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a b s t r a c t
Passivation, functionalization, and atomic layer deposition (ALD) via H2O2(g) and trimethylaluminum (TMA)
dosing were studied on the clean Si0.6Ge0.4(001) surface at the atomic level using scanning tunneling microscopy
(STM) and scanning tunneling spectroscopy (STS). Chemical analysis of the surface was performed with in-situ
X-ray photoelectron spectroscopy (XPS) while density functional theory (DFT) was employed to model the
bonding of H2O2(g) chemisorbates to the substrate. A room temperature saturation dose of H2O2(g) covers the
surface with a monolayer of \OH and \O chemisorbates. XPS and DFT demonstrate that the room temperature
H2O2/SiGe surface is composed of only Ge\OH and Ge\O bonds while annealing induces an atomic layer exchange bringing Si to the surface to bond with \OH or \O while pushing Ge subsurface. The resulting Si\OH
and Si\O surface is optimal because it can be used to nucleate high-k ALD and Si dangling bonds are readily
passivated by forming gas. After H2O2(g) functionalization, TMA dosing, and a subsequent 230 °C anneal, ordering along the dimer row direction is observed on the surface. STS veriﬁes that the TMA/H2O2/SiGe surface has an
unpinned Fermi level with no states in the band gap demonstrating the ability to serve as an ideal template for
further high-k deposition.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
To further scale complementary metal–oxide semiconductor (CMOS)
devices, materials with high carrier mobility have been studied. Much
attention has been given to using SiGe as a channel material due to its
high hole mobility and the facility to place Si channels or low Ge content
SiGe under biaxial tensile strain for electron mobility enhancement in
NMOS or to have a SiGe channel compressively strained by a higher Ge
content SiGe or pure Ge to enhance hole mobility [1–3]. However, one
of the main challenges in employing SiGe as a channel material is achieving a high quality interface between SiGe and a gate oxide [4]. As the
oxide thickness is scaled down on the SiGe surface, a large drop in mobility is observed which is most likely caused by the poor quality Ge containing oxide which exists at the SiGe–oxide interface [5]. Therefore, a high
quality and low defect density interlayer must be deposited between
the semiconductor and the gate oxide.
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Several strategies have been studied to optimize the SiGe/oxide interface. On Ge(001), a good oxide/SiGe interface can be formed by
growing a high quality GeO2 layer using high temperature and high
pressure oxidation[6–9]. However, oxidation of the SiGe surface to
form an insulating layer is difﬁcult because typical thermal oxidation
preferentially oxidizes the Si leaving a Ge rich layer or Ge suboxide
near the semiconductor–oxide interface which negatively effects the
oxide properties [10]. Even if SiO2 and GeO2 could simultaneously be
formed on SiGe, GeO2 is problematic due to its water solubility and
limited thermal stability. Another possible solution is to deposit an
ultra-thin Si capping layer [11–15]. The Si capping layer can be very
effective at reducing interface traps (Dit) [14]. However, optimizing
the Si cap thickness is crucial because too thin a cap can result in leakage
current while too thick a Si cap can increase sub-threshold swing and
lower hole mobility [15].
In an effort to improve performance on Si and SiGe devices, multilayered oxides (SiO2/Ta2O5, Ta2O5/ZrO2, ZrO2/HfO2, SiO2/ZrO2, etc.) have
been studied with the goal of lowering EOT, reducing leakage current,
increasing interfacial layer stability, suppressing dopant diffusion, and
improving reliability. Many multilayered oxides include a low-k SiO2
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Fig. 1. STM and STS of clean SiGe(001) (A) Filled state STM image (50 × 50 nm2, Vs = −1.8 V, It = 0.2 nA) of sputter and anneal cleaned SiGe(001). (B) 10 × 10 nm2 inset of black square
outline in (A) showing surface reconstruction (C) STS of clean (blue) and sputter damaged (green) SiGe(001) surface. The clean surface is unpinned with a Fermi level (0 V) slightly above
midgap and the sputter damaged surface is pinned p-type consistent with large high density of valence band edge states. Dotted green line shows conduction band edge of sputter
damaged surface. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

layer in an effort to optimize the semiconductor/oxide interface quality
[16–21].
