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The hexagonal phase of La,O5 is obtained upon vacuum annealing of hydroxilated La,O5 films
grown with atomic layer deposition at 200 °C using La(‘PrCp); and Oj. A dielectric constant value
of 24*+2 and 22 * 1 is obtained on Si-based and Ge-based metal-oxide-semiconductor capacitors,
respectively. However, the relatively good La, 05 dielectric properties are associated with significant
interface reactivity on both semiconductor substrates. This leads to the identification of a minimum
critical thickness that limits the scaling down of the equivalent oxide thickness of the stack. These
findings are explained by the spontaneous formation of lanthanum silicate and germanate species
which takes place during the growth and also upon annealing. Although the ultimate film thickness
scalability remains an unsolved concern, the use of an O;-based process is demonstrated to be a
suitable solution to fabricate La,O; films that can be successfully converted into the high-k
hexagonal phase. © 2010 American Institute of Physics. [doi:10.1063/1.3499258]

I. INTRODUCTION

The transition of the complementary metal-oxide-
semiconductor (CMOS) industry to the nanoelectronic era is
strongly connected with the challenge to implement into
sub-45 nm CMOS technology nodes novel dielectrics with a
high permittivity (k) (i.e., high-k dielectrics) as alternative
gate insulators in order to comply with future static power
dissipation constraints."” Indeed, major integrated circuit
manufacturers have already introduced for transistor produc-
tion Hf-based oxides in combination with metal gate elec-
trodes into their 45 nm Si CMOS process line.® Over the last
few years, rare earth oxides have received extensive attention
as potential gate insulators for sub-45 nm CMOS technology
nodes for which an equivalent oxide thickness (EOT) below
1 nm has been envisaged.‘l’5 In particular, La,O5 has been
identified as a promising candidate to achieve the above EOT
target mainly due to its high k value (k~27).%" which is
achieved when the material is entirely crystallized into the
hexagonal (h-) P63/mmc phase, and wide band gap
(~5.3 eV).® However, hygroscopicity’ associated to the so-
called “lanthanide contraction” phenomenon4 impedes the
acquisition of a stable h-La,05 phase as this quickly relaxes
upon air exposure to a h-La(OH), phase7’10 with a concomi-
tant k value degradation.” To circumvent the above issue, in
situ La,O5 capping with a thin Al,O5 layer has been ex-
ploited in order to avoid moisture absorption but, regretfully,
the h-La,O; phase is found to be only partially promoted
regardless of how the growth temperature (i.e., 260—500 °C
range) and postdeposition annealing temperature (i.e.,
6001100 °C range) are chosen.'? Differently, an ultraviolet
O; treatment on a bare La,0; surface considerably sup-
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presses the moisture absorption thus preserving the s-La,05
phase for a longer time; however, such an approach might
not be fully compatible with the standard CMOS device pro-
cess cycle.13 Other issues like the choice of the growth tech-
nique, or the development of the /-grains as a function of the
film thickness, can further complicate the h-La,O; phase
generation. Equally important is also the fact that the “lan-
thanide contraction” phenomenon4 impairs the La,O; ther-
mal stability on Si because it gives rise, during growth and
postdeposition annealing, to Si diffusion into the La,0j3
lattice,'* therefore causing an increase in the stack EOT due
to the uncontrolled formation of lanthanum silicate La,Si O,
(LaSiO) interfacial layer (IL) (Ref. 15) that might be associ-
ated to an excessive defect-assisted gate leakage current.'® In
general, the formation of a pure /#-La,05; phase accompanied
by a minimized IL thickness still remains a serious challenge
for La,03/Si stacks with a few nanometers thick oxide as
this tends to crystallize into the low k cubic (c-) La,O5 phase
upon postgrowth thermal treatment.>"’ Concomitantly, it is
widely recognized that integration of rare earth-based high-k
dielectrics with a high carrier mobility Ge channel can pave
the way for realizing sub-22 nm CMOS transistors with in-
creased performance provided that efficient Ge surface pas-
sivation is achieved.'®" In this context, a comparative
studyzo between La,05/Ge and La,05/Si interfaces address-
ing IL thickness evolution after postdeposition annealing has
revealed that the latter phenomenon is notably smaller for the
Ge case than for the Si case, thus, indicating that the former
interface might better serve future EOT scalability require-
ments than the latter one. Along these lines, a detailed inves-
tigation is mandatory in order to gain insight as to why low
k values (k~14-22) compared to the expected value (k
~27) corresponding to the pure /-La,05 phase6’7 have been
reportedzof23 so far for the La,0;/Ge stacks. Recently, lan-

