Chapter 9
Lanthanide-Based High-k Gate Dielectric
Materials

Daniel J. Lichtenwalner

Abstract This chapter covers selected issues related to lanthanides (or lantha-
noids) used in oxide gate dielectrics. In general, lanthanides offer key material
property advantages for gate dielectric applications. These include high dielectric
constants, stable amorphous silicate (or ternary) phases, thermodynamic stability
with Si, interface properties allowing threshold voltage tuning, and crystalline
properties making possible epitaxial growth on Si and other semiconductors.
Although not as heavily researched as Hf-based materials, lanthanide materials
continue to hold promise for device scaling on Si, and as dielectrics on other high-
mobility semiconductors.

9.1 Introduction to Lanthanide Dielectrics

Lanthanides (or lanthanoids, or rare-earths) have atomic properties making them
key components for materials designed for a wide range of material properties. For
example, lanthanides are key components for enhancing magnetic, optical, cata-
lytic, and electrical properties of many materials. The dielectric properties of their
respective oxides make them of interest as candidates for high dielectric constant
(high-k) gate dielectrics. For example, initial interest was generated by binary
compounds such as lanthanum oxide or lanthana (La,0O3) and ternary compounds
such as lanthanum aluminate (LaAlO3) and lanthanum scandate (LaScOs3) found to
have dielectric constants (k) in the range of 25-30, and sufficiently large band gaps
for use as dielectrics on silicon, in the 5.0-6.0 eV range [1-3]. Additionally, from
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a thermodynamic viewpoint, it appears that lanthanide oxides are chemically
stable in contact with Si [2]. Additional reasons fueling interest in these materials
as metal-oxide—semiconductor field-effect transistor (MOSFET) gate dielectrics
include the following: (1) many of these lanthanide oxide materials have not been
comprehensively studied in bulk form, certainly not the many potential ternary
alloy options; (2) the properties of metastable amorphous thin films of these binary
or ternary alloys were in many cases unknown; and (3) the fact that some prop-
erties are ‘tunable’ as one moves across the series due to f-orbital filling levels
opens possibilities for desirable properties to be obtained.

This interest in lanthanides in the arena of high-x gate dielectrics has continued
to strengthen as it has been shown that lanthanide materials: can provide MOSFET
threshold voltage (V) control to achieve band-edge values for n-channel devices
[4]; and are promising as dielectrics on alternate channel materials such as GaAs
or other III-V compounds [5], as lanthanides are chemically similar to group III
elements in some respects.

As is the case for all materials and applications, a host of factors must be
considered when selecting particular materials for a given application. Although
the lanthanides are similar in many respects (all have electronegativity values of
~ 1.1, most have +3 valence), and have some properties which vary smoothly
across the series (such as ionic radius), they differ in various ways. For example,
for stable dielectric properties which are insensitive to electric field or temperature
or oxidation environment, it is typically essential to have cation elements having a
single stable oxidation state. This would favor the use of La, Nd, Gd, Dy, Ho, Er,
and Lu which have stable +3 oxidation states (disregarding the radioactive Pm)
over the other lanthanide elements which have some tendency towards mixed +3
and +2 oxidation states. Furthermore, La, Gd, and Lu might be grouped due to
their similarity in electron configuration, with 5d'6s® available bonding electrons
and their f-orbital being empty, full, or half-filled; however, other properties differ
along this group such as ionic radius (decreasing), and melting point (increasing).
Thus, we will discuss only some key lanthanide elements primarily from those
listed above with a single oxidation state, with the hope of covering key materials
having properties of interest as gate dielectrics.

9.2 Lanthanide Materials Properties

Most of the known properties of lanthanide dielectrics derive from studies on bulk
crystalline materials, to be briefly summarized here, with some information related
to thin films included as appropriate. Discussed here are some prerequisite
dielectric properties for use as a gate dielectric; detailed issues specific to par-
ticular thin film gate stacks will be discussed later.
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9.2.1 Physical/Structural Properties

As covered in reviews by Adachi and Imanaka [6] and others [7, 8], all the
lanthaniods oxidize readily, typically forming +3 valence sesqiuoxide (Ln,0Os)
lanthanide compounds, with melting points ranging from 2,200 to 2,500 °C. The f-
orbital electrons do not participate directly in chemical bonding, but do facilitate
valence changes to +2 or +4 that occur in some elements such as Ce, Pr, or Tb. F-
orbital electrons also affect other properties, such as magnetic or optical properties,
not discussed here.

In the presence of water vapor, many of these oxides will form lanthanide
hydroxides, with the hydroxide tendency decreasing with increased lanthanide
atomic number, in general [6]. For example, La,O3 readily forms hydroxides [9],
while for Dy,03 or Ho,0O3, hydroxide formation is minimal [7]. Carbonates will
also form, but these are more limited to the outer surfaces. Hydroxide and car-
bonate formation will generally result in a lower density material, with lower
dielectric constant (k), and higher loss and leakage. Thus in situ capping of these
binary dielectrics is critical, and partly explains the desire to move towards ternary
compounds such as silicates and aluminates, which are very stable with respect to
atmospheric exposure [9, 10].

The binary lanthanide sesquioxides can exist in 5 crystal structure variations, as
shown in the Fig. 9.1 phase-relationship diagram adapted from Adachi and Ima-
naka [6]. For temperatures of interest here (up to ~ 1,000 °C) typically either a
hexagonal (termed ‘A’ form) or a cubic (termed ‘C’ form) phase are observed.
Table 9.1 summarizes key materials and dielectric properties of select lanthanides.
Below ~400 °C the cubic phase has been generally believed to be the stable phase
for all lanthanides [6], but the hexagonal ‘A’ phase persists in practice for La
through Nd (for example, Zhao et al. [11] and Schroeder et al. [12]). Marsela and
Fiorentini [13]. have shown by structure calculations that the hexagonal phase of
La,05 has 0.2 eV lower energy per formula unit than the cubic bixbyite phase, and
thus expected to be the equilibrium phase. It appears that the cubic bixbyite phase
is only observed for La,Oj; if impurities or appropriate nucleation sites are present

Fig. 9.1 Phase relationship 2800
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to stabilize this structure, as occurs for some thin films formed by decomposition
of molecular precursors [14]. In the hexagonal ‘A’ phase (La,O3 through Nd,03),
the cations have a coordination number of 7. The cubic ‘C’ phase is the bixbyite
structure, in which cations are 6-fold coordinated in a matrix which can be
described as having ordered vacant sites on the oxygen sub-lattice.

