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ABSTRACT: Properties of Ge oxides are significantly different
from those of widely used Si oxides. For example, the instability of
GeOx at device junctions causes electronic defect levels that
degrade the performance of Ge-containing devices (e.g., transistors
and infrared detectors). Therefore, the passivating Si layers have
been commonly used at Ge interfaces to reduce the effects of Ge
oxide instability and mimic the successful strategy of Si oxidation.
To contribute to the atomic-scale knowledge and control of
oxidation of such Si-alloyed Ge interfaces (O/Si/Ge), we present a
synchrotron radiation core-level study of O/Si/Ge, which is
combined with scanning probe microscopy measurements. The
oxidation processes and electronic properties of O/Si/Ge(100) are
examined as functions of Si amount and oxidation doses. In
particular, the incorporation of Si into Ge is shown to cause the strengthening of Ge−O bonds and the increase of incorporated
oxygen amount in oxide/Ge junctions, supporting that the method is useful to decrease the defect-level densities.
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1. INTRODUCTION

Since the invention of a bipolar junction transistor containing a
block of germanium in 1947,1 Ge-based applications have
firmly carved out a niche in the semiconductor industry.2−10

For instance, owing to a higher electron and especially hole
mobility in Ge relative to that in Si (3900 and 1900 cm2/(V·s)
versus 1400 and 500 cm2/(V·s), respectively), utilizing
germanium as a channel material in metal-oxide-semi-
conductor field-effect transistors (MOSFETs) holds promise
in future nanoscale devices. Furthermore, its band gap of 0.7
eV makes Ge useful material for infrared photodiodes
integrated with Si technology, for example, to develop
photonic integrated circuits. The weakness of the Ge material,
however, is related to poor electrical properties and solubility
of Ge oxides.1,2,11,12 One main problem is that Ge oxides are
not enough stable; they start to decompose at device interfaces
even at 300 °C or lower temperatures.13 On the other hand, it
is difficult to avoid the interaction of Ge surfaces with oxygen
during device processing. Therefore, some Ge oxides can
anyway form at device interfaces (e.g., Al2O3/Ge or HfO2/Ge).
The device structures need to be postannealed typically at
300°C or higher temperatures (e.g., postmetallization anneal-
ing), causing the decomposition of unintentional interfacial Ge
oxides and uncontrolled changes in the interface structure. To
overcome these difficulties, one of the most studied solutions is
interposing a passivating Si layer between a high-k film and a

Ge substrate, leading to improved electrical properties of the
resulting dielectric/Ge stack.14−17 For this reason, much
attention has been paid to the high-k/SiO2/Ge junctions.2,3

Despite the successful implementation of the passivating Si
layer at the high-k/Ge interface, the atomic-level under-
standing of such structures is still far from being complete.
Also, the effects of Si overlayers on Ge oxidation are debated.
Furthermore, it is known that some drawbacks can arise as a
result of Ge passivation with Si. For example, increasing the
thickness of the Si layer can cause a decrease of carrier
population in the higher-mobility Ge channel, and therefore,
the Si layer thickness requires precise optimization.18−21

Furthermore, physical realization of highly crystalline Si/
Ge(100) interfaces is a nontrivial issue since the formation
mechanism of strained Si/Ge(100) interfaces is governed by
two opposite processes involving mass transport via the
interface, namely, (i) Si indiffusion into the substrate and (ii)
Ge segregation on top of the Si/Ge sample, leading to the
formation of a buried Si1‑xGex alloy layer below the uppermost
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Ge (2 × 1)-reconstructed layer.22 Thus, the passivation of the
Ge(100) substrate by Si atoms is actually not straightforward,
and the oxidation mechanism for the Si-modified Ge(100)
surface is not well understood yet.
In this work, we have combined a set of complementary

experimental techniques, including high-resolution core-level
(CL) photoelectron spectroscopy using synchrotron radiation,
X-ray photoelectron spectroscopy (XPS), low-energy electron
diffraction (LEED), scanning tunneling microscopy (STM),
and scanning tunneling spectroscopy (STS) to probe the
structural and electronic properties of O−Si−Ge(100) systems
as functions of the deposited Si amount and oxygen dose. In
particular, such properties can be significantly changed by even
small amounts of incorporated oxygen atoms, which can be
identified by high-resolution synchrotron radiation photo-
emission facilities. Indeed, synchrotron-based experiments
have been performed more and more for semiconductor
interfaces.23−26 We demonstrate that proper Si alloying of Ge
surfaces combined with preoxidation of SiGe is a potential
method to develop Ge device interfaces.

2. EXPERIMENTAL DETAILS
The CL measurements were carried out in situ at beamline I4 at the
MAX-lab synchrotron radiation facility in Lund, Sweden. The CL
spectra were acquired with a SPECS Phoibos 100 analyzer with an
acceptance angle of ±1° at room temperature (RT). The instrumental
resolution was better than 100 meV. The photon energy (hν) and
emission angle (θe) were varied for optimizing the probing depth. The
binding energy was determined by a reference Ta sample in good
contact with the Ge samples. The Ge 3d and Si 2p spectra were
quantitatively analyzed by a standard fitting procedure described
elsewhere.27 The O 1s spectra could not be taken because of the
limited range of hν (≤200 eV) at the beamline.
The STM, STS, and XPS measurements were performed in situ in a

