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Rare earth oxides are promising candidates for future integration into nano-electronics. A key prop-
erty of these oxides is their ability to form silicates in order to replace the interfacial layer in
Si-based complementary metal-oxide field effect transistors. In this work a detailed study of lan-
thanum lutetium oxide based gate stacks is presented. Special attention is given to the silicate for-
mation at temperatures typical for CMOS processing. The experimental analysis is based on hard
x-ray photoemission spectroscopy complemented by standard laboratory experiments as Rutherford
backscattering spectrometry and high-resolution transmission electron microscopy. Homogenously
distributed La silicate and Lu silicate at the Si interface are proven to form already during gate oxide
deposition. During the thermal treatment Si atoms diffuse through the oxide layer towards the TiN
metal gate. This mechanism is identified to be promoted via Lu—O bonds, whereby the diffusion of La
was found to be less important. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4801324]

. INTRODUCTION

Lanthanum lutetium oxide (LaLuQj3) has been shown to
be a promising higher k dielectric.! Its high relative permit-
tivity in the amorphous state of ~32 in conjunction with low
gate leakage current densities demonstrated in long channel
MOSFETSs may recommend its integration into future CMOS
technology nodes.! For the sub-20 nm nodes an equivalent ox-
ide thickness (EOT) below 0.7 nm is required. The tendency
of rare earth oxides to form silicates could allow a high-k ox-
ide in direct contact with Si neglecting the need of a low-k
SiO, interlayer.? The successful integration of 3 nm LaLuO3
in a MOSFET with a so-called “gate-first process,” which
requires high temperature annealing®* for source/drain acti-
vation, resulted in a rather large EOT = 1.9 nm. However,
integration of 6 nm LalLuO3; employing a low thermal bud-
get process of 400°C> and 650°C%?®) led to EOT = 16 and
EOT = 1.4 nm extracted at flatband voltage Vg, — 1V, re-
spectively. Theoretically, an EOT of 1.0 nm and 1.4 nm is
estimated from the reported permittivity. These results clearly
indicate that during thermal processing an interface reaction
happens at the high-k oxide/silicon channel interface. More-
over, cross-section transmission electron microscopy studies
indicated slight diffusion of Ti into LaL.uO; for 650 °C/10 min
or 1000 °C spike anneal.*” Therefore, the optimization of the
LaLuOj; integration requires a detailed knowledge of the ther-
mal stability and the silicate formation within the gate stack.
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The interfaces of interest in these studies are buried by
a few tens of nanometers with high-k oxide and metal gate.
In consequence, the interface chemistry of Si/SiO,_/LaLuO3
and LalLuOs/TiN before and after thermal processing is inac-
cessible to non-destructive laboratory XPS methods due to
the reduced photoelectron escape depth and the low x-ray
flux. Several methods were experimentally employed to in-
vestigate such buried interfaces.””!! Hard x-ray photoemis-
sion spectroscopy (HAXPES), which combines the concepts
of laboratory photoemission spectroscopy with high ener-
getic and high brilliance of synchrotron radiation, has been
proven adequate and efficient in probing the chemical state of
buried interfaces.!? '3 Furthermore, HAXPES extends the en-
ergy range and a measurement of orbitals with higher binding
energy, e.g., Si 1s becomes possible. The measurement of Si
1s is important in combination with La since La 4d and Si 2p
can overlap to a certain extend. Additionally, the Si 1s spec-
tra are free of spin-orbit coupling in contrast to the coupling
found in Si 2p.

In this contribution a detailed investigation of thermal
treatments of TiNy/LaLuOj5 gate stacks is presented with the
respect to the device processing requirements. The stoichiom-
etry and the chemical state of the interface elements are ana-
lyzed by HAXPES. A change of interface stoichiometry has
then been correlated to electrical measurements obtained from
similar processed MOS capacitors.

© 2013 AIP Publishing LLC
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Il. EXPERIMENTAL

The analyzed gate stack consists of 10 nm LalLuO;
dielectric layers deposited by molecular beam deposition
(MBD) at 450°C'* and 16 nm TiN, metal layers deposited
by physical vapor deposition (PVD). Prior to deposition, the
Si (100) substrates were RCA cleaned!® which forms a thin
silicon chemical oxide (~1 nm). The metal layer stoichiom-
etry was determined by Rutherford backscattering spectrom-
etry in channeling direction (RBS/C) to reduce the Si back-
ground signal.'® RBS was performed with 1.4 MeV He* at
an incident angle of 0° and a scattering angle of —170°. The
stoichiometry was Ti:N & 1:0.95 for uncapped layers.

