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ABSTRACT: Density-functional theory molecular dynamics simulations were employed to
investigate direct interfaces between a-Al2O3 and Si0.50Ge0.50 with Si- and Ge-terminations.
The simulated stacks revealed mixed interfacial bonding. While Si−O and Ge−O bonds are
unlikely to be problematic, bonding between Al and Si or Ge could result in metallic bond
formation; however, the internal bonds of a-Al2O3 are sufficiently strong to allow just weak
Al bonding to the SiGe surface thereby preventing formation of metallic-like states but leave
dangling bonds. The oxide/SiGe band gaps were unpinned and close to the SiGe bulk band
gap. The interfaces had SiGe dangling bonds, but they were sufficiently filled that they did
not produce midgap states. Capacitance−voltage (C−V) spectroscopy and angle-resolved X-
ray photoelectron spectroscopy experimentally confirmed formation of interfaces with low
interface trap density via direct bonding between a-Al2O3 and SiGe.
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■ INTRODUCTION

The common problem of many oxide/semiconductor interfaces
is a presence of dangling bonds creating midgap or band-edge
states and deteriorating electrical properties of the stack. This
manuscript demonstrates that, although both Ge- and Si-
terminated SiGe surfaces bonded to a-Al2O3 have dangling
bonds, they are sufficiently filled so they are electrically passive
and can be tolerated. Group IV compound semiconductor
oxide interfaces have unique bonding characteristics; since all
the semiconductor atoms are isoelectronic, differences in
electronic structure at the oxide−semiconductor interfaces
between different chemical terminations (for example, Si vs.
Ge) are solely due to differences in bond polarization and bond
strength instead of simple charge balance (i.e., electron
counting rules).
High-k/compound semiconductor group IV structures also

have practical importance. For many decades, conventional
MOSFET technologies were based on a-SiO2/Si interfaces.

1−8

However, as devices were aggressively scaled, use of a-SiO2 gate
oxide became problematic due to shrinking gate oxide thickness
causing gate leakage and oxide breakdown.1,4,5,9,10 This
motivated research into high-k gate oxide materials and higher
mobility channel materials such as strained Ge or SiGe.1,5,11−17

Hafnium-based oxides are some of the leading candidates for
high-k gate oxides on Si, Ge, or SiGe channels.13,18−22

However, there are challenges with incorporation of a-HfO2
into oxide/channel stacks.23,24 After depositing a-HfO2 on
SiGe, preferential oxidation of Si near the interface leads to
formation of a Ge-rich layer and incorporation of Hf into the
interlayer deteriorating oxide electrical properties.25 Preferential
oxidation of Si results in a-SiO2 formation, which adversely
affects equivalent oxide thickness (EOT) scaling.5,26,27 Ge
diffusion into a-HfO2 can occur creating interface traps and
charge traps in the oxide.28−30 An alternative to a-HfO2 is a-
Al2O3 which has been shown to improve device performance
with both Si- and Ge-based channel materials.31−33 In addition,
a-Al2O3 is known to be a good diffusion barrier preventing Ge
incorporation into the oxide thus maintaining good oxide
properties.32,34 While a-Al2O3 has an insufficient dielectric
constant for high performance MOSFETs, a bilayer of a-HfO2/
a-Al2O3/SiGe can be employed so the superior a-Al2O3/SiGe
interface can be utilized.

■ RESULTS AND DISCUSSION

This paper presents density-functional theory (DFT) molecular
dynamics (MD) simulations which show that a high-quality
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interface can be formed directly between a-Al2O3 and SiGe with
Si- and Ge-terminations without the requirement of an a-SiO2
or a-GeO2 interlayer thereby allowing for aggressive EOT
scaling. There are many sources of defects at oxide/semi-
conductor interfaces including intermixing, partially filled
dangling bonds (i.e., undercoordinated atoms), metallic
bonds, and ionic bonds. The SiGe(001) surface is terminated
with dimerized Si and Ge atoms with approximately 1/2 filled
dangling bonds. These atoms should be highly reactive, but
without charge transfer at the interface, one would expect that
any remaining dangling bonds would induce midgap states
since they would be half-filled. While Si−O and Ge−O bonds
are unlikely to be problematic, bonding between Al and Si or
Ge could result in metallic bond formation which usually
induces midgap states. As shown below, the internal bonds of a-
Al2O3 are sufficiently strong to prevent Al intermixing and to
allow just weak bonding to the SiGe surface. These weak
interfacial bonds prevent formation of metallic-like states but
leave dangling bonds. However, even on the tricoordinated Si
and Ge atoms, the dangling bonds are sufficiently filled so
midgap state formation is avoided. Furthermore, the Al−Si and
Al−Ge bonds are so sufficiently weak that they are nonmetallic.
The Si and Ge terminated surfaces were compared since both

