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Abstract

Optimization of the interface between high-k dielectrics and SiGe substrates is a
challenging topic due to the complexity arising from the co-existence of Si and Ge
interfacial oxides. Defective high-k/SiGe interfaces limit future applications of SiGe as
a channel material for electronic devices. In this paper, we identify the surface layer
structure of as-received SiGe and Al,Os/SiGe structures based on soft and hard x-ray
photoelectron spectroscopy (PES). As-received SiGe substrates have native SiOx/GeOx
surface layers, where the GeOy-rich layer is beneath a SiO-rich surface. Silicon oxide
regrows on the SiGe surface during Al,O3; ALD, and both SiOy and GeOx regrow during
forming gas anneals (FGA) in the presence of a Pt gate metal. The resulting mixed
Si0x-GeOy interface layer causes large interface trap densities (Dj) due to distorted Ge-
O bonds across the interface. In contrast, we observed that oxygen-scavenging Al top
gates decompose the underlying SiO4/GeOy, in a selective fashion, leaving an ultrathin

SiOy interfacial layer that exhibits dramatically reduced Dj;.
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P-type MOSFETs fabricated on SiGe substrates with high-k gate dielectrics are
promising candidates to enhance MOS device performance due to the higher hole
mobility of SiGe compared to Si . It is critical to obtain a good interface between the
high-k gate oxide and SiGe for acceptable transistor performance. Silicon layers have
been used in previous work as a passivation of the gate dielectric/SiGe interface,
building on the excellent properties achieved with SiO»/Si interfaces®, but this approach
generates a trade-off between the interface quality and the scalability of the gate
dielectric stack because SiO, has a lower dielectric constant than high-k materials.
There are also reports of depositing various high-k dielectrics directly onto SiGe
substrates, including Al,O3, ZrO,, HfO,, Y,0s3, etc> 10, However, the co-existence of Si
and Ge oxides at the surface introduces complexities that often produce an interface
with unacceptably high defect density for MOS devices. A lack of detailed
understanding of the influence of processing conditions on interface chemistry in high-
k/SiGe devices prohibits the precise control of the thickness, trap density and
stoichiometry of the surface oxides. In this work, we first characterize the surface layer
structure of native oxides on as-received SiGe substrate using photoemission
spectroscopy (PES). These defective sub-oxides can be removed by wet chemical
etching, leaving an oxide-free (by synchrotron PES) SiGe surface. However, re-growth
of interfacial SiOx and GeOy during ALD high-k deposition and subsequent annealing is
almost unavoidable, and reintroduces a defective oxide/semiconductor interface. We
then investigate the oxygen scavenging effect of a reactive (Al) top metal layer to
control the thickness and composition of the interface oxide, and achieve very low-Dj
SiGe MOS capacitors (MOSCAPs). Partial density of states (PDOS) are calculated
based on first-principles modeling of GeOy and SiOy terminated SiGe surface structures.
It is found that interface defects exist at GeO,-terminated SiGe surface due to the

distorted Ge-O bonds, whereas SiOy-terminated SiGe has low interface trap densities
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across the band gap. The simulation results are in good agreement with experimental

data.

Fully-strained pseudomorphic p-type SiGe layers are epitaxially grown on lightly
doped Si (100) substrates. Al,O; films are atomic layer deposited with trimethyl
aluminium (TMA) and H,O as precursors. Fifty cycles of H;O vapor prepulsing (pulse
duration is 2 seconds, at a pressure of 0.67 Torr) is performed at 250°C to form a
functionalized hydroxyl surface for better nucleation of the initial ALD cycles''. For our
ALD chamber, a temperature gradient is maintained from the unheated TMA bubbler to
the chamber inlet of 120 °C, and the substrate temperature is approximately 250°C. The
growth rate of ALLO; is 0.75 A/cycle on a Si (100) wafer with vendor supplied chemical
oxide layer of ~ 1.3 nm ellipsometric thickness. The Al,O; growth per cycle is also
measured by ellipsometry, after calibration by cross sectional transmission electron

microscopy (TEM).