Ternary compounds are typically found in perovskite-like orthorhombic
(pseudo-cubic) crystal structures (such as LaAlOs;) or pyrochlore phases
(La,Hf,05). Lanthanide silicates may exist in a variety of crystalline phases, but
typically in either Ln,SiOs or Ln,Si,O; compositions [15, 16].

For use as a gate dielectric, the tendency has been to focus on amorphous
dielectrics (following on the success of SiO, and SiOxN,), and to attempt to
frustrate dielectric crystallization, as defects within grains or at the grain-bound-
aries have been linked with reliability degradation [17]. For standard (gate first)
silicon-based transistor application, specific materials-related properties of interest
are: (1) the amorphous phase stability temperature; and (2) the interface properties
of lanthanides in contact with silicon or silicon dioxide.

From a thermodynamic viewpoint, the lanthanide oxides appear to be very
stable oxides, with very large (negative) enthalpy of formation [6]. From available
data, these oxides appear to be stable in contact with Si [2]. However, in the
presence of excess oxygen, the interface will oxidize to SiO,, and the mixing of
silica and lanthanide oxides to form silicates is energetically favorable, as Liang
et al. [16], Marsela and Fiorentini [13] discuss. The mixing of silica and lanthanide
oxides to form a silicate lowers the overall free energy compared to having sep-
arate oxide layers, although reaction temperatures will depend on diffusion coef-
ficients and other kinetic considerations. A comparison of amorphous La and Hf
silicate crystallization temperatures and dielectric constants [1] are shown in
Fig. 9.2. The higher temperature amorphous phase stability favors amorphous
lanthanum silicate over Hf silicates. Additionally, the crystallization of HfSiOx
dielectric corresponds with a decomposition reaction (phase separation) [18]
resulting in low-k SiO, formation, while the lanthanide-silicates maintain a silicate
phase without phase-separation [18]. Lanthanide silicates are also more stable with
respect to atmospheric exposure [9] than the binary oxides, and the silicate
reaction can be used to minimize the low-k silica interface layer thickness in the
stack [19]. Thus the silicate is in many respects advantageous compared to the
binary lanthanide. For a gate-last approach, with limited process temperatures and
less restriction on the amorphous phase stability or interface reactivity, dielectrics
with higher k than the silicates may be utilized.

9.2.2 Electrical/Dielectric Properties

In their crystalline forms, binary lanthanides have band gaps and dielectric con-
stants making them attractive choices as gate dielectrics; select values are listed in
Table 9.1 (some data is that of amorphous films, when crystalline reference data is
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Table 9.1 Materials and dielectric properties of selected lanthanides. Structure and lattice
parameters from JCPDS (1998), unless indicated

Material Equil. structure Lattice . Dielectric Band CB AH°
parameter (A) constant gap offset  kJ/mol
(k) (eV) (eV) 0,
Ln,03
La,0O5 Hex. ‘A’ type a3.94 23 [49] 5.5 [6] 231[3] -1,196
¢ 6.13 27 [36] [6]
Nd,0; Hex. ‘A’ type a3.83 12-14 [20] 4.7 [6] —1,205
c5.99 [6]
Gd,05 Cubic ‘C’ type, 10.81 12-14 [20], 24 5.4 [6] —1,211
bixbyite [21] [6]
Dy,03 Cubic ‘C’ type, 10.67 12-16 [20] 4.9 [6] —1,242
bixbyite [6]
Ho,0; Cubic ‘C’ type, 10.61 12-13 [20] 5.3 [6] —1,254
bixbyite [6]
Er, O3 Cubic ‘C’ type, 10.55 12-14 [20] 5.3 [6] —1,265
bixbyite [6]
Lu,05 Cubic ‘C’ type, 10.39 11-13 [20] 5.5 [6] —1,247
bixbyite [6]
Sc,03 Cubic ‘C’ type, 9.85 14 [25] 6.3 [25] —1,271
bixbyite [6]
Y503 Cubic ‘C’ type, 10.60 11.4 5.7 [26] 1.6 [3] —1,270
bixbyite [6]
LnMO;
LaAlO; Rhomb., 3.79 pseudo-cubic 24 129] 5.5 [30] 1.8 [3]
Perovskite-like
LaScO; Orthorhombic ab ~ 5.84, 24-27 [52] 5.5-5.8 2.0 [54]
Perov-like ¢ ~ 8.06 [52] [52]
GdScO3 Orthorhombic 5.49,5.75,¢ 7.93 20 [27, 52] 5.5-5.8 2.0 [54]
Perov-like [52]
LnLnO;
LaLuO; Orthorhombic 5.8, 6.0, ¢ 8.35[33] 32 (amor) [32] 5.2[32] 2.1[32]
Perov-like
LllezO7
La,Hf,0;  Cubic, ~Pyrochlore 10.77 20 (amor) [28] 5.9 [54] 2.0 [54]
Ln,Si,0,
~La,SiO0s monoclininc 9.33, 7.51, ¢ 7.03 20 (amor) [49] 6.5 [76] —1,106
~La,Si,0; monoclininc 13.19, 8.79, ¢ 5.41 12 (amor) [49] 7.0 [76]
SiO, ~ amor 39 9.0 3.11[3] -910.7




348 D. J. Lichtenwalner

not readily available). La,O3; has possibly the largest dielectric constant
(~23-28), with the expected dielectric constants in the ~ 12—15 range for most of
the binary oxides [20]. However, some reports for Gd,0O5 [21], CeO, [22] and
Pr,O5 [23] describe dielectric constants in the 20-30 range or higher, presumably
due to effects of crystal structure and orientation, requiring further validation.
Scarel et al. [24] reports that hexagonal La,O5 has a k of 27, whereas the cubic
phase gives a value of 17. This may be the key explaining why many different
values of k are reported, especially for the lanthanides composed of La, Ce, Pr, and
Nd, which can exist in either hexagonal or cubic structures, in various orientations.
Indeed, the higher atomic number lanthanides of the cubic bixbyite phase (and
bixbyite Sc,05 and Y,03) almost universally have k from 10 to 15, indicating that
crystal structure may be more influential than lanthanide atomic number for k
determination.