can be produced experimentally. Upon annealing in UHV, the
SiGe(001) surface spontaneously forms a Ge terminated
surface;35−37 conversely, after bonding to Cl, O, and other
strong adsorbates, the SiGe(001) becomes Si terminated after a
high temperature anneal.38,39 The switching from Ge to Si is
due to the stronger bonds to oxygen and oxide formed by Si
compared to Ge. This allows engineering of Ge vs Si
terminated interfaces to the oxide.
High-quality DFT a-Al2O3 samples were generated by

separate “melt-and-quench” hybrid classical-DFT MD simu-
lations described in detail elsewhere.40−42 The amorphous 10−
15 samples were generated by varying simulation parameters.
To ensure high sample quality, the samples were analyzed to
compare properties such as radial distribution function (RDF),
angular distribution function (ADF), coordination distribution,
average coordination numbers, band gap, etc. to reference
experimental and simulated properties. The a-Al2O3 samples
including 40 Al and 60 O atoms were generated to match the
Si0.5Ge0.5(001) cross-sectional area to avoid any strain. To
increase the variability of the initial interface configurations, the
a-Al2O3 bulk sample was cut in two different planes (Cut I and
Cut II) forming 2 different oxide initial surfaces in contact with
SiGe substrate. Note the exact same cuts were employed for the
Ge and Si terminated surfaces. The Si0.5Ge0.5 DFT optimal
lattice constant was refined by unit cell relaxation at variable
volume. Prior to oxide stacking, two SiGe slabs (2 × 2 × 3
supercells, 48 Si and 48 Ge atoms) were prepared to have Si-
and Ge-terminations with (2 × 1) surface reconstruction and
relaxed to the ground state. The three bottom SiGe layers were
permanently fixed in their bulk-like positions during the full
simulation cycle. The bottom SiGe dangling bonds were
passivated by relaxed H to simulate bulk continuity. The a-
Al2O3 upper surfaces for Cut I and Cut II samples were also
passivated by H to restore usual in-bulk coordination of Al and
O in a-Al2O3. All DFT simulations were performed by a VASP
plane-wave DFT package using projector augmented-wave
(PAW) pseudopotentials (PP), a PBE-GGA exchange-
correlation functional for DFT-MD, and a more accurate
HSE06 hybrid-functional for final electronic structure calcu-
lations.43−52 The selected validated a-Al2O3 samples (Cut I and

Cut II) were stacked on the SiGe(001) Si- and Ge-terminated
(2 × 1) reconstructed surfaces at interfacial bond lengths close
to equilibrium values. During the first initial relaxation stage, all
SiGe atoms were fixed and the rest of the system (mainly
oxide) was partially relaxed for 40 conjugate-gradient (CG)
steps to relieve possible interfacial stresses. Afterward, the SiGe
atoms were unfixed (except the 3 bottom layers), and the whole
stack was annealed at 700 K for 1000 steps with 1 fs timesteps,
cooled to 0 K for 200 fs, and relaxed to the ground state below
0.05 eV/Å force tolerance level.
The final relaxed stacks are presented in Figure 1. The

analysis of interfacial bonding indicates that for both Ge-
terminated interfaces Cut I and Cut II 75% of interfacial bonds
are O−Ge and 25% are Al−Ge (Figure 1a,c). For both Si-
terminated interfaces Cut I and Cut II, 71% of interfacial bonds
are O−Si and 29% are Al−Si (Figure 1b,d). The length of Al−

