is an important factor to understand device performance and reliability, because
the main channel is formed on the fin side-walls rather than the top-wall. In order
to separate the top- and side-wall interface defect density Nit, charge pumping can
be applied. By measuring charge pumping current in various fin width devices
with a 2 nm ALD-HfO2 gate oxide (Fig. 7.18a), Nit from top-wall and side-walls is
calculated from the slope and y-intercept respectively [163].

Fig. 7.17 (a) Ion–Ioff for gate first and high-k first/high-k last bulk p-type FinFET devices at
|VD| = 1 V, (VG - VTH) = -0.7 V (ON-state) and (VG - VTH) = 0.3 V (OFF-state). (b) Gate
leakage current density versus CET at VTH ? 0.6 V for TiN/HfO2 gate stack in gate first and
high-k first/high-k bulk p-type FinFETs [162]

Fig. 7.18 (a) Total interface trap density per fin is plotted against the fin width for devices
fabricated on a rotated-notch wafer. The slope of the line is a measure of Nit on top surface, while
the intercept is a measure of the Nit on the sidewall [163]. (b) PBTI lifetime versus gate voltage
over-drive for different Wfin (TiN gate thickness of 3 nm) is shown. PBTI improves in narrower
FinFET devices with ALD-HfO2 gate stack [167]
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The main degradation mechanism for N/PBTI reliability on FinFETs remains
the same as in planar devices, as described in the previous section. NBTI degra-
dation is a combination of interface defect generation and hole trapping into the
high-k bulk defects. Therefore, substrate rotation to change the side-wall orien-
tation from (110) to (100) improves NBTI by reducing the number of interface
states which can be broken during the NBTI stress [164–166]. PBTI degradation
originates mainly from the electron trapping into the high-k bulk defects, and the
parallel and close side-walls in a FinFET structure reduce the degradation effec-
tively. Indeed PBTI improves in narrower FinFET devices with ALD-HfO2 gate
stack (Fig. 7.18b) [167], possibly due to the reduced injection charge density from
the Si substrate by decreased electric field near the channel region [168]. This
implies that NBTI in sub 1 nm EOT regime can be improved by reducing hole
trapping, and ALD technique giving a high quality high-k layer can help to
improve further both N and PBTI reliability. Additionally, it is reported that
applying ALD-TiN metal gate instead of sputtered-TiN shows better NBTI [169],
due to lower defect generation in the ALD HfO2 high-k layer during the gate metal
deposition.

TDDB reliability is strongly affected by the fin corners. When the fin corner is
sharp, the Weibull distribution is much wider in the FinFET than planar devices
[170], probably due to the non-uniform electric field at the fin corner in different
devices. The corner rounding improves Weibull characteristic in FinFETs to a
similar level as the planar devices [171]. As a result, TDDB is not a serious
problem in FinFET devices compared to planar, when the corner rounding process
is successfully introduced and conformal ALD oxide is deposited around the fin.

7.5 Summary

The influences of metal precursors and oxygen sources on the ALD high-k film
growth, resulting film properties, and device performance were discussed focusing
on HfO2-based materials. They crucially affect the interface properties as well as
the bulk properties of the film.

HfCl4 was introduced as a Hf precursor for HfO2 ALD due to its advantages of
simple molecular structure, high thermal stability, and good HfO2 dielectric
quality. However, some drawbacks of HfCl4 are low reactivity with H-terminated
Si surface, low vapor pressure, strong Hf–Cl bond strength, low growth -per-cycle,
Cl residue, and corrosive HCl by-product. Several metal–organic Hf precursors
such as TEMAH and TDMAH have been employed to obtain comparable film
properties as HfCl4 precursor. They were characterized by their relatively weak
Hf–N bond providing less substrate-dependent growth and higher growth rate
compared to HfO2 film grown using HfCl4. In addition, these N-containing MO
precursors simultaneously formed SiONx layer during ALD of HfO2 on Si, which
prevents out-diffusion of Si during ALD and PDA to result in low interfacial trap
density. However, HfO2 film grown from MO precursors is hardly free from C
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impurity which deteriorates interface and bulk properties. Therefore, process
parameters such as precursor pulse time and reactor temperature should be care-
fully optimized according to the types of the metal precursors. Recently, BTE-
MAH was synthesized by replacing one of four amido ligands in TEMAH with a
tert-butoxy ligand to obtain higher reactivity and volatility over amide precursors.
Consequently, it showed improved growth-per-cycle and higher density of HfO2

compared with HfO2 grown from TDMAH.
O3 provides the higher growth rate and lower impurity level of the ALD high-k

film due to the stronger oxidation power and higher reactivity than those of H2O.
The thicker IL grown during ALD with O3 improved the thermal stability against
the Si out-diffusion from the substrate, but degrades the EOT of the film. The
stable GeO2 IL grown on Ge substrate during ALD with O3 improves the interface
property compared to ALD with H2O. However, in case of III–V substrates, O3

induced the severe interfacial reactions of the ALD high-k film with the substrates
such as the selective oxidation and reduction of the substrate elements resulting in
the degraded interface property.

The performance and reliability of various recently highlighted devices
including ALD high-k film are also discussed. Adopting thin TiN metal layer
decreased SiO2 interface layer thickness and EOT of the total gate stack by
scavenging effect, which enables to achieve sub 1 nm EOT but the mobility
decreased due to the higher remote phonon and charge scattering from the ALD-
HfO2 layer to the channel region. NBTI degradation in sub 1 nm EOT devices was
enhanced by increased hole trapping into the ALD high-k bulk defects. TDDB on a
pMOSFET device having 0.63 nm EOT with ALD-HfO2 layer showed the device
was not limited by the HBD until 10 years of lifetime. NBTI reliability of the
SixGey channel devices with ALD-HfO2 showed improved lifetime as compared to
Si channel devices due to the adjustment of the charge-injection level. For InGaAs
substrates, both interface and bulk traps are crucial problems in device perfor-
mance and reliability. The border trap density inside the ALD-Al2O3 layer was
significantly reduced by (NH4)2S treatment. ALD technique is essential for 3D
FinFET devices due to the structural characteristic. RMG process with lower
thermal budget for the ALD high-k gate stacks improved Ion–Ioff characteristics
and showed lower EOT at equal Jg.

It is evident that the usefulness of ALD for futuristic MOSFET devices will be
ever-increasing as the device structure becomes more 3D and smaller thanks to its
perfect conformality and atomic-level controllability.
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