The photoelectron spectroscopy (PES) characterization are performed at Stanford
Synchrotron Radiation Lightsource (SSRL) for soft x-ray PES, and at National
Synchrotron Light Source (NSLS) beamline x24A for hard x-ray PES (HAXPES).
SSRL beamline 8-1 provides energy ranges from 15 eV to 185 eV, with energy
resolution (AE/E) around 1x107, and a spot size (defined by the FWHM) of ~ 0.1 mm®.
The photoelectrons are collected by a hemispherical electron energy analyser installed
in an ultra-high vacuum chamber. The mean free path of electrons within this energy
range is ~ SA, so that this technique is very surface-sensitive, and does not resolve
composition information at depths much greater than 1 nm below the sample surface.
The PES chamber is kept under ultra-high vacuum (~1x10"° Torr), with the capability
for angle resolved PES measurements. SSRL beamline 8-2 has a similar configuration,
providing an energy range 100eV ~ 1300eV, with an energy resolution (AE/E) around

4x10™*. NSLS beamline x24A is equipped with an ultra-high vacuum chamber, and uses
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constant-offset double-flat-crystal Golovchenko-Cowan design monochromator to select
proper wavelengths. A Si (111) crystal is available to adjust the energy. Hard x-rays
with energies ranging from 1.8 keV to 6 keV is provided. Details of the NSLS beamline
x24A can be found in a previous report'”. The peak intensities for soft x-ray
measurements are normalized to the incident beam intensities for fair comparisons
among the spectra from different samples, some of the measured curves are vertically
shifted for better display in the figures presented herein. For angle-resolved PES
(ARPES) of core level peaks, we do not consider the fact that different momentum
electrons can escape at different angles from the surface of the material®, because the
core level states are so localized that they do not have significant k dispersions. It is also
difficult to measure k dispersions at energies greater than several 10s of eVs, because
momenta within the Brillouin zone are averaged over these energies. The main effect on
peak intensity versus take-off angle is the different distance the excited electrons travel

before leaving the surface.

Figure 1 (a) and (b) show the Si 2p and Ge 3d core levels, respectively, including
chemically-shifted peaks of the oxides, collected with a photon energy of 140eV at
SSRL beamline 8-1. The observed SiOx and GeOy peaks are from the native oxides on
the top surface of the as-received samples. The fact that both Si 2p and Ge 3d elemental
peaks are clearly detected suggests the native oxides are ultra-thin at the surface. The
SiGe substrate with a larger Ge composition has larger GeOy:Ge peak intensity ratios,
suggesting more GeOy is formed on the sample surface. The thickness of the interfacial
oxides can be calculated from the area ratio of the oxide to substrate peaks in XPS using
the Beer-Lambert equation, where an exponential decrease of electron flux as a function
of travel distance is assumed'”. It is found that the SiGe substrates have ~ 0.7 nm thick
SiOx films, and the GeOy films are either 0.23 nm (for SipesGepss) or 0.37 nm
(Sip.s5Geg4s) in thickness. To determine the layered structure of the native oxides, we

did ARPES to measure the Si 2p and Ge 3d regions. By normalizing the intensities to
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that of the SiOy peak, it is observed that the GeOy peak decreases more strongly at
smaller take-off angles, as shown in Figure 1(c). Combined with the above results, we
can reach some general conclusions about the initial substrate surface composition:
Both SiOx and GeOy are present in the thin native oxide, and GeOy is concentrated
beneath a superficial SiOx-rich layer. This composite oxide layer is thicker for higher
Ge composition SiGe epilayers, while the GeOx-rich layer is thinner than the SiOy-rich

layer.

In order to make SiGe-MOSCAPs, the native oxide composite layer is first
removed by cyclically cleaning the substrates with 2% HF (a.q.) and deionized (DI)
water (with resistivity of 18.2 MQ-cm) at room temperature (25°C). Si 2p and Ge 3d
peaks of a cleaned sample are measured by lab-source x-ray photoelectron spectroscopy
(XPS), using Al k-o radiation as the photon source with an energy of 1486.7 eV, as
shown in Figure 2. The native oxides are effectively removed by the cyclic HF/DI-water
clean, and their re-growth is slow enough that there is no observable growth during
transfer of samples into the XPS chamber, as no SiOx or GeOy peaks are detected.
Cleaned SiGe substrates are also quickly transferred into the loading chamber of our
ALD system, with an air exposure time less than 1 min, to minimize contamination
from the air. Figure 3 shows the Si 2p peaks of two as-grown ALD-AL,O3/SiGe samples
with a nominal 2.2 nm Al,O3 deposited at two different substrate temperatures. The
spectra were measured by soft x-ray PES with a photon energy of 650 eV at SSRL
beamline 8-2. Interfacial silicon oxide is regrown during Al,O; ALD, so that high
binding energy oxide tails appear on the Si 2p features of both samples. From the
relative intensities of the Si peaks of SiGe substrate, it is evident that Al,Os has a
somewhat lower growth per cycle at higher ALD temperature, and more SiOy is re-