Figure 1. a-Al2O3/Si0.5Ge0.5(001) DFT-MD annealed and relaxed
stacks with oxide Cut I and Cut II: (a, c) Ge-terminated; (b, d) Si-
terminated SiGe surfaces. Al, blue; O, red; Si, yellow; Ge, green; H,
white.
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Si bonds is between 2.4 and 2.5 Å with an average length of
2.45 Å. These Al−Si bonds do not produce midgap or band-
edge states which will be shown later (Figures 2, 3, and S1).
The simulated interfaces with Cut I oxide (Si-Term and Ge-
Term) have no Al nor O intermixing and preserve all surface
Ge−Ge and Si−Si dimers. For interfaces with Cut II oxide (Si-
Term and Ge-Term), 1 oxygen atom intermixes with the SiGe
substrates, breaking one Si−Si and Ge−Ge dimer and
preserving the other 3 dimers per interface (atoms “D” and
“E”, Figure 1). It is likely that the Cut I and II interfaces are
different because the oxide cutting procedure produces a more
undercoordinated, highly reactive O atom on Cut II. The
coordination analysis demonstrates that all surface semi-
conductor atoms restore 4-fold coordination, forming one
additional bond to the oxide, except one 3-fold coordinated Ge
for Cut I and II (atom “A” in Figure 1a, atom “F” in Figure 1c),
one 3-fold coordinated Si for Cut I and Cut II (atom “B” in
Figure 1b, atom “G” in Figure 1d), and one 5-fold coordinated
Si atom, forming 2 Si−O bonds to the oxide (atom “C” in
Figure 1b). A previous study had examined the interfaces
between a-Al2O3 and Ge(001) with DFT-MD annealing at both
700 K and 1100 K.41,42 It was found that the a-Al2O3/Ge(001)
interface formed only Ge−O bonds and there was substantial
breaking of the surface dimer bonds. Several factors contribute
to the stability of the a-Al2O3/SiGe(001) interface compared to
a-Al2O3/Ge(001): (a) Si−Ge back bonds are stronger internal
bonds than Ge−Ge, thereby creating a larger activation barrier
for oxygen insertion reactions; (b) SiGe has stronger internal

Figure 2. Density of states curves, VBM and CBM states for a-Al2O3/SiGe(Ge-Term), a-Al2O3/SiGe(Si-Term), and the reference SiGe slab with
double H passivation. HSE06 functional. (a) Cut I (Si-Term vs Ge-Term), (b) Cut II (Si-Term vs Ge-Term), (c) Si-Term (Cut I vs Cut II), and (d)
Ge-Term (Cut I vs Cut II).

Figure 3. Band-decomposed charge density for a-Al2O3/SiGe(Si-
Term) Cut I and Cut II stacks targeting: (a, c) valence band edge
states and (b ,d) conduction band edge states. HSE06 functional. Al,
blue; O, red; Si, yellow; Ge, green.
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bonds than Ge, thereby making lattice distortion less
thermodynamically favorable.
To obtain a more accurate electronic structure while avoiding

band gap underestimation typical for standard DFT, the relaxed
stack was rescaled from the PBE to the HSE06 SiGe lattice
constant (different by around 1.1%), and the electronic
structure with HSE06 hybrid functional was calculated. The
high computational cost of HSE06 relaxation of ∼200 atom
system prevents additional relaxation with HSE06. After
rescaling and HSE06 DOS calculation, an absence of significant
forces in the oxide was verified.
Figure 2 presents HSE06 DOS curves for the a-Al2O3/

Si0.5Ge0.5(001) stacks vs reference Si0.5Ge0 slab with H
passivation on the top and bottom surfaces (Figure S2). This
reference system was chosen since it has the same size as the
SiGe portion of the oxide/SiGe stacks and uses the same K-
point and Q-point sampling density which makes band gap
comparison more rigorous.
Since DOS curves have Gaussian smearing which also smears

band gap edges, the valence-band maximum (VBM) and
conduction-band minimum (CBM) eigenstates were also added
for a more accurate band gap representation. The SiGe
reference slab DOS curve was shifted to align deep-level core
states with the corresponding peaks of a-Al2O3/SiGe (Si- and
Ge-terminated) stacks. For the oxide/SiGe stacks, the Fermi
level is at 0.0 eV (Figure 2).
The HSE06 DOS calculations reveal that the a-Al2O3/