separate multichamber, ultrahigh vacuum (UHV) system with a base
pressure below 1 × 10−10 mbar. It was equipped with an Omicron
STM operating at RT, a nonmonochromatic Mg Kα (1253.6 eV) X-
ray source, four-grid LEED optics, and Ar+ ion bombardment
facilities. The STM images were taken with W tips in the constant-
current mode. The STS measurements were performed over the well-
defined area of sample surfaces in the grid mode, i.e., at every fourth
point along every fourth scanning line of the topography image. The
tunneling current (I)−sample bias voltage (V) curves were averaged,
numerically differentiated, and finally plotted in the form of (dI/dV)/
(I/V) (normalized differential conductivity)−V. As demonstrated
earlier,28,29 the (dI/dV)/(I/V)−V curves reflect the local density of
state (LDOS) distributions of probed surfaces above (at the positive
bias polarity, V > 0) and below (at the negative bias polarity, V < 0)
the Fermi energy (V = 0). The WSXM package30 was partly utilized
for processing the STM data.
The clean Ge(100) surfaces (n-type, Sb doped, ∼1 × 1018 to 1 ×

1019 cm−3) were prepared by several cycles of Ar+ ion bombardment
at 400 °C and subsequent annealing at 630 °C until sharp (2 × 1)
patterns were observed by LEED. Also, the cleanness of Ge(100)
surfaces was verified by STM and Ge 3d CL spectroscopy. The Si
deposition was performed from an evaporator with a silicon rod
heated by passing direct current through it. The evaporator was
carefully outgassed prior to the Si deposition. The deposition rate was
calibrated by observing the attenuation of Ge 3d photoemission signal
from the test Ge samples covered progressively by Si layers at RT as
well as by estimating the ratio of covered and bare surface areas in
STM images of Si(111)(7 × 7) with submonolayer quantities of Si
atoms adsorbed at RT. One monolayer (ML) of Si atoms on Ge(100)
was referred to as the atomic concentration of 6.24 × 1014 cm−2,
which is equal to the number of Ge atoms on the clean surface. The
substrate was kept at RT during Si deposition, followed by annealing
the sample at 500 °C for 30 min. This leads to well-defined epitaxial

Si/Ge structures with long-range order.22 Oxidation was performed at
an O2 pressure of 2 × 10−7 Torr. The oxygen doses are expressed in
Langmuir (1 L = 1 × 10−6 Torr × 1 s) throughout.

3. RESULTS AND DISCUSSION

3.1. Oxygen Bond Formation

As shown earlier,22 the number of nonequivalent Si and Ge
bonding sites at Si/Ge(100) interfaces strongly depends on the
number of deposited silicon atoms. Therefore, we separately
describe oxidation of interfaces with different nominal Si
amounts, namely, 1 and 4 ML (hereafter Si1ML/Ge and Si4ML/
Ge, respectively). The former structure can be considered as a
model substrate for growing improved oxide films on Ge(100)
since the Si atoms, which control the oxidation process in such
junctions, have a single bonding site and form a well-defined
crystalline buried Si1−xGex alloy layer at Si1ML/Ge.

22 In the
latter structure, the Si atoms have several bonding sites,
illustrating the complexity of O−Si−Ge systems. The Si1ML/Ge
and Si4ML/Ge structures were oxidized at 300 °C with various
O2 doses.

3.1.1. Epitaxial Si1ML/Ge. High-resolution CL spectrosco-
py using synchrotron radiation is a powerful tool to probe the
structural arrangement of Si/Ge junctions since this technique
can easily distinguish the Si and Ge atoms, in contrast to LEED
and STM. As known, this technique is aimed at identifying
surface- or/and interface-related core-level shifts (CLSs) that
derive from the nonequivalence of surface/interface atoms as
compared to the bulk.31 The CLSs bring information about the
bonding sites and charge states of individual atoms at both
surface and subsurface regions. Furthermore, synchrotron
radiation allows one to vary the probing depth of the sample
by optimizing the photon energy. In addition, the variation of
the emission angle can efficiently change the surface and bulk
sensitivity of CL spectra. The enhanced surface sensitivity is
particularly relevant here because a very small amount of atoms
(<1012 cm−2) can cause significant electrical losses.
Figure 1 shows the Ge 3d and Si 2p CL spectra along with

their fittings for the Si1ML/Ge prior to oxidation. The Ge 3d

spectrum is taken at hν = 90 eV, which corresponds to the
kinetic energy of photoelectrons around 57 eV and grazing
emission angle (θe = 60°) for the enhancement of surface
sensitivity. The raw data are depicted by gray circles and
obtained after background correction by the Shirley method

Figure 1. (a) Ge 3d and (b) Si 2p spectra and their deconvolution
results for Si1ML/Ge. The experimental conditions (hν, θe) are (90 eV,
60°) and (138 eV, 0°), respectively. Inset: LEED pattern from the
Si1ML/Ge surface; the electron energy is 128 eV.
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and normalization to the spectral maximum. Spectral
deconvolution was performed by a standard least-squares
fitting procedure using a linear combination of spin−orbit
Voigt functions. The minimum number of components (i.e.,
spin−orbit doublets) needed to fit the spectrum adequately
was always used. The Lorentzian width (0.150 eV), spin−orbit
splitting (0.594 eV), and branching ratio (0.667 ± 10%) were
constrained for all Ge 3d components. The CLSs, their relative
intensities, and Gaussian widths (GWs) were variable
parameters. The wavy line below the fitted spectrum illustrates
the residual acquired as a difference between the data and fit
curve.
As the surface of Si1ML/Ge is terminated by Ge atoms