To study the interface reactions in the gate stack, the sam-
ples were annealed in a rapid thermal processing (RTP) sys-
tem under N, ambient in the temperature range 400—1000 °C
(post-deposition anneal (PDA)). For electrical characteriza-
tion MOS capacitors were fabricated. The MOS capacitor
samples were taken from the same wafer and annealed at
1000°C for 5 or 60 s. Using a 200 nm Al hard mask the
TiN is removed by reactive ion etching stopping on the high-k
layer. Forming gas annealing (FGA) in 90% N,/10% H, at a
temperature of 450 °C for 10 min was carried out after MOS
capacitor fabrication.

The HAXPES experiments were performed at the Span-
ish CRG (SpLine) beamline at the European Synchrotron Ra-
diation Facility (ESRF) Grenoble. The kinetic energy of the
incoming photons was 10, 12, and 14 keV at pass energy of
100 eV. The spectra, measured by a high voltage cylindrical
sector analyzer Focus CSA 300/15,'7 were calibrated with re-
spect to the position of the N s signal in TiN (binding energy
BE = 397.0 eV'®). The incident angle (beam respect to sam-
ple surface) was 5°, the emission angle (analyzer angle respect
to sample normal) was 15°, and hence, beam respect to ana-
lyzer was 85° + 15° = 100° as in Ref. 13. The calibration of
the energy scale was confirmed by the signal position of the Si
Ls orbital from the Si substrate at 1839.2 eV.'® The Gaussian
peak width is calculated as explained in Ref. 17. The energy
width of the beam line optics corresponds to 1.5 eV, 1.8 eV,
and 2.1 eV for 10, 12, and 14 keV, respectively, and the ana-
lyzer intrinsic energy resolution is 1.5 eV. Hence, a total Gaus-
sian width of 2.1, 2.3, and 2.6 eV was employed for 10, 12,
and 14 keV, respectively. The energy resolution is hereby lim-
ited by the optics. It is independent of the kinetic energy due
to the analyzer running in a fixed pass energy mode. For peak
fitting a convolution of Lorentzian and Gaussian peak con-
tributions was used. The Gaussian width was held fixed and
the Lorentzian peak width was chosen constant where life-
time broadening was known from Ref. 19. The spectra were
normalized with respect to photon flux, the photoionization
cross sections, and detector transmission.!? After HAXPES
analysis, the unstructured stacks were analyzed by RBS and
high-resolution transmission electron microscopy (HRTEM).

Ill. RESULTS AND DISCUSSIONS
A. HAXPES results

An advantage of the HAXPES method is the excitation of
large cross section orbitals, like Si 1s, to screen the chemical
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state of a buried interface. This allows an efficient information
access.

1. Si 1s orbital analyses

The silicon Si 1s spectra of the as-deposited and annealed
sample obtained by HAXPES at 14 keV are presented in
Fig. 1. All spectra were normalized to the as-deposited sam-
ple intensity of Si*® which was present in every spectra (large
EAL) and was subsequently subtracted from the annealed
sample spectra. The plot shows the Si*” intensity of the as-
deposited sample fogether with the subtracted intensities of
the annealed samples. The 600 °C annealed sample measure-
ment was found identical to the as-deposited case. Specifi-
cally, this means that the resulting plots emphasize the change
with respect to further thermal treatment. The large inten-
sity for Si*? indicates an information depth (ID) much larger
compared to the information which comes from the thin in-
terfacial layer (RCA clean substrate, tsio, = 1 nm). The ID
is the specimen thickness from which a specified percentage
of the detected signal originates.'?> Often the ID is defined as
three times the effective attenuation length (EAL). This cor-
responds to the depth from where approximately 95% of the
signal originates.”’ The EAL is estimated from the TPP-2M
formula®! to amount to 19.5 nm at 14 keV.

The reaction between Si and LalLuO3 and the final reac-
tion products are strongly dependent on the annealing dura-
tion and temperature. For PDA between 400 °C and 600 °C
and up to 60 s no additional silicate indication could be de-
tected within the measurement resolution. The nomenclature
for the formation of silicates was chosen as in Ref. 2.