grown at the Al,03/SiGe interface.
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We have previously reported Pt-gated ALD-Al,O3/Ge MOSCAPs with low

interface trap density across the Ge band gap'"'>'°

, where Pt helps dissociate molecular
hydrogen to atomic hydrogen during forming gas (5% H»/95% N,) anneal (FGA). This
passivates interface traps by 1) direct bonding of hydrogen to Ge interface defects and
2) promoting formation of a GeO, interface layer by reacting with residual hydroxyls in
the AL,Os; layer to accelerate oxidation of the Ge surface. In some of the present
experiments, Pt is used as the gate metal for SiGe MOSCAPs. A Pt gate of 70 nm
thickness and a Ti 15nm/Al 50 nm back contact were deposited by e-beam evaporation.
Post-metal FGA was performed at 350°C for 30 min. Figure 4(a) shows the C-V
characteristics of a Pt-gated SiGe MOSCAP with 4 nm ALD-Al,0; measured under
frequencies ranging from 1kHz to IMHz. The C-V curves are all distorted, even at 1
MHz, with large features related to traps observed in weak inversion, indicating the
existence of defects at the interface. The possible origins of these defects include soft x-
ray damage during the e-beam evaporation of the Pt gate, or intrinsic trap states related
to dangling bonds at the Al,03/SiGe interface. Figure 5(a) and (b) show the normalized
multi-frequency (1 kHz - 300 kHz) C-V characteristics of two SiGe MOSCAPs with
thermally evaporated Pd (Figure 5(a)) and e-beam evaporated Pd (Figure 5(b)) as the
gate metals. Palladium is used here instead of Pt because the melting point of Pt is too
high for thermal evaporation, and Pd is also an efficient metal for catalysing H,
dissociation to atomic hydrogen'’. The C-V curves in Figure 5(a) and (b) are quite
similar, both having similar capacitance features in weak inversion. Because thermal
evaporation of Pd causes negligible soft x-ray exposure, the similar C-V curves indicate
that these non-idealities in the C-V curves arise from intrinsic oxide/SiGe interface

traps.

In order to probe the origin of the large apparent interface trap densities of
Pt/Al,05/SiGe capacitors shown in Figure 4(b), we use hard x-ray synchrotron

photoelectron spectroscopy (HAXPES) to measure the photoelectrons from the
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ALO3/SiGe interface region and the SiGe substrate. Two samples with 5 nm e-beam
evaporated Pt and 4 nm AL,O; are used for HAXPES characterization, and one of them
is annealed in forming gas for 30 minutes at 350°C. The fabrication process is identical
to that of a MOSCAP, except that the Pt gate metal thickness is less. The photon energy
used in this work is ~ 4029 eV, so that the excited electrons from core states have
relatively long mean free path and electrons from the SiGe substrate can ballistically
travel through the Al,O3; and Pt and emit from the top surface of the sample. The Si 1s
and Ge 2p core levels of both samples are measured, as shown in Figure 6 (a) and (b). It
has been reported previously that the binding energies of the chemically shifted oxide
peaks of Si increase with increasing SiO; thickness. The relative shift difference AE(1s)
- AE(2p) is constant'®, and several models have been proposed to explain the
phenomenon, including local electronic relaxation, non-local image potential, etc.
Reported SiO, peak (Si*") shifts are > +4.3 eV for Si s for film thicknesses ranging
from 0.4 nm to 4 nm'®. The silicon oxide peaks detected in our work have a +3.7 eV
shift from the Si 1s peak, suggesting that a sub-oxide, rather than SiO,, is present at the
interface. These SiOy peaks are observed for both as-grown and post-FGA samples,
where the intensity ratio of SiOx to Si is larger for the latter samples. For the Ge 2p
spectrum, no detectable GeOy peak is observed for the as-grown sample, but there is a
GeOy tail for the sample after FGA. The above results indicate that both Si and Ge

surfaces are oxidized to varying degrees during FGA.