As one moves across the lanthanide binary oxide series, the band-gap has a
maximum value of about 5.5-6.0 eV for La,03, Gd,0O3, and Lu,03, corresponding
to empty, half-filled, or a full f-orbital. Thus, due to dielectric constant and band-
gap, La-based materials have been most heavily researched, although due to its
hygroscopic nature some researchers have focused on other lanthanides such as Gd
or Lu which are more moisture resistant, or related Sc and Y compounds having
similar band gaps [25, 26] although lower k values.

Although somewhat more complex when considering film growth and com-
position control, ternary compounds typically offer higher temperature amorphous
phase stability [1], as shown in Fig. 9.2 for silica alloying of La,O3 and HfO,. This
has been believed to be the key for maintaining smooth interfaces and low leakage
after source/drain activation anneals. Silicates also offer dielectrics with wider
band gap, but lower dielectric constant, shown in Fig. 9.2 comparing La and Hf
silicate dielectric constants as the SiO, content is increased. As shown in Fig. 9.2,
these amorphous dielectrics (processed below the crystallization temperature),
show dielectric constant scaling nearly following a simple component mixing rule
considering density effects, between the silica and lanthanide end points [1].
Mixing binary lanthanides with other lanthanides or group III or IV binary oxides,
besides Si, typically also increases the amorphous phase stability, while producing

Fig. 9.2 Comparison of La 1100 — 30
and Hf silicate crystallization g
T and dielectric constant with
silica content (adapted from
Kingon et al. [1])
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slightly higher dielectric constants, with little change in the band gap. Examples
include lanthanide scandates [27], hafnates [28], aluminates [29-31], and mixed
lanthanides such as Lal.uOj [32, 33]. Additionally, for epitaxial dielectric growth,
alloying can often reduce lattice mismatch with the substrate. For all these reasons,
ternary compounds offer more ultimate promise than binary lanthanide oxides. The
dielectric properties of La,O5; based ternary compounds—LaYO and LaAlO—
have been briefly analyzed in Sect. 10.4.

9.3 Thin-Film Deposition and Processing

Commonly used growth techniques for lanthanide films include sputtering, thermal
or e-beam evaporation (physical vapor deposition (PVD) techniques), and more
recently chemical vapor deposition (CVD) techniques such as atomic layer
deposition (ALD). A comprehensive listing of the growth techniques used by
various researchers for lanthanide materials can be found elsewhere [34]. The gate
dielectric, on silicon substrates, is deposited on either hydrogen terminated
(hydrofluoric acid treated, or HF-last) oxide-free Si (001), or an ‘engineered’ SiO,
or SiO4N, surface layer for interface defect minimization and channel mobility
optimization. Thin film growth techniques typically must not damage either of
these surfaces, so sputtering techniques are less preferable to other options. A key
issue in general for lanthanides is the hygroscopic nature of the materials, espe-
cially La through Nd. This means that special precaution against atmospheric
(water vapor and carbon dioxide) exposure is a critical issue for all deposition
techniques. Additionally, magnetic properties of many of the lanthanide metals can
affect the deposition process if using metallic sources. Some features specific to
each deposition approach are discussed below. The basics of the deposition
techniques for gate dielectrics have been described also in Chap. 4: atomic layer
deposition (Sect. 4.2.2); precursors (Sect. 4.2.3); and physical vapor deposition
(Sect. 4.2.4).

9.3.1 Physical Vapor Deposition

Utilizing physical vapor deposition (PVD) techniques, lanthanide-based gate
dielectrics films have been reported using sputtering [11], pulsed-laser ablation
deposition (PLD) [35], e-beam evaporation [36, 37], or thermal evaporation from
effusion cells in molecular beam epitaxy (MBE) systems [10, 31]. Details are
rarely given in the research reports, but materials must be carefully handled.
Source materials should be purchased sealed in an inert gas ambient. As the
lanthanide metals are very reactive with oxygen and water vapor, metal powders
will quickly form oxides and hydroxides, and thus larger pieces of elemental
materials should be used for e-beam or effusion cell evaporation source charges.


http://dx.doi.org/10.1007/978-3-642-36535-5_10
http://dx.doi.org/10.1007/978-1-4614-6949-0_4
http://dx.doi.org/10.1007/978-1-4614-6949-0_4
http://dx.doi.org/10.1007/978-1-4614-6949-0_4
http://dx.doi.org/10.1007/978-1-4614-6949-0_4
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For e-beam evaporation of La, Al,O3 crucibles appear to be satisfactory [38],
while we have found W crucibles effective for effusion cells. Although La melts at
~920 °C, a vapor pressure of 10~ torr is not reached until 1,368 °C; practically
we find that an effusion cell temperature of ~ 1,700 °C is necessary for La
evaporation. The other lanthanides tend to evaporate more easily (typically
200-400 °C lower [38]), while oxides of any of the lanthanides typically require
evaporation temperatures of 1,400—1,600 °C, with O loss occurring during heating.
For effusion cell evaporation or sputtering of elemental lanthanides, reactive
evaporation in oxygen ambient is sufficient to deposit oxide films. Growing the
elemental lanthanide and subsequently oxidizing is an option, but rapid interface
reactions can produce silicides and roughened interfaces [39]. During e-beam
evaporation, it may be problematic to operate in high enough oxygen pressures,
since the electron emission decreases with oxygen increases. For PLD or sput-
tering, elemental or oxide target materials may be used (although oxide targets
require RF sputtering due to the insulating target). Again, even oxide targets
convert to hydroxide very easily, and care must be taken to minimize atmospheric
exposure.