© 2010 American Institute of Physics
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thanum germanate La,Ge,O, (LaGeO), which is almost un-
avoidably formed due to a strong and spontaneous reaction
when La,O; comes in contact with the Ge surface,” has
emerged as an attractive choice for high-k/Ge interfaces be-
cause of its beneficial role in defects passivation%*26 and
band offset enhancement.”’ Indeed, an intense effort within
the Ge-based CMOS community is currently underway to
optimize the properties of the ZrO,/La,O; stacks because
preliminary work?’ ! has demonstrated encouraging electri-
cal characteristics including a large potential for stack EOT
scalability below 1 nm.
La,O; films have been grown on Si substrates by various
techniques, namely, molecular beam deposition,3 233
- 11,34 . . 35,36
sputtering, metal organic chemical vapor deposition,
and electron beam evaporation.37’38 Conversely, the spread
regarding the methods for La,05 deposition on Ge substrates
is narrower since the majority of published work is predomi-
nantly concerned with La,O; growth by electron beam
evaporationzo’ﬂ and molecular beam deposition.24’27_29’3'
Nonetheless, it is widely acknowledged that atomic layer
deposition (ALD) is the key tool to deposit innovative mate-
rials for fabricating a range of emerging nanostructures and
nanodevices because it provides the capability to grow
smooth and conformal films at relatively low temperatures
and on large areas with an extremely accurate thickness
control.” ALD growth of La,05/Si stacks has been routinely
performed employing various precursor schemes, for ex-
ample, La(thd);+0;,'° La(Cp);+H,0 or 05, La(EtCp),
+05,"  La[N(SiMe;),];+H,0,""* and La(‘PrfAMD),
+H,0 or 05." La('PrCp); is an interesting ALD precursor
due to its relatively high vapor pressure (i.e., good volatility)
stemming from the bulky alkyl group addition to the Cp
ring.** In fact, La('PrCp); has been previously utilized in
combination with H,O for the ALD growth of La,05/Si
stacks.” Recently, ALD growth by using La(‘PrfAMD);
+ 0O, has also been reported30 for La,05/Ge stacks. However,
additional ALD precursor recipes should be tested in order to
facilitate a broad appreciation of the ALD growth impact
upon the La,O5 properties and La,Os/substrate interface sta-
bility. At present, there is an increasing interest to explore Os
instead of H,O as the oxygen source for high-k dielectric
deposition on both Si [e.g., A1203,46 foZrl_sz,47 Y-doped
HfO,,* La,05,'""> and La Zr,_,0,_5 (Ref. 49)] and Ge
substrates [e.g., HfO, and ZrO, (Ref. 50) and La-doped ZrO,
(Ref. 51)]. The difference in efficiency between the above
two oxidant species in terms of reactivity, and hence oxide
growth rate and quality, is accompanied by markedly diverse
ALD reaction mechanisms and surface chemistries on both
Si (Refs. 46 and 52) and Ge (Ref. 50) surfaces. It has been
also demonstrated that O; might represent a valid alternative
to H,O yielding for the oxide (e.g., Al,03) even better elec-
trical properties and reliability.53 It has been inferred that
O3-based ALD of La,0;, as opposed to H,O-based one, al-
lows to retain the self-limiting nature of the ALD reaction
mechanism mitigating the formation of La(OH), species dur-
ing the film growth. Moreover, it can also promote an en-
hanced resistance to gate leakage current associated with a
high k& value."”* It is worth underlying that Ge surface ther-
mal oxidation performed in O; ambient at 400 °C yields a
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nearly stoichiometric GeO,/Ge interface with a comparable
midgap interface trap density (D;) (i.e., below 5.0
X 10" eV-'em™) to state-of-the-art high-k dielectric/Si
interfaces.”* Consequently, an Os-based ALD recipe might
be helpful in lowering the La,05/Ge interface defect density
to an acceptable level.

We have previously demonstrated that adopting
La(Cp);+0; instead of La(Cp);+H,O combination for the
ALD of La,05/Si stacks notably improves interface proper-
ties through generation of a lower IL thickness and D;; with
an expected smaller critical sample thickness for the stabili-
zation of the h-La,0, phase.15 In this article, we present a
comparative analysis associated with the ALD of thin La,03
films on both Si and Ge substrates exploiting La(‘PrCp),
+ 05 as the ALD precursor combination. Particular emphasis
is devoted to the impact of the above ALD growth strategy
upon the h-La,O; phase achievement, IL formation and
chemistry, La,03/Si(Ge) interface stability, and selective
electrical properties following postdeposition rapid thermal
annealing (RTA). Data are also discussed and compared with
those reported in the literature in order to evaluate the suit-
ability of the proposed ALD recipe for fabricating advanced
capacitors with #-La,05 as the gate dielectric.

Il. EXPERIMENTAL DETAILS
A. ALD of La,0; films

Films were grown in a Savannah 200 ALD reactor
(Cambridge Nanotech Inc.) on 4” H-terminated n-type
Si(100) and native oxide free n-type Ge(100) wafers. The
H-terminated Si(100) was obtained after Radio Corporation
of America cleaning (HCl:H,0,:H,0=1:1:5, 10 min at
85 °C) and a 30 s dip in a diluted HF solution (HF:H,O
=1:50, at room temperature), both followed by a 30 s rinse
in deionized water. Removal of native GeO, was achieved
with a 30 s dip in a diluted HF solution (HF:H,0=1:25), at
room temperature, followed by a 30 s rinse in deionized
water. La,O5 films were deposited at a growth temperature of
200 °C alternating pulses of La('PrCp); and Os; the layers
thickness was tuned varying the number of ALD cycles.
ALD cycle structure was composed of 15 s La('PrCp),
pulse/8 s purge with N,/0.015 s O3 pulse/6 s purge with N,.
La source (supplied by SAFC Hitech) was kept at 150 °C;
O; was obtained starting from ultra pure O, and was injected
into the reactor at a concentration of ~200 g/N m>. One
film (i.e., sample S7_H,0) was deposited using, for the sec-
ond half of the ALD cycle, 0.015 s H,O pulse/8 s purge with
N,. Film thickness was estimated by spectroscopic ellipsom-
etry (SE) using an M2000-F (J.A. Woollam Co., Inc.). A
linear relationship between the film thickness and the num-
ber of ALD cycle was achieved; steady-state growth rate of
La,05 films was ~1.0+0.1 A/cycle. In Table I, the list and
the total thickness of the as-grown and annealed samples
discussed in the paper are reported.

B. Characterization and MOS preparation

The structural, compositional, electrical properties of the
as-grown and annealed La,O; films were characterized by
means of: (i) grazing incidence X-ray diffraction (GIXRD),
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TABLE 1. Total thickness (measured by SE) and postdeposition annealing
details of the as-grown and annealed samples discussed in this work.