arranging the well-known (2×1) reconstruction (the corre-
sponding LEED pattern is presented in the inset of Figure 1),22

the Ge 3d spectrum should include individual components
originating from different Ge atoms of this reconstruction,
namely, the upper and lower atoms of buckled Ge dimers in
the topmost layer as well as the second-layer Ge atoms. Indeed,
our analysis indicates that the Ge 3d line shape in Figure 1a is
composed of five spin−orbit components (depicted by filled
doublets), among which Σ1u, Σ1d, and Σ′1 are very similar to
the respective components for the clean Ge(100)(2 × 1)
surface,27 that is, the components related to the dimer-up and
dimer-down atoms of the topmost layer as well as Ge atoms in
the second layer, respectively. The CLSs of Σ1u, Σ1d, and Σ′1
relative to the binding energy of bulk component B (set to 0
eV) and their relative intensities are presented in Table 1.
Yet, the fitting scheme with the three surface components,

Σ1u, Σ1d, and Σ′1, cannot reproduce well the higher-binding-
energy tail of the Ge 3d line shape for Si1ML/Ge. The
reasonable fitting requires the introduction of an extra small

component (labeled L′ in Figure 1a) on the higher-binding-
energy side of the bulk emission. This component does not
derive from the regular (2 × 1) structure but stems from
surface defects.27 Thus, the fitting scheme for the Ge 3d
spectrum in Figure 1a is identical to that of the clean Ge(100)
surface,27 and no additional components are required to
decompose this line shape. The intensity ratio of the bulk (B)
and surface-shifted (Σ1u, Σ1d, Σ′1, and L′) components in
Figure 1a is 1:2. Their GWs lie in between 0.33 and 0.41 eV,
which are slightly higher than the GWs of the clean surface.22

This broadening appears to be quite natural because of the
incorporation of Si atoms into the Ge host, leading to
additional strain in the substrate lattice and a higher degree of
local disorder of the Ge structure. The close similarity of Ge 3d
line shapes for Si1ML/Ge and clean Ge also suggests that the
former includes at least the uppermost two layers of Ge atoms,
similar to the pristine, Si-free, surface.
The Si 2p spectrum of Si1ML/Ge in Figure 1b is acquired at

hν = 138 eV, i.e., the kinetic energy of photoelectrons of
around 34 eV, and θe = 0°. The striking feature of this
spectrum is that it is composed of a single spin−orbit doublet,
which is labeled S10. This means that all Si atoms incorporated
in the host lattice are equivalent, i.e., there is only a single type
of site for the incorporated Si atoms. They occupy Ge-lattice
sites,22 giving rise to the high homogeneity and good
crystallinity of the buried Si1−xGex layer. Most likely, such
behavior facilitates the crystallinity of the top of the resulting
structure terminated by segregated Ge atoms, forming the
native (2 × 1) reconstruction. That is, the Si 2p and Ge 3d line
shapes in Figure 1 are fully consistent with the well-defined
epitaxial Ge-(2 × 1)/Si1−xGex/Ge(100) arrangement in the
case of the Si1ML/Ge stack.
Oxidation of Si1ML/Ge was done at three O2 doses, i.e., 10,

25, and 100 L at 300 °C. The resulting structures will be
denoted O10L/Si1ML/Ge, O25L/Si1ML/Ge, and O100L/Si1ML/Ge
hereafter. No long-range order is found for such structures by
LEED and STM (not shown here). It is known that both clean
Ge(100) and Si(100) surfaces can be readily oxidized at the
above temperature.32−35 For this reason, one may expect, on
the one hand, that the oxygen atoms are bonded to both Ge
and Si species at O/Si1ML/Ge junctions. On the other hand,
the top of the Si1ML/Ge substrate is terminated by 2 MLs of Ge
atoms, whereas the Si atoms locate beneath, as remarked
above. Hence, one could tentatively expect that the bonding of
oxygen to Ge rather than Si is more feasible. The CLS
measurements can shed light on the bonding details in
oxidized Si1ML/Ge structures. First, oxidation of Si/Ge
structures causes significant changes of Si 2p and Ge 3d line
shapes, leading to pronounced features on the higher-binding-
energy side of spectra (Figure S1). Figures 2 and 3 present the
Si 2p and Ge 3d spectra taken for O10L/Si1ML/Ge, O25L/Si1ML/
Ge, and O100L/Si1ML/Ge at θe = 0 and 60°, respectively. As
seen, the Si 2p line shape (Figure 2) is drastically dependent
on the oxygen dose. Even without any fitting, one can easily
resolve a broad feature on the higher-binding-energy side of
S10. Upon increasing the oxygen dose, this feature becomes
more prominent, while the intensity of S10 decreases
systematically. The fitting reveals that the broad feature
comprises four spin−orbit components, S11, S12, S13, and S14,
at all O2 doses used. These components are broadened and
respectively shifted by ∼1.02, 1.76, 2.42, and 3.15 eV relative
to S10. Such shifts are a reminiscence of those of SiO2/Si(100)
interfaces, where there are four oxidation states for the Si

Table 1. Fitting Parameters for the Decomposed Ge 3d and
Si 2p Spectra from Si1ML/Ge in Figure 1 and O/Si1ML/Ge in
Figures 2 and 3a

Si1ML/Ge O10L/Si1ML/Ge O25L/Si1ML/Ge O100L/Si1ML/Ge

Ge 3d [θe = 60°]
(B) 0 [0.29]

(B) 0 [0.33] (B) 0 [0.39] (B) 0 [0.39] (Σ11) −0.52 [0.07]
(Σ1u) −0.51
[0.23]