The goal of this study is to eliminate the need for the Si/SiO2 capping
layer by generating a Si\OH and Si\O terminated surface via
H2O2(g) dosing and annealing which can directly nucleate high-k ALD
and subsequently be treated with forming gas anneal process to passivate any persistent Si dangling bonds at the interface [22–25]. The effect
of reacting H2O2(g) and TMA on the Si0.6Ge0.4(001) surface is analyzed
because it has previously been shown on Ge, Si, and SiGe that a very
thin interfacial Al2O3 can improve device performance [26–28].
The present study reports upon the formation of a thermally stable
passivation layer of monolayer thickness on Si0.6Ge0.4(001) which
leaves the Fermi level unpinned while preventing low quality Ge suboxide formation eliminating the need for a low-k SiO2 buffer layer.
The surface bonding conﬁgurations and thermal behavior of the
Si0.6Ge0.4(001) surface after H2O2(g) and TMA dosing were studied by
annealing in ultrahigh vacuum conditions and analyzing the surface

between each step using in-situ X-ray photoelectron spectroscopy
(XPS), scanning tunneling microscopy (STM), and scanning tunneling spectroscopy (STS). Atomic models of the H2 O 2(g) passivated
Si0.5Ge0.5(001) surface were developed using density functional theory
(DFT) and were consistent with experimental results. H2O2(g) + TMA
dosing on the SiGe surface was shown to produce an electrically passive
interface which acts as an ideal template for additional high-k deposition; DFT modeling of the monolayer of aluminum oxide on SiGe(001)
is consistent with an ordered electrically passive interface.
2. Experimental details
N-type Si0.6Ge0.4(001) wafers doped with 4 × 1019 cm−3 P (Applied
Materials) were diced into 12 mm × 5 mm pieces. Samples were
degreased using acetone, methanol, and deionized water then dried
with N2 gas. Samples were loaded into a custom Omicron UHV chamber
with a base pressure of 2 × 10−10 Torr then cleaned via repeated sputter

Fig. 2. STM image and STS of 2 × 104 L H2O2(g) dosed SiGe(001) (A) Filled state STM image (15 × 15 nm2, Vs = −1.8 V, It = 0.2 nA) of 2 × 104 L H2O2(g) dosed onto clean SiGe(001). The
H2O2(g) dose at RT produces a nearly full monolayer of H2O2(g) dark chemisorptions sites (blue and green boxes) on a SiGe(001) surface. Bright spots (red box) are unreacted sites with
half ﬁlled dangling bonds. (B) Schematic diagrams of surface bonding conﬁgurations that correspond to the blue, green, and red boxes in the STM image. (C) STS of H2O2(g) dosed
SiGe(001) surface at RT (red curve) shows Fermi level shift toward the valence band (red arrow) compared to STS of clean surface (blue curve). (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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and anneal processes. The sputtering was performed using a 1–1.5 keV
of Ar+ ion beam (Model 1403 ion gun, Nonsequitur Technologies) with
a beam current of 0.6–0.9 μA for 30 min while the sample temperature
was maintained at 500 °C via direct heating. Following each sputter
process, the sample temperature was maintained at 500 °C for 20 min.
Sample cleanliness was veriﬁed via STM before proceeding with each
experiment.