9.3.2 Chemical Vapor Deposition and Atomic Layer
Deposition

The advent of atomic layer deposition (ALD) has brought the general technique of
chemical vapor deposition to the realm of monolayer growth control, and thus is of
key importance for the growth of nm-scale gate dielectrics. This is an emerging
field in relation to lanthanide oxide growth, and new or recently formulated pre-
cursor chemicals have made possible successful implementation of ALD for these
compounds. Ultimately ALD is expected to be the technique of choice for virtually
all high-x dielectrics, although lack of suitable precursors has resulted in more
exotic dielectric materials being studied initially by PVD techniques, with
appropriate ALD precursor materials closely following.

A variety of precursors for lanthanides have been utilized by various groups
[34]. Aspinall et al. [40] report that complexes of the early (lower atomic number)
lanthanides with the donor-functionalized alkoxide ligand mmp (Ln (mmp)3
complexes; mmp referring to methoxy-methylpropanol) are excellent precursors
for metal-organic CVD or ALD; while Paivasaari et al. [14]. utilize volatile /-
diketonate type chelates Ln (thd);. Others report the use of various Ln-cyclo-
pentadienyl complexes (Ln (Cp)s) [41, 42], which result in uniform deposition at
low rates, and may be advantageous due to their low melting temperatures [41].

Ozone is often used as an oxidant (instead of H,O or O,) to reduce C content
and hydroxide formation [14, 41-43]. Complex chemistries are at play, and
understanding the chemistries of the ALD process remains an area of extensive
research, beyond the extent of this chapter. However, using an O; oxidant, these
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Ln-based ALD precursors can be utilized to give high-quality low EOT (0.68 nm)
device properties for La-capped HfO, dielectrics [41].

9.4 Lanthanide-Based Dielectric Gate Stacks
9.4.1 Lanthanum Oxides and Silicates

Extensive research has been performed on La-based oxides and silicates, as it was
recognized [1] that these had the most promising values of dielectric constant,
band gap, and amorphous phase stability. Key to the successful application of
high-x materials is the ability to fabricate the transistor gate with capacitance
values equivalent to sub-nm SiO, oxide thickness. When utilizing high-x dielec-
trics, gate capacitance properties are compared by referencing to the dielectric
properties of ideal SiO, dielectric, thus determining a capacitor’s ‘equivalent silica
oxide thickness’ (EOT). Making use of the silicate reaction provides a route
towards aggressive sub-nm EOT scaling [19] by thinning the SiO, interface layer
(IL). La-based dielectrics have resulted in some of the lowest EOT gate stacks
reported (0.5-0.75 nm) when processed under moderate temperatures [19, 36, 39,
41]. Discussed below are properties of La,O3 and lanthanum silicate (LaSiO,) gate
stacks deposited by reactive evaporation of La in an O, ambient, typically on a thin
SiO, oxide on Si.

9.4.1.1 Gate Stack Electrical Properties

One approach to obtain low EOT devices is to deposit a thin lanthanide oxide on a
silica chemical oxide, and anneal to allow interface SiO, consumption by the
silicate phase formation. Capacitance versus gate voltage, and gate leakage data
are shown in Fig. 9.3a, b for metal insulator semiconductor (MIS) capacitors with
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O 3.0 [|a10sec, ° 4ot as=== S0
llj-_ EOT 0.90 3 AR
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Fig. 9.3 a Gate capacitance and b leakage curves of a La,03/SiO, bilayer stack as a function of
400 °C RTA time, in N,



352 D. J. Lichtenwalner

Ta | (a) asdep 40 Ta | (b) 20sec 40
: ° | |
@ : |
:202 ® {20 <
e = o c
8 *y 8
o * l, 8 ¢ | &
:U o 0 o
[ ° ; | \
| La M_‘_ | 20 _ ® |3 m__ -
Counts (a.u.) —p Counts (a.u.) —»

Fig. 9.4 HAADF images and corresponding EELS La M, s-edge intensity (increasing to the
right), with position indicated as distance from the Si interface (taken as zero). The figures show
La,03/Si0, bilayer gate stacks (a) as-deposited, and (b) after 20 s RTA in Nj,. SiO-, interlayer is
consumed by gate stack anneal

e-beam evaporated 60 nm Ta electrodes, capped with 60 nm W and reactive-ion
etched (RIE) [19]. The data are shown for a bilayer dielectric of 1.6 nm La,0;
deposited on a ~0.8 nm SiO, chemical oxide on Si, measured at 1 MHz, with a
50 mV signal. As the gate stack undergoes a post-metallization anneal (PMA), the
stack EOT decreases from an initial value of 1.57-0.69 nm after 20 s at 400 °C in
N, [19]. Also, the gate leakage correspondingly decreases, as in Fig. 9.3b. As
corroborated by the cross-sectional transmission electron microscope (TEM)
image, the EOT lowering corresponds to dielectric thinning, caused by a combi-
nation of silicate formation, densification, and some oxygen gettering of the SiO,
layer. Note the flatband voltage decrease as the silicate reaction proceeds, which
may explain the flatband voltage shifts observed by Kuriyama et al. [44] for post-
deposition anneal (PDA) of La,O; on HF-last Si.

Figure 9.4a, b shows high-angle annular dark-field (HAADF) images and La
electron energy loss spectra (EELS) peak intensity of the gate stack before (a) and
after (b) the 400 °C 20 s PMA. The initial SiO, interface layer (dark in Fig. 9.4a
HAADEF) is seen to disappear after the anneal (Fig. 9.4b), corroborated by the La
EELs signal uniformity after annealing. The lanthanum silicate bonding is deter-
mined by X-ray photoelectron spectroscopy (XPS) analysis [10] of La 3d and O1 s
peaks in films with no metal capping; O gettering by the gate metal is a possible
secondary EOT reduction mechanism, in conjunction with the silicate formation.
The key aspect is that this silicate reaction can be a route to achieve low (sub nm)
EOT, by minimizing SiO, IL thickness, ideal for the gate-last fabrication
processes.