(Σ11) −0.51
[0.20]

(Σ11) −0.51
[0.15]

(Σ12) −0.23 [0.15]

(Σ′1) −0.21
[0.16]

(Σ12) −0.23
[0.22]

(Σ12) −0.22
[0.27]

(Σ13) 0.19 [0.18]

(Σ1d) −0.08
[0.23]

(Σ13) 0.21 [0.19] (Σ13) 0.22 [0.12] (Σ15) 1.14 [0.11]

(L′) 0.49
[0.04]

(Σ14) 0.60 [0.07] (Σ16) 1.59 [0.07]

(Σ17) 2.61 [0.13]
Si 2p {θe = 0°} [θe = 60°]

(S10) 0 {1} (S10) 0 {0.50}
[0.35]

(S10) 0 {0.20}
[0.12]

(S10) 0 {0.08}
[0.08]

(S11) 1.05 {0.15}
[0.11]

(S11) 1.02 {0.08}
[0.04]

(S11) 1.00 {0.03}
[<0.01]

(S12) 1.73 {0.19}
[0.22]

(S12) 1.78 {0.17}
[0.15]

(S12) 1.78 {0.16}
[0.11]

(S13) 2.44 {0.08}
[0.20]

(S13) 2.40 {0.29}
[0.38]

(S13) 2.43 {0.41}
[0.52]

(S14) 3.13 {0.08}
[0.12]

(S14) 3.18 {0.26}
[0.31]

(S14) 3.13 {0.32}
[0.29]

aThe individual spectral components are presented in parentheses.
The CLSs are given in eV. The relative intensities are given in
brackets for the case of θe = 60° and braces for θe = 0°. See the text for
more details.
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species and their CLSs are 0.99 eV (Si1+), 1.85 eV (Si2+), 2.65
eV (Si3+), and 3.68 eV (Si4+).32,33 Based on this similarity, we
conclude that the Si atoms readily interact with O atoms at the
Si1ML/Ge interface, leading to four Si (sub)oxide phases. It is
interesting that a one-to-one correspondence of CLSs in the
two systems, O/Si(100) and O/Si1ML/Ge(100), is incomplete,
and the observed difference of CLSs systematically increases
with the number of the oxidation state. This infers that within
the initial-state model, the electron charge transferred from the
Si atom to the O atom is slightly smaller at the O/Si/Ge
interface than that at the O/Si one. Most likely, this is because
Si/Ge, due to the difference in electronegativity of Si (1.9) and

Ge (2.0), has a small degree of ionicity, in contrast to purely
covalent Si crystals, and therefore, the Si atoms act as cations in
the alloy phase and the electron charge transferred from such
atoms to O atoms is slightly less than the respective charge at
the SiOx/Si interface.
More information about the oxide phases at the O/Si1ML/

Ge(100) interfaces can be obtained from the analysis of the
relative intensities of Si 2p components. Intensities of
individual components are presented for the cases of θe = 0
and 60°, i.e., in more bulk- and more surface-sensitive
conditions, respectively, in Table 1. (A comparison of raw Si
2p spectra from Si1ML/Ge(100) and O/Si1ML/Ge(100) in
more bulk- and more surface-sensitive conditions can be found
in Figure S2.) Neglecting the photoelectron diffraction and
attenuation effects in multilayer structures, it is assumed that
the intensity ratios of these components roughly reflect the
number ratios of respective atoms. On this basis, a few
conclusions can be made from the data in Table 1. First, the
oxygen dose systematically affects the number ratio of Si
atoms, which are bonded and not bonded to O atoms. In
particular, the intensity ratio of S10 and (S11 + S12 + S13 + S14)
is 1:1 at 10 L, 1:4 at 25 L, and ∼1:12 at 100 L in the more
bulk-sensitive condition and respectively ∼1:2, ∼1:7, and
∼1:12 in the more surface-sensitive one. This means that the
dose as large as 100 L is not enough to oxidize the silicon
dopant entirely at Si1ML/Ge(100).
Second, the evolution of Si oxide stoichiometry with the O2

dose is complicated. The fractions of Si species with various
oxidation states (0, 1+, 2+, 3+, and 4+) versus oxygen dose at
θe = 0° are presented in Figure 4. At 10 L, the dominating

species are Si2+, while Si3+ and Si4+ are rather rare; the total
intensity of these two components is about that of Si1+. The
structure of the oxide layer has changed with the dose. The
fractions of Si3+ and Si4+ have increased, whereas that of Si1+

has decreased. The fraction of Si2+ decreases slightly with the
dose too. In general, such behavior is caused by that the Si
atoms become more and more surrounded by O atoms upon
increasing the exposure to oxygen. The Si3+ species have still
remained dominating at both 25 and 100 L.
Third, the question of where the Si (sub)oxides are located

at the stack can be addressed on the basis of the data in Table
1. Tentatively, two possible scenarios can be considered for the

Figure 2. Si 2p spectra and fitting results for O/Si1ML/Ge structures
grown with various oxygen doses. The photon energy is 138 eV. The
emission angle is 0°. The O2 doses are 10, 25, and 100 L.

Figure 3. Ge 3d spectra and fitting results for O/Si1ML/Ge structures
grown with various oxygen doses. The photon energy is 90 eV. The
emission angle is 60°. The O2 doses are 10, 25, and 100 L.