SiGe surfaces were reacted with precursors in a separate “dosing”
chamber with a base pressure of 2 × 10− 8 Torr. Without carrier gas,
H2O2(g) and TMA were dosed by back ﬁlling the dosing chamber with
the precursor vapors. The doses of both H2O2(g) and TMA were
controlled by throttling valves on the H2O2(g) and TMA. The reaction
pressures were measured using a convectron gauge, and the exposures
were estimated in Langmuirs (1 Langmuir (L) = 1 × 10−6 Torr 1 s). The
SiGe(001) samples were maintained at 300 K during dosing. A 30% solution of H2O2(aq) was employed as the surface oxidant source. The
H2O2(aq) solution is known to produce a vapor containing 2.7%
H2O2(g) at 25 °C [29]. Glass and teﬂon tubing and teﬂon valves were
employed to minimize the decomposition of the H2O2(g); however,
some H2O2(g) may have reacted with the walls of the stainless steel
dosing chamber. Therefore, the estimates of H2O2(g) exposures on the
Si0.6Ge0.4(001) surfaces are the upper limits of the actual doses of
H2O2(g). However, knowledge of the exact dose is not material to the
results because all results in this study employed saturation doses.
After dosing H2O2(g) or TMA, samples were transferred to the UHV
chamber for thermal annealing. The sample temperature was monitored by a pyrometer during direct heating using a controlled heating
ramp rate of 1 °C/s. The sample surface topography was analyzed
using in-situ analysis via an STM (LT-STM, Omicron Nanotechnology).
After each surface treatment, STM (scanning tunneling microscopy)
and STS (scanning tunneling spectroscopy) data were obtained at RT
in a UHV chamber with a base pressure of 1 × 10−11 Torr. STM images
were acquired using constant-current mode STM (Isp = 0.2 nA) with an

Fig. 3. Ge 3d and Si 2p spectrum of H2O2/SiGe(001) (left) Ge 3d spectrum showing formation of a GeOxHy peak after a RT H2O2(g) dose and reduction of the GeOxHy peak as sample
is annealed to 300 °C. (right) Si 2p spectrum showing absence of a SiOxHy peak after RT
H2O2(g) dose and formation of a SiOxHy peak as sample is annealed to 300°C.
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applied sample bias between − 1.8 and − 2.0 V. STS, operating in
variable-z mode using a modulation signal (0.1 V, 650 Hz) supplied by
an external lock-in ampliﬁer while sweeping the sample bias from −1
to +1 V or −1.5 to +1.5 V, was implemented to measure the electronic
structure of sample surfaces.
Chemical analysis was performed using an in-situ monochromatic
XPS (XM 1000 MkII/SPHERA, Omicron Nanotechnology) to examine
the surface elements and their relative intensities. XPS data was acquired in constant analyzer energy mode with a pass energy of 50 eV
and a line width of 0.1 eV using an Al Kα source (1486.7 eV). The takeoff
angle was 30° from the sample surface (i.e. close to the surface parallel)
with an acceptance angle of ± 7°. Peak shape and data analysis was
performed using CASA XPS v.2.3 using a Shirley background subtraction
method.
3. Computational details
All presented ﬁrst-principle simulations were performed with the
Vienna Ab-Initio Simulation Package (VASP)[30, 31] applying projector
augmented-wave (PAW) pseudopotentials (PP) [32, 33] and PBE
(Perdew–Burke–Ernzerhof) exchange–correlation functional [34, 35].
The choice of PBE functional and PAW pseudopotentials was validated
by parametrization runs demonstrating good reproducibility of experimental lattice constants and bulk moduli of crystalline bulk Si and Ge.
The systems were relaxed by conjugate-gradient algorithm with force
tolerance level of 0.02 eV/Å. The 3 bottom layers of the slabs were
ﬁxed in bulk-like positions and passivated by H atoms to simulate
continuous bulk.