First at 800 °C for 60 s Si-rich silicate bonds could be
observed in the Si ls orbital spectra,” whereby the major
contribution can be identified as La-rich silicate (dashed line
at 1841.5 eV). Finally, a 60 s PDA at 1000 °C leads to the
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FIG. 1. HAXPES Si ls spectra of the as-deposited and different annealed
samples for photon energy of 14 keV. All spectra were normalized to the as-
deposited sample intensity of Si*? and its contribution was then subtracted
from the annealed sample spectra. No difference could be obtained between
PDA 600 °C/60 s and the as-deposited sample. At 800 °C the first interface
change into silicate is visible.
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formation of an Si-rich compound, seen at 1844 eV, most
likely Si- and O-rich compounds, e.g., La;Si,O7, and a La-
rich silicate like La;SiO5 (1839 eV < BE < 1844 eV), less
pronounced than at lower temperatures.

The integrated Si intensity of the annealed samples (spec-
trum of elemental Si and oxidation states) becomes larger
compared to the signal of the as-deposited sample. Due to the
constant ID in the sample Si is concluded to diffuse into the
above-lying high-k layer.

2. La 3ps,» orbital analyses

In Fig. 2 the HAXPES spectra of the La 3p;/, orbitals,
taken at 14 keV, before and after annealing are plotted. The
sampling depth in terms of EAL was measured in Ref. 22 to
amount to (14.7 + 1.2) nm.

Directly after deposition, several binding states are iden-
tified in the La 3p3, orbitals by peak deconvolution: La—
O at ~1126.0 eV, a La exchange satellite (La—O sat) at
~1129.0 eV and La silicate (La—O-Si) at 1132.6 eV. In ad-
dition, plasmons features are observed at +12.5 eV from the
main peaks. The chemical shift indicates the reaction with a
reactant of higher electronegativity (EN), like Si and Lu (Paul-

150

09 | La3p3/2, 14keV |

100 +

1000°C/60s

50

100 +

plasmons
+12.5 eV

Intensity (CPS)
g

1007

507

1150

Binding Energy (eV)

FIG. 2. HAXPES La 3p3/; spectra of the as-deposited and annealed sam-
ples for photon energy of 14 keV. The following contributions are identified:
La—O at 1126.3 eV, La—O-Lu at 1129.3 eV, and La—O-Si at 1132.5 eV plus
plasmon features at +12.5 eV from the main peaks. The as-deposited sample
shows ~—1.4 eV lower BE for La—O and La—O-Lu bindings.

J. Chem. Phys. 138, 154709 (2013)

ing ENg; = 1.9, ENp, = 1.27, EN, = 1.1) demonstrating the
silicate formation at the high-k/Si interface.

A further partition in several silicate contributions as
seen in Si ls cannot be assessed here due to the aforemen-
tioned Gaussian peak width. The La silicate signal is there-
fore assumed as a single contribution. Accordingly, the BE
is constraint within 3 eV(1841-1844 eV) to account for dif-
ferent amounts of bridging and non-bridging oxides,” BO
and NBO, respectively. The upper limit was chosen with the
reference value for SiO,.'® A change in BE marks then a
change in the amount of NBO to BO. Lower BE is inter-
preted as La-rich(er) silicate and higher BE as oxygen and
Si-rich(er) SiO,-like bonds. Please note also that due to the
higher Gaussian FWHM for hard x-ray optics, the peaks in
our measurement added up to one broad convolution. More-
over, the spectra for LaLuO3 are more difficult to deconvolute
than for pure lanthanide, Ln,03, because of the slight stoi-
chiometric variations within the layer with different EN for
La and Lu.

According to Teterin et al.”** and Crecelius et al.>® the
occurrence of the satellite La—O—Ln in the La orbital spec-
tra can be ascribed to many-body perturbation, i.e., shake-up
processes. Missing charge transfer over the NBO in La—O-Si
explains the absence of a satellite in the La-O-Si
bonds. The measured satellite position (AEg ~ 3eV) is
within the expectations of Teterin’s study for lower BE
orbitals.