SiGe(Si-Term) (Cut I) stack has a band gap of 1.42 eV, which
is only 0.06 eV less than the band gap of the reference SiGe slab
(1.48 eV); this is not a significant difference (Figure 2a). Note
that the HSE bandgap of the SiGe reference slab (1.48 eV) is
increased vs the experimental bulk value due to quantum
confinement caused by the finite cell size. The a-Al2O3/
SiGe(Ge-Term) (Cut I) stack has a slightly narrower band gap
of 1.29 eV, which is 0.19 eV less than the SiGe reference slab
band gap (Figure 2a). Therefore, the a-Al2O3/SiGe(Si-Term)
(Cut I) stack demonstrates a high-quality interface with
practically no band gap shrinkage and insignificant band edge
states, while the a-Al2O3/SiGe(Ge-Term) (Cut I) stack has
minor band-edge states slightly reducing the band gap. This
difference is unexpected since the number of dangling bonds
and possibly metallic bonds (Al−Ge and Al−Si) are identical at
the two interfaces.
The a-Al2O3/SiGe (Cut II) (Si-Term) and (Ge-Term)

interfaces demonstrate similar bandgaps with no midgap and
few minor band-edge states (Figure 2b). The a-Al2O3/SiGe (Si-
Term) (Cut II) interface has a bandgap of 1.34 eV, which is
0.14 eV less than the reference SiGe slab bandgap. This
bandgap shrinkage is caused mainly by a state near the CB edge
and is analyzed in more detail below (Figure 2b). The a-Al2O3/
SiGe (Ge-Term) (Cut II) has a bandgap of 1.41 eV, which is
only 0.07 eV less than the SiGe reference slab bandgap. The
prominent increase in states near the CB for the a-Al2O3/SiGe
(Si-Term) (Cut II) relative to a-Al2O3/SiGe (Ge-Term) (Cut
II) is primarily due to a state beyond the CB edge, and thus,
only a small difference (0.07 eV) is observed in the band gap.
To investigate variation between a-Al2O3/SiGe (Si-Term)

Cut I and Cut II interfaces, their DOS curves were compiled on
Figure 2c. These DOS curves show strong similarity except one
defect state near the CB edge for the Cut II interface. The a-
Al2O3/SiGe (Ge-Term) Cut I and Cut II DOS curves were
compiled on Figure 2d demonstrating strong similarity with
very minor deviations near the VBM.

To investigate the source of band-edge states in a-Al2O3/
SiGe(Ge-Term) DOS, band-decomposed charge density
calculations were performed for energy intervals [VBM − 0.1
eV, VBM] and [CBM, CBM + 0.1 eV] (Figures 2−4). For a-

Al2O3/SiGe(Ge-Term) (Cut I) stack, VBM = −0.65 eV and
CBM = +0.64 eV with E(Fermi) = 0.0 eV. The 3D visualized
states for these intervals are presented in Figure 4a,b. The
largest band-edge state for Cut I near VBM is localized at the 3-
fold under-coordinated Ge atom “A” with a dangling bond and
forming no bond to the oxide (Figure 4a). The conduction
band-edge state for Cut I is much smaller in amplitude and is
localized at the 4-fold properly coordinated surface Ge, which
has three almost planar strained bonds giving rise to a minor
band-edge state near the CBM (Figure 4b). Consequently, the
main source of band-edge states for the a-Al2O3/SiGe(Ge-
Term) (Cut I) stack is the 3-fold under-coordinated Ge atom
“A” with a dangling bond.
For the a-Al2O3/SiGe (Ge-Term) (Cut II) interface, the

bandgap reduction is only 0.07 eV vs SiGe reference slab
bandgap. The VBM band-edge state is localized near 3-fold
coordinated Ge atom “F” forming no bond to the oxide and
another Ge atom forming a strained bond to the O atom
(Figure 4c). The CBM band-edge state is localized at another
Ge atom forming a strained bond to the O atom (Figure 4d).
Band-decomposed charge density calculations were per-