Thickness RTA Thickness

as-grown in vacuum after RTA
Sample Stack (nm) (°C) (nm)
S1 n-Si/La,04 41.0 600 36.0
S2 n-Si/La,04 34.9 600 30.0
S3 n-Si/La,04 30.3 600 24.7
S4 n-Si/La,04 22.1 600 19.7
S5 n-Si/La,03 10.5 600 10.4
S6 n-Si/La,04 4.6 600 54
S7_H,0 n-Si/La,04 ~38 E e
Gl n-Ge/La,03 20.4 400 14.6
G2 n-Ge/La,05 14.8 400 9.1
G3 n-Ge/La,03 10.0 400 6.8
G4 n-Ge/La,03 5.6 400 3.8

(ii) X-ray reflectivity (XRR), (iii) high resolution transmis-
sion electron microscopy (HRTEM), (iv) time of flight sec-
ondary ion mass spectroscopy (ToF SIMS), (v) capacitance-
voltage (C-v), and conductance-voltage (GV)
measurements. The postdeposition RTA was performed at
600 °C in vacuum (~1 mbar) for 60 s using a Jet First
(Jipelec). GIXRD and XRR were performed as described
elsewhere.” HRTEM was performed with the [110] direction
of the Si and Ge substrates parallel to the electron beam,
details are presented in Ref. 15. ToF SIMS depth profiles
were acquired in negative polarity on an ION-TOF IV instru-
ment using Cs* ions at 1 keV for sputtering and Ga* ions at
25 keV for analysis. C-V and GV measurements were per-
formed exclusively on annealed stacks at room temperature
with the aid of MOS capacitors patterned with Al gates (dot
area ~0.85X 107> cm?) fabricated by thermal evaporation
through a shadow mask. To avoid moisture absorption, MOS
devices were mounted inside a cryomanipulator system op-
erated in vacuum immediately after the metallization pro-
cess. Capacitance equivalent oxide thickness (CET) was de-
termined from the device accumulation capacitance at 100
kHz.

lll. LA,O; FILMS ON SI(100)
A. Structural and chemical properties

GIXRD analysis is performed on both as-grown and an-
nealed La,0; films in order to address the evolution of the
crystallographic structure. Figure 1 illustrates GIXRD analy-
sis performed on sample S4 (22.1 nm, as-grown) and reveals
that as-grown films deposited on Si(100) are mainly amor-
phous. The powder patterns of hexagonal La(OH); (Ref. 56)
and hexagonal La,0; (Ref. 57) are added for comparison. A
large bump centered at the position of the main peaks be-
longing to the hexagonal La(OH); phase is identified in the
as-deposited state. This finding confirms that, although the
measurement was performed immediately after the film
deposition, as expected La,O3 films grown by ALD are
chemically unstable in air and prone to moisture absorption.
Given the proved fast conversion to La(OH); upon air expo-
sure, we have decided not to investigate the electrical prop-
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FIG. 1. (Color online) GIXRD spectra acquired for as-grown and annealed
in vacuum (400, 600, and 800 °C) ~20 nm thick films (sample S4) depos-
ited on Si(100). Hexagonal La(OH); and hexagonal La,0O; patterns are
added for comparison.

erties of as-grown films. We had previously reported, for
samples deposited using a different ALD precursors combi-
nation, that a postdeposition RTA performed in vacuum
(~1 mbar) promotes the crystallization of the as-grown
films into the h-La,0; phase.*""" In light of this observation,
we have decided to systematically investigate the effect of
this specific thermal treatment and the related evolution of
the crystallographic structure of the La,O; samples grown
using an Oj-based ALD process. The GIXRD spectra of the
films annealed at 400, 600, and 800 °C (i.e., sample S4) are
shown in Fig. 1. It is worth noticing that RTA performed at
400 °C already modifies the crystallographic order of the
film although, in this case, a full crystallization is not accom-
plished. Indeed, because of the fairly low thermal budget, the
removal of OH groups from the hydroxide layer may not be
sufficient to allow a complete structural conversion. In con-
trast with what was observed in films grown using the
La(Cp);+H,0 ALD recipe, in the 300-500 °C annealing
temperature range we do not observe the formation of the
c-La,05 phase.7 On the other hand, this study confirms our
previous ﬁnding6 that annealing at 600 °C promotes an al-
most complete conversion of the amorphous and partially
hydroxylated layer into crystalline h-La,O5. The lattice pa-
rameters extracted from Rietveld refinement are a
=3.92+0.01 A and ¢=6.19+0.01 A, in fairly good agree-
ment with those reported for hexagonal La,0O5 (a=3.94 A
and ¢=6.13 A).”” Further increase in the annealing tempera-
ture up to 800 °C does not seem to significantly affect the
crystallization of the layer. It should be noted that also the
crystallized h-La,O5 films obtained with the Oz-based ALD
recipe completely relaxes to La(OH); when exposed to air.
Similar GIXRD analysis (data not shown) on La,O5 films
thinner than 20 nm (e.g., samples S5 and S6) reveals that it is
not possible to achieve crystallinity into the h-La,O5 phase
across most of the sample thickness extent. This finding,
which can be correlated with RTA-induced Si diffusion from
the substrate into the overlayer, will be addressed in a forth-
coming part of this section.

The electron density (p) profiles extracted from the
simulation of the XRR data acquired on sample S4 are
shown in Fig. 2. The p values reported for h-La,05 and for
the crystallized hydroxides are also reported for comparison;
the profiles are superimposed at the Si(100) interface. After
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FIG. 2. (Color online) Electron density profiles extracted from the simula-
tion of XRR data for as-grown (dotted line) and annealed in vacuum at
600 °C (continuous line) ~20 nm thick films deposited on Si(100) (sample
S4).

annealing at 600 °C, the p of the layer increases together
with a corresponding thickness reduction. Therefore, the
densification of the layer due to both OH desorption and
crystallization processes is confirmed. Upon annealing, main
modifications are found to occur also at the interface with
Si(100), with the formation of a wider interfacial region that
is characterized by a crescent-shaped p profile.

Additional structural information at the La,O3/Si inter-
face is provided, with nanometric-scale resolution, by HR-
TEM analysis. Figure 3 displays a HRTEM image for a
~20 nm thick La,0; film (i.e., sample S4) before (a) and
after (b) RTA at 600 °C. An amorphous transition region
between the Si substrate and the film, corresponding to an IL
formed during the ALD growth, is approximately indicated
by the white dotted lines. The thickness of the IL increases
with annealing from about ~1.5 nm up to a value of
~5 nm. These results are in agreement with the XRR find-
ings of an interfacial region that becomes wider upon ther-
mal treatment. It is worth noticing that the thickness of such
an IL, either before or after RTA, is confirmed to be mini-
mized in extension if compared with those observed in
La,0; films grown on H-terminated Si(100) using H,O as
oxygen source.'” However, after the amorphous IL it is pos-
sible to identify a region containing nanometer-sized crystals
already in the as-grown film; much more large crystals are
present in the annealed film. The latter finding manifests, in
accordance with the GIXRD data shown in Fig. 1, that RTA
process at 600 °C induces an almost complete crystallization
of the film.