Although it may appear to be unusual that both elements should be oxidized in a
No/H, environment, this observation is consistent with the mechanism reported
previously in reference 13. Atomic layer deposited Al,Os films synthesized using the
TMA/H,0 chemistry have been reported to contain residual hydroxyl species'>!'®!*%.
Molecular hydrogen supplied by the forming gas, once dissociated to atomic hydrogen,

can react with these hydroxyls (-OH) in AL,O; to form H,O, diffusion of which may

transport oxygen to the Si or Ge surface to form interfacial SiOx and GeOy. The results
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in Figure 6 indicate that formation of SiOy is preferred in this process, as the GeOx

relative peak intensity is less than that of SiOx.

Cross-sectional TEM is used to provide direct imaging of the multiple layers of
films in a gate stack. As shown in Figure 7, the cross section TEM bright field image of
a Pt/Al,03/SiGe MOSCAP after FGA shows a thin region of reduced contrast only at
the Al,O3/SiGe interface that is consistent with an oxide interface layer between Al,Os3
and the SiGe substrate, in keeping with the HAXPES results. As a result, using Pt and
forming gas anneal forms a mixed SiOx and GeOy layer at the Al;03/SiGe interface. The
presence of this mixed layer of silicon and germanium suboxides is correlated with of

the presence of electrically active defects at the interface.

Previous research on high-k/Si systems shows that a remote metal layer can
extract oxygen from an ultrathin oxide layer at the high-k/Si interface, thus
decomposing the oxide interlayer. With a thin titanium layer as an oxygen-scavenging
overlayer, ZrO,/Si and HfO,/Si structures with thinned interface oxides were obtained,
and the residual Si from the decomposed oxide regrows on the Si substrate

2122 n the original reports of interfacial SiO, decomposition using a remote

epitaxially
Ti layer, no TiOx phase formation was reported. Instead, the ability of titanium to
dissolve oxygen at high concentrations as an interstitial solute was noted as a likely

pathway for O scavenging®'. Aluminium does not exhibit high solubility for oxygen®,

but the reactions
4/3 Al(s) + SiO,(s) = Si(s) + 2/3 Al O5(s)
and

4/3 Al(s) + GeOs(s) = Ge(s) + 2/3 ALOx(s)
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have negative Gibbs free energy changes (e.g. AG’ = -198.5kJ and -533.3kJ,
respectively, at 298.15 K) based on standard Gibbs free energies of formation of the
compounds™, indicating that a thermodynamic driving force exists for oxygen

scavenging from SiO, and GeO; by Al via formation of Al,Os.

To investigate the different effects of Al and Pt gate metal processing on the
underlying Al,O3/SiGe interface, we designed an experiment illustrated schematically in
Figure 8. An Al,O3/SiGe sample was fabricated with the same ALD process used for
MOSCAPs. The sample was then annealed in O, at 250°C for 15 min to form a
Si04/GeOy oxide interlayer. SiOx will appear at the interface before the O, anneal, but
the detection of GeOy is difficult because the amount of GeOy is small, perhaps due to
thermodynamic preference for silicon oxidation compared to germanium. We
intentionally formed this oxide interface layer using an O, anneal, which increased the
amount of SiOx/GeOy to facilitate measurement of the oxide by PES through the thin
metal coating. The sample was divided into two pieces, and thin (~2.5 nm) Al or Pt
layers were evaporated on them. FGA at 350°C for 30 min was then performed on both
samples. All samples were kept in a No-purged dry box to minimize contamination and

possible subcutaneous oxidation of the samples during storage prior to sample analysis.

We characterize both samples by soft x-ray PES at SSRL beamline 8-2 with
photon energy 650 eV, and the results are shown in Figure 9. In this experiment, we are
unable to analyse Al 2p spectra from the Pt/Al,05/SiGe sample because of interference
from the Pt 415, and 4f;/, peaks which has binding energies 74.4 eV and 71.0 eV. The Pt
peaks are so strong that Al 2p feature (binding energy 72.5 eV) cannot be characterized.
We focus on Si 2p and Ge 3d core elemental features and their oxide peaks. Comparing
the results from Al gated samples in Figure 9 (a) and (b) to those from Pt gated samples
in Figure 9 (c) and (d), the intensity ratios of both GeO,/Ge and SiO/Si are smaller for

the Al gated sample, suggesting that it has less GeOy and SiOy at the Al,O3/SiGe
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interface. Based on these results, Al gate metal appears to scavenge the oxygen from the

underlying interface, leaving less SiOyx and, especially, less GeOy at the interface.