Figure 4. Intensities of Si 2p components originating from Si0, Si1+,
Si2+, Si3+, and Si4+ species at oxidized Si1ML/Ge interfaces as a
function of the oxygen dose.
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Si1ML/Ge oxidation process. One could expect the O atoms to
diffuse into the Si1−xGex alloy layer below the uppermost Ge(2
× 1) reconstruction and form the oxide phases mixed with
Si1−xGex. Alternatively, the Si atoms may outdiffuse, and
therefore, the oxide phases form above the alloy layer. To
elucidate the oxidation mechanism, the normal-emission Si 2p
spectra in Figure 2 were compared with those acquired at θe =
60° (not shown here). The relative intensities of Si 2p
components at the two emission angles are presented in Table
1. It is clearly seen that S10 and S11 are clearly more bulk-
sensitive, whereas S13 and S14 are more surface-sensitive. This
means that Si oxide phases are mostly located above the
Si1−xGex alloy layer. This is the case especially for the Si

3+ and
Si4+ species, i.e., Si2O3 and SiO2 phases. The exception is the
Si1+ species (Si2O) that are located near the alloy layer.
Figure 3 shows the Ge 3d spectra for O10L/Si1ML/Ge, O25L/

Si1ML/Ge, and O100L/Si1ML/Ge. Surprisingly, these spectra
indicate that interface oxidation has a selective character. At 10
L, the Ge 3d spectrum includes three interface-related
components, of which CLSs are −0.51 (Σ11), −0.23 (Σ12),
and 0.21 eV (Σ13) relative to the bulk. It is well known that
oxidation of the Ge(100) shifts the Ge 3d emission, depending
on the oxidation state, by 0.7−4.0 eV toward the higher
binding energy relative to the bulk.34,36−44 Therefore, Σ11, Σ12,
and Σ13 cannot be attributed to Ge atoms bonded to oxygen.
In other words, the O atoms interact with the Si atoms and do
not with the Ge atoms at 10 L. Furthermore, Σ11, Σ12, and Σ13
cannot be assigned to the Ge-(2 × 1) reconstruction either.
Therefore, the top of Si1ML/Ge is rearranged after oxidation,
which is clearly supported by the lack of long-range order in
LEED and STM. Obviously, the removal of (2×1)
reconstruction is caused by the formation of SiOx phases.
Upon increasing the oxidation dose, extra interface-related

components, in addition to Σ11, Σ12, and Σ13, appear in Ge 3d
spectra of Figure 3. A Σ14 component is found at 25 L and Σ15,
Σ16, and Σ17 ones at 100 L. The extra components are
significantly shifted toward the higher binding energy relative
to the bulk emission (see in Table 1). The CLS of Σ14 (0.60
eV) is close to that of Ge1+ species at the GeOx/Ge(100)
interfaces.34−42 Based on the relative intensity of this
component, the number of respective Ge atoms is ∼0.2 ML.
Therefore, we assume that the Ge structure at O/Si1ML/Ge
becomes slightly oxidized at 25 L. The Σ14 component can be
also contributed by the grain boundary Ge atoms22 because an
increase in O or/and Si mass transport through the topmost
Ge structure can stimulate the formation of such defects.
The interpretation of Σ15 (1.14 eV), Σ16 (1.59 eV), and Σ17

(2.61 eV) is more straightforward. These components can be
assigned to Ge atoms with 1+, 2+, and 3+ oxidation states,
respectively. The total amount of such atoms is ∼2/3 ML.
Thus, oxidation of the Ge structure at O/Si1ML/Ge is
significantly enhanced at 100 L, while the Ge substrate has
still remained nonoxidized at 10 L. This difference can be also
supported well by a comparison of difference spectra for O/
Si1ML/Ge and Si1ML/Ge at 10 and 100 L (Figure S3).
3.1.2. Epitaxial Si4ML/Ge. Oxidation of Si4ML/Ge is

performed at 300 °C and the O2 doses of 25, 100, and 500
L (hereafter O25L/Si4ML/Ge, O100L/Si4ML/Ge, and O500L/
Si4ML/Ge, respectively). Figures 5 and 6 present the Ge 3d
and Si 2p spectra and their fittings for such structures along
with the nonoxidized Si4ML/Ge substrate for comparison. The
Ge 3d spectra are taken at the experimental conditions (hν, θe)
= (90 eV, 60°), and the Si 2p spectra are taken at (hν, θe) =

(138 eV, 0°). Table 2 shows the CLSs and relative intensities
of individual components for these spectra. Also, results
obtained at (hν, θe) = (90 eV, 0°) and (138 eV, 60°) are
included for comparison.
For the nonoxidized interface, four Ge 3d components (Σ4u,

Σ4d, Σ4′, and D′) are identified in addition to the bulk one.
Their interpretation has been elsewhere.22 Comparing the
intensities of these components at the two emission angles (see
Table 2 and Figure S3), the former three are clearly surface-
sensitive. The Σ4u and Σ4d are due to the dimer-up and dimer-
down Ge atoms in the topmost atomic layer and the Σ4′ to the
second-layer Ge atoms. These components are the fingerprint

Figure 5. Ge 3d spectra and fitting results for the Si4ML/Ge and O/
Si4ML/Ge interfaces. The photon energy is 90 eV. The emission angle
is 60°. The O2 doses are 25, 100, and 500 L.