In order to address the evolution of the chemical com-
position at the La,O3/Si interface and within the La,0;

~as-grown

FIG. 3. HRTEM cross sections of ~20 nm thick (a) as-grown and (b)
annealed La,05/Si stacks (sample S4). Dotted white lines are a guide for the
eyes to visualize the borderline between the amorphous and the crystalline
parts of the film.
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FIG. 4. (Color online) ToF SIMS depth profiles acquired on ~10 nm thick
films deposited on Si(100) (sample S5); as-grown (a) and annealed in
vacuum at 400 (b), 600 (c), and 800 °C (d).

films, ToF SIMS depth profiles were acquired on ~10 nm
thick La,05 film (i.e., sample S5) in the as-grown state and
after annealing. In Fig. 4, the ToF SIMS profiles of as-grown
sample (A) are compared with those acquired after RTA per-
formed in vacuum at 400 (B), 600 (C) and 800 °C (D). In
good agreement with the HRTEM findings, the presence of
an IL in the as-grown sample is revealed by monitoring the
SiO; peak, as displayed in Fig. 4(a), thus suggesting the
presence of a SiO,-like component which coexists with the
La-based profile (i.e., LaO,) in the region at the film/
substrate interface. In addition, in the as-grown film, the
Si0; and *Si signals detected at the surface reveal a mod-
erate Si diffusion occurring through the La,O5 film during
the ALD growth. Finally, the depth profile of the OH signal
in Fig. 4(a) confirms the results of the GIXRD data analysis
further attesting the marked hygroscopicity of the as-grown
La,O; films. The analysis of the ToF SIMS depth profiles
after the 400 °C thermal treatment [Fig. 4(b)] reveals that
the chemical composition of the film has not been signifi-
cantly affected by such a relatively low temperature anneal-
ing process. Indeed, the IL seems stable in terms of thickness
and composition and the Si distribution throughout the layer
does not appear modified. Interestingly, despite the annealing
process is performed in vacuum, the OH profile is slightly
altered, in good agreement with the GIXRD results. No sig-
nificant modifications in the structure of the layer are re-
vealed, thus confirming that a full La(OH); conversion can-
not be accomplished at an annealing temperature of 400 °C.
In Fig. 4(c), the depth profiles of the sample annealed at
600 °C are reported. A clear reduction in the intensity of the
OH signal is observed, in accordance with the structural
analysis, hence supporting the hypothesis of the La(OH);
conversion into h-La,O5 upon annealing at 600 °C. The 305
signal indicates that Si atoms diffusion, from the substrate
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FIG. 5. (Color online) (a) C-V curves for Si-based MOS capacitors including ~20 nm of La,0O; annealed at 600 °C in vacuum (sample S4). (b) CET plot
vs La,05 physical thickness (c) Comparison between D;, values obtained on La,05/Si stacks prepared with different ALD recipes.

through the film, occurred during the thermal treatment. Ac-
cording to all the above results, the stack order atop the Si
substrate after RTA at 600 °C can be roughly approximated
by a trilayer structure composed by an amorphous IL (most
likely LaSiO species), a crystalline layer characterized by a
decreasing Si content and a very thin La(OH); surface layer.
The presence of such a thin La(OH); capping layer might be
explained either by a not complete removal of the hydroxide
component during the thermal treatment or by a rehydroxy-
lation occurred during exposure to air before the ToF SIMS
measurements. When the annealing temperature is increased
up to 800 °C [Fig. 4(d)], the thin La(OH); layer vanishes
and no further reduction in the OH signal intensity is de-
tected. Moreover, the *°Si signal in Fig. 4(d) assumes a flat
profile along the whole stack thickness indicating that, with a
high temperature thermal treatment, Si diffusion from the
substrate throughout the entire stack thickness is promoted.
However, this finding does not imply that the whole layer
should be considered fully converted into LaSiO species. In-
deed, the layer is most likely composed by a mixture of
hexagonal La,03 and LaSiO phases or could present Si at-
oms at the grain borders of the crystalline hexagonal La,0s.
It is important to note that from GIXRD measurements we
do not detect the formation of crystalline LaSiO phases.

B. Electrical properties

Figure 5(a) illustrates multifrequency C-V curves ob-
tained for the sample S4 annealed in vacuum at 600 °C.
Accumulation capacitance exhibits minor frequency disper-
sion within the 10-1000 kHz range. From the slope of a
linear fit to a CET versus La,O5 thickness plot shown in Fig.
5(b), the k value for the annealed La,O5 films is calculated to
be 24 = 2. According to the structural analysis, La,0O5 thick-
ness is calculated by using the stack thickness corrected with
a 5 nm thick IL; such an IL was considered independent on
the total film thickness. The presence of the ultrathin
La(OH); capping layer, as detected by ToF SIMS analysis,
was neglected. Annealed samples taken under consideration
in the CET plot of Fig. 5(b) are S1, S2, S3, and S4. In
agreement with our GIXRD data, the extracted k value con-
clusively confirms that RTA at 600 °C in vacuum induces
film crystallization into the h-La,O5 phase. It is noted that
the lowest boundary associated with the k value derived here
for the h-phase falls outside the typical range cited in the
literature,®” thus, suggesting a possible coexistence of the
crystalline part with an amorphous silica-based phase which

