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ABSTRACT

This study explores the growth and structural characteristics of Nd2O3 layers on virtual germanium-rich SiGe substrates on Si(111).
We focus on the emergence of the hexagonal phase depending on the stoichiometry of the virtual substrate. X-ray diffraction measurements
reveal a hexagonal phase when Nd2O3 is grown directly on Si(111), while growth on Ge leads to a cubic oxide structure. On SiGe layers, the
growth of the oxide results in a mixed phase containing hexagonal and cubic regions, regardless of the Ge content. The cubic structure
grown on virtual Ge substrates exhibits strong tensile strain, while layers grown on SiGe layers show no strain. In situ growth control via
electron diffraction shows a dependence of the oxide structure of the surface reconstruction of the virtual substrate. Growth on a 7� 7
reconstruction leads to hexagonal parts on Si-based substrates, while growth on c(2� 8) results in cubic oxide growth on Ge. Furthermore,
oxide layers grown on virtual SiGe substrates form an interfacial silicate layer. The thickness of the interfacial layer is influenced by the Si
content and the structure of the oxide layer enabling oxygen diffusion pathways.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0191350

I. INTRODUCTION

The integration of materials like germanium and silicon ger-
manium on silicon is attractive for several reasons. These materials
not only enable high-mobility channels with very high Ge content
while mitigating parasitic effects like drain-induced barrier
lowering1–4 but also the incorporation of optical devices in Si com-
plementary metal-oxide-semiconductor (CMOS) devices.5–7 Ge-
and germanium-rich Si1�xGex layers are known to have high
intrinsic electron mobilities and especially high hole mobilities,
making them suitable for CMOS devices.8–11 However, while
p-type Ge-based devices have performed reasonably well, especially
n-type Ge-based devices fall short of expectations.9,12

The successful integration of Ge-based devices still faces sub-
stantial challenges. These challenges involve issues at the Ge/metal
interface, which suffers from Fermi level pinning, and more criti-
cally, the poor interface quality between oxides and SiGe or Ge
layers.9,11,13 Despite the initially lower number of dangling bonds at
the interface in the Ge/GeO2 system compared to the Si/SiO2

system, the inability to passivate Ge dangling bonds with hydrogen

has rendered interface control at Ge interfaces quite difficult.12,14–16

These unpassivated Ge dangling bonds contribute to the high
density of interface states, degrading device performances.7,12 Even
in SiGe-based devices, the high density of interface states is associ-
ated with undesired GeOx formation at the high-k oxide (e.g.,
HfO2) and SiGe interface.11,14

The selection of an appropriate surface orientation can
increase the charge carrier mobility further17 and enhance the
n-type MOS performance for Ge-based transistors.18–21 The (111)
orientation exhibits the highest electron mobility22 among the com-
monly used surface orientations and also demonstrated superior
capacitance–voltage characteristics and a lower density of interface
states in Ge-based MOS structures.17,18 Achieving a high-quality
interface strongly depends on Ge surface passivation. Promising
candidates for sufficient passivation are the rare-earth oxides
(REOs) like Gd2O3 and CeO2 that have shown a low density of
interface states on Ge.9,10,23,24

Among the REOs, Nd2O3 is known to exhibit two polymorphs
which are the cubic bixbyite C-type with space group Ia3 (Mn2O3
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type of structure) and the hexagonal A-type with space group
P3m1 (La2O3 type of structure).25,26 The cubic phase of Nd2O3

closely matches the lattice of Si0.48Ge0.52(111). The growth of this
cubic phase in an A/B stacking on Si(111) has shown a promising
dielectric constant exceeding 14, with expectations of an even
higher dielectric constant of around 27 when the transition to the
hexagonal phase can be achieved.27,28

For other rare-earth oxides, it has been demonstrated that
their phase can be altered by the influence of pressure, growth con-
ditions, and stress.29–34 To investigate the effects of stress, the
growth of Nd2O3 layers on germanium-rich Si1�xGex layers enables
a systematic variation of the surface lattice parameter.