Under only low temperature processing [without forming gas (H, in N,) anneal
(FGA)], although low EOT can be obtained, high fixed charge level and high
interface trap density (D;) are observed as shown in Fig. 9.5. In Fig. 9.5a
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Fig. 9.5 a Frequency dispersion in low temperature processed LaSiO, on n-type Si. b C—V and
G-V curves at 1 MHz showing effects of a localized interface state

frequency dispersion comparing 100 kHz, 1 MHz, and an ‘ideal’ HF curve are
shown, revealing a sharp capacitance (C) ‘hump’ indicative of a localized trap
state. Figure 9.5b shows the 1 MHz, 50 mV C-V and conductance versus voltage
(G-V) signals, showing that the C ‘hump’ correlates with the conductance peak as
expected. Comparing the frequency dispersion of low temperature processed La-
SiOy (1.4 nm EOT) on p- and n-type Si, we note a much greater frequency dis-
persion on n-type Si than on p-type Si, and determine that electron trapping is
much more prevalent than hole trapping [45]. The lanthanum silicate reaction
process is believed to result in this high interface defect density, under low tem-
perature processing. This is expected to be due in part to the low temperature
(forming an imperfectly bonded silicate), and partly due to the silicate reaction
virtually eliminating the SiO, at the Si interface, and new La—O-Si interface
bonding taking its place at (or very near to) the Si interface. In general, interface
bonding constraints due to differing valence and O coordination number will tend
to increase trap densities when introducing lanthanide oxides (or silicates) on Si or
Si0,/Si [46].

Typical gate-first processing requires that the complete gate stack undergo a
high temperature anneal. Results for PMA of gate stacks which have received a
prior 400 °C in situ silicate reaction anneal (to form silicate before gate metal
deposition) are shown in Fig. 9.6. For capacitors with W-capped TaN electrodes,
PMA anneals up to 1,000 °C for 5 s (simulating the source/drain anneal) result in a
gradual increase in EOT, from 0.6 to 1.0 nm, as shown in the Fig. 9.6a C-V curves
(1 MHz, 50 mV signal). In this case, starting with a silicate, further anneals grow
an additional SiO,-rich interface region [19] if excess O is available, often coming
from the gate metals such as W [47]. This lowers the interface state density and the
total stack charge, as revealed by the C ‘hump’ and Vgg shifting. Modeling these
C-V curves and their frequency dependence [45] allows D;, distributions and total
fixed charge densities to be extracted. After the 1,000 °C RTA, the net effective
charge is reduced by 5 x 10'* cm™2 (Vgg shift), and the peak interface trap
density (as shown in Fig. 9.6b) decreases from 3 x 10" to 6 x 10'' cm™? eV~
without FGA. C-V data fits indicate device effective work function (¢, s) values
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in the range of 3.6-4.0 eV. This makes these stacks of interest for n-channel
(nMOSFET) devices; as will be discussed in Sect. 9.5.

After a high-temperature PMA of 1,000 °C for 10 s in N,, a subsequent 450 °C
30 min FGA reduces both the total charge states reflected in a Vgg shift, and the
interface states reflected in the lower C ‘hump’, as shown in Fig. 9.7a. However,
typically FGA temperatures above 450 °C are required to significantly lower total
interface state density (N;,) levels, as shown in Fig. 9.7b [45]. Because aggressive
gate stack annealing typically results in some interface SiO, growth, D;, charac-
teristics with increasing anneal temperature should approach that of SiO,/Si [48].
So although high temperature processing can clearly result in low interface trap
levels, obtaining low trap densities while maintaining sub-nm EOT remains a key
process challenge, as excess O is hard to eliminate.

High temperature processing also significantly improves reliability under gate
voltage stress (negative (or positive) bias temperature instability, NBTI (PBTI))
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stresses. Figure 9.8a, b shows the room temperature flat-band voltage (Vgg) shift
of sub-nm EOT TaN/LaSiO,/n-Si MOS devices as a function of stack RTA
temperature, comparing —2 V and +2 V gate bias [49]. It is clear from Fig. 9.8a
that lower T processing results in increasing amounts of Vgg shift, consistent with
the increased defect densities as shown in Figs. 9.6, and 9.7. Also, the Vgg shifts
are clearly recoverable as shown in Fig. 9.8b, although some net +Vgg shift occurs
revealing faster e- trapping (PBTI) than detrapping (NBTI). This reveals that PBTI
stress is a more urgent problem than NBTI especially for electron-channel devices,
due to large amounts of pre-existing electron traps [50].

Table 9.2 summarizes La,03 and LaSiOy dielectric properties, comparing MIM
to MIS devices, and various processing temperatures. While TaN MIM capacitors
are useful to demonstrate potential dielectric constants, MIS devices typically will
contain more Si than expected (due to additional O and subsequent silicate reac-
tion), and thus lower k values for LaSiO,. This reveals the difficult processing
balance in which low temperature processing promotes aggressive EOT scaling
(0.5-0.7 nm) while moderately high temperature processing is required to mini-
mize D levels. Aggressively pursuing means to eliminate excess O in the gate
electrode is critical for the gate first processes.

9.4.1.2 Gate Stack Materials Characterization

To better understand the obtained electrical properties, it is of importance to study
the materials properties of these gate stacks. Critical for aggressive EOT scaling of
typical gate-first processing of gate stacks are: (1) amorphous phase stability of the
dielectric to source/drain activation anneal temperatures; (2) no cation diffusion
into the Si channel; and (3) minimizing the low-k SiO, growth at the dielectric-Si
interface. These have been investigated for LaSiO, gate stacks using cross-sec-
tional TEM, back side secondary ion mass spectrometry (SIMS), and medium-
energy ion-scattering (MEIS).
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Table 9.2 Lanthanum-based dielectric film property summary

Film Process temp Thickness EOT k Peak D;, Leakage
°C) (nm) (nm) (cm2eV™)  Veg+1V
(A/cmz)
La,03 400 5.6 23 MIM capacitor
La,SiOs 400 5.6 20 MIM capacitor
La,SiOs 400 45 1.1 16 1x10™
LaSiO, 400 1.8 0.63 11 1 x 10" 1x 107!
LaSiO, 1,000 ~25 1.0 ~10 4 x 10" 3% 1072
LaSiO, 1,000, 600 FGA  ~2.8 1.2 ~9 1 x 10" 1 x 1072