Figure 6. Si 2p spectra and fitting results for the Si4ML/Ge and O/
Si4ML/Ge interfaces. The photon energy is 138 eV. The emission
angle is 0°. The O2 doses are 25, 100, and 500 L.
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of Ge(2 × 1) reconstruction which has been confirmed by
STM and LEED.22 In contrast, the D′ is bulk-sensitive and can
be assigned to the grain boundary atoms.
The Si 2p spectrum of the nonoxidized Si4ML/Ge reveals

four components, as shown in Figure 6. Among them, the most
bulk-sensitive one is S40 (Table 2). Its binding energy is set to
0 eV. The S4B and S4C components are surface-sensitive and
shifted by 0.17 and 0.28 eV relative to S40. The S4A component
is bulk-sensitive and shifted by −0.21 eV relative to S40. All of
these originate from Si sites in the Si1‑xGex alloy layer below
the Ge-terminated (2 × 1) surface.
When Si4ML/Ge is oxidized, the surface-sensitive S4B and S4C

have disappeared. Instead, four extra components, S41, S42, S43,
and S44 should be introduced to reproduce the higher-binding-
energy side of Si 2p spectra in Figure 6. It is seen from Tables
1 and 2 that S41, S42, S43, and S44 are similar to S11, S12, S13, and
S14 for O/Si1ML/Ge. Hence, we conclude that S41, S42, S43, and
S44 stem from the Si1+−Si4+ species in oxide phases. It is also
seen from Table 2 that the intensity ratio of (S40 + S4A):(S41 +
S42 + S43 + S44), i.e., the number ratio of Si atoms, which are
bonded and not bonded to O atoms, changes systematically
with the O2 dose. It is ∼2:1 at 25 L, ∼3:4 at 100 L, and ∼1:2 at
500 L. The changes of fractions of Si1+−Si4+ species at O/
Si4ML/Ge with the oxygen dose are shown in Figure 7. The
lowest oxidation state is dominating at 25 L, while the highest
oxidation state is the most prominent at 100 and 500 L.
The changes of Ge 3d line shape upon oxidation of Si4ML/

Ge are similar to those of Si1ML/Ge. At 25 ML, the Ge (2 × 1)
reconstruction on top of the interface is destroyed, and Σ41,
Σ42, and Σ43 components have appeared (Table 2). They

clearly resemble Σ11, Σ12, and Σ13 in Table 1. Σ41 and Σ42 are
more surface-sensitive, and Σ43 is more bulk-sensitive. No
oxidation of Ge and oxide-related Ge 3d components is found
at 25 L. Thus, similar to the case of Si1ML/Ge, selective
oxidation of Si4ML/Ge occurs at lower O2 doses.
It is also seen from Figure 5 and Table 2 that oxide-related

Ge 3d components appear with increasing the O2 dose. At 100
L, Σ44 and Σ45 are required to reproduce the higher-binding-
energy tail of the spectrum. The former can be assigned to the
Ge1+ species, and the latter can be assigned to the Ge3+ or/and
Ge4+ ones. At 500 L, a component Σ46 is added eventually. It
originates from the Ge2+ or/and Ge3+ species. Interestingly, the
number of O-bonded Ge sites increases mostly at the expense
of the Ge atoms, which are the origin of Σ41. This means that
the Ge oxide phases are located on the surface of the O/Si4ML/
Ge stack.
The above results indicate that Si alloying is a promising

method to stabilize or strengthen Ge oxides. Si alloying
facilitates the formation of higher oxidation states of Ge atoms,
such as 3+ and 4+. For comparison, only the 1+ and 2+
oxidation states are found for GeOx/Ge(100) at similar
conditions.35 This infers that Si can facilitate the strengthening
of Ge−O bonds.
3.2. Comparison of Oxide/Ge Interfaces with and without
Modification by Si Alloying

As shown in the preceding sections, the Ge substrates modified
by Si alloying have a selective character of oxidation, where Si
atoms tend to readily interact with oxygen. At the same time,
Si alloying can increase the stability of Ge−O bonds. To
investigate further this technologically relevant issue, we
compared oxidation of clean Ge(100) and Si/Ge(100) at
different temperatures. To produce the Si-alloyed Ge(100)
substrate, the optimization of several parameters was needed.
As shown in Section 3.1, the thickness of the oxide phase
increases with the number of incorporated Si atoms. On the
other hand, the quality of the Ge/Si1−xGex/Ge stack and
homogeneity of the alloy layer are also affected by the Si
amount. Earlier, it has been shown that the deposition of Si
atoms on Ge(100) by portions (one portion is 1 ML),
followed by annealing the substrate, allowed us to fabricate
high-quality junctions.22 Here, we used this method for
growing the Si-alloyed Ge substrate. Four portions of Si

Table 2. Fitting Parameters for the Decomposed Ge 3d and
Si 2p Spectra from Si4ML/Ge and O/Si4ML/Ge in Figures 5
and 6a

Si4ML/Ge O25L/Si4ML/Ge O100L/Si4ML/Ge O500L/Si4ML/Ge

Ge 3d {θe = 0°} [θe = 60°]
(B) 0 [0.37] (B) 0 [0.32]

(B) 0 {0.31}
[0.23]

(B) 0 {0.55}
[0.36]

(Σ41) −0.56
[0.14]

(Σ41) −0.55
[0.08]

(Σ4u) −0.65
{0.17} [0.24]

(Σ41) −0.54
{0.12} [0.28]

(Σ42) −0.25
[0.27]

(Σ42) −0.24
[0.21]

(Σ′4) −0.42
{0.13} [0.16]

(Σ42) −0.24
{0.16} [0.25]

(Σ43) 0.24
[0.13]

(Σ43) 0.24
[0.12]