4. Results and discussion
Atomically ﬂat and clean Si0.6Ge0.4(001) surfaces were prepared via
multiple cycles of sputtering and annealing. Fig. 1(A&B) shows a typical
ﬁlled-state STM image of a clean Si0.6Ge0.4(001) surface. The surface of
clean Si0.6Ge0.4(001) is known to be terminated with a high percentage
of Ge atoms due to segregation of Ge to the surface [36–39]. This is
consistent with the SiGe(001) surface being more thermodynamically
stable when covered with under coordinated Ge atoms rather than
under coordinated Si atoms. To determine the electronic structure of
the clean Si0.6Ge0.4(001) surface, scanning tunneling spectroscopy
(STS) measurements were performed. STS measurements generate
(dI/dV)/(I/V) data which shows the local density of states on the surface
[40–42]. Fig. 1(C) shows an average of 12 STS curves taken on the clean
Si0.6Ge0.4(001) surface shown in Fig. 1(A) (blue curve). STS was only
conducted on n-type samples because the Fermi level pins on the
SiGe(001) surface near the valence band edge as shown by the average
of STS curves acquired on a SiGe(001) sample which was damaged via
sputtering without annealing. The sputter damaged surface (STS—
Fig. 1(C) green curve, STM image not shown) shows the surface pins
p-type consistent with a large density of valence band edge states.
Therefore, if p-type samples were used, one would be unable to determine whether pinning had occurred. The clean n-type Si0.6Ge0.4(001)
surface has an unpinned Fermi level position (0 V in STS) which is
slightly above midgap. The Fermi level on clean n-type Si0.6Ge0.4(001)
being slightly above midgap is identical to the Fermi level position on
the clean Ge(001) surface. This is consistent with the presence of metallic states near the Fermi level caused by ½ ﬁlled dangling bonds on
surface Ge dimers on the Ge-terminated ordered sputter cleaned
Si0.6Ge0.4(001) surface [43, 44].
In order to passivate and functionalize the Si0.6Ge0.4(001) surface,
the surface was exposed to a near saturation dose of 2 × 104 L of
H2O2(g) at room temperature (RT). Fig. 2 shows an STM image of the
H2O2(g) dosed Si0.6Ge0.4(001) surface; the H2O2(g) induced dark site
formation. DFT analysis shown later determined that H2O2(g) dosing
of the Si0.6Ge0.4(001) surface results in \OH and \O adsorbates bonded
to the surface. This is consistent with both STM imaging and STM
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Fig. 4. STM and line trace of TMA/H2O2/SiGe(001) (A) 16 × 20 nm2 STM image of SiGe(001) pre-dosed with 4 × 105 L of H2O2(g) at RT followed by 5 × 104 L of TMA at RT and subsequently
annealed at 230 °C for 20 min. (B) Line trace analysis of four different areas of STM image. Vertical ordering is seen in the STM image and line trace analysis conﬁrms uniform row spacing of
8.3 Å with a standard error of 0.023 Å.

simulations of \OH and \O adsorbates on the H2O2(g) dosed Ge(001)
surface which also image as dark sites [45]. Models of the \OH or \O
species are shown in Fig. 2(B). Unreacted sites (Fig. 2, red box) are imaged as very bright (white color in Fig. 2A) due to their dangling
bonds while reacted sites have an altered electronic structure resulting
in a difference of brightness when imaged in constant current mode
STM. This allows differentiation between the two different bonding
conﬁgurations which are highlighted inside the blue and green boxes in
Fig. 2. The green box in the STM image shows two H\O\Ge\Ge\O\H
dimer sites aligned vertically (medium brightness) while the blue box in
the STM image shows three H\O\Ge\O\Ge\O\H dimer sites
aligned vertically (darkest sites). The proposed models were developed
using bond enthalpy calculations and are conﬁrmed below using DFT calculations. As previously shown on the pure Ge(001) surface, the bonding
conﬁguration shown in the green box occurs when H2O2(g) dissociates
on a Ge dimer terminating each Ge atom with an \OH species [45].
The blue box shows the bonding conﬁguration where an \O atom
has inserted into the Ge dimer bond which is already terminated by
two \OH species. The OH\Ge\O\Ge\OH site appearing darker in
ﬁlled state imaging than the OH\Ge\Ge\OH site is consistent with
the bridging O atoms causing the valence electrons to be more tightly

bound. This difference in STM imaging is consistent with STM simulations
previously shown on the H2O2(g) dosed Ge(100) surface [45]. The red
box highlights the small portion of the surface that remains unreacted
leaving undercoordinated surface atoms with dangling bonds which
have a high tunneling current and image as very bright spots.