Fig. 9.9 Cross-sectional
TEM of TaN/LaSiO,/Si stack
after RTA at 1,000 °C for

10 s in N,

As shown in Fig. 9.9, cross-sectional TEM clearly shows that the LaSiO,
dielectric remains amorphous after a 1,000 °C 10 s RTA in N, [51]. This is a key
to keeping smoother interfaces and low gate leakage. There is no indication of
phase separation with lanthanum silicate as there is with Hf or Zr silicates [18],
another key advantage of lanthanide silicates in general. Using back-side SIMS
analysis, it is clear that La does not diffuse into the Si [51], and thus the stack
shows good thermal stability. Although the stack is chemically stable, an EOT
increase is typical with annealing, as Fig. 9.6 shows. MEIS analysis of LaSiO,/Si
without metal capping shows clearly that there is dielectric thickening after a
1,000 °C 10 s RTA, as Fig. 9.10 reveals [49]. As these were uncapped, presum-
ably O from the anneal chamber diffuses to the Si interface, silica forms, which
subsequently reacts to form silicate. Thus annealing ultimately lowers the La
content, thus lowering the dielectric constant as well. Annealing at high temper-
ature also creates a dielectric which is stable against hydroxide formation.
Figure 9.11 shows the Ols XPS spectra of uncapped LaSiOy before and after
1,000 °C 10 s RTA, from stacks corresponding to the MEIS data of Fig. 9.10. Fits
to the spectra clearly show that with ~ 1 day of air exposure, the 400 °C formed
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Fig. 9.10 MEIS spectra of
LaSiO,/Si comparing silicate
without and with a 1,000 °C
RTA (wider peaks, thicker
LaSiO, with high-T anneal)
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silicate reacts to form some hydroxide (20 % of O as hydroxide), while after the
1,000 °C RTA only about 3 % of O is bonded as hydroxide. Thus a dense silicate
is very stable against hydroxide formation [10].

If excess O is properly eliminated from the gate electrode, there appear to be no
fundamental reasons why these materials cannot be implemented into scaled
MOSFETs, although the obtained Vgg (effective work function <4 eV) indicates
that nMOSFET devices will be more practical, while pMOSFET devices will
require stack modifications.

9.4.2 Aluminates and Scandates

The addition of a second +3 valence cation to a simple binary lanthanide oxide has
important implications. Typically this will: (1) result in higher-temperature sta-
bility for an amorphous film compared to the binary oxide; (2) render the lan-
thanide more stable against hydroxide formation; and (3) result in crystalline
structures more suitable to epitaxial growth on Si (001). Lanthanide aluminates
(e.g. LaAlO3) and scandates (e.g. LaScO;, GdScOs3) have perovskite-like ortho-
rhombic structures when crystallized. These materials have received attention
especially as epitaxial oxide candidates (to be discussed in Sect. 9.6), since they
have cubic lattices allowing some matching with Si, and the crystalline structures
lead to large k values (of about 24-27 as reported by Heeg et al. [52], while
LaScO; may have a k as high as 33 even for amorphous films [53]) and large
conduction band offsets (of ~2.0 eV [54]) with respect to Si. In comparison to
silicates described previously, the dielectric constants of these ternaries without Si
will be greater, while the amorphous phase stability limit is typically lower.
Considering LaAlO3, amorphous films have been observed to have a k of only
16 [31], lower than the crystalline value of 24. However, upon PMA at above



358 D. J. Lichtenwalner

~_
&0
~—
—_
N

Si-0-Si Si-O-La (b) Si-0-Si Si-O-La

—_
o

o
o

0.6

0.4

Intensity (relative)

0.2]

0.0 . -
538 536 534 532 530 528 526 538 536 534 532 530 528 526

Binding Energy (eV) Binding Energy (eV)
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900 °C simulating a source/drain activation anneal, films crystallize and partially
decompose, allowing both Al and La to diffuse into the Si substrate [55]. Amor-
phous mixtures of La,03;—Al,O3 have an increased tendency to separate, rather
than crystallize into the perovskite phase, especially in the presence of SiO,, in
which case Al,O; separation occurs, and lanthanide silicate forms [56]. The
amorphous phase stability can be increased to at least 1,000 °C by depositing a
LaAION film [57], in which case the phase stability rivals that of LaSiO,, and the k
should be higher. Cation diffusion into Si appears to correspond with the crys-
tallization event, such that no La or Al diffusion into Si is observed for amorphous
LaAION. This is reasonable, in that this amorphous-crystalline structural change to
the equilibrium phase acts as an indicator of increased diffusivity. Thus amorphous
LaAlON maintains promise as an alternative dielectric, while amorphous LaAlO3
would appear restricted to gate-last processing routes.

9.4.3 Hafnates and Zirconates

Key improvements in the properties of dielectrics such as HfO, can be achieved by
alloying with lanthanides, such as increasing the amorphous phase stability [58],
and lowering of defect levels [59]. Due to the maturity of the use of HfO,
dielectric, Ln-modified Hf-based dielectrics have been implemented in scaled
MOSFET devices, thus better characterized than other lanthanide binary or ternary
compounds.

When alloying lanthanides with Hf or Zr oxides, the resulting compound retains
a high dielectric constant, in contrast to the silicates. The +3 valence Ln cation
addition to the +4 Hf or Zr results in a mixed cation coordination alloy, which
helps to frustrate crystallization. If formed, the crystalline phase is a very stable
pyrochlore-type phase, such as the La,Hf,0; composition. In addition, the Ln
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Fig. 9.12 MOSFET properties comparing effects of La addition, on a PBTI reliability, and b
electron mobility (from Kirsch et al. [64], and Kang et al. [65])

present plays the important role of converting (at least some of) the SiO, interface
layer to a higher-k Ln-silicate, to further lower EOT beyond that possible with
HfO, alone [60].

Another key improvement obtained by alloying HfO, with lanthanides
(expected to apply to zirconia as well) is the attainment of nMOSFET band-edge
effective work function [4, 61-63]. Effects of Ln addition on Vr, a critical issue
with regard to MOSFET device properties, will be discussed in Sect. 9.5.