(Σ4d) −0.15
{0.17} [0.24]

(Σ43) 0.26 {0.17}
[0.11]

(Σ44) 1.08
[0.04]

(Σ44) 1.07
[0.11]

(D′) 0.21 {0.22}
[0.13]

(Σ45) 3.13
[0.05]

(Σ46) 2.22
[0.06]

(Σ45) 3.13
[0.10]

Si 2p {θe = 0°} [θe = 60°]
(S40) 0 {0.44} (S40) 0 {0.27} (S40) 0 {0.21}

(S4C) 0.28 {0.25}
[0.28]

(S4A) −0.21
{0.25}

(S4A) −0.21
{0.16}

(S4A) −0.22
{0.12}

(S4B) 0.17 {0.14}
[0.28]

(S41) 1.02 {0.12} (S41) 1.05
{0.09}

(S41) 1.05
{0.09}

(S40) 0 {0.47}
[0.33]

(S42) 1.76 {0.07} (S42) 1.74
{0.13}

(S42) 1.68
{0.09}

(S4A) −0.21 {0.14}
[0.11]

(S43) 2.44 {0.09} (S43) 2.40
{0.14}

(S43) 2.33
{0.21}

(S44) 3.19 {0.03} (S44) 3.17
{0.21}

(S44) 3.24
{0.28}

aThe individual spectral components are presented in parentheses.
The CLSs are given in eV. The relative intensities are given in
brackets for θe = 60° and braces for θe = 0°. See the text for more
details.

Figure 7. Intensities of Si 2p components originating from Si0, Si1+,
Si2+, Si3+, and Si4+ species at oxidized Si4ML/Ge interfaces as a function
of the oxygen dose.

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.1c00039
ACS Mater. Au 2022, 2, 204−214

209

https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00039?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00039?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00039?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00039?fig=fig7&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.1c00039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


atoms (1 ML each) were deposited on clean Ge(100) at RT.
After the deposition of each portion, the sample was annealed
at 500 °C. As a result, the Ge-(2 × 1)/Si4×1ML/Ge(100)
structure with the (2 × 1) reconstruction on the top was
obtained. An STM image of such a structure is presented in
Figure 8. It shows that the surface morphology has high quality

and that the structure possesses an epitaxial character.
Interestingly, the STM image also reveals very local dark and
bright areas outlined by circles. Such defects resemble those of
the clean Ge(100) surface cleaned by ion sputtering.45 In the
inset, a LEED pattern from this surface is presented. It clearly
shows the (2 × 1) periodicity.
A difference in oxidation of Si4×1ML/Ge and clean Ge

substrates (the O2 dose 200 L) at various temperatures is
illustrated in Figure 9. The measure of oxygen amount at
O200L/Si4×1ML/Ge and O200L/Ge was the intensity of the O 1s
peak acquired with XPS (shown on the vertical axis of Figure
9). It is seen that clean Ge can be efficiently oxidized in the

range from RT to 400 °C. At 500 °C and higher, no oxygen is
found, and the Ge substrate has remained nonoxidized at all. It
means that the Ge oxide phases formed on clean Ge(100) are
completely unstable at ≥500 °C. In contrast, Si4×1ML/Ge(100)
can be readily oxidized at both 500 and 650 °C, with the O
amount being ∼1.5 to 2.0 times higher than that of the clean
Ge(100).
The differences of O200L/Si4×1ML/Ge(100) and O200L/

Ge(100) in structural and electronic properties have been
studied by STM and STS. Although the practical applications
often contain an insulator film deposited still on the top of Si/
Ge or Ge, these applications also contain oxidized Si/Ge or Ge
at the interfaces. Thus, STM and STS can provide interesting
information about these interface parts existing in applications.
Figure 10 presents the STM images for the Si4×1ML/Ge(100),
O200L/Si4×1ML/Ge(100), and O200L/Ge(100) surfaces. It is
seen that Si4×1ML/Ge(100) is highly ordered and that
patterning occurs due to the incorporation of 4 ML Si.
Upon oxidation, the long-range order has reduced on both
surfaces according to LEED, but it can be still seen in Figure
10b a trace of the initial 2D terrace-step structure after the
oxidation of Si4×1ML/Ge(100).
The analysis of morphologies of these surfaces was

performed by roughness distributions obtained from STM
data in Figure 10. This approach is described in more detail in
the literature.22,46 The distributions of tip heights acquired in
measuring the STM images (filled circles) are shown in Figure
11. It is seen that each curve can be fitted with a single
Gaussian peak. The single component used in the fitting can
infer that the surface phase is homogeneous. This means that
the surface is covered with the oxide phase entirely. However,
the width of distributions is not the same. In the case of O200L/
Ge(100), it is significantly broadened. The standard deviation
is 0.945 nm for this surface, while it is 0.137 nm for both
Si4×1ML/Ge(100) and O200L/Si4×1ML/Ge(100). The smooth-
ness and 2D terrace-step structure of O200L/Si4×1ML/Ge(100)
as compared to those of O200L/Ge(100) suggest a higher
crystalline order for the O200L/Si4×1ML/Ge(100) sample.
Indeed, LEED shows both 1 × 1 and 2 × 1 spots for this
sample (see the inset of Figure 11b), while no LEED spots are
found for O200L/Ge(100). Higher crystallinity typically
suggests a lower density of point defects at the Ge interface.
Figure 12 presents the (dI/dV)/(I/V) spectra measured for