After annealing, the peak intensities change clearly and
the peak convolution broadens. The observed contribution at
BE ~1121.3 eV, whose intensity is less than 10% of the total
La signal, indicates the occurrence of either additional shake-
down processes, as described by Teterin et al. for La 4p* or
metallic La-bonds. The significance of this peak has to be in-
vestigated by complementary measurements and is highly de-
pending on background subtraction. The peak deconvolution
revealed La—O and La—O-Lu bonds with a +0.8 eV higher
BE compared to the as-deposited samples. This energy shift
is correlated with a reduced amount of La—O bonds per atom
in favor of increasing atomic bond density to Si (La—O-Si).
Thereby the electron bonds are closer correlated to La, result-
ing in higher BE for the replacement of La—O-La by La—O-Si
bonds.

The silicate peak at 1132.8 eV for the 1000°C/5 s an-
neal is found within 0.2 eV at the same position as in the
non-annealed sample (1132.6 eV). This peak contribution in-
creased after annealing in parallel to a reduction of La—-O
bonds. After a longer anneal (1000 °C/60 s), the silicate com-
ponent is lowered in BE to 1132.0 eV, which may be ex-
plained by a larger amount of La-rich silicate in respect to
SiO,-like bonds.

3. Lu 3ds;, orbital analyses

Lu-O and Lu-O-Si are present already after deposition.
Silicate formation at the interface Si/LalLuOs is proved by this
additional peak component at higher BE. The boundary sili-
cate formation from Si orbital signals was also observed in
prior annealing studies.'* Here, the Lu 3ds, orbital (Fig. 3) of
the as-deposited samples consists of a main contribution from
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FIG. 3. HAXPES Lu 3ds, spectra of the as-deposited and annealed samples
for photon energy of 14 keV. The following bonds are identified: Lu=0O at
1589.9 eV, Lu—O-Si at 1591.8 eV. After annealing additional binding states
occur. One is attributed to orthosilicate Lu—0-SiO3 at 1593.8 eV.3! After
5 s anneal a component at 1595.3 eV is present, which we attribute to more
Lu-O-Ti bonds. Within the scan range of 1580-1600 eV no clear plasmon
features were detected.

Lu-O at 1589.9 eV (£0.5 eV) and a minor silicate contribu-
tion (11%) at 1591.9 eV.

After annealing a variety of additional peaks are de-
tected: For the 1000 °C anneal for 5 s a clear trend to form
more Lu silicates and orthosilicates is present (Fig. 3, dot-
ted lines): the component at 1591.8 and the one at 1593.8 eV
are identified as silicate and orthosilicate complexes, respec-
tively. The orthosilicates refer to a silicate containing the
group SiOy4 in which the ratio of silicon to oxygen is 1-4,
e.g., Lujo(Si04)60;3. Interestingly, these peak contributions
are positioned at rather high BE (Fig. 3). The oxygen rich
complex shifts the BE to even higher values compared to nor-
mal bridging oxygen in Si-rich Ln—O-Si. These (Si-rich) Ln-
orthosilicates complexes are claimed by other authors to form
high quality silicate interfaces between Ln oxide and silicon
layer as compared to Ln-rich silicates.?® Si-rich silicates are
believed to feature higher effective mobility in MOSFETs.
Despite, in La no orthosilicates were detected, possibly due
to the broad (Lorentzian) lifetime for the La 3p hampering
the deconvolution for hard x rays.

A minor peak contribution (6% of the integrated signal)
at 1595.3 eV is only present for the 5 s anneal. The additional

J. Chem. Phys. 138, 154709 (2013)

component is interpreted with Lu—O-Ti bonds due to the ar-
gument of different electronegativity, which vanish again for
the full silicate formation after 60 s anneal.

However, the peak position of the orthosilicates phase
can also be identified via Ln—O-Ti bonds based on their elec-
tronegativity. A separation of Si or Ti to O bonds is difficult
because of reduced energy resolution at high energy. Only for
the 1000 °C/5 s sample a minor contribution at 1586.7 eV for
intermetallic bonds (Lu-M) is indicated.

After 1000 °C anneal for 60 s the Lu—O component de-
creases compared to the as-deposited sample. Thereby, the or-
thosilicate compound at 1593.8 eV decreases in density and is
replaced by a strong silicate contribution, seen at 1591.8 eV.
The difference to the 5 s anneal is significant: The Lu-O con-
tribution is screened already at 10 keV (not shown here) and
increases only slightly with ID. Despite this little contribution
left from the oxide, a large amount of Lu compound is trans-
formed into a silicate. The ID in the material stack remains
the same for fixed photon energy (see Fig. 3). Therefore, this
transformation is equivalent with an up-diffusion of Si into the
Ln-oxide. For Lu 3ds;; no significant plasmon features was
found within 40 eV scan range.