It has been observed that HfSiON-based MOSFETs (EOT ~0.9 nm) with a
lanthanide addition improves the PBTI device reliability [63—65]. Using a La,0;
capping layer results in a ~3 x reliability improvement under PBTI stress
compared to a control HfSiO, dielectric without lanthanide, shown in Fig. 9.12a,
and listed in Table 9.3. Additionally, there is little mobility degradation upon
adding La, indicated in Fig. 9.12b and Table 9.3. The PBTI reliability enhance-
ment may be linked with the ability of the Ln addition to enhance the amorphous
phase stability, thus limiting defects associated with crystalline dielectrics [17].
Maximizing device mobility is another complex issue relating to the entire gate
stack including the metal gate electrode, but it is clear that the Ln addition can
result in very little mobility degradation.

Table 9.3 nMOSFET properties with and without La addition to HfSiO, (Kirsch et al. [64].)

LaHfSiON HfSiON

EOT 0.9 nm 0.9 nm

Vr 033V 0.66 V
Mobility (1IMV/cm) 200 cm?/(V-s) 210 cm?/(V-s)

PBTI (Vr + 1.3 V) (125 °C, 1,000 s) 12 mV 31 mV
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9.4.4 Multi-Component Dielectrics Summary

In comparison to binary lanthanides or other binary oxides such as HfO,,
dielectrics with at least one additional cation (ternaries) offer several potential
advantages for use as a gate dielectric. These include: (1) a higher-temperature
amorphous phase-stability; (2) a potential for limiting IL SiO, formation; (3) an
ability to control device Vr; and (4) a means of reducing Vr shift during PBTI
stress. A comparison of capacitor data of various ternary dielectrics from various
groups is shown in Fig. 9.13 (while LaHfSiON represents MOSFET data). These
ternary dielectrics all result in much lower-leakage gate stacks in comparison with
Si0,, while maintaining the additional benefits described above. As the search for
higher k is expected to move towards epitaxial oxide growth, multi-component
systems allow the ability to tune the lattice parameter for enhancing epitaxial
lattice match.

The particular choice of which dielectric is the best as a gate dielectric has to
consider the many aspects of device properties such as EOT, Vr, mobility, ease of
processing, etc.; and the choice may differ for n versus p MOSFET, or for gate-first
versus gate-last processing.

9.5 Threshold Voltage Control

Although V1 control will be covered in a separate chapter, key issues related to Vr
control using Ln elements in the dielectric layer is mentioned briefly here. (Sects.
2.3 and 2.8.1—covers the theoretical basis for flat-band and threshold voltages and
the complications in the case of the high-k gate stacks. The threshold voltage
anomaly and the role of the interface dipoles in it have been analyzed in Chap. 6.
Work function considerations and threshold voltage tuning by interface dipoles
and oxygen vacancies has been outlined in Chap. 5.) Initial attempts to control V¢
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were based primarily on finding appropriate electrode alloy work functions. More
recently it has been understood that any region of the gate stack may be influential
in controlling device Vr, especially the regions near the Si interface. It is worth
noting, although not covered here, that Ln elements alloyed in the metal gate can
influence the device work function [66], but here we focus on Ln (or similar)
elements within the dielectric layer.

9.5.1 nMOSFET V Control Strategies

Early work with capacitors showed that lanthanide dielectrics resulted in very low
effective work function devices (originally perceived to be problematic, as it was
expected to degrade channel mobility), while for Hf-based dielectrics mid-gap
work functions were prevalent. This was taken advantage of in a simple way by
Alshareef et al. [4]. by applying a thin lanthana cap layer to a Hf-based dielectric
to obtain nMOSFET band-edge Vr devices. It was shown that with a 0.5 or 1.0 nm
La;O5 cap, a Vr reduction of more than 0.4 eV was obtained, with very little
mobility loss (achieving 92 % of the SiO, universal mobility). Split C—V mea-
surements of nMOSFETs are shown in Fig. 9.14a, revealing the V1 lowering by a
La,0O5 capping of the HfSiO dielectric. Backside SIMS analysis (Fig. 9.14b)
reveals that after a spike anneal processing, the final device has the La reaching the
bottom of the HfO, layer, although initially deposited as a cap layer [4].

The V1 lowering has been correlated to the presence of Ln cations at the SiO,
top interface (as is corroborated by depositing lanthana directly on SiO, [49]), and
is adequately described by an interface dipole model [67] which considers elec-
tronegativity and ionic radii of the various cation components in the dielectrics,
and their influence at the SiO,/high-x interface. It has been shown that V1 low-
ering occurs with various Ln elements as well as other group II or III cations
mixed with HfO, [62, 67].
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Fig. 9.14 MOSFET split CV (left) showing the V1 lowering with La,O3 capping. After spike
anneal processing, the La reaches the bottom of the HfO, layer, shown by backside SIMS (right).
From Alshareef et al. [4]
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Other critical aspects of the V- control are expected to relate to the silicate-like
bonding at the interface, which determines bond density and directionality at the
interface, and thus contributes to determining the net dipole moment beyond the
issues of ionic radius and electronegativity. Without considering effects of local
interface chemistry, a simple addition of a series of interfaces would not be
expected to result in the significant net dipole effect as is seen in practice. Kita and
Toriumi [68] present a model describing how the O density difference in the
dielectrics at the SiO, interface may be the root origin of the interface dipole.
Although there remains debate concerning specifics, there is wide consensus [62,
67, 69] that the V-t control relates to effects predominantly at the bottom high-k
interface with SiO,, and is not simply a top-electrode work function change.

9.5.2 pMOSFET Vy Control Strategies

As any high-temperature treatment typically results in the Ln element diffusing to
the SiO, IL, typical gate first processing will produce nMOSFET Vr values. To
obtain pMOSFET V1 with a Ln element present, the Ln would need to remain at
the top interface, necessitating gate-last processing and additional dielectric lay-
ering schemes [70]. However, the use of elements such as Al [68] would be more
suitable, and Ln elements are typically not pursued for pMOSFET applications.

9.6 Epitaxial Lanthanide High-x Gate Dielectrics

As device scaling continues to push EOT to the values required for the 22 nm
device node and beyond, dielectric constants in the range of 25 and higher will be
required. This drives research efforts into epitaxial dielectrics compatible with the
semiconductor channel material, as epitaxial dielectrics should have virtually no
low-k interface layer, and crystalline oxides have higher k than their amorphous
counterparts. This is another area where lanthanide-based dielectrics appear to
again be advantageous, based on lattice structure and chemical compatibility.
Issues related to epitaxial growth of lanthanide oxides on semiconductors is
covered in detail in Chap. 11, in particular that of Gd,O3 on Si.