In parallel with the PES studies, we fabricated Al-gated SiGe MOSCAPs using
Al/Al,03/SiGe gate stacks. Aluminium gates are made by e-beam evaporation and
thermal evaporation, and their C-V characteristics are shown in Figure 10 (a) and (b).
Both Al gate processes generate relatively ideal C-V curves, including small interface
trap response and small frequency dispersion in depletion and weak inversion.
Thermally evaporated Al following FGA at 400°C for 30 minutes generates the best C-
V curves measured among all SiGe MOSCAPs we have studied. The D;; distribution
across the bandgap of the thermal Al gated capacitor is extracted based on the full
conductance model by step-by-step fitting the total capacitance and total conductance at
multiple gate biases® °. The results are shown in Figure 10 (c), where any extracted Dj,
lower than 10" eV'em™ is set as 1x10' eV'em™ because, for such tiny dispersion, it is
hard to differentiate interface traps from random fluctuations in capacitance and
conductance caused by measurement error. The Dj; distribution exhibits a peak value (~
7x10'"" eV''em™) near the valence band, and a smaller peak (~ 2x10"' eV cm™) near
the middle of the bandgap. As a comparison study, the Dj; values of Pt gated sample are
shown in Figure 4(b), which are on the order of 10'* eV'em™, and can exceed 10"eV
lem™ at ~0.3 eV above the valence band edge. The Dy values of Al gated MOSCAPs
are significantly lower than those of Pt gated samples. The electrical results indicate that
oxygen scavenging by Al decomposes the GeOy component of the interfacial oxide
during annealing dramatically reduces Dj;.. A cross-section TEM bright field image of a
post-FGA Al/Al,05/SiGe MOSCAP is shown in Figure 11. In contrast to the
Pt/Al,05/SiGe MOSCAP in Figure 7, uniform contrast in the Al,O; region and no
detectable interface layer are observed, consistent with the PES-measured removal of

the interface germanium oxide and thinning of silicon oxide.
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Density functional theory based calculations with plane wave pseudopotential
code CASTEP " are performed to further investigate the interfacial defects. A PBE-
style generalized gradient approximation is used to calculate the exchange correlation
energy **. GeOy-terminated and SiOy-terminated SiGe:oxide interfaces are generated on
the (100) surface of a SiGe crystal with Si:Ge ratio 3:2 (randomly mixed in the diamond
structure), an approximation of the ratio 0.55:0.45 for SiGe used in most of the
experiments. The GeOyx or SiOy interfaces are capped with amorphous Al,O; layers
generated by ab initio molecular dynamics quenching from 3000K to 300K. The cell is
also relaxed to minimize the force at the interface. The same parameters are used as in
our previous works > %’

The total DOS for either a GeOy or an SiOy interface oxide are shown in Figure
12 (a) and (b), as well as the calculated electron spin orbitals of the defect states and the
valance band maximum. The SiOy-terminated SiGe surface has no gap states, while the
GeOy-terminated surface has several defect states across the whole band gap. The
calculated DOS plots in Figure 12 are in excellent agreement with the Dj profiles
extracted from experiment, as shown in Figure 4(b) and Figure 10(c). The Si:SiO
interface and Ge:GeOy interface differ in a number of ways. The defect states at the
Si:Si0; interface induced by dangling bonds or anti-bonding have an extremely low
density. Besides, those defect states are not deep in the SiGe gap, usually near the band

30-31 In contrast, the Ge:GeOy interface is notorious for its high defect density and

edges
multiple defect states in the band gap'®. Compared to Si-O bonds, Ge-O bonds are much
weaker, and even twisted bond angles can cause some defect states in the gap. Two

illustrations of near-interface bonding in Fig. 12 show defect orbitals for both interfaces.

Figure 12(a) exhibits the defect orbitals in a Ge-terminated interface in the band gap
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(with the PDOS shown in Figure 12 (b)). The defects are mainly localized at the Ge and
O atoms at the interface. Gap states in the case of a Ge-terminated interface arise from
the interfacial Ge atoms with the slightly distorted Ge-O bonds. The band edge of SiGe
is in between that of pure Si and pure Ge*”. Therefore, shallow defect states present at
the Si:SiO; interface partially spread beyond the band edges, and will not act as
interface traps. In contrast, the Ge:GeOy interface defects remain in the band gap, as

illustrated in Figure 1(a) of reference 32. It is well known that the generalized gradient

33,34

approximation (GGA) will underestimate the band gap of SiGe , thus our calculated

band gap of SiGe is around 0.2 eV smaller than the expected value for a Si:Ge ratio of
0.55:0.45 *. These theoretical calculations support the conclusion derived from
experiment that removing the interfacial GeOx can dramatically improve interface

quality for SiGe MOS.