In former studies the amorphous structure in LaLuO3; was
shown to be maintained during high temperature anneals.?’
The silicate formation is an important second parameter to
control in gate stack engineering. However, based on the
higher relative permittivity of the silicates compared to SiO»,
it has been shown that the control of the silicate formation can
lead to low EOT and high capacitances.?2¢2%2°

4. HAXPES qualitative depth analyses

A non-destructive but qualitative depth profile analyses
can be obtained by varying the incoming x-ray energy and
applying the orbital deconvolution approach (Fig. 4). The in-
tegrated peak areas are compared on a relative scale. The en-
ergy shift observed for La silicate was summarized as a single
silicate formation to increase readability). Remarkably, the

as-deposited 1000°C/5 s 1000°C/60 s
50 T T T T T T T T T
.‘%b<: 11
a0 ) P 11
401 o 1 & La0 T
3 ' ‘YL?'Q A L
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] \ \ ~o4 b
= \ S
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FIG. 4. HAXPES depth profile vs. photon energy using the integrated peak
areas obtained by deconvolution of the orbitals. For the as-deposited sample
La silicate is found through the layer and Lu silicate only at the interface.
The amount of La silicate increases during annealing. More pronounced is
the up-diffusion and reaction of silicon to form Lu silicate. Based on this
quantitative analysis the diffusion of Si seems to be mainly promoted by the
generation of Lu—O-Si bonds and less by La bonds.
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as-deposited sample contains already La silicate while Lu sil-
icate is only present at the interface to Si (i.e., detected only
at 14 keV photons energy). For the 5 s annealed sample, the
La silicate amount increases but remains homogeneously dis-
tributed. More important, Lu silicate contribution increases
rapidly from the substrate into the gate oxide layer on the cost
of a reduced amount of Lu—O bonds.

Comparing the 5 and 60 s annealing the orthosilicates
seen for Lu decreased again (cf. also Fig. 3). A maximum of
only 13% Lu-O bonds density remains after longer temper-
ature treatment. Both Lu and La silicate compounds density
increases along with a reduction of La—O bonds. However, at
the upper interface (LaLuO3/TiN) a higher La oxide signal
compared to La silicate is obtained: the La silicate accumu-
lates in the gate oxide layer in contrast to Lu silicate which
accumulates at the top and bottom interfaces.

To conclude, the reduction of Lu oxide to Lu silicate is
the driving force behind the up-diffusion of silicon. This effect
is less pronounced for La and, for long annealing, the relative
amount of La oxide increases again at the top and the bottom
interfaces.

5. Metal gate analyses and Ti diffusion study

The reactions taking place in the top TiN layer have been
investigated by HAXPES via the orbitals N 1s (not shown
here) and Ti 1s. The normalized total intensities are shown
in Fig. 5 for photon energy of 14 keV. The total intensity of
Ti 1s after annealing equals, within the measurement errors,
the intensity before annealing. For the samples undertaking
a 1000 °C for 5 s annealing an ex situ 2 nm Si-capping was
deposited prior annealing to prevent additional TiOx forma-
tion on the surface. However, this ex situ treatment does not
prevent the prior oxidation of TiN. Further experiments but
with in situ deposited Si-capping of TiN need to be taken
into account. The comparison of the spectra in Fig. 5 shows
that no further oxidation during annealing takes place, for the
present stoichiometry of TiN. A percentage ratio of 64-32 for
TiN to TiOx compounds was extracted for the uncapped, as-
deposited sample. Since this large amount of TiOy is already
present prior annealing, no reduction of LaL.uO; or interfacial
Si0; (scavenging effect) is seen and is even thermodynami-
cally unfavorable for La reduction by Ti.