During the dosing of H2O2(g), background H2O(g) is present. However, H2O(g) has a very low reactivity with the Ge(100) surface at
room temperature [46]. It is hypothesized that the background
H2O(g) did not affect the reaction of H2O2(g) with the SiGe(100)
surface. If H2O(g) dissociatively chemisorbed to the SiGe surface, the
reaction Ge\H + H2O2(g) → Ge\OH + H2O(g) would quickly occur
eliminating the Ge\H bond due to the difference in bond strength of
Ge\O (659 kj/mol) vs Ge\H (327 kj/mol) [47].
STS curves were taken on the H2O2(g) dosed Si0.6Ge0.4(001) surface
and are shown in Fig. 2(C). As shown by the red arrow, H2O2(g) shifts
the Fermi level toward the valence band edge consistent with the oxygen containing adsorbates shifting the Fermi level toward the valence
band edge due to the large dipole on the surface [48].
After H2O2(g) dosing onto the Si0.6Ge0.4(001) surface, XPS
was employed to verify that the surface was terminated with Ge
atoms and show the progression of SiGe(001) surface bonding as the

Fig. 5. STS of clean SiGe(001) surface (blue curve) and TMA/H2O2/SiGe surface (green
curve). STS of the ordered rows on the TMA/H2O2/SiGe surface shows no defect states in
the band gap and a Fermi level position slightly above midgap identical to the clean surface
and consistent with removal of the surface dipole from-OH termination. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

Fig. 6. XPS of 5 × 104 L of TMA dosed on a SiGe(100) surface that was predosed with
4 × 10 5 L of H 2 O 2 (g) vs. annealing temperature. XPS showing elements on the SiGe
surface after a 25 °C 4 × 105 L of H2O2(g) and 5 × 104 L of TMA after a 220 °C and
280 °C anneal. XPS sensitivity for core-level spectra was taken into account to compare
intensities from different elements. All the data presented are derived from the ratios to
the (Si2p + Ge3d) peak feature intensity.
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Fig. 7. Ge 3d and Si 2p spectrum of TMA/H2O2/SiGe(001) (left) Ge 3d spectrum showing
complete reduction of Ge\O\Al bonding (red peak) after a 310 °C anneal indicating
Ge\Si place exchange occurring. (right) Si 2p spectrum showing increase of Si\O\Al
bonding (red peak) after a 310 °C anneal indicating Ge\Si place exchange fully occurring.

annealing temperature was raised. Fig. 3 shows the evolution of the
Ge 3d and Si 2p peaks after a variety of surface treatments.
Fig. 3(A) shows the Ge 3d and Si 2p peaks after repeated cycles of
sputtering and annealing until the Si0.6Ge0.4(001) sample was free of
contaminants. The cleanliness was veriﬁed by STM imaging and veriﬁed
as contaminant free in XPS. The Si0.6Ge0.4(001) surface was subsequently dosed with 2 × 105 L of H2O2(g) at RT. While the Ge 3d peak on the
clean Si0.6Ge0.4(001) surface in Fig. 3(A) only shows a bulk-like component, H2O2(g) dosing at room temperature (RT) generated a higher
binding energy peak which is assigned as GeOxHy. As previously
shown, dosing H2O2(g) onto a Ge surface results in a variety of bonding
conﬁgurations involving a complete \OH and \O termination [45].
Therefore, the resulting bonding conﬁgurations on the surface have
been collectively assigned as a single broad GeOxHy peak centered at
~1.5 eV higher than the bulk Ge feature. However, the RT H2O2(g) dose
has no effect on the Si 2p peak shown in Fig. 3(B). This is consistent
with the sputter cleaned Si0.6Ge0.4(001) surface being completely terminated with Ge\Ge dimers and indicates that H2O2(g) dosing at RT results
in no subsurface oxidation of Si0.6Ge0.4(001).