In summary, characterization of as-received SiGe substrates (with 35% and 45%
Ge compositions) indicates the presence of a bilayer SiO,/GeOy surface oxide detected
by photoemission. This native surface oxide is composed of a ~0.7 nm SiOy-rich layer
on the top surface, and a 0.2 ~ 0.3 nm thickness GeOx-rich layer between SiOy and the
SiGe substrate. Re-growth of SiO,/GeOy after HF etching of the SiGe substrate surface
during Al,O3; ALD and post-metal FGA is observed. Platinum-gated SiGe MOSCAPs
have large interface trap densities due to intrinsic defects that result from the chemical
bonding of the regrown SiOx/GeOy layer to the SiGe channel surface. In contrast,
remote oxygen scavenging by an Al gate metal layer can decompose the complex SiOy-
GeOy interface oxide layer during FGA, producing a much lower D; interface and
leaving a thin residual ultrathin SiOy interlayer in the high-k/SiGe gate stack. First
principle calculations of PDOS on GeO,/SiGe and SiO,/SiGe structures reveal that the

defect states within the band gap in Ge-terminated interface are localized to the Ge or O
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atoms and can be attributed to the slightly distorted Ge-O bonds of interfacial Ge atoms,

while the Si-terminated interface is defect-free across the band gap.
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Figure 1: soft x-ray photoelectron spectroscopy (PES) of as-received SiGe
substrates with native oxides, with binding energies in (a) Si 2p and SiOy
and (b) Ge 3d, GeOy and O 2s regions. (c) Ge 3d, GeOyx and O 2s peaks of

as-received SiGe measured by ARPES.
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Figure 2 (a) (b) HF and DI-water cyclic cleaned Sips5Geg 45 Substrates.
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Figure 3 Soft x-ray PES of Si 2p region of as-grown Al,0O3 2.2 nm on

Sips5Gegass samples with ALD temperature at 250°C and 310°C.
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Figure 4 (a) C-V characteristics of a Pt/Al,O3/p- Sips5Gep.45s MOSCAP. (b)
the Dj; distribution of the Pt/Al,O3/p- Sios5Gep.45s MOSCAP within the

bandgap extracted by full conductance model.
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Figure 5 (a) normalized C-V characteristics of thermal evaporated
Pd/Al,03/p-Si0.55Geq 45s MOSCAP. (b) normalized C-V characteristics of e-

beam evaporated Pd/Al,O3/p-Sips55G€0.45 MOSCAP.
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Figure 6 HAXPES measurement on Pt/Al;O3/Sios55Gep.45 Samples before

(as-grown) and after FGA. (a) Si 1s region, (b) Ge 2p region.
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Pt/Al,0,/SiGe

Figure 7 Cross section TEM of a Pt/Al;O3/ Sips5Gepss MOSCAP after FGA at

350°C for 30 minutes.
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Figure 8 lllustration of the experiment design to investigate the different

effect of Al and Pt on the Al,O3/SiGe interface.
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Figure 9. Soft x-ray PES characterization on Al or Pt gated Al,O3/SiGe
samples. (a) Al/Al,O5/SiGe, Ge 3d and O 2s spectra. (b) Al/AI,O3/SiGe, Si

2p spectrum. (c) Pt/Al,O3/SiGe, Ge 3d and O 2s spectra. (d) Pt/Al,O3/SiGe,

Si 2p spectrum.
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Figure 10. Al/Al,O3/SiGe MOSCAPs with (a) e-beam evaporated Al or (b)
thermal evaporated Al gate. The thickness of Al gates is 100nm and the
Al,Ozfilm thickness = 4 nm. Both samples are annealed with FGA at 400°C

for 30 minutes.
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Figure 11. cross section TEM of Al/Al,O3/SiGe MOSCAPs after FGA 400°C

for 30min with (left) lower magnification and (right) higher magnification.
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Figure 12. DFT simulation of Al,O3/SiGe structures with (a) GeOy interface
and (b) SiOy interface. Al - pink, O - red, Ge - green, yellow - Si. The
density of states (DOS) is calculated with a smearing width of 0.1eV. In
Figure (a), the blue orbitals at the interfaces are the defect states in the
band gap as shown in the DOS. In Figure (b), the blue orbitals are the
states at the valence and conduction band edges since there is no defect
states in the band gap. The VBM and CBM are shown in red and blue

respectively, both of which are localized across the SiGe part.
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