A minor Ti-O-Ln bond density is present at 4975.5 eV
for 14 keV. This binding state increases slightly with temper-
ature from 6% in the as-deposited case to 7% for 1000 °C
for 60 s annealing but not significant to prove a diffusion of
TiN into LaLuOj3 layer. Here the observed Ln—O-Ti peak in
Ti 1s differs in magnitude from observations in La and Lu.
Since the information depth and effective attenuation length
for Lu3d, La3p, and Ti ls differ, the bonds at the upper in-
terface may be more significant in the Ti ls peak. For the
1000 °C/5 s sample the background signal was measured up
to 5115 eV to incorporate the role of the plasmon features on
peak deconvolution. Two huge plasmon features at 4982 eV
and 4995 eV at a FWHM = 11.6 eV were detected. The in-
corporation of the additional information leads to similar peak
fits besides a minor shift of the Ti—-O-Ln peak from 4975.5 eV

J. Chem. Phys. 138, 154709 (2013)
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FIG. 5. HAXPES Ti ls spectra of the as-deposited and annealed samples
at photon energy of 14 keV). The as-deposited sample shows contributions
from Ti** (TiN) and Ti*t (TiOy). The long time between sample prepara-
tion and beam line experiment has led to oxidation of the TiN layer (Shirley
background subtraction, ratio 64:32% for TiN:TiOy). A minor contribution at
higher BE than Ti** could be identified due to the peaks asymmetry.

(as deposited) to 4975.9 eV. This deviation remains accept-
able on the basis of the wider definition of the background
function and the peak width (FHWM ~5.3 eV). Thus future
experiments can be limited to a scan range within the plasmon
decay.

Comparing the Ti 1s spectra at 10 keV (Fig. 6) the overall
intensity decreases by 9% for the 60 s annealed sample, orig-
inating from an intensity decrease of the original Ti** peak
of TiN. Therefore, a slight diffusion of Ti deeper into the ox-
ide layer under reduction of TiN can be attested. The slight
shift to higher BE present is attributed to more Ti=O bind-
ing states after annealing. It is worth to note that, neither at
10 keV nor at 14 keV did additional peak asymmetry arise
from a clear interaction of Ti with La or Lu. Likewise, more
oxygen is bond to Ti but few bindings to Ln are present. A
limitation for the further quantification is the use of a Shirley
background for Ti(N). The Shirley background subtraction is
still under debate for Ti** but used in the absence of better
solutions.

B. RBS analyses

RBS measurements obtained from equally processed
samples are presented in Fig. 7. After annealing at
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FIG. 6. HAXPES Ti Is spectra (background subtracted) after 1000 °C/60 s
anneal and as-deposited for photon energy of 10 keV. The lower informa-
tion depth at 10 keV compared with 14 keV leads to lower intensities after
annealing meaning Ti diffusion into the gate stack.

1000 °C/60 s broadening in the signals from La and Lu sup-
ports the thickness increase of the oxide layer. Moreover, the
signal intensity decrease is explained by a change of the sto-
ichiometry by adding Si in the oxide layer. A change in the
silicon signal due to silicate formation could not be proved by
either simulation or measurement due to overlapping with the
strong Si substrate signal. This limitation is due to the scat-
tering of He' ions deep in the substrate. For the 1000 °C/5
s anneal and lower temperature processes the stoichiometry
of the stack determined by RBS stays almost constant, i.e.,
the effects seen in HAXPES cannot be further quantified by
RBS. The initial stoichiometry was determined to be La:Lu:O
=1:1:2.9.

120 T T T v T
i as-deposited as-deposited
100 4 | =~~~ 1000°C/60s L -
u
3
8 80 - 1000°C/60s T
o as-deposited
2
> 60 - ]
o
Q
N
T a0 .
E 40
o
=
20 )
0 ; _ ; .
1.0 1.2 13
Energy (MeV)

FIG. 7. RBS measurements of the annealed samples compared to as-
deposited. The signals of La and Lu decrease and broaden after annealing,
which corresponds to a relative decrease of the Ln concentration in the oxide
layer.
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FIG. 8. HRTEM of the as-deposited (a) and 1000 °C for 5 s annealed sam-
ple. The thickness of TiN is about 16 nm. The LaLuO3 layer thickness is
~10.4 nm in (a) and 13.3 nm in (b). The separation of LaLuO3 into two
layers could be due to the aforementioned silicate formation.