is affecting the dielectric response of the whole stack. The fit
in Fig. 5(b) intercepts with the y-axis at a point correspond-
ing to an IL with a CET of about 2.5+ 0.5 nm which, in
turn, yields, assuming the k value for the IL to be ~11 (Ref.
15) an IL physical thickness of around 6—8 nm. This finding
is in line with both HRTEM and ToF SIMS results, acquired
on the sample annealed at 600 °C, where a significant Si
diffusion, associated with the formation of LaSiO species,
has been evidenced through about half (~5 nm) of the ap-
proximately 10 nm thick stack. An actual high k, which
gradually points to the expected value of 27, could be prob-
ably obtained via increasing the total thickness of the elec-
trical samples. The electrical analysis has been limited to the
samples in which the structure, after annealing, can be
mainly considered /#-La,O5 and in which the interfacial re-
gion constitutes only a reasonably small part of the whole
stack. On the contrary, in very thin films (<10 nm; e.g.,
samples S5 and S6) the k value would probably point to a
value typical for LaSiO (~11) rather than to the one associ-
ated to the h-phase. However, it is worth considering that the
electrical analysis performed on the samples grown using the
0O5-based ALD recipe discussed in this work reveals the pos-
sibility to obtain h-La,O5 for a reduced stack thickness than
the ones we have previously rep01rted.6’7’]5 This finding is
associated to the obtainment of a less extended LaSiO region
at the interface by means of the use of O3 and probably also
of a lower growth temperature. The restrainment of the in-
terfacial LaSiO region permits the crystallization of a more
extended part of the film into #-La,O5 and consequently the
scaling down of the total EOT. Figure 5(c) displays the av-
erage D;, as derived from loss peak of the GV curve at 100
kHz (Hill-Coleman method’®), for three La,05-based stacks
which are of similar thickness (~30 nm) prepared on
Si(100) using different combinations of ALD precursors,
namely, (i) La(Cp);+H,0,° (ii) La(Cp);+0;," and (iii)
La('PrCp);+0; (this work). Although the ALD precursor
scheme tested in this study is very effective in stabilizing the
h-La,0O5 phase at a smaller sample thickness compared to the
cases in Ref. 15, it generates, as manifested through the C-V
stretch out and frequency-dependent hump in Fig. 5(a), a
sizable D;; which must be further reduced in order to fulfill
advanced gate stack technology requirements.

As far as the Dj; is concerned, in this work we confirm
the trend proposed in Ref. 15 that O5 turns out to be a better
oxygen precursor choice than H,O. Nevertheless, because of
the different growth temperatures employed in the various
ALD processes, it is not possible to make a direct compari-
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FIG. 6. (Color online) GIXRD spectra acquired for as-grown and annealed
in vacuum (400 and 600 °C) ~20 nm thick films (sample G1) deposited on
Ge(100). Hexagonal La(OH); and hexagonal La,05 patterns are added for
comparison.

son between the two lowest D;; values obtained using the two
0O5-based ALD recipes. We should also bear in mind that an
increase in growth temperature plays a key role in determin-
ing the oxide/semiconductor interface electrical quality and
therefore the Dj,.

IV. LA,0; FILMS ON GE(100)
A. Structural and chemical properties

We analyze by means of GIXRD the crystallographic
ordering of La,O; as-grown and annealed films, deposited
using the Os-based ALD recipe on native oxide free Ge(100).
The measurements were performed immediately after the
growth or the annealing treatment in order to minimize the
effect of air exposure. The powder patterns of hexagonal
La(OH); (Ref. 56) and La,0O5 (Ref. 57) are added for com-
parison with the spectra acquired for the sample G1. No clear
evidence of crystallographic ordering is found in the as-
grown film (Fig. 6), the latter result is attributed to the ab-
sence of long range order due to the mixture of La-based
hydroxides. Differently, a single broad peak in the two theta
~29° region is visible after RTA at 400 °C. The two theta
position of this peak corresponds to the increase in the long
range order. Annealing at 600 °C promotes a more pro-
nounced crystallization of the La,O5 in its h-phase. The lat-
tice parameters extracted from the Rietveld refinement of the
GIXRD data are a=3.96*=0.01 A and ¢=6.26=0.01 A,
slightly higher than those obtained for the films deposited
using the same ALD recipe on Si(100) and annealed at the
same temperature.

The p profiles, extracted by simulating the XRR curves
of as-grown and 400 °C annealed samples (Fig. 7), support
the fact that the as-grown layers are mainly composed by La
hydroxides formed by the incorporation of OH groups upon
air exposure. Profiles are superimposed at the Ge(100) inter-
face. Upon RTA performed at 400 °C in vacuum, the density
of the La-based layer is found to increase up to a value which
approaches the one reported for s-La,O5. For the as-grown
state (Fig. 7, dotted line), XRR reveals a decrease in the p
close to the interface with Ge(100) that might be related to
the formation of a less dense interfacial region. Differently,
the value of the p extracted after annealing (Fig. 7, continu-
ous line) appears uniform along the whole film thickness.
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FIG. 7. (Color online) Electron density profiles extracted from the simula-
tion of XRR data for as-grown (dotted line) and annealed in vacuum at
400 °C (continuous line) ~20 nm thick film deposited on Ge(100) (sample
G1).

This finding might be tentatively explained with the hypoth-
esis that the p of the LaGeO species, that is likely forming at
the La,05/Ge interface upon annealing, is similar to the p of
the h-La,O3 polymorph. Indeed, the p values reported for
crystallized  lanthanum  germanates vary in  the
1.38—1.45 e~/A® range. Therefore, differently than for the
films deposited on H-terminated Si(100), from the p profiles
it is not possible to clearly define the extension of the inter-
facial region.

Additional structural information with nanometric-scale
resolution is provided for both as-grown and annealed La,05
films by HRTEM analysis. Figure 8 shows HRTEM images
of La,05 film (i.e., sample G3) deposited on Ge(100). In the
as-grown film [Fig. 8(a)] there is no evidence of a “struc-
tural” amorphous IL, despite an Os-based ALD process
might be expected to promote an oxidation of the Ge(100)
cleaned surface during the deposition.59 Moreover, after RTA
from the HRTEM cross section shown in Fig. 8(b) it is not
possible to identify an amorphous structural IL atop the
Ge(100). Nanocrystals can be identified within the film in
both cases. However, the presence of the nanocrystals is
more evident after annealing, in agreement with an increase
in the crystalline order suggested by GIXRD analysis. The
HRTEM findings hence support the conclusions of the struc-
tural characterization; there is no evidence of the formation
of an IL during O3-based growth and the film/substrate inter-
face looks sharp even after RTA.