formed for the a-Al2O3/SiGe(Si-Term) Cut I and Cut II stacks
visualizing [VBM − 0.1 eV, VBM] and [CBM, CBM + 0.1 eV]
energy intervals (Figure 3). Since the band gap of the Al2O3/
SiGe(Si-Term) (Cut I) stack is very close to the bulk reference
band gap (reduction is only 0.06 eV), these are mainly
delocalized states at bulk Si−Ge bonds (Figure 3b) and one
subsurface strained Si−Ge bond (Figure 3a) near the Si atom
“C”. In contrast to a-Al2O3/SiGe(Ge-Term) (Cut I) (Figure
4a,b), for both [VBM − 0.1 eV, VBM] and [CBM, CBM + 0.1
eV] intervals of a-Al2O3/SiGe(Si-Term) (Cut I), the 3-fold
coordinated surface Si atom “B” has no band edge states. The a-
Al2O3/SiGe (Si-Term) (Cut II) interface has a weak VBM

Figure 4. Band-decomposed charge density for a-Al2O3/SiGe(Ge-
Term) Cut I and Cut II stacks targeting: (a, c) valence band edge
states and (b, d) conduction band edge states. HSE06 functional. Al,
blue; O, red; Si, yellow; Ge, green.
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band-edge state mainly delocalized at bulk Si−Ge bonds
(Figure 3c). The CBM band-edge state for the a-Al2O3/SiGe
(Si-Term) (Cut II) is a more pronounced defect state localized
at 3-fold coordinated Si atom “G” (Figure 3d). Although this
state is more significant, it penetrates only 0.07 eV into the
reference SiGe slab bandgap leading to very minor bandgap
reduction.
The valence band edge states from the 3-fold under-

coordinated Ge atom at the Al2O3/SiGe(Ge-Term) (Cut I)
interface contrast with the near absence of a band edge state
from the under-coordinated Si atom at the a-Al2O3/SiGe(Si-
Term) (Cut I) interface. The difference can be explained by
more filled dangling bonds usually being electrically and
chemically passive because filled dangling bonds have tightly
bound electrons. Conversely, less filled dangling bonds are
usually chemically reactive and form band-edge or midgap
states because the electrons are weakly bound. To compare
dangling bond filling, total charge field was visualized in 3D for
all 4 simulated interfaces with the same isolevel of 0.45 (Figure
5). While the 3-fold coordinated Ge (atom “A”) shows no

charge at the dangling bond at this isolevel (Figure 5a), the 3-
fold coordinated Si (atom “B”) clearly shows higher charge at
the similar dangling bond (Figure 5b). It clearly indicates that
the dangling bond at 3-fold Ge atom “A” is less filled (total
bandgap reduction of 0.19 eV) than the more filled dangling
bond at 3-fold coordinated Si atom “B” (total band gap
reduction is only 0.06 eV). The comparison of total charge for
Cut II interfaces indicates that 3-fold coordinated Ge (atom
“F”) shows charge at the dangling bond (total bandgap
reduction is only 0.07 eV), while Si (atom “G”) shows no
charge (band gap reduction of 0.14 eV) (Figures 2−5).
To determine the filling of the dangling bonds, Bader charge

calculations were performed with core-correction and HSE06
functional to evaluate charge transfer to/from interfacial 3-fold
coordinated Ge and Si atoms (Figure 1).53−55 The SiGe bulk
has some Bader charge transfer and bond polarity due to
difference in electronegativity. The bulk Ge atoms in the oxide/
SiGe stack have an average electron charge of −4.21 |e| (for
SiGe bulk unit cell Ge electron charge is −4.16 |e|) while the
bulk Si in the oxide/SiGe stack has an average electron charge
of −3.79 |e| (for SiGe bulk unit cell Si electron charge is −3.84
|e|).
Bonding to the oxide tends to reduce the Bader charge in the

surface of Si and Ge since the majority of bonds are to oxygen.
The Cut I Si surface atoms bonded to O lose an average of 0.54
|e| of electron charge (becoming −3.25 |e|) vs in-bulk atoms
(−3.79 |e|) while similar Cut II Si surface atoms bonded to O
lose an average of 0.80 |e| of electron charge (becoming −2.99