clean Ge, Si4×1ML/Ge, O200L/Si4×1ML/Ge, and O200L/Ge by
STS. As already remarked (Section 2), such spectra reflect the
LDOS of probed surfaces. It is seen that the clean Ge and
Si4×1ML/Ge surfaces are semiconducting and have the
tunneling gap (or band gap) characteristic for the p-type-like
sample (i.e., the Fermi level is close to the VB maximum).
When these surfaces are oxidized, the surface electronic
structure is drastically modified. The LDOS near the Fermi
level (see the inset) is observed to be essentially larger for
O200L/Ge than that for O200L/Si4×1ML/Ge. This implies a
higher density of defect levels in the band gap for the O200L/Ge
interface. This result is well consistent with the STM results in
Figures 10 and 11. Moreover, the above difference in LDOS in
the band gaps of O200L/Ge and O200L/Si4×1ML/Ge interfaces
fully agrees with a comparison of capacitance−voltage and
leakage current measurements for two capacitors fabricated on
the basis of these interfaces (Figure S4). Thus, the presented
approach, where a crystalline Si/Ge surface is intentionally
oxidized in a controlled way before an insulator film growth,
has the potential to develop Ge-based devices. In the

Figure 8. STM image and LEED pattern (inset) from Si4 × 1ML/Ge.
The bias voltage (V) is 2.0 V. The tunneling current (It) is 0.10 nA.
The scanning area is 100 × 100 nm2. The local dark and bright areas
are outlined by circles (for details, see the text). The electron energy
is 131 eV.

Figure 9. O 1s intensity measured by XPS for O200L/Ge and O200L/
Si4 × 1ML/Ge structures as a function of the oxidation temperature.
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commonly used Si passivation method, the deposited Si layer is
not oxidized beforehand, but it is worth noting that the Si-
containing surface becomes finally oxidized at some stage(s) of
the device processing.
3.3. Stabilization of Ge−O Bonds via Si Alloying

Finally, we examine the changes in Ge−O bonding when the
Ge substrate is modified by Si alloying. To this end, Ge 3d
spectra were taken by XPS for the O200L/Ge(100) and O200L/
Si4×1ML/Ge(100) structures along with the clean Ge surface.
Figure 13 illustrates the comparison of the spectrum of each of
the oxidized structures with that of the clean substrate (note
that spectral fragments that are affected by oxidation are

mostly shown). It is seen that for O200L/Ge(100) at 300 °C
oxidation, the higher-binding-energy features related to the Ge
atoms bonded to O atoms are shifted mostly by ∼0.9 to 2.2 eV
relative to the bulk. These XPS features are not high in
intensity but are still significant. Therefore, two main oxide-
related Ge species have oxidation states of 1+ and 2+. For
O200L/Si4×1ML/Ge(100) oxidized at 500 °C, such features are
mostly shifted by ∼2 to 3 and ∼3.7 to 3.8 eV, meaning that the
most frequent oxide-related Ge species have higher oxidation
states. Therefore, the incorporation of Si at the Ge interface
allows one to replace lower oxidation states with higher ones

Figure 10. STM images for (a) Si4 × 1ML/Ge, (b) O200L/Si4 × 1ML/Ge,
and (c) O200L/Ge structures. The bias voltage (V) is 2.0 V. The
tunneling current (It) is 0.10 nA. The scanning area is 200 × 200 nm2.
The inset in (b) shows a LEED pattern from O200L/Si4 × 1ML/Ge. The
electron energy is 133 eV.

Figure 11. Roughness distributions for STM images in Figure 10.

Figure 12. (dI/dV)/(I/V) spectra for the clean Ge, Si4 × 1ML/Ge,
O200L/Si4× 1ML/Ge, and O200L/Ge surfaces measured by STS. These
spectra represent the LDOS of the probed samples. The inset shows a
comparison of spectra near the Fermi level in more detail.
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for Ge atoms. It is believed that the higher Ge oxides are more
stable. Thus, Si alloying leads to the strengthening of Ge−O
bonds and more stable Ge oxides at the dielectric/Ge
junctions.

4. CONCLUSIONS
Combining synchrotron radiation photoelectron spectroscopy,
STM, STS, LEED, and XPS measurements, we have studied
the oxidation processes and effects at the well-defined Si/Ge
interfaces. It has been shown that oxidation of Si-alloyed Ge
surfaces is strongly dependent on the silicon amount and has a
selective character: at low oxygen doses (i.e., 10 L at 300 °C),
Si−O bonds are formed solely, while no Ge−O bond is found.
Four oxidation states of Si atoms are identified at such
interfaces, and it is shown that the ratio of Si oxidation states is
dependent on the oxygen dose. At higher O2 doses, the
formation of Ge−O bonds occurs in addition to Si−O ones.
Based on the above results, the preparation of the Si-alloyed
Ge substrate is optimized for further oxidation, and the
differences in stability and structural, electronic, and electrical
properties of O200L/Si4×1ML/Ge(100) and O200L/Ge(100) are
examined. It has been shown that the oxide films are
completely unstable on clean Ge at 500 °C and higher, while
Si4×1ML/Ge(100) can be readily oxidized at 500−650 °C, with
the O amount being ∼1.5 to 2.0 times higher with respect to
the case of the clean Ge(100) substrate. That is, the Ge
substrate modified by Si alloying can be oxidized more
efficiently than the clean Ge(100) substrate. It is also shown
that the above Si passivation method leads to the strengthening
of Ge−O bonds on the Ge(100) surface and is useful to
decrease the defect state density at Ge-based device interfaces.
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