In order to assess the chemical composition within the
film and at the interface with Ge(100), ToF SIMS depth pro-
files were acquired on sample G2 in the as-grown state and

FIG. 8. HRTEM cross sections of ~10 nm thick (a) as-grown and (b)
annealed at 400 °C in vacuum La,05/Ge stacks (sample G3).
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FIG. 9. (Color online) ToF SIMS depth profiles acquired on ~15 nm thick
(sample G2) as-grown (a) and annealed at 400 °C (b) films deposited on

Ge(100).

after annealing at 400 °C. In Fig. 9(a), the intense GeO,
signal at the La,03/Ge interface indicates the presence of a
Ge-rich interfacial region already in the as-grown sample.
Given the aforementioned XRR and HRTEM results, such a
GeO, signal can be attributed to the presence of a dense
lanthanum germanate region of undefined thickness exten-
sion. Therefore, ToF SIMS indicates the presence of a so-
called “chemical” IL as already observed for La-doped ZrO,
films deposited on Ge(lOO).51 No intense Ge related signals
are detected at the surface of the La,O5 film, suggesting a
limited Ge diffusion during ALD growth. As expected, in the
as-grown state the shape of the OH profile unveils the pres-
ence of a relevant hydroxide component in the film. After
annealing at 400 °C [Fig. 9(b)], the OH profile is only
slightly modified. As already demonstrated for the La,O5/Si
stack, such low thermal budget is not sufficient to promote
the complete removal of the La(OH); component. The Ge
and GeO, signals appear more extended into the layer indi-
cating that Ge diffusion has occurred during RTA. The
graded Ge profile detected inside the La,O5 layer results in a
not uniform Ge distribution along the thickness of the film.
Therefore, atop a chemical IL composed mainly by LaGeO,
the h-La,053 nanocrystals coexist with a graded Ge profile
through the film; Ge atoms could be located at the grain
borders. We believe that the use of a higher postdeposition
annealing temperature or of a longer annealing time, would
probably promote a further diffusion of Ge through the

whole film thickness.
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B. Electrical properties

C-V characteristics acquired for sample G1 are shown in
Fig. 10(a). The hysteresis corresponds to trapped positive
charges, probably related to the incomplete OH desorption or
to the not optimal saturation of the defects at or close to the
interface with Ge. From the CET versus La,Oj5 thickness plot
[Fig. 10(b)], a k value of 22+ 1 is calculated for the set of
annealed films (i.e., samples G1, G2, and G3). This value is
in line with the highest boundary reported in literature for the
range of k values associated to h-La,O; on Ge(100). Al-
though slightly smaller, the k value appears to be in fairly
good agreement with the one calculated for the same films
deposited on Si(100). The difference could be associated to a
more efficient conversion of the hydroxide layer into
h-La,05 phase occurring in the La,0O3/Si stacks annealed at
600 °C. Moreover, in these Ge-based stacks the identifica-
tion of a clear IL is extremely complex. The k value was
extracted reasonably assuming a 2 nm thick IL and thus cal-
culating the resulting La,05 thickness. The extraction of the
dielectric constant is not affected by this assumption. On the
contrary, the discussion of the CET intercepts
(~2.4%=0.5 nm assuming the IL thickness at 2 nm) with the
y-axis must be addressed with particular care because of the
uncertainties on the thickness and k of the IL that are likely
to be modified upon RTA. We are prone to believe, also
referring to the literature reports about La,05/Ge stacks, that
also in our system a lanthanum germanate compound (k
~5-6) should be present at the interface. Therefore, the
actual thickness of the “chemical” IL could be larger than 2
nm. Nevertheless, in order to address this specific issue a
more detailed chemical investigation of the interface compo-
sition is needed® as extensively discussed in Ref. 51. The D;
should be extracted at high frequency, and thus at more posi-
tive voltages, in order to be in the depletion regime. How-
ever, values extracted at lower frequency could yield to an
overestimation of the D; since in the weak inversion regime
also the minority carriers contribute to the conductance
mechanisms. For this reason, D;; values were evaluated with
the Hill-Coleman method™® at 500 kHz. The Dy, is found to
be ~3.5%10'? eV~! cm™2, independently of the film thick-
ness. D;; values obtained for the annealed samples considered
in this work are compared, in Fig. 10(c), to data reported in
literature for annealed La,03/Ge stacks. It is worth noticing
that, with the present work, we confirm the trend that the use
of Oz (Ref. 54) associated to the presence of La at the
interface®>! turns out to be helpful in keeping the D;, value

5
- 15fO) & =
osft? b) 1075 E i
~ 5 § _ _ ;
5 al . T 2 s T8 g
30,4. ——10KkHz | £ - 10"k ° : T3 2 g
I ——100kHz | =3} > Sz 85 8
——1mHz | B [k=22%1 < o 53 .
CET, =24+05nm o g Q
0.0 ! A A 2 . . 10" *
3.0 -5 00 1.5 0 5 10 15

V (Volt)

La,0, thickness (nm)

FIG. 10. (Color online) (a) C-V curves for Ge-based MOS capacitors including ~15 nm of La,05 annealed at 400 °C in vacuum (sample G1). (b) CET plot
vs La,03 physical thickness. (¢) Comparison between D;; values obtained on La,03/Ge stacks prepared with different growth techniques.
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relatively low due to the formation of LaGeO sp<3c:ies.26’28
Because of the different growth temperatures and postdepo-
sition annealing treatments employed in the different papers,
it is not possible to make a direct comparison between the D
values. However, it is worth considering that Song et al*'?
reported that, with vacuum annealing, it is possible to obtain
a larger stack capacitance although associated with higher D;,
values. This observation is in line with our discussion about
the efficiency of the vacuum annealing treatment in promot-
ing, with a better efficiency, the formation of the /-La,05
phase. The lowest D; value presented in Fig. 10(c) was in-
deed associated in Ref. 24 to the use of high deposition tem-
perature (360 °C) combined to the use of a postdeposition
annealing in H, ambient. This might explain the fact that
films discussed in this work, grown by ALD at 200 °C,
present a comparatively higher D;, value as also revealed in
the case of samples grown on Si(100).