|e|) vs in-bulk atoms. The Cut I Ge surface atoms bonded to O
lose an average of 0.46 |e| of electron charge (becoming −3.75
|e|) vs in-bulk atoms (−4.21 |e|), while the Cut II Ge surface
atoms bonded to O lose an average of 0.70 |e| of electron
charge (becoming −3.51 |e|) vs in-bulk atoms. In sum, the
charge transfer from bonding to the O atoms is very similar for
Si and Ge.
Bader charge analysis indicates that the Si atoms forming

bonds to Al at Si-terminated Cut I surface have an average of
0.60 |e| of greater negative electron charge (becoming −4.39
|e|) vs Si in-bulk atoms (−3.79 |e|) and Si atoms on the Si-
terminated Cut II surface forming bonds to Al have an average
of 0.37 |e| of greater negative electron charge (becoming −4.16
|e|) vs Si in-bulk atoms. The Ge atoms forming bonds to Al at
Ge-terminated Cut I surface have an average of 0.34 |e| of
greater negative electron charge (becoming −4.55 |e|) vs in-
bulk Ge atoms (−4.21 |e|), while Ge atoms on the Ge-
terminated Cut II surface forming bonds to Al have an average
of 0.28 |e| of greater negative electron charge (becoming −4.49
|e|) vs in-bulk Ge atoms. In sum, the Si atoms are better charge
acceptors from Al than Ge atoms. The Si surface atoms forming
bonds to the oxide have larger electron accumulation vs in-bulk
values than similar surface Ge atoms making bonds to a-Al2O3.
For the Cut-I a-Al2O3/SiGe (Ge-Term) interface, the 3-fold

interfacial Ge atom (atom “A”) is more positively charged
relative to in-bulk Ge atoms by 0.23 |e| (Figure 1a). However,
3-fold interfacial Si (atom “B”) in the Cut-I a-Al2O3/SiGe (Si-
Term) interface is more negatively charged by 0.42 |e| relative
to in-bulk Si atoms (Figure 1b). This is consistent with the
tricoordinated atoms having only two polar Si−Ge bonds.
Comparing absolute values of Bader charges, 3-fold

interfacial Ge (atom “A”, Cut I) has an electron charge of
−3.98 |e|, while 3-fold interfacial Si (atom “B”, Cut I) has an
electron charge of −4.21 |e| (Figure 1). Therefore, this 3-fold
interfacial Si atom “B” is more negative than the 3-fold
interfacial Ge atom “A”. The charge values indicate that the
interfacial dangling bond of 3-fold Si atom “B” is more filled
and more electrically passive than the less filled and more
electrically active dangling bond of 3-fold interfacial Ge atom
“A” (Figure 1). A possible reason is that Si−Al bonds pull more
electron charge to the semiconductor than the Ge−Al bonds
while O−Si and O−Ge bonds have roughly equal electron
depletion of the semiconductor.
Cut II had a different initial oxide surface than Cut I which

created an oxygen transfer at the interface. For the Cut-II a-
Al2O3/SiGe (Ge-Term) interface, the 3-fold coordinated Ge
atom “F” exhibits behavior similar to Cut I being more
positively charged by 0.63 |e| relative to in-bulk Ge atoms since
it is bound to the more electronegative O atom breaking the
Ge−Ge dimer (Figure 1c). In terms of absolute Bader charges,
this 3-fold interfacial Ge atom “F” (Cut II) has an electron
charge of −3.58 |e|. There is a small VB state on the back-bond
of atom “F” consistent with strained bond angles for the
undercoordinated 3-fold Ge atom “F” in Cut II (Figure 4c).
The 3-fold interfacial Si (atom “G”) for the a-Al2O3/SiGe

(Si-Term) (Cut II) interface is very different from the 3-fold
interfacial Si in Cut I (atom “B”) having a pronounced CBM
band-edge state (Figures 1d, 2c, and 3d). However, this Si-
created band-edge state penetrates into the SiGe reference
bandgap by only 0.07 eV creating a very minor band gap
decrease. The Bader charge analysis indicates that this 3-fold Si
(atom “G”) has an electron charge of −3.00 |e|, which makes it
0.79 |e| more positive than the stack in-bulk Si atoms. This is in