C. HRTEM analysis

HRTEM analyses were performed employing an image-
corrected FEI Titan 80-300 microscope to assess detailed in-
formation on the material morphology and layer thickness in-
crease, seen in the physical and chemical analysis. In Fig. 8
the as-deposited sample is shown in comparison to the sam-
ple annealed at 1000 °C for 5 s. The thickness of as-deposited
LaLuO;3 (11 nm) is in reasonable agreement with the RBS
data. The TiN thickness is determined to be ~16 nm. Lat-
tice planes visible in the top layer confirm the polycrys-
talline structure of TiN in contrast to the amorphous LaLuOs.
After annealing (1000°C / 5 s) a clear thickness increase
from 11 nm to 14 nm (~+27%) is measured. The thick-
ness increase is also in agreement with reports for La silicate
(4+20%) by Kakushima et al.? In parallel the thick interfacial
layer transformed to a single silicate layer. This transforma-
tion can be explained by the HAXPES results (Fig. 1). After
deposition the film consists of a Si-rich interfacial layer and
LaLuOs;. After annealing, the Si-rich phase transformed into
a La-rich silicate consuming partly the high-k oxide. An addi-
tionally seen separation of LaLLuOj3 into two equal sized layers
can also be aligned with the photoemission data by the deter-
mined silicate formation in LaLuO;3. The equally separated
layers seen by material contrast are due to the different den-
sities of LaLLuO3 and its silicates below. The nano-crystalline
features seen for the LalLuO; layer might be attributed to ~9%
Ti diffusion into the layer seen by HAXPES. A clear contrast
between high-k oxide and TiN is still observed, thus the slight
diffusion of Ti does not lead to significant density changes.
However, further studies need to be done on this aspect.

D. Electrical characterization of MOS capacitors

The capacitance-voltage characteristics (C-V) for 10 nm
thick LaLLuOs layers are shown in Fig. 9. The capacitance
equivalent thickness (CET) was extracted at gate voltage V,
= Vg + 1.5V, whereby Vg, means the flatband voltage of the
MOS gate stack. After 450°C FGA, a CET = 3.1 nm is ex-
tracted as expected for an oxide «-value of ~30 and 1 nm in-
terfacial oxide. The knowledge of interface chemistry and the
gate oxide layer thickness is important for the determination
of the relative permittivity.
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FIG. 9. C-V characteristics for different sample annealing. The CET was
extracted at Vi, + 1.5V. Comparable CET values are found before and after
annealing.

For a typical source/drain activation temperature of Si
MOSFETs of 1000 °C for 5 s similar CET and Vy, are found
without in situ Si-capping of TiN. For experiments with
TiN/HfO, gate stacks a change in the flatband voltage of
—0.3 eV is found in contrast to the constant value in conjunc-
tion with LaLuOs3. The constant flatband voltage is explained
by the ex situ capping of TiN blocking nitrogen out-diffusion.
For a sample annealed at 1000 °C/60 s Vg, shifted to more
negative voltage under reduced capacitance and is currently
under investigation.

IV. CONCLUSIONS

A detailed spectroscopy study of thermal processed
Si/LaLLuO3/TiN gate stacks was presented. Hard x-ray XPS,
RBS, and HRTEM were used to analyze the chemical changes
and explain the transition from oxides to silicate phases. The
major advantage offered by HAXPES is the possibility to sep-
arate the silicate growth and the atomic diffusion. A clear dif-
ference between silicate formation coordinated to La and Lu
was found.

TiN might not be the best candidate as metal gate on
LaLuO; since TiN was found to intermix with the underly-
ing oxide layer in small fractions (9%).

La and Lu silicates are already present after deposition
and seem to be grown during MBD (fraction maximum 10%).
During annealing La silicate is constantly formed. Lu diffuses
significantly into the oxide layer and the majority of the ini-
tial Lu-bonds are transformed into Lu silicate. For shorter an-
nealing Lu orthosilicate formation was found which could be
beneficial for the effective mobility in MOSFETs. Our quan-
titative analysis proves that the diffusion of Si is mainly pro-
moted via the generation of Lu—O-Si bonds and less by La
bonds. Thereby, the high-« oxide is consumed, which displays
a tradeoff between interfacial silicate formation (higher « than
Si0,) and intact high-« material. Based on our experiments,
engineering of the interfacial layer between high-«x oxide and
Si is most promising for La-based oxides, whereby Lu tends
to rather fast silicate formation.

J. Chem. Phys. 138, 154709 (2013)
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