V. DISCUSSION: SI- AND GE-BASED STACKS

The formation of 4-La,05 phase upon RTA in vacuum of
La,0O5 films grown by ALD has been investigated in two
different oxide/semiconductor stacks. From our study and
from the comparison with literature results, it turns out that
the stabilization of such a high permittivity phase actually
depends on three main factors which are discussed and sum-
marized in the following Secs. V A-V C.

A. ALD precursors

The structure of the as-grown La,O5 films is determined
not only by the growth temperature, as expected, but also by
the choice of the ALD precursors (i.e., La and O source).
Indeed, in general as-grown La,O; films may consist of a
mixture in which an amorphous hydroxide part, formed dur-
ing the H,O-based ALD process and/or upon exposure to air,
coexists with a small amount of crystalline La(OH); and/or
c-La,03. The presence of the latter phase, which is charac-
terized by a lower k value ~17 and therefore undesired,
depends on the ALD recipe employed and was reported ei-
ther for H,O- (Refs. 7 and 41) or for O-based growths.'
Therefore, how the different crystalline structures are gener-
ated should be discussed also referring to the key role played
by the La source in determining either the reactivity of the
ALD process or the C and H impurities content in the film.%!
The presence of La(OH); and/or c-La,O5 in the as-grown
film affects and conditions the development of the hexagonal
La,05 polymorph during the postdeposition annealing. The
use of La('PrCp);, at a growth temperature of 200 °C and in
combination with O, leads to the obtainment of almost fully
amorphous layers. As-grown films convert into La(OH),
upon air exposure while there is no evidence of the presence
of the c-La,O; phase. Subjected to RTA in vacuum these
films can be transformed into 4-La,05 as it has been demon-
strated by GIXRD analysis and by the electrical character-
ization.

On the other hand, for the deposition of an extremely
hygroscopic compound, the selection of the oxygen source
appears to be even more critical. Figure 11(a) displays the
ToF SIMS depth profiles acquired for the sample S7_H,O
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FIG. 11. (Color online) ToF SIMS chemical depth profiles acquired on (a)
~38 nm thick as-grown film deposited using the H,O-based ALD recipe
(sample S7_H,0) and (b) ~10 nm thick as-grown film deposited using
O;-based ALD recipe (sample S5).

(as-grown, ~38 nm), deposited using the H,O-based ALD
recipe while in Fig. 11(b) the signals related to the sample S5
(as-grown, ~10 nm) deposited using O; are plotted. OH and
LaO, profiles are markedly different in the two cases. The
film grown using H,O as oxygen source presents a relatively
low LaO, signal accompanied by a very intense OH emis-
sion. Moreover the sample is characterized by an almost uni-
form OH distribution along the whole film thickness thus
suggesting a complete hydroxylation occurred directly dur-
ing ALD and related to the continue exposure to a H,O rich
ambient. Differently, the film deposited using O5 presents a
high LaO, signal and low OH secondary ion emission. The
different intensity of the LaO, signal in the two samples is
undoubtedly related to a variation in the film composition.
O; provides a clear improvement in reducing the undesired
incorporation of OH that may occur during the growth thus
disturbing the pure ALD behavior and promoting chemical
vapor deposition side-reactions.*’ Finally, the selection of the
oxygen source strongly affects diffusion mechanism at the
oxide/semiconductor interface during the film growth. Dif-
ferent *°Si and SiOj signals are detected in the two cases
providing indication of a Si out-diffusion and segregation at
the oxide surface in the film grown using O5 as oxygen pre-
cursor. Considering that the films were grown at the same
temperature, we can explain this experimental evidence as a
consequence of the obtainment of two clearly distinct films
from the chemical viewpoint.

B. Postdeposition thermal treatment

The results presented in this work confirm that the post-
deposition thermal treatment must be properly selected while
addressing the final properties of the annealed oxide. Indeed,
the use of vacuum annealing technology (~1 mbar) plays a
crucial role in reducing the OH content and removing the
undesired hydroxide component from the La,O; layers.ﬁ’8
However, due to a fairly insufficient removal of the OH
groups, only a limited increase in the long range order can be
promoted in films annealed at 400 °oC.T0 Actually, the crys-
tallization into the A-polymorph is accomplished when the
thermal treatment is performed in vacuum and concurrently
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the annealing temperature is 600 °C, thus considerably re-
moving the hydroxide and hence promoting the phase trans-
formation. It is noted that a relevant chemical reaction at the
La,05/substrate interface is induced by such a postdeposition
annealing. Nevertheless, in order to preserve the high k value
obtained upon vacuum annealing, an ultimate compatible de-
vice process flow should be implemented and refined in or-
der to completely solve the serious hygroscopicity issue re-
lated to the use of h-La,O; films in an actual industrial
process.