Figure 5. Total charge density for a-Al2O3/Si0.5Ge0.5(001) stacks with
oxide Cut I and Cut II: (a, c) Ge-terminated; (b, d) Si-terminated
SiGe surfaces. Al, blue; O, red; Si, yellow; Ge, green.
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contrast to the −4.21 |e| on the 3-fold interfacial Si atom “B” in
Cut I. The Cut II Si atom “G” is more positive than bulk Si
atoms because it is bound to more electronegative O atom
breaking Si−Si dimer. Since this interfacial Si atom “G” is more
positive, it has a less filled and more chemically active dangling
bond creating a band-edge state which completely correlates
with the 3-fold Ge-atom behavior described above. It is noted
that, since this is a less filled dangling bond on Si, it would
probably be readily passivated during annealing of the gas to
form a Si−H bond, which will produce no states in the band
gap.
Experimental results are consistent with an abrupt interface

between SiGe and a thin a-Al2O3 layer. Kaufman-Osborn et al.
performed XPS studies of trimethyl aluminum and H2O2
dosing of SiGe(001).56 Prior to annealing, the interface was
dominated by Ge2+ consistent with Ge−O−Al bonds with no
GeO2 or SiOx. After annealing, the interface was dominated by
Si2+ consistent with formation of Si−O−Al bonds with no
GeO2 or SiOx. Electrically, the annealed interface was
unpinned, consistent with the DFT results.
To experimentally determine the correlation between

bonding and electronic structure at a-Al2O3/SiGe interface,
metal oxide semiconductor capacitors (MOSCAPs) were
fabricated by depositing 3 nm of Al2O3 on SiGe(001), with
30% Ge, via atomic layer deposition (ALD). SiGe(001)
samples were cleaned by cyclic HF/H2O prior to ALD.
Capacitance−voltage measurements were performed on the
MOSCAPs at various frequencies ranging from 1 kHz to 1
MHz.
a-Al2O3/SiGe MOSCAPs were fabricated by depositing 3.0

nm of a-Al2O3 on clean SiGe(001) surfaces. In order to prepare
a clean surface for ALD, SiGe(001) samples were cleaned by
cyclic HF/H2O clean. a-Al2O3 deposition was performed by
atomic layer deposition (ALD) at 120 °C where 30 consecutive
cycles of 200 ms of trimethylaluminum (TMA) and 50 ms of
H2O were dosed on the sample surface by pulse valves. After
each pulse, a 6 s purge was applied. The chamber base pressure
during the ALD process was 1.7 Torr. After oxide deposition,
Ni gate metal dots of 150 to 200 μm diameter were deposited
on the oxide using thermal evaporation. Fully fabricated
MOSCAPs were annealed in forming gas (5% H2, 95% N2)
at 250 °C for 15 min. Capacitance−voltage (C−V) spectros-
copy was conducted on the Ni/a-Al2O3/SiGe MOSCAPs with
AC modulation amplitude of 30 mV, in the gate bias range of
−2 to 2 V, at multiple frequencies from 1 kHz to 1 MHz
(Figure 6).

Using the C−V results at 1 kHz and 1 MHz, the density of
interface traps (Dit) was calculated as
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−
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−
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where q is the electron charge (=1.6 × 10−19C), COX is the
oxide capacitance, CLF is the low frequency capacitance (1
kHz), and CHF is high frequency capacitance (1 MHz). On the
basis of this method, the maximum Dit calculated near the flat
band region was estimated as 3.13 × 1012 eV−1cm−2.
Using the high−low CV technique, density of interface traps

(Dit) was estimated as 3.13 × 1012 cm−2 eV−1, which is the
lowest ever achieved for high-k oxide/SiGe interfaces and is
comparable to Ge MOSCAPs with 1 nm thick interfacial Ge
oxynitride layers (3 × 1011 cm−2eV−1).57 Lower Dit levels
(<1011 cm−2eV−1) for Ge have only been achieved through
formation of GeO2 interfacial layers between high-k oxides and
Ge.58