The sample was subsequently annealed at 180 °C inducing a large
reduction in the GeOxHy peak and formation of a SiOxHy peak (see
Fig. 3(C)). This is consistent with the \OH and \O adsorbates pulling
the subsurface Si atoms to the surface to form Si\OH or Si\O bonds
upon heating to 180 °C. This phenomenon has been seen in a similar
system where Cl atoms on a Ge terminated SiGe surface induce place exchange when annealed resulting in Si\Cl bonding [49]. Fig. 3(D) shows
the XPS spectra of H2O2/Si0.6Ge0.4(001) after a 300 °C anneal; there
are no Ge\OH nor Ge\O bonds remaining on the surface consistent
with complete Si/Ge place exchange. The complete Si/Ge place
exchange is also consistent with the growth of the SiOxHy peak
in Fig. 3(D) compared to Fig. 3(c). This place exchange results
from the difference in bond strengths between Ge\O (659.4 kj/mol)
and Si\O (799.6 kj/mol) bonds [47]. The ability to manipulate the
H2O2(g) dosed SiGe(001) surface from Ge termination to Si termination
is beneﬁcial for device fabrication because the Si\OH terminated surface should form stable strong bonds to high-k ALD metal precursors.
Furthermore, if any dangling bonds persist after oxide deposition, the
dangling bonds will be on Si which can be passivated using forming
gas thereby minimizing Dit [22–25].
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Once the Si 0.6 Ge 0.4 (001) surface was functionalized via
H2 O2 (g) dosing, TMA was dosed in order to emulate typical ALD processing for growth of Al2O3; afterward, STM and STS measurements
were preformed. Fig. 4(A) shows an STM image of a Si0.6Ge0.4(001)
surface dosed with 4 × 105 L of H2O2(g) and subsequently dosed with
5 × 104 L of TMA and annealed at 230 °C for 20 min. Vertical rows are
observed along the SiGe dimer row direction demonstrating chemisorption of the TMA onto the H2O2/SiGe(001) surface. The TMA/H2O2/
SiGe STM image has inferior resolution than the clean SiGe surface
due to the many weakly bound adsorbates covering the surface making
it difﬁcult to maintain high resolution STM tip stability; however, line
trace analysis, STS, XPS, and DFT (shown below) can be employed for
deﬁnitive structure identiﬁcation. Line trace analysis was performed
on 20 different locations on the image; for each of the 20 traces, the
spacing over at least 3 rows was measured to increase accuracy. The
average row spacing was 8.3 Å with a standard deviation of 1.0 Å and
with a standard error of 0.023 Å. Fig. 4(B) shows four line trace proﬁles
taken on the STM image showing consistent spacing of the ordered
rows which corresponds with the dimer row spacing on the clean
Si0.6Ge0.4(001) surface.
STS measurements were used to analyze the electronic structure of
the TMA/H2O2/SiGe surface and are shown in Fig. 5. By dosing the
H2O2/SiGe surface (Fig. 2C red curve) with TMA, the Fermi level is
shifted back to a position identical to that on the clean surface as
shown by the good agreement in Fermi level position between the
clean SiGe surface (Fig. 5 blue curve) and the TMA/H2O2/SiGe surface
(Fig. 5 green curve).
Fig. 6 shows XPS analysis of a SiGe(100) sample dosed with 4 × 105 L
of H2O2(g) and subsequently dosed with 5 × 104 L of TMA and annealed
at 230 °C for 20 min. The sample was subsequently annealed at 310 °C
for 20 min. As the sample is headed to 310 °C, XPS shows that the
carbon signal decreases consistent with methyl desorption. Annealing
the sample may also slightly reduce the oxygen signal while the aluminum signal remains constant. This is consistent with Al\O\Si bonds
being stable up to 310 °C demonstrating thermal stability after
H2O2(g) and TMA dosing.