C. Si and Ge diffusion: Formation of LaSiO and
LaGeO species

As far as the stabilization of h-La,0Oj5 is concerned, the
nature and the extension of the interface between the film
and the substrate play a crucial role. Indeed, both on Si(100)
and on Ge(100) a significant reactivity between the La, Si,
and Ge species has been revealed and the formation of a
structural and/or a chemical IL has been demonstrated. In
this respect, we have systematically investigated the struc-
tural and chemical evolution of the La,O5/substrate as-grown
and annealed interfaces in order to unravel their repercus-
sions on the h-La,0j stabilization. On H-terminated Si(100)
the use of a powerful oxidizing agent such as O3 promotes,
during the ALD growth, the formation of an amorphous
SiO,-like IL. In addition to that, Si atoms are detected by
ToF SIMS also few nanometers beyond the IL, within the
as-grown La,0O; layer. This means that, before the RTA a
portion of the stack presents a silica/silicate-like composi-
tion. Upon annealing Si diffusion is further promoted
through the film giving rise to the formation of a more ex-
tended interfacial region. To explain the formation of this
complex interface structure we can refer to the fact that silica
readily reacts with La,05 forming LaSiO species.15 Regard-
less of the employed growth technique, LaSiO formation was
indeed already reported either in as-deposited or in annealed
La-based stacks.”*® Since the formation of such a LaSiO
region can be mainly attributed to thermodynamical factors,
it can be considered independent of the total film thickness.
On the contrary, the total film thickness plays a fundamental
role in establishing the electrical properties of the annealed
layers. In light of the observations made by XRD and ToF
SIMS on films of different thickness, we can infer that the
amount of La(OH); that can be actually crystallized in the
h-La,05 phase directly depends on the amount of Si which is
present in the layer. Indeed, in thin films (<10 nm) where
the Si diffusion process involves almost the full stack thick-
ness, it is not possible to achieve a complete crystallization
into the h-phase thereby promoting LaSiO formation only. A
different situation is revealed in La,O3;/Ge stacks. HRTEM
cross section does not reveal any amorphous IL; however,
ToF SIMS profiles acquired on the as-grown sample suggest
the presence of a chemical interfacial region in which La, Ge
and O elements coexist. During ALD, the formation of La—
O-Ge bondings occurs, as it has already been demonstrated
in several works where La-based oxides were put directly in
contact with Ge(100).262%31 Similarly to what it has been
inferred for LaSiO, the formation of LaGeO is a spontaneous
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reaction and does not depend on the total film thickness. The
Ge atoms diffusion from the substrate is likewise promoted
by the thermal treatment performed at 400 °C and conse-
quently the chemical IL extension is increased. Given the
aforementioned considerations, the issue of formation of the
h-La,05 crystalline phase can be more accurately discussed.
We must bear in mind that LaSiO and LaGeO species cannot
be reconverted into La,O; by a thermal treatment but that
remain stable after annealing. Therefore, only the portion of
the as-grown La,0j5 film which does not present a significant
amount of Si or Ge atoms inside can be crystallized into the
h-phase. Indeed, the presence of the latter elements inside the
film does not allow the conversion into #-La,0s.

In summary, the formation of a fairly extended LaSiO
and LaGeO region at the oxide/semiconductor interface and
the concomitant Si and Ge diffusion are critical in determin-
ing the possibility of generating a pure full 4-La,05 layer. In
thin films, LaSiO(LaGeO) formation and Si(Ge) diffusion
involve a considerable part of the oxide stack. Therefore,
only a very limited portion of the layer can actually be con-
verted into h-La,05. The reactivity at the interface and the
atoms diffusion promoted by the thermal treatment prevent
the possibility of an aggressive scaling down of the EOT thus
jeopardizing the electrical performances of the whole layer.
The coexistence of a LaSiO(LaGeO) interfacial region with
the h-La,O5 phase is therefore unavoidable and has to be
carefully taken into account. This leads to the definition of a
so-called “critical thickness” being the minimum utilizable
physical thickness of the films in order to obtain the desired
dielectric response associated to the presence of h-La,03
phase. Such a “critical thickness,” for as-grown films depos-
ited using the ALD recipe discussed in this work, was found
to be of the order of 20 nm on H-terminated Si(100) and 10
nm on native oxide free Ge(100). As a consequence of this,
samples S5, S6, and G4 were not employed for the electrical
characterization. The possibility to scale down the La,03
film thickness more on Ge(100) rather than on Si(100) can
be explained considering that, because of the RTA performed
at lower temperature (i.e., 400 °C), the Ge atoms diffusion
in annealed samples is less pronounced. However, it must be
noted that the use of such an annealing temperature presents
also the drawback of a fairly incomplete OH removal.

VI. CONCLUSIONS

We have deposited with ALD, using La('PrCp); and O
species, smooth, thin, and uniform La,0O; films on both
H-terminated Si(100) and on native oxide free Ge(100) sub-
strates at the growth temperature of 200 °C. The oxide is
found amorphous in the as-deposited state. It readily reacts
with moisture upon air exposure thus forming lanthanum hy-
droxide. However, films can be successfully converted into
hexagonal #-La,05 upon RTA performed in vacuum environ-
ment. Such an Oj-based ALD process allows to obtain films
in which there is no evidence of the low-k cubic La,03
phase, neither before, nor after postdeposition annealing. The
main aims of this work were to validate the use of Oz as
suitable oxygen source to be employed in ALD of La,O5 and
to demonstrate the production of hexagonal 4#-La,05 on two
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different semiconductor substrates. For films grown on
Si(100), after RTA performed at 600 °C in vacuum, a dielec-
tric constant k of 24 =2 is obtained. Despite the amorphous
SiO,-like IL and the thermally promoted Si diffusion, which
give rise to the formation of a LaSiO interfacial region, the
employment of the O5-based ALD process results in the pos-
sibility to obtain h-La,O5 in a 19.7 nm thick annealed film.
This finding is here associated with the formation of a rea-
sonably limited SiO,- and LaSiO-like interfacial region. The
films grown with the same ALD recipe on native oxide free
Ge(100) present, after RTA in vacuum at 400 °C, a k value
of 22+ 1. It is evidenced the presence of a LaGeO region at
the interface between the semiconductor and the oxide. Al-
though such interface reactivity limits the generation of hex-
agonal h-La,0s5; a fairly high & value is demonstrated for a
6.8 nm thick annealed film. Moreover, the use of O; accom-
panied by the formation of LaGeO at the interface provides
the possibility to obtain acceptably low D;; values.

In conclusion, an Osz-based ALD recipe has been dis-
cussed as a viable way to obtain hexagonal La,0O5 films both
on Si and on Ge. We have addressed the stabilization of the
high-k hexagonal phase focusing the attention on the impact
of the oxide/semiconductor interface characteristics on the
overall electrical performances of the stack. These studies
lead to the identification of a “critical thickness” that, al-
though reduced, still limits an aggressive scaling down of the
EOT both on Si and on Ge. However, the employment of the
hexagonal La,O5 obtained using this ALD recipe might re-
sult in a promising solution for different stacks. The deposi-
tion of the high-k phase on alternative substrates might allow
a further reduction in the total film thickness and conse-
quently of the final EOT.
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