To determine the interfacial composition, angle resolved X-
ray photoelectron spectroscopy (AR-XPS) was performed on
Al2O3/SiGe(001) (Figure 7). SiGe samples were cleaned by
cyclic HF/H2O clean followed by 8 cycles of Al2O3 ALD at 120
°C. Samples were subsequently annealed in forming gas (5%
H2, 95% N2) at 250 °C for 15 min. AR-XPS measurements
were obtained by a VG Theta Probe system with an Al Kα
excitation source (1486.7 eV). AR-XPS spectra were obtained
in the takeoff angle range of 26.75° to 79.25° with 7.5° steps.
Figure 7 shows the Si 2p and Ge 3d spectra measured at various
takeoff angles. The high binding energy shoulders for Si 2p and
Ge 3d peaks correspond to SiOx and GeOx, respectively. This
is consistent with formation of no SiO2 and GeO2 at the a-
Al2O3/SiGe(001) interface.
Thickness of the interfacial oxide (SiOx and GeOx) has been

estimated with the Beer−Lambert equation in conjunction with
oxide/substrate intensity ratio as a function of the takeoff angle.
The estimated interfacial oxide thickness is 4 Å which is
equivalent to a 1−1.5 monolayer. This 1−1.5 monolayer of
interfacial oxide is consistent with formation of Si−O−Al and
Ge−O−Al at the interface, the absence of SiO2 and GeO2 at
the a-Al2O3/SiGe(001) interface, and direct bonding of the
oxide to the surface without interfacial oxide formation. The
combination of the C−V measurements and the XPS
measurements is consistent with the DFT showing that direct
bonding of a-Al2O3 to SiGe(001) can occur without significant
interfacial trap state formation.
Recently, there have been several papers on interfaces of gate

oxides on SiGe with a focus on GeOx at the interface and Ge
diffusion into the gate oxide. However, most have focused on
HfO2 and purposeful formation of nitrides59,60 or SiO2

61

interlayers to prevent direct bonding of the HfO2 to the SiGe
since Ge readily diffuses into HfO2. Conversely, Han et al.62,63

studied postdeposition plasma nitridation of Al2O3/
Si0.75Ge0.25(001). Plasma nitridation was compared to plasma
oxidation at 300 °C; these plasma processes were performed
after 1 nm of Al2O3 ALD and prior to ALD of the remaining 4
nm of oxide; an N2 postdeposition annealing (PDA) was
performed at 400 °C. While the EOT was modest (<1 μF/
cm2), plasma nitridation reduced the Dit by 10× compared to
nonplasma treated samples to 3.5 × 1011 cm−2 ev−1 even with a
nitride layer with 0.2 EOT; conversely, plasma oxidation
increased the Dit. XPS studies showed that plasma oxidation
increased GeOx but plasma nitridation transformed GeOx to

Figure 6. Capacitance−voltage curves for a Ni/a-Al2O3/SiGe(100)
MOSCAP at various frequencies from 1 kHz to 1 MHz.
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GeON (possibly even GeNx) consistent with a good interface
forming between Al2O3 and Ge(001) with only a monolayer of
SiGeON at the interface.

■ CONCLUSION
In summary, DFT-MD simulations show that a-Al2O3 stacked
on SiGe can form high-quality abrupt unpinned interfaces with
no midgap states. The internal bonds of a-Al2O3 are sufficiently
strong to prevent Al intermixing and to allow just weak
bonding to the SiGe surface. These weak interfacial bonds
prevent formation of metallic-like Al−Si or Al−Ge states but
leave dangling bonds. Although both Ge- and Si-terminated
SiGe surfaces have dangling bonds, they can be tolerated in the
absence of oxygen transfer because they are more filled and
electrically passive. Even with oxygen transfer from the oxide to
the SiGe surface dimers, the dangling bonds states are shallow
states near the band edges and, therefore, barely change the
band gap. The results show that oxide/semiconductor
interfaces are very sensitive to small differences in bond
strength and polarity even for isoelectronic surface atoms. C−V
spectroscopy and angle-resolved X-ray photoelectron spectros-
copy (AR-XPS) experiments on ALD a-Al2O3/p-type
SiGe(001) were consistent with the formation of interfaces
with low interface trap density via direct bonding between SiGe
and Al2O3 without any SiO2 or GeO2 formation.
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