Although both precursors were dosed at RT then subsequently
annealed, XPS peak shape analysis veriﬁes that the Ge\Si place exchange still occurs during annealing even when TMA chemisorbates
are present on the surface resulting in only Si\O\Al bonding at
310 °C. Fig. 7 shows XPS peak shape analysis of the TMA/H2O2/SiGe
surface as a function of annealing temperature. The spectra presented
in Fig. 7A show that both the Si 2p (purple) and Ge 3d (green) spectra
have a small higher binding energy peak (red) indicating that both Si
and Ge are bonded to \O\Al at 230 °C. However, unlike what was
seen with H2O2(g) only dosing, the higher binding energy peak has
less of an energy shift due to the TMA chemisorbates, particularly Al,
donating electrons to oxygen reducing the impact on the Si 2p and Ge
3d higher binding energy features. Although this higher binding energy
peak (red, Ge/Si\O\Al) is less pronounced, it is clear that, upon
annealing the sample to 310 °C (Fig. 7B), the feature grows on the Si
2p spectra and is completely eliminated on the Ge 3d spectra indicating
the place exchange has fully occurred resulting in purely Si\O\Al
bonding.
5. Density functional theory simulations
DFT modeling was performed to verify proposed bonding conﬁgurations and to study the thermodynamic stability of the bonding conﬁguration of the H2O2/SiGe during annealing. The DFT models were established
by placing \OH or \O groups from dissociated H2O2(g) onto the
SiGe(100) surface, with either Si or Ge termination, followed by a relaxation. Multiple bonding conﬁgurations were modeled and the lowest
energy models are presented. Fig. 8 shows a side view of six different
bonding conﬁgurations calculated for the reaction products of
H2O2(g) on the Si0.5Ge0.5(001) surface. Note that the experiments
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Fig. 8. DFT models and total energy of the H2O2/SiGe system. DFT models and total energies of (Column A) clean SiGe(001) surface Ge dimer terminated (top) or Si dimer terminated
(bottom) (Column B) two hydroxyls bonded to each Ge dimer terminated SiGe(001) (top) or Si dimer terminated SiGe(001) (bottom) (Column C) two hydroxyls with an inserted bridge
bonded oxygen atom on each Ge dimer terminated SiGe(001) (top) or Si dimer terminated SiGe(001) (bottom). The total energies of all the systems are compared showing that the clean
surface is more thermodynamically stable with Ge termination while the H2O2(g) dosed surface is more stable with Si termination.

were performed on Si 0.6 Ge 0.4 (001) while the DFT model is for
Si0.5Ge0.5(001) to simplify the calculations; the differences are not
expected to be important. The top row of DFT models shows the

SiGe(001) surface with Ge termination on (A) the clean surface,
(B) the \OH passivated surface, and (C) the \OH passivated surface
with an additional \O atom inserted into the Ge dimer bond. The

Fig. 9. DFT model and DOS of TMA/H2O2/SiGe(001) DFT model and DOS of the H2O2(g) dosed SiGe(100) surface bonded to MMA species and relaxed to the lowest energy conﬁguration.
Yellow circles correspond to silicon atoms, green circles correspond to germanium atoms, red circles correspond to oxygen atoms, blue circles correspond to aluminum atoms, grey circles
correspond to carbon atoms, and white circles correspond to hydrogen atoms. DOS shows no states in the band gap which was experimentally veriﬁed using STS as seen in Fig. 5 (green
curve). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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bottom row of DFT models shows the same three surface bonding
conﬁgurations on SiGe(001) but instead with Si termination.
In order to compare the relative thermodynamic stability of each
system, gas phase species were added to ensure that each system has
the same number of atoms. Column (A) compares the total energy of
the clean SiGe(001) surface terminated in either Ge dimers or Si dimers.