9.7 Lanthanide Dielectrics on High-Mobility
Semiconductors

Scaling beyond the limits of Si devices has many researchers looking into the use
of high-mobility semiconductors for the device channel, in device structures which
allow higher drive current to be realized. Candidates of present interest include Ge,
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GaAs and related III-V materials such as InGaAs. Whether the high mobility
channel is formed from an epitaxial layer on Si, or an alternative semiconductor
bulk substrate, the dielectric must be chemically compatible with the channel.
Lanthanides are expected to be suitable dielectrics on GaAs based on the work of
Passlack [5], and should result in acceptably high band-offsets [71] to minimize
the gate leakage.

In order to realize higher device currents, the key challenge for MOSFETSs on
alternative semiconductors has been to achieve a low defect-level interface with
the gate dielectric. On GaAs, extensive research has been performed on the use of
Gd,O;3 dielectric by Passlack [5]. They have shown the ability to obtain a low
leakage dielectric and reduce interface states to acceptable levels, through an
optimized process to obtain GaGdO, (k ~ 20) on a ~ 1 nm Ga,0j interface layer.
Eliminating As oxides while precisely controlling Ga interface oxides appear to be
key factors for obtaining good MOS behavior. Additionally, many groups are
investigating the use of sulphur-passivation treatments [72, 73] or deposited
interface layers [74] in attempts to lower D;, on III-V semiconductors.

As HfO, directly on GaAs appears to result in unacceptably high interface state
densities [74], there is an impetus to look at various interface treatments, and other
dielectrics, such as LaSiOy [75, 76]. Shown in Fig. 9.15a-b is an XPS comparison
of 3 nm LaSiOy films on p-type GaAs (001) subjected to three different surface
treatments (native oxide, HCI dip, or HCI dip and S-passivation) [75]. It can be
seen that, under the restriction of a 400 °C process temperature limit, interface As-
oxides are reduced after dielectric deposition, and the presence of Ga-oxide
depends on the GaAs surface treatment. The S-treated interface, composed of
minimal Ga-O (and/or Ga-S) bonding with no As-0O, is conducive to low interface
state densities [5, 72, 77]. MOS capacitor C-V characteristics as show in Fig. 9.16
indicate that the S-treatment results in the thinnest dielectric, with small hysteresis
and lowest Vgg [75]. It has also been shown that LaSiO, on GaAs results in good
values of band gap (6.5 eV) and conduction band offset of 2.7 eV [76], and thus
lanthanide dielectrics appear to show promise for practical application to III-V

S-treated
LaSiOx/GaAs

S-treated
LaSiOx/GaAs R o D i |
HCl-treated ] LR

As Ko
P S
LaSiOx/GaAs [
as-received >

As,05 As,0; bare GaAs bare GaAs
_— as-received as-received  92°0

47 45 43 41 39 37 24 22 20 18 16
Binding Energy (eV) Binding Energy (eV)

(a) E mSiOXIGaAs (b) Ga-As
As-Ga

Intensity (a.u.)
Intensity (a.u

Fig. 9.15 XPS spectra of bare GaAs, and LaSiO, on GaAs comparing three surface treatments. a
As 3d, and b Ga 3d spectra shown
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semiconductors. These effects of surface treatments and processing on the inter-
face oxides is similar to that observed during ALD deposition of HfO, on GaAs,
termed ‘self-cleaning’ [78].

However, as is the case for all dielectrics on III-V semiconductors, much more
work needs to be done to eliminate or control defect levels near band edges, as
well as deep levels, which result in channels with low carrier concentration, and
low mobility. This can be done to a large extent by utilizing semiconductors such
as In,Ga;_4As, but the interface with the dielectric must be optimized simulta-
neously, while maintaining a high dielectric constant stack. Passivation of Ge,
GaAs, and InGaAs surfaces has been covered in detail in Chap. 12.

9.8 Processing, Scaling, and Integration Issues

While lanthanide-based oxides are thermodynamically very stable oxides, as
mentioned the binary oxides have tendencies towards hydroxide and carbonate
formation. Consideration of the oxide integrity must be taken into account when
considering wet process methods. However, ternary lanthanides or silicates do not
suffer from these limitations; and gate stacks typically have some interface mixing
which renders the hydroxide formation issue moot if the dielectric is extremely
thin.

Relatively successful small gate length MOSFET processing of lanthanide-
containing dielectrics has been demonstrated by both SEMATECH [4] and IMEC
[79]. Wet etching of Ln-based oxides in weak HCI solutions gives good selectivity
w/r to HfO, etching [79]. However, Ln-based oxide caps on HfO, for nMOSFET
Vr tuning must be etched off in regions requiring pMOSFET V. When etched, it
is observed that some Ln element remains in HfO, due to Ln intermixing [80].
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Thus the ability to attain the pMOS WF will be affected. To get around this, some
HfO, etch and re-deposition may be required, thus complicating the processing.
Although processing must be optimized, there appears to be no inherent limitation
to the use of Ln-based dielectrics or electrode materials. Indications are that, to
obtain the lowest possible EOT gate stacks, and low effective work function for
nMOSFETs, Ln materials will indeed be required in the gate stack for future
technology nodes.

9.9 Summary of Lanthanide Materials and Properties

Lanthanide materials will continue to gain interest as device features shrink,
requiring higher-k dielectrics with thinner interface layers, and possibly alternative
channel materials. To date lanthanides have proven key components in dielectrics
providing for: (1) sub-nm EOT gate stacks due to high dielectric constant and SiO,
interface reduction, while maintaining good MOSFET mobility; (2) nMOSFET V1
control and PBTI reduction of Hf-based dielectrics; and (3) obtaining low leakage,
low Dyt dielectrics on GaAs. Application areas which remain open for further
study for lanthanide dielectrics include epitaxial oxide integration on Si or SiGe,
and oxides on alternative high-mobility (III-V based) substrates for high speed
applications, as well as use as a gate dielectric or passivation layer for high power
FETs (for example, on SiC or GaN).
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