The focus of this study is on the structural characterization
and growth of Nd2O3 layers on germanium-rich Si1�xGex layers
with 0:55 , x � 1 on Si(111) substrates. We research the influence
of tensile strain on Nd2O3 growth by varying the Ge content of the
virtual Si1�xGex substrate and investigate potential phase transi-
tions. In addition to varying the surface lattice parameter, the
thickness of the oxide layer is altered. All samples are particularly
analyzed regarding strain and phase in the oxide layer and interfa-
cial layer formation.

II. EXPERIMENTAL

All heterostructures were grown on 100mm diameter p-doped
(0.5–0.75Ω cm) Si(111)-wafers. Prior to layer growth in a DCA
S1000 molecular beam epitaxy (MBE) cluster system, the samples
underwent ex situ cleaning by a UV/ozone treatment coupled with
a diluted HF etch step (0.2%). The deposition chamber of the MBE
multi-chamber system reaches a base pressure of 1:3� 10�10 mbar.
Ge, Si, and granular Nd2O3 were evaporated by electron beams and
carbon was sublimated from a pyrolytic graphite filament in a
SuKo-65 from Dr. Eberl MBE-Komponenten. To maintain a stable
oxygen partial pressure, pure oxygen (6N purity) was introduced
using a piezo leakage valve. The growth process was monitored in
situ through reflection high-energy electron diffraction (RHEED)
using a RHEED 35 from STAIB Instruments, which allows for real-
time observation of the surface reconstruction and layer morphol-
ogy during growth.

Analysis of the samples was carried out in vacuo in a separate
chamber of the multi-chamber system. X-ray photoelectron spec-
troscopy (XPS) was performed using a Mg-Al double anode XR 50
source and a Phoibos 1000 concentric hemispherical analyzer
equipped with a fivefold channeltron from SPECS. Both the source
and detector are set at a fixed angle of 55:4�. To assess the crystal-
linity, lattice constants, crystal phase of the oxide layer, composi-
tion of the virtual substrate, and degree of relaxation of each layer,
x-ray diffraction (XRD) measurements were conducted with a
Bruker AXS D8 Discover II diffractometer. We analyzed the cubic
phase of the virtual substrates regarding lattice constants, composi-
tion, and degree of relaxation by XRD in skew geometry according
to Zaumseil.35,36 This method was also applied to examine the
strain of the cubic phase of the oxide layers. The surface roughness
of the samples was determined via atomic force microscopy (AFM)
with a Park Scientific Autoprobe M5 in a contact mode. Further
investigations included transmission electron microscopy (TEM)
operating a FEI Tecnai G2 F20 operated at 200 kV. Energy

dispersive x-ray spectroscopy (EDS) was done using TEM FEI
Tecnai Osiris operated in a scanning mode at 200 kV.

Following the ex situ cleaning of the samples, in situ
thermal preparation was performed at 750�C, confirming a
7� 7 surface reconstruction. Subsequently, virtual Si1�xGex sub-
strates were grown via carbon-mediated epitaxy, as described in
our previous works.37–40 The virtual substrates exhibit a Ge
content of 0:55 , x � 1 and a C coverage of 0:4ML which
works as a surfactant.

Nd2O3 growth was carried out with an oxygen partial pres-
sure of 6:3� 10�7 mbar. The growth temperature was adjusted
based on the underlying material, virtual substrate or Si substrate.
In the case of growth directly on Si(111), the sample was cooled
to 650�C following thermal preparation, and Nd2O3 was evapo-
rated with an oxygen partial pressure of 6:3� 10�7 mbar as
described by Wang et al.41 However, when Gd2O3 was grown on
virtual Ge substrates with this growth process, islanding occurred,
necessitating a modification of the growth temperature.42

According to these results, the germanium-rich Si1�xGex layers
were heated to 400 �C after virtual substrate growth at 150 �C. At
this temperature, Nd2O3 was evaporated while the substrate tem-
perature was increased to 650 �C with a ramp of 100 K

min, and again
the oxygen partial pressure was adjusted to 6:3� 10�7 mbar.
Finally, an amorphous Si cap layer was deposited to protect the
oxide layer.

III. RESULTS

A. RHEED

After growth of the Ge-rich Si1�xGex layers as virtual sub-
strates, the in situ RHEED control shows a smooth surface with all
layers displaying a c(2� 8) surface reconstruction.39 Subsequent
annealing to 400�C results in a 7� 7 surface reconstruction for a
Ge content of 0:55 , x , 1. Ge layers exhibit a c(2� 8) recon-
struction just before transitioning to a 1� 1 reconstruction, as
described in Ref. 40. This transition is indicated by the weakening
of the intensity of the substreaks. The Si surface shows a 7� 7
surface reconstruction as expected after thermal preparation. The
RHEED patterns before oxide growth are depicted in Fig. 1 on the
left-hand side, while patterns after oxide growth are presented on
the right-hand side for one representative sample from each sub-
strate. The streaky patterns indicate a smooth surface, which is con-
firmed by AFM measurements revealing a root-mean-square
surface roughness below 0.6 nm for all samples.

After Nd2O3 growth, the RHEED patterns differ from each
other for growth directly on Si(111) and growth on the virtual sub-
strates. We observe three additional substreaks when grown on
virtual substrates while no substreaks are observed after growth on
Si. The three additional substreaks could be explained similarly to
growth of Gd2O3, where these streaks indicated a crystalline cubic
surface structure.27 Due to its similarity to cubic Nd2O3, we infer
that our observed RHEED patterns of oxide layers grown on
Ge-rich SiGe indicate a cubic Nd2O3 surface structure. However,
the RHEED pattern after growth on Si(111) differs from the pat-
terns observed by Wang et al.,41 indicating a different surface
structure.
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B. XRD

We conducted an in-depth analysis of the crystallographic
phase of the Nd2O3 layers using XRD measurements. The results of
our symmetrical θ=2θ measurements are shown in Fig. 2. Notably,
the Nd2O3 layer grown directly on Si(111) exhibits a hexagonal
structure while growth on Ge results in a cubic structure. Oxide
layers grown on SiGe show a mixed phase containing both cubic
and hexagonal parts, regardless of their layer thickness.
Furthermore, it is evident that the oxide layers grown on Ge exhibit
strong tensile strain, while the hexagonal phase grown on Si(111)
shows no indication of strain. Growth on SiGe results in relaxation
of tensile strain in the cubic phase, even at very high Ge contents
of x . 0:9.

To delve deeper into the strain analysis of the cubic phase, we
performed XRD measurements in the skew geometry, a method
described in more detail elsewhere.35,36,39 Due to the A/B stacking
of cubic REOs on (111)-oriented Si and Ge,35,43–45 skew geometry
facilitates examination of the virtual Ge substrate and oxide layer
without overlapping diffraction peaks. The results are presented in

Fig. 3 for various oxide layers grown on virtual SiGe substrates. For
clarity, we show oxide layers grown on pure Ge with different layer
thicknesses in Fig. 3(a) and oxide layers grown on various Si1�xGex
layers in Fig. 3(b). In these plots, the lattice constant ahkl of the cor-
responding lattice planes indicated is displayed as a function of
cos 2(χ), where χ is defined as the angle between the out-of-plane
direction and the examined lattice planes. The linear interpolation
of ahkl allows the determination of the in-plane and out-of-plane
lattice constant of a cubic system, thus facilitating the calculation of
strain.

Figure 3(a) reveals fully relaxed virtual Ge substrates, while
the oxide layers exhibit substantial tensile strain, regardless of the
layer thickness. In contrast, the results for oxide layers grown on
SiGe, as shown in Fig. 3(b), indicate almost fully relaxed oxide
layers, with the virtual substrates also remaining in a fully relaxed
state.

We further determine the epitaxial relation of the oxide layer
and virtual substrate by performing XRD measurements in grazing
incidence. These results indicate an epitaxial relation of
Nd2O3(0001)[2110] k SiGe(111)[110] for the hexagonal phase and
the A/B stacking for the cubic phase is confirmed, corresponding
to a relation of Nd2O3(111)[110] k SiGe(111)[110]. These epitaxial

FIG. 1. In situ RHEED control of three exemplary samples before and after
oxide growth in the 110

� �
direction. Before oxide growth, the Si(111) and SiGe

surface exhibit a 7� 7 surface reconstruction, while the Ge layer shows a
c(2� 8) reconstruction. After oxide growth, the RHEED pattern of the oxide
grown on Ge and SiGe shows three additional substreaks, while the oxide layer
grown directly on Si shows no substreaks.

FIG. 2. Results of symmetrical θ=2θ measurements with XRD for exemplary
samples with varying oxide thickness as indicated on the right-hand side and
Ge content of the virtual substrate as written on the left-hand side. For refer-
ence, we marked the positions of the diffraction peaks of the (444) and (0004)
planes of Nd2O3 and the Si substrate (222) peak. At the top, a Nd2O3 layer on
Si(111) is shown and the Ge content in the virtual substrate increases from top
(Si) to bottom (Ge). Nd2O3 layers grown on Si exhibit the hexagonal phase,
while growth on Ge results in the cubic phase. The Nd2O3 layers on SiGe show
peaks for both phases.
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relations are consistent with the hexagonal oxide layer on Si(111)
and the cubic phase on Ge. Additionally, we compare the intensi-
ties of the diffraction peaks of the cubic and hexagonal phases and
see an increase in the hexagonal-to-cubic ratio of the oxide layer
with increasing oxide layer thickness and decreasing Ge content
when grown on SiGe.

C. XPS

To investigate the bonding configuration and its relationship
with the hexagonal phase of the oxide layer, we also performed an in
vacuo XPS analysis using the Al Kα line (1486.6 eV). Specifically, we
measured the Ge3d and Si2p peaks before and after approximately
1.5 nm of oxide growth. The results of an exemplary Si0.18Ge0.82 layer
are presented in Fig. 4. The blue line represents measurements at the
SiGe surface, while the red line was measured at the interface.

We establish peak models using Casa XPS.46 For the spin–
orbit components, Si2p1/2 and Si2p3/2, we keep the full width at a
half maximum almost equal, choose the area ratio according to the
spin–orbit splitting, and maintain a distance of around 0.6 eV. The
same principle is applied to Ge3d5/2 and Ge3d3/2, with a splitting
of around 0.57 eV.47 A Shirley background is used,48,49 averaging
the start and end point over various data points. These parameters
remained constant across all peak fits.

In Fig. 4(a), the oxidation states of Ge are marked in increas-
ing order with shifts of 0.8, 1.8, 2.7, and 3.3 eV relative to the Ge0

state of the Ge3d5/2 at 29.8 eV.50 In these measurements, we only
observe the Ge0 state even after growing approximately 1.5 nm of
Nd2O3 indicating no bonding of Ge with the oxide layer. Similarly,
we indicate the Si oxidation states in Fig. 4(b) with shifts of 0.9,

1.9, 2.6, and 3.4 eV relative to the Si0 of the Si2p3/2 at 99.8 eV.50

These figures reveal a reaction in the Si2p peak spectrum after
growing approximately 1.5 nm of Nd2O3. A component around the
Si3þ oxidation state occurs, indicative of silicate-like bonding,51,52

while no component near the Si4þ state is present, corresponding
to SiO2 formation.

The O1s spectrum after growth of Nd2O3 with a thickness of
1.5 nm shows two peaks in Fig. 5. One at 530 eV can be assigned to
oxygen in Nd2O3 molecules, consistent with values from the litera-
ture.53 The second peak, at around 531.3 eV, is too low in binding
energy to be attributed to SiO2 formation, suggesting silicate-like
Nd–O–Si bonding.51,52 Thus, we infer the presence of silicate-like
bonding at the interface.

Our XPS analysis of the interface of oxide growth on Ge
shows no reaction of Ge with oxygen. Instead, we observe a shift in
the Ge3d peak to lower binding energies, while the O1s spectrum
exhibits one peak corresponding to oxygen in Nd2O3 molecules.
Consequently, we expect that the oxide layer bonds via Nd with the
Ge and germanide-like bonding of the oxide on Ge results.

For further analysis of the interface, we calculate the equiva-

lent homogeneous Ge concentration by X ¼ I p=SpP
i
Ii=Si

with the inten-

sity of a peak I j and the sensitivity factor S j. The sensitivity factor
includes the attenuation length and the photoionization cross
section.54 We approximate the attenuation length of the photoelec-
trons by the electron mean free path and its value and the photo-
ionization cross-section are taken from Tanuma et al.55 and
Scofield,56 respectively. These calculations reveal that the surface of
the virtual Si0.18Ge0.82 substrate exhibits a Ge content of 88%, con-
sistent with enrichment of Ge at the surface of SiGe layers observed

FIG. 3. Analysis of exemplary samples with XRD in the skew geometry. The determined lattice constants ahkl as a function of cos2(χ) are shown and the examined lattice
planes (hkl) are indicated. Furthermore, the bulk values for Si, Ge, and Nd2O3 are added for reference. For clarity, we show different oxide layer thicknesses on Ge in
(a) and various samples with varying Ge content and oxide thickness in (b). The symbols stand for one sample in each plot while the lighter color of each shows the
virtual substrate and the saturated color displays the results of the oxide layers. All virtual substrates are fully relaxed, while the linear interpolation of the cubic oxides
grown on Ge in (a) exhibits a negative slope indicating tensile strain. The cubic phase of the oxides grown on SiGe seems to be relaxed.
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before.40,57–59 After a 1.5 nm oxide growth, the Ge content at the
interface decreased to 86.5%. This decrease further supports the
assumption of silicate-like bonding and suggests diffusion of Si
toward the interface to form silicate-like bonds.

D. HRTEM/STEM EDS

To get a more profound understanding of the interface pro-
cesses, we conducted high-resolution TEM (HRTEM). Figure 6 dis-
plays cross-sectional HRTEM images of Nd2O3 layers grown on Ge
and Si. In order to confirm the crystal structure, we obtained by
our XRD measurements, we further did a nano beam diffraction
study of the oxide layer. Figure 6 shows the diffraction images
taken from an oxide layer grown on Si0.18Ge0.82 at a position of
cubic oxide growth (c) and grown directly on Si(111) (d). The the-
oretical diffraction pattern of a cubic crystal structure in the [011]
direction is sketched in (c) and matches the observed diffraction
pattern of the oxide. For the oxide layer grown on Si(111) in (d),
the diffraction pattern corresponds well with the expected pattern
of an hexagonal crystal structure in the [�2�1�10] direction. These
results support the crystal structures we obtained from our XRD
analysis. In these systems, we observe well-defined, sharp interfaces
with no interfacial layer formation. In contrast, Nd2O3 layers
grown on Si1�xGex layers exhibit an amorphous interfacial layer
and its thickness increases as the Ge content decreases. At locations
where stacking faults extend to the interface, the interfacial layer
penetrates deeper into the virtual substrate as shown exemplarily
for oxide growth on a virtual Si0.32Ge0.68 substrate in Fig. 7.

To gain further insights into this interfacial layer, we con-
ducted STEM combined with EDS. The results from the same
sample that was analyzed in detail with XPS are depicted in Fig. 8.
Figure 8(a) shows the bright-field image that is analyzed with EDS.
The detected elements are visualized with spatial resolution in
Figs. 8(c)–8(f ). The detected intensities of the relevant elements are
presented in Fig. 8(b). To identify specific positions, such as the
interface between the oxide layer and the amorphous Si cap layer,
as well as the boundaries of the interfacial layer, we marked these
areas with numbers 1–3 in all images.

FIG. 5. XPS measurements of the O1s spectrum at the surface after 1.5 nm
(red lines) and after 22 nm (green lines) oxide growth. After 1.5 nm oxide
growth, two peaks can be fitted at 530 and 531.3 eV which can be assigned to
Nd–O–Nd and Nd–O–Si bonding configurations, respectively. After reaching a
thickness of 22 nm, only the peak corresponding to Nd–O–Nd bondings in
Nd2O3 remains.

FIG. 4. XPS measurements at the surface of the virtual Si0.18Ge0.82 substrate (blue lines) and after 1.5 nm oxide growth (red lines) to analyze the interface. We analyzed
the Ge3d spectra (a) and the Si2p spectra (b) and marked the different oxidation states in each diagram. In (a), we see no indication of Ge–O bonding after oxide growth,
while (b) indicates silicate-like bonding in addition to the Si0 peak.
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For this particular sample, the interfacial layer exhibits a layer
thickness of approximately 5.5 nm. Furthermore, this analysis
reveals depletion of Si at the interface of the Si0.18Ge0.82 layer and
reaction with the oxide to form a silicate. Based on the literature,
mainly two SiO2-Nd2O3 configurations are known, namely,
Nd2SiO5 and Nd2Si2O7.

51,60 Our quantification of the interfacial
layer approximately agrees with these two configurations, suggest-
ing the presence of Nd2Si2O7 at the interface toward the virtual
substrate and Nd2SiO5 at the interface with Nd2O3.

IV. DISCUSSION

A. Strain in the oxide

To understand the crystalline phases observed in the Nd2O3

layers, it is essential to examine previous research on phase

transitions in REOs. Several studies have explored phase transitions
in REOs, particularly Gd2O3, with a focus on factors such as pres-
sure, growth conditions, and stress.29–34 For instance, investigations
revealed thickness-dependent phase transitions in Gd2O3 when
grown on different substrates, such as GaN, SiC, and GaAs,61–63

with transitions from the hexagonal to the monoclinic phase.
When grown on Ge(001), a mixture of the cubic and monoclinic
phase was observed.64 It was also noted that tensile stress can stabi-
lize cubic Gd2O3, while compressive stress leads to a transition to
the monoclinic structure.30 The transition from cubic Gd2O3 to the
monoclinic and hexagonal phase can be achieved by increasing
atmospheric pressure,31–33 and thermodynamically, an increase in
temperature can also drive such a transition.25 Additionally, low
growth temperatures can result in non-cubic growth of REOs like
Gd2O3 on Si(111),29 and the oxygen chemical potential has been

FIG. 6. High-resolution TEM images of Nd2O3 layers grown on Ge (a) and Si (b). Both samples show a sharp interface and no grain boundaries. We also show nano
beam diffraction images taken from an oxide layer grown on Si0.18Ge0.82 (c) at a position of cubic oxide growth and on Si (d). The diffraction images in (c) and (d) match
the theoretical diffraction pattern sketched in blue dots of a cubic phase and hexagonal phase, respectively, as indicated.
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found to influence the observed crystalline phase of Gd2O3.
65,66 A

systematic study of Gd2O3 growth on Si(001) revealed a strong
influence of both kinetic and thermodynamic factors on the crystal
structure.34 At low temperatures around 250�C, the cubic phase
was observed, and increasing oxygen partial pressure induced
growth of the monoclinic structure, which remained stable even
during temperature ramping.

In the case of Nd2O3, a phase transition from cubic to hexago-
nal appears thermodynamically by an increase in temperature
around 600�C,67 although other calculations suggested the presence
of only the hexagonal phase.25 Busani et al.28 achieved hexagonal
Nd2O3 at low temperatures of 280�C and slow deposition rates,
while the cubic structure was predominant under any other condi-
tion. They state that the hexagonal structure is normally only
expected after annealing above 850�C.

Given our growth conditions in this study, two possibilities
arise: either a stress-induced phase transition or a transition driven
by nucleation mechanisms induced by interface reactions.

Initially, we consider a strain-induced phase transition. The
cubic Nd2O3 phase is well-matched with SiGe layers containing
approximately 52%. Consequently, higher Ge content in the virtual

FIG. 7. High-resolution TEM image of a Nd2O3 layer grown on a virtual
Si0.32Ge0.68 substrate. An amorphous interfacial layer can be seen that pene-
trates deeper into the virtual substrate where stacking faults reach the interface
as marked by arrows.

FIG. 8. Results of our STEM-EDS analysis of a 22 nm thick Nd2O3 layer on a Si0.18Ge0.82 layer. On the left-hand side at the top, the bright-field STEM image is shown. In
all images, position 1 corresponds to the interface between the oxide layer and the amorphous Si cap layer, while positions 2 and 3 indicate the interfaces of the interfacial
layer with the Nd2O3 and Si0.18Ge0.82 layer, respectively. The diagram on the left-hand side at the bottom indicates the measured intensities of Si, O, Ge, and Nd. The cor-
responding maps for these four elements are shown in the images in the middle and right-hand side. An interfacial layer is visible and shows depletion of Si at the surface
of the SiGe layer that diffused to the oxide and reacted to a silicate.
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substrate should induce greater tensile strain in the cubic oxide
layer, while increased Si content would result in higher compressive
strain. Our XRD results in Fig. 3 show significant tensile strain of
around 1% in cubic Nd2O3 when grown on Ge, yet the cubic phase
of oxide layers appears nearly relaxed with a remaining strain of
less than 0.1% when deposited on virtual SiGe substrates with Ge
contents above 90%. Even oxide layers on SiGe with a Ge content
close to 52% exhibit hexagonal parts, as shown in Fig. 2. These hex-
agonal parts show increasing strain with increasing Ge content
from no strain for Ge contents below 60% up to 0.6% if the SiGe
substrate contains above 90% Ge. These results demonstrate that
Nd2O3 behaves somewhat similarly to Gd2O3, since strong com-
pressive strain leads to the hexagonal phase in the oxide layer when
grown directly on Si(111). However, it is worth noting that only
the highest level of tensile strain stabilizes the cubic phase in the
Nd2O3 layer on a Ge layer, while slightly less tensile strain on a
virtual Si0.08Ge0.92 substrate is insufficient to fully stabilize the
cubic phase, resulting in the coexistence of hexagonal parts.
Because even nearly lattice-matched cubic oxide growth on SiGe
exhibits hexagonal characteristics, we can reasonably rule out a
strain-induced phase transition as the sole cause of hexagonal oxide
growth. However, the hexagonal phase seems to compensate the
elastic energy in the oxide layer with increasing Ge content in the
virtual substrate while the cubic phase stays nearly relaxed when
grown on virtual SiGe substrates.

B. Processes at the interface

At this point it appears like the Si content at the interface
plays a crucial role in the growth of oxide layers, as the hexagonal
content in the oxide layer increases with increasing Si content in
the virtual substrate. While there is a slight increase in the
hexagonal-to-cubic ratio concerning increasing oxide layer thick-
ness, the Si content dependency is much more prominent. This
suggests that the growth of Nd2O3, like Gd2O3,

34 strongly depends
on the initial nucleation processes, which we need to examine
further regarding the interface and silicate formation. It is worth
noting that no evidence of the amorphous interfacial layer was
observed during growth using RHEED, suggesting that the forma-
tion of this layer occurs during subsequent growth.

First, we consider the possibility of GeO desorption from the
SiGe layer, followed by a reaction of the oxide layer with the
remaining Si to form a silicate. Previous research on GeO desorp-
tion kinetics has provided insights into this process.15,68–71 It was
observed that adsorption and interaction of oxygen on a Ge surface
leads to desorption of GeO molecules at temperatures as low as
400�C.68 In the case of a GeO2/Ge stack, desorption begins at the
bottom interface and is limited by subsequent diffusion through
the oxide. Annealing such a GeO2/Ge stack in ultra-high vacuum
(UHV) at 650�C or above leads to desorption and even etching of
the underlying Ge substrates.70,71 This can be limited by the inser-
tion of a SiO2 interfacial layer that suppresses reactions with the Ge
substrate.15,69 Applying these results to our study, we cannot fully
rule out GeO desorption in our Nd2O3/Ge stacks, as the growth
temperature is above 400�C. However, the desorption is diffusion-
limited, and a temperature of 650�C is only reached after a certain
oxide layer thickness is already established. We also see no reaction

of oxygen with Ge at the interface in our XPS results or degraded
interfaces in our TEM results. Thus, we propose GeO desorption is
unlikely.

Nevertheless, investigations of the kinetics of GeO desorption
during oxidation of SiGe surfaces have yielded different results. Li
et al.71 did not observe any GeO desorption that is associated with
the reaction of GeO2 and Ge when they annealed GeO2/SiGe stacks
in UHV up to temperatures of 700�C. Since our growth conditions
do not reach such high temperatures, we exclude GeO desorption
followed by a reaction of Nd2O3 with the remaining Si as the for-
mation mechanism for the interfacial silicate layer.

Understanding the formation of the silicate layer requires con-
sideration of several processes at the interface. The mechanisms of
silicate formation for REO growth on Si are influenced by factors
like temperature, time, and the ion radius of the rare-earth (RE)
element. For example, it has been found that an increase in Si–O–Ln
bonds depends on the post-annealing temperature, which, in turn,
relies on the ion radius of the RE element.72 Given the “lanthanide
contraction,” light RE elements like Nd have larger ion radii, making
it easier for their metal oxides to form silicate layers.

Early investigations suggested Si diffusion from the substrate
into the RE oxide, followed by a reaction, as the primary process
for silicate layer formation.52,73–76 However, subsequent research
revealed that annealing of capped Si/REO structures prevents sili-
cate formation, promoting a different mechanism where diffused
oxygen reacts with the Si substrate, resulting in Si–O molecule dif-
fusion and reaction with the REO to form silicates.72,77,78 The cubic
structure of REO is inherently defective, with one-fourth of the
sites in the anion sublattice remaining unoccupied. Thus, this
structure exhibits relatively unimpeded pathways along the 111h i
directions for the migration of oxygen through the lattice.79

Silicate formation is only observed for samples with Nd2O3

grown on SiGe that exhibit a mixed phase where the cubic phase is
involved. Thus, we expect the incorporation of additional supplied
oxygen at the growing Nd2O3 surface via oxygen vacancy annihila-
tion. The large diffusion coefficient and low activation energy of
atomic oxygen in cubic REOs allow for a high enough oxygen flux
to arrive at the interface to react with Si.77,79 The single-crystal hex-
agonal phase exhibits no inherent oxygen vacancies in its crystal
symmetry and, therefore, lacks such pathways for oxygen diffusion,
leading to a low oxygen flux at the interface that might be insuffi-
cient for silicate formation when grown on Si(111).

However, the surface of the grown SiGe layers is highly
enriched with Ge. For Si to react with oxygen, further diffusion
processes are required. Several studies on the oxidation of SiGe
layers with Ge contents mainly below 50% showed formation of
SiO2 on top of a Ge-rich layer,80,81 whereas oxidation of SiGe layers
with higher Ge contents results in mixed oxide growth.81–83 This
oxidation behavior of SiGe layers depends on several parameters
like Ge content of the layer, oxidation temperature, oxygen partial
pressure meaning oxygen chemical potential at the growing inter-
face, strain, and layer thickness.82,84 For a given set of growth
parameters, it is assumed that for high Si contents only Si is oxi-
dized initially, with Ge left behind piling up at the interface to
form a Ge-rich layer. Subsequently, more Si diffuses through this
Ge-rich layer to react with oxygen arriving at the interface after dif-
fusing through the growing oxide layer. If the Si concentration is
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too low or the oxygen concentration at the interface is too high for
selective Si oxidation, Ge and Si oxidize simultaneously, