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ABSTRACT: Effective passivation of interface defects in high-
k metal oxide/Ge gate stacks is a longstanding goal of research
on germanium metal-oxide-semiconductor devices. In this
paper, we use photoelectron spectroscopy to probe the
formation of a GeO2 interface layer between an atomic layer
deposited Al2O3 gate dielectric and a Ge(100) substrate during
forming gas anneal (FGA). Capacitance- and conductance-
voltage data were used to extract the interface trap density
energy distribution. These results show selective passivation of
interface traps with energies in the top half of the Ge band gap
under annealing conditions that produce GeO2 interface layer growth. First-principles modeling of Ge/GeO2 and Ge/GeO/
GeO2 structures and calculations of the resulting partial density of states (PDOS) are in good agreement with the experiment
results.
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Germanium has been long considered a potential material
to replace silicon in future metal-oxide-semiconductor

(MOS) devices because of its high intrinsic electron and hole
mobilities.1 The possibility of integrating high-k dielectric gate
insulators on Ge substrates has been demonstrated,2,3 leading
to numerous subsequent efforts to passivate interface defects in
high-k/Ge MOS structures, including Si-passivation, nitrida-
tion, fluorine passivation, sulfur treatment, etc.4,5 The GeO2/Ge
MOS system was originally considered problematic compared
to SiO2/Si because of the water solubility and relative thermal
instability of GeO2.

6,7 However, promising results on interface
traps were obtained after thermal growth of relatively thick
GeO2 layers on Ge substrate in high pressure oxygen or ozone
ambient, achieving interface trap densities (Dit) at the 1 × 1011

eV−1 cm−2 level.8−11 Theoretical calculations showed that the
Ge dangling bond densities at GeO2/Ge interface are
consistent with these low Dit values and comparable to values
for SiO2/Si. They result from the low viscosity of GeO2 at the
low temperatures (<600 °C) typically used in Ge MOS device
fabrication.12

The need to achieve both low Dit and low equivalent oxide
thickness (EOT) simultaneously, for continued dimensional
scaling of field effect devices, prompts research into dielectric
processing approaches that form ultrathin GeO2-like interface
layers between high-k dielectrics and the underlying Ge

channel. Postmetal gate forming gas (H2/N2) anneals (FGA)
of atomic layer deposited (ALD)-HfO2 and ALD-Al2O3

dielectrics have been observed to significantly reduce the
interface state density of (100) Ge MOS capacitors, and this
coincides with an increase in Ge4+ bonding at the interface, as
detected in synchrotron photoelectron spectroscopy (PES)
studies for samples without a gate metal in place.13,14 Previous
reports indicate that the characteristics of the interface defects
are strongly influenced by the oxidizing species, such as atomic
oxygen, ozone or molecular oxygen.15−17 It can be inferred
from these results that oxidation of the underlying Ge (100)
substrate surface during hydrogen-based annealing of ALD-
grown Al2O3 dielectrics differs from direct oxidation of Ge. This
prompts interest in developing a detailed understanding of the
relevant defect passivation mechanisms. Interfacial germanium
oxide formation during hydrogen anneals may be promoted by
residual hydroxyl groups present in the ALD-grown gate
dielectric layers, while, for example, in an alternative
approach,18,19 plasma oxidation through an interposed ALD-
Al2O3 layer is used to produce an ultrathin GeOX interface
layer, followed by deposition of ALD-HfO2 and metal gate
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formation, with no hydrogen anneal used in the gate stack
fabrication process. In both processes, growth of a GeOx layer is
found to coincide with a reduction in Dit.
In this paper, we present high-energy XPS data demonstrat-

ing that hydrogen annealing generates GeO2 at the interface
between ALD-Al2O3 and Ge (100) in the presence of a Pt gate
electrode. We further show that this GeO2 layer growth is
correlated with the selective reduction of Dit at energies in the
top half of the Ge band gap. Density functional theory
simulations predict the formation of electron traps in this
energy range as a result of oxygen deficiency at the germanium
oxide/germanium interface.
Pt/Al2O3/Ge p-type MOSCAPs are fabricated for capaci-

tance−voltage (CV) characterization. Boron doped p-type Ge
(100) substrates (0.2 ohm/square) were rinsed in DI water for
about 5 min to remove the water-soluble native oxide and then
quickly transferred into the load-lock chamber of an ALD
system. The base pressure of the ALD chamber is ∼1 × 10−7

Torr and the chamber pressure during the ALD process is 0.66
Torr. The thickness of the ALD-grown Al2O3 films was
measured by ellipsometry, which was calibrated by cross-
sectional TEM. Uniform film deposition on 4 in. diameter Si
test wafers was confirmed, with <3 Å thickness variation
measured by ellipsometry when the film thickness is less than 5
nm. Fifty cycles of H2O(g) prepulsing

20 was performed prior to
Al2O3 deposition to functionalize the Ge substrate with
hydroxyls (−OH) for better nucleation during the initial
ALD cycles. A trimethyl aluminum (TMA)/H2O cyclic ALD

process was performed at a substrate temperature of 170 °C for
35 cycles of Al2O3 deposition. The ALD process exhibits
excellent linearity of the film thickness with ALD cycle number,
and the growth per cycle of the TMA/H2O process is
unaffected by increasing the TMA pulsing time beyond the
value of 3 s used in these experiments, indicating that the
process is within the ALD window. An average growth rate of
0.75 Å per TMA/H2O cycle was confirmed by ellipsometry,
giving a nominal Al2O3 thickness of ∼2.6 nm. A Pt gate
electrode of 70 nm thickness was formed by e-beam
evaporation through shadow mask with deposition rate 2 Å/s.
The back side contact was 15 nm Ti/50 nm Al bilayer
metallization. The fabrication is similar to the process used in21

except that a Fujikin precursor delivery system capable of more
accurate control of TMA and H2O (g) dosing into the chamber
was used in this work. (Certain commercial equipment,
instruments, or materials are identified in this document.
Such identification does not imply recommendation or
endorsement by the National Institute of Standards and
Technology, nor does it imply that the products identified
are necessarily the best available for the purpose.) A high purity
forming gas anneal (5% H2/95% N2) was performed in a quartz
tube furnace after Pt gate deposition. Measurements using a
yttria-stabilized zirconia galvanic oxygen sensor indicate that
the forming gas ambient produces an oxygen partial pressure
(PO2) of ∼ 10−24 atm in the annealing furnace. Capacitance−
voltage (C−V) curves were measured with a HP4284A LCR

Figure 1. Cg−Vg characteristic of Pt/Al2O3/pGe MOSCAPs for different FGA conditions. (a) 350 °C, 30 min; (b) 350 °C, 90 min; (c) 350 °C, 150
min; (d) 450 °C, 30 min.
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meter at frequencies ranging from 1 kHz to 1 MHz, at room
temperature.
Figure 1 shows multifrequency (1 kHz to 1 MHz) C−V

characteristics of a typical Pt/Al2O3/pGe MOS capacitor with
∼2.6 nm Al2O3 and different FGA conditions: 350 °C/30 min
(Figure 1a), 350 °C/90 min (Figure 1b), 350 °C/150 min
(Figure 1c), and 450 °C/30 min (Figure 1d). C−V curves of as-
grown samples (without FGA) are not plotted in the figure
because they have a very large Dit and, as a result, the C−V
curves are highly distorted. Among the four C−V curves in
Figure 1, there is almost no frequency dispersion from
depletion into accumulation, indicating that FGA leads to
effective passivation of interface traps with energies lying near
to the Ge valence band. The dispersive features in the C−V
curves in Figure 1a−d, observed at gate biases, Vg, greater than
the flat band voltage (Vfb), are caused by trapping and
detrapping of electrons and/or holes at traps with energies
between approximately midgap and the Ge conduction band
edge, corresponding to weak and strong inversion of the Ge
substrate. It is observed that the Dit features decrease in
magnitude from Figure 1a to1b, suggesting that longer FGA at
350 °C is helpful for Dit passivation. The Al2O3 film is densified
during FGA, as indicated by the increasing maximum
capacitance Cg(max) from Figure 1a to 1c. Dit at higher energies
in the band gap is slightly increased from Figure 1b to 1c,
whereas Dit below midgap decreases. These subtle changes in
Dit distribution suggest slow evolution of trap populations with
time during 350 °C FGA, although the detailed mechanisms
require further study. FGA at the higher temperature of 450 °C
is more helpful for Dit passivation, as indicated by the much-
reduced false inversion feature in Figure 1d. Further
densification of Al2O3 and a slight shift of Vfb also occur
during 450 °C FGA.
To quantify the interface state densities for Pt/Al2O3/Ge

MOS capacitors annealed under varying FGA conditions
(Figure 1), Dit versus energy profiles were extracted from
multifrequency C−V and conductance-voltage data using the
full interface state model.22,23 All samples exhibit a trend of
increasing Dit with energy in the Ge gap, with Dit less than 1 ×
1012 cm−2 eV−1 near the valence band edge, which agrees well
with a qualitative analysis of the C−V characteristics. The
curves for all three FGA conditions at 350 °C have a Dit peak
near the conduction band edge, and the peak value decreases
from ∼7.5 × 1012 cm−2 eV−1 after 30 min FGA to 5.2 × 1012

cm−2 eV−1 after 90 min. The Dit distributions are similar for the
350 °C/90 and 150 min samples, suggesting that the effect of
FGA saturates after ∼90 min at 350 °C. The Dit near the
conduction band is, however, greatly reduced after FGA at 450
°C, leaving a Dit peak near midgap, which has similar value (∼3
× 1012 cm−2 eV−1). The Dit for energies in the bottom half of
the band gap is comparable for all the FGA conditions
represented in Figures 1 and 2. In comparison to the Dit
distribution observed in this study, relatively symmetric, U-
shaped distributions were reported for the direct oxidation of
Ge (100) wafers using various oxidant species,15,16 except in the
case where atomic oxygen, a very active oxidant, was used.13

This difference indicates the distinct nature of the interface
defect population produced by subcutaneous oxidation during
forming gas annealing of ALD-Al2O3 coated Ge (100).
To better understand the chemical states of germanium in

the ALD-Al2O3/Ge interface region, soft X-ray synchrotron
PES at the Stanford Synchrotron Radiation Laboratory (SSRL)
Beamline 8−1 is used. Synchrotron light is directed into an

ultrahigh vacuum (UHV) chamber with pressure maintained at
5 × 10−11 Torr, and the photoelectrons are collected by an
electron energy analyzer. The pass energy is set to 23 eV, which
provides a detector energy resolution of 0.1 eV. The incoming
photon energy is 120 eV, giving the emitted Ge 3d core
electrons an electron mean free path of approximately 1 nm.
This technique is very surface sensitive and ideal for
differentiating Ge +1, +2, +3, +4 components producing the
chemical shift of Ge 3d oxide peak (bonding energy near 29
eV).7 A 1.1 nm thickness Al2O3 layer was grown on Ge by ALD
for PES analysis. The selected Al2O3 thickness is thinner than
that tested electrically due to the limited detection depth of the
120 eV photons. To determine the surface roughness, we
randomly selected multiple 2 μm × 2 μm areas on the film for
noncontact AFM imaging using a Park Systems XE-70. The
measured root-mean-square (RMS) roughness is around 0.23
nm, less than the nominal thickness of Al2O3 (1.1 nm),
suggesting that the Al2O3 films are effectively pinhole free.
The Ge 3d and corresponding GeOx peaks of samples

treated with various FGA conditions are shown in Figure 3.
Spin−orbit splitting of the Ge 3d1/2 and 3d3/2 peaks is clearly
observed, indicating good energy resolution of the measure-
ment. The as-grown Al2O3/Ge sample without any FGA
treatment exhibits a small tail of GeOx, consistent with nearly
complete removal of native germanium oxide during the DI
water clean and almost no regrowth of Ge oxide during ALD
deposition, leaving very little GeOx on the as-grown sample.
After FGA at 350 °C for 30 min, the spectrum of GeOx is best
fitted by a mixture of Ge +1, +2, +3, and +4 peaks, indicating a
GeOx layer at Al2O3/Ge interface. These results, that
passivation of high-k/Ge interface defects coincides with
formation of a thin GeOx layer between the ALD high-k
layer and a Ge channel, are consistent with findings in
references 8 and 12. The C−V curves are greatly improved in
terms of frequency dispersion and the Dit feature after FGA at
350 °C for 30 min. Comparing Figure 3b to Figure 3c, the FGA
temperature is kept at 350 °C, and the anneal time is increased
from 30 to 60 min. An increase of the chemically shifted Ge +4
peak is observed for increasing FGA time, suggesting more
GeO2 is formed between Al2O3 and Ge. After increasing the
FGA temperature to 400 °C, the Ge +4 peak intensity is further
increased, and the spectrum is best fitted by only Ge +3 and +4
peaks, without any Ge +1 and +2 features.

Figure 2. Dit extracted using the full interface state model8,9 for
different FGA conditions.
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The above analysis leads to the following model that, during
FGA, hydrogen may diffuse to the Al2O3/Ge interface and react
with residual hydroxyls incorporated during growth of the
ALD-Al2O3, producing H2O. The water molecules thus formed
can further react with Ge and GeO to form GeO2. This
proposed reaction is consistent with prior experiments on high-
k oxides on Ge substrates.13,14 Furthermore, the very low PO2
measured for the FGA atmosphere in these experiments,
∼ 10−24 atm, does not permit direct oxidation of the Ge to
GeO2 without an additional oxidant such as residual OH
groups/H2O.
The soft X-ray PES spectra shown in the previous section has

the fine energy resolution and surface sensitivity to readily
decompose different chemical states of elements in the gate
oxide/interface region. However, this ultrahigh surface
sensitivity sacrifices the probing depth (∼1 nm for photo-
electrons excited by 120 eV photons). The Ge-MOS capacitors
studied by electrical testing in this work has a Pt/Al2O3/Ge
structure in which the oxide/Ge interface is covered by layers
that are much thicker than 1 nm. The Pt gate also helps to
dissociate H2 to atomic H, which may contribute to the
reaction with −OH group in the ALD-Al2O3 and, therefore, to
GeO2 formation. As a result, for PES analysis, it is important to
include a gate metal layer on Al2O3/Ge to simulate gate stacks
under FGA conditions.
Hard X-ray synchrotron PES (HAXPES) is suitable for these

measurements because of the greater collection depth of
bonding information resulting from the relatively high incident

photon energies. Data were recorded at the National Institute
of Standards and Technology Beamline x-24A, which is
equipped with a Si(111) double-crystal monochromator and
a hemispherical electron analyzer that select photons with
energies ranging from 2 to 5 keV. Details of the beamline and
vacuum system have been reported previously.24 In this
experiment, a photon energy of 4150 eV was chosen to permit
probing at depths more than 10 nm below the surface of our
samples. The pass energy of the electron energy analyzer was
set to 200 eV, which provides an energy resolution around 0.5
eV. To account for small energy shifts of the incident photon
beam, which can occur during long measurement times, the 3d
peak and Fermi edge of a silver thin film were both measured
before and after each sample was characterized, to provide a
reference. The samples are prepared by the same process as we
used to fabricate MOS capacitors. The Al2O3 layer is produced
using 25 TMA/H2O cycles (1.9 nm nominal thickness) and the
thickness of the Pt gate is 8 nm. Samples without FGA
treatment (as-grown), with FGA at 350 °C for 30 min, and with
FGA at 450 °C for 30 min were characterized, and the
measured spectra are shown in Figure 4. The spectra are
normalized using their Ge 2p peak substrate intensities, and
vertically shifted for better display. There is no GeOx signal
detected by HAXPES on the as-grown sample, and there is a
germanium oxide tail observed for the sample prepared with
FGA at 350 °C for 30 min, suggesting that the Al2O3/Ge
interface is coated by a very thin GeOx layer. After 450 °C, 30
min FGA, the germanium oxide is more obvious, and is mostly

Figure 3. (a−d) Ge 3d and GeOx peak measured by PES at SSRL Beamline 8−1 with photon energy of 120 eV.
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GeO2 according to the energy shift of Ge oxide peak relative to
the Ge 2p substrate peak.25 These results are in agreement with
our analysis in previous parts of this paper.
To determine the interface bonding configuration between

Ge and an overlying suboxide or oxide layer, first-principles
modeling is performed. The interface region is modeled in a
supercell including 15 Å vacuum layer to separate the slab in
the direction normal to the interface. Dangling bonds on each
side of the slab are terminated by hydrogen atoms. Thick Ge
slab (10 layers) is used. Various bonding geometries are
modeled on a 2 × 2 reconstruction of Ge surfaces. The
CASTEP plane wave density functional code26,27 is used for
total energy and electronic structure calculation. The exchange-
correlation of electrons is presented by the generalized gradient
approximation (GGA).28 Ultrasoft pseudopotentials with 380
eV cutoff energy and 2 × 2 × 1 Monkhorst−Pack k point

sampling scheme are used for structural relaxation. In order to
remedy the band gap underestimation problem of GGA,
screened exchange hybrid functional (sX)29 is applied on the
GGA relaxed structure to calculate the partial density of states
(PDOSs) across the interface. Norm-conserving pseudopoten-
tials with 680 eV cutoff energy are used for sX calculation.
Details of the calculation can be found in ref 30. Previous DFT
calculations31−37 have studied defects in bulk GeO2 and simple
oxygen vacancy defects at the interface.12 Here we consider the
defects and possible anomalous bonding configurations at the
Ge/GeO2 interface.
There are three possible types of defects at a Ge/GeO2

interface.31−37 The first is a Ge dangling bond on the Ge side,
or Pb center. The second is an interfacial O vacancy. This leaves
two Ge dangling bonds, which can rebond to form a single Ge−
Ge bond just inside the GeO2. The third consists of a
rearrangement of the Ge−Ge bond where one Ge relaxes
backward and binds to an O behind, retaining the 4-fold
configuration (referred to as 4-fold Ge defect). This leaves a so-
called valence alternation pair (VAP) defect38,39 which consists
of a 3-fold bonded Ge− site near a 3-fold bonded O+ site (VAP
with a 4-fold Ge defect is referred to as Ge4-VAP), and is
similar to that previously considered by Binder.33 The charges
indicated are formal ionic charges which create an overall
closed electronic shell.
The Ge dangling bond gives rise to a state just at the valence

band (VB) edge,32 which is half-filled when neutral. The
reconstructed Ge−Ge bond gives rise to states which would lie
deep in the Ge VB, and well into the Ge conduction band
(CB), respectively. Considering the forgoing experimental data
(Figures 1 and 2), the VAP is interesting as it gives rise to two
defect states that lie close to the Ge band edges. One filled state
is on the 3-fold Ge site, with energy level near the VB edge.
The other empty state associates with the 4-fold Ge site, and its
energy level lies near the CB edge.33,34 These states can be seen
in the supercell calculations of Figure 5.

Figure 4. Ge 2p and GeOx peak measured by hard X-ray synchrotron
PES at NSLS beamline x24-a with photon energy of 4 keV.

Figure 5. (a) Atomic structure and PDOS of defect-free Ge/GeO2. (b) Atomic structure and PDOS of the Ge/GeO2 interface with VAP defects. At
the VAP, the electron trap orbital is localized on the Ge sites adjacent to the 3-fold oxygen site. (c) Hydrogen passivation of the Ge 3-fold defect site
by forming a Ge−H bond, and removal of states from band gap. (d) Hydrogen passivation of both the 3-fold Ge defect site and the 4-fold Ge defect
site leads to the formation of a 4-fold Ge and a 5-fold Ge, respectively, both with a Ge−H bond, and removal of states from the band gap.
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Figure 5a shows the defect-free Ge/GeO2 interface with the
4-fold interfacial Ge and 2-fold O sites, and the corresponding
PDOS. It has a clean Ge band gap without any defect states.
We start the simulation of VAP defects with a Ge/GeO/GeO2
structure, which simulates an unannealed structure that has a
combination of GeO and GeO2 near the interface (data not
shown). Defects such as VAP dipoles are then intentionally
introduced in the structure. Figure 5b shows the atomic
structure and PDOS of a Ge/GeO2 interface with a Ge4-VAP
whose dipoles points toward the interface with Ge. It is
different from GeO-like VAP defects, in that the 3-fold O
bonded is detached from 3-fold Ge. 3-fold Ge and 4-fold Ge in
(b) both form partial defects states within the Ge band gap,
where defect states from the 3-fold Ge has a larger peak closer
to valence band maximum and a smaller peak closer conduction
band minimum, while that from the 4-fold Ge is closer to the
conduction band minimum. It is found from the modeling that
Ge/GeO2 has a defect free interface within the Ge band gap,
while Ge/GeO/GeO2 structure can have a large density of
defect states near the valence band, and introducing VAP
dipoles in Ge/GeO2 interface can lead to defects with energies
close to both the valence and conduction band edges. The large
density of defect states in the Ge/GeO/GeO2 structure agree
well with existing literature reports that GeO will cause O
deficiency defects with energy levels near the valence band
edge.16,40

We also calculated here the effect of hydrogen atoms
interacting with these defects. Hydrogen has the effect of
removing both the electron and hole traps from the band gap
energy range. In passivation of the GeO-like interfacial VAP,
atomic hydrogen adds to the 3-fold Ge site, to form a Ge−H
bond, removing the hole trap from the gap and passivating this
site, as shown in Figure 5c. This occurs with little energy
barrier. In passivation of the Ge4-VAP, two hydrogen atoms sit
on the 3-fold Ge site and 4-fold Ge defect site, respectively.
This leaves a 4-fold and a 5-fold Ge site, both without any gap
state, which is illustrated in Figure 5d. We also note that there is
a localized state on the H near 4-fold Ge with energy level deep
in the Ge band gap, which is quite nonbonding. This results
from a multicenter orbital interaction, similar to the Si(5)H−

configuration in its SiO2 counterpart.41 It is possible for the
hydrogen atom to insert into the 4-fold Ge and 3-fold O bond
with an energy barrier, and break it, leaving normal 4-fold Ge
and 2-fold O sites. Thus, H can passivate the electron trap state
as well as the hole trap; however, these reactions occur with a
greater energy barrier for passivation of the electron trap
associated with the 4-fold Ge defect.
These observations are consistent with our experimental

results. Low temperature (≤350 °C) forming gas anneals
performed for 30 min in these experiments significantly reduce
the interface trap density across the band gap compared to the
unannealed case, although the resulting Dit distribution is
asymmetric. As depicted in Figure 2, the interface trap density
is greatest near the CB edge and this is consistent with the
greater predicted energy barrier for H passivation of 4-fold Ge
electron traps at the GeOx/Ge interface. With increasing FGA
temperature and annealing time, PES spectra show that the
oxide interlayer nonstoichiometry is reduced, producing more
GeO2-like bonding. This should correspond to a reduced
density of both 3-fold Ge and 4-fold Ge defects near the
interface. As the 3-fold Ge hole traps near the VB edge are
predicted to be more easily passivated by hydrogen alone, the
selective removal of interface traps observed at energies in the

top half of the Ge band gap (Figure 2) may result primarily
from the improved GeOx stoichiometry after annealing.
However, a contribution from the improved kinetics of H
passivation of the 4-fold Ge electron traps cannot be ruled out,
for the higher temperature (450 °C) annealed samples.
Second ion mass spectrometry (SIMS) characterization was

used to examine the DFT prediction that hydrogen will
preferentially bind at defects in the Al2O3/GeO2/GeO/Ge
interface region of Pt-gated Ge MOS structures. The
characterization is performed with Cameca NanoSIMS 50L
which has both high mass resolution and subppm sensitivity,
with a lateral spatial resolution down to 50 nm. Samples with
and without annealing are analyzed by depth profiling through
the overlying Pt gate and into the oxide and substrate. In this
experiment, N2/D2 (5%) deuterated forming gas was used to
anneal a sample at 350 °C for 30 min. Use of D2 rather than H2
forming gas makes it possible to distinguish between hydrogen
bound to impurity species incorporated in the film during
TMA/H2O ALD and that introduced during the FGA. SIMS
depth profiles pre- and post-FGA are shown in Figure 6. The

Ge profiles are included for easier identification of the interface.
The summation of the counts of hydrogen and of deuterium
(H + D) of the annealed sample is compared to the hydrogen
(H) detected in the as-grown sample. The D signal from the as-
grown sample is negligible and is not shown. The depth profiles
show H and D signals that peak at the oxide/Ge interface.
Deuterium is clearly incorporated into the Al2O3 film and in the
interface region after the anneal, and there is a ∼ 40% increase
of H + D in the annealed sample compared to the initial H
profile. This indicates that the deuterium FGA produces a net
introduction of hydrogen-related species into the Al2O3 film
and interface region, rather than simply promoting isotope
exchange with incorporated hydrogen impurity species.
To summarize, we report selective passivation of interface

defects in high-k metal oxide/Ge stacks coinciding with
interfacial GeO2 growth that occurs during H2/N2 annealing
of Pt/ALD-Al2O3/Ge gate stacks. C−V characteristics and
interface trap energy distributions of high-quality Pt/Al2O3/Ge
MOSCAPs under multiple annealing conditions are inves-
tigated in detail, and results suggest reduction of Dit between
midgap and the Ge conduction band edge after FGA 450 °C.

Figure 6. SIMS depth profiles of hydrogen, deuterium, and
germanium in Pt/Al2O3/Ge MOSCAPs before and after N2/D2
anneal.
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Soft and hard X-ray synchrotron PES techniques were used to
probe the generation of the Ge +4 chemical state in the gate
stack, indicating the generation of GeO2 interface layer between
ALD-Al2O3 layer and the Ge substrate. The experimental
results agree well with first principle calculations on Ge/GeO/
GeO2 and Ge/GeO2 structures, in which elimination of GeO-
like bonding from the interface removes O deficiency defects
near the valence band edge of Ge and VAP dipole defects near
the Ge surface that produce defect states closer to the
conduction band edge. In addition, the passivation of the 4-fold
Ge electron traps by atomic H at elevated temperature is also
analyzed by simulation. Finally, SIMS depth profiles support
the results of DFT calculation that predict binding of H to the
3-fold Ge defects in the GeO2/GeO/Ge interface region. This
complex interplay of hydrogen defect passivation and redox
chemistry leading to interface oxidation may be relevant in
other high-k MOS systems.42
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