As shown Fig. 8, the clean Ge terminated surface has a lower total
energy than the Si terminated surface. This is consistent with the surface
being more thermodynamically stable with Ge dangling bonds;
since Ge bonds are weaker than Si bonds, it is reasonable that the
thermodynamically preferred under-coordinated atoms are Ge. Columns
(B & C) compare the total energy of the SiGe(001) surface in the two most
stable H2O2(g) dosed SiGe(001) bonding conﬁgurations. In contrast to
the clean surface, the systems are now more stable when they are terminated with Si atoms (bottom row) rather than Ge atoms (top row). This is
due to the stronger bond that is formed during Si\OH or Si\O bonding
compared to Ge\OH or Ge\O bonding. While the total energy calculations are slightly different due to the bottom most layer being either
Ge\H vs. Si\H terminated, the difference in energy value of these
bonds does not affect the overall trend presented herein.
DFT simulations were performed to verify the bonding conﬁguration and DOS of TMA dosed onto the H 2 O 2(g) functionalized SiGe
surface and are shown in Fig. 9. This model was developed by bonding monomethylaluminum (MMA) to the oxygen species on the
OH\Si\O\Si\OH structure shown in the bottom row of column C in
Fig. 8. The model was subsequently relaxed. During relaxation, the aluminum atoms pulled the oxygen that had previously inserted into the
Si/Ge dimer bond out of the dimer bond to form an oxygen bridge bonded between two aluminum atoms above the dimer. This structure is
consistent with the STM image and line traces of TMA/H2O2/SiGe
(Fig. 4 A&B) with row spacing identical to the clean surface. The DOS
of this structure was calculated and shows no states in the band gap,
consistent with STS results in Fig. 5 (green curve) verifying that the
TMA/H2O2/SiGe structure provides an electrically passive unpinned
interface with no mid-gap defect states. The band gap of the DFT calculated DOS is smaller than the actual band gap of the system due to the
standard PBE band gap underestimation. Note that the exact atomic
positions of all atoms in the DFT models presented herein are included
in the supplementary material.
6. Conclusion
H2 O 2 (g) was employed to functionalize and passivate the
Si0.6Ge0.4(001) surface. The clean Si0.6Ge0.4(001) surface is terminated
with Ge dimers; RT dosing of H2O2(g) onto the clean surface results in
either two or three oxygen species per surface Ge dimer successfully
passivating the dangling bonds on the surface Ge dimers. When the
RT H2O2/Si0.6Ge0.4(001) surface is annealed above ~150 °C, the atoms
near the surface undergo a “ﬂip” or place exchange pushing Ge atoms
subsurface while bringing Si to the surface. This occurs because, upon
thermal activation, it is most thermodynamically favorable for Si to
bond to oxygen containing adsorbates. This phenomenon allows for
manipulation of the H2O2/SiGe interface by annealing. By “ﬂipping”
the Ge and Si surface atoms and terminating the SiGe(001) surface in
Si\OH and Si\O, high-k ALD precursors can directly react to the Si
terminated surface. Once the surface has been functionalized with
H2O2(g), TMA is dosed resulting in a high nucleation density of Al\O
bonds. Dosing TMA onto the H2O2/Si0.6Ge0.4(001) surface results in an
electrically passive thermally stable monolayer of Al\O\Si bonds
which serves as an ideal template for further high-k deposition. DFT
modeling veriﬁed the bonding conﬁguration of the H2O2(g) only and
TMA + H2O2(g) dosed Si0.5Ge0.5(001) surface, and the total energy calculations were consistent with experimental data demonstrating the
Ge-Si “ﬂip” phenomenon on the H2O2/SiGe surface. Using H2O2(g) as
an oxidant precursor provides a high density of reactive oxygen
containing adsorbates which nucleate Al2O3 growth when dosed with
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TMA. It is expected that the Si\OH functionalized surface can directly
form strong bonds to most high-k ALD metal precursors and, if any
unpassivated sites remain on this Si terminated surface after oxide
deposition, they can be passivated via forming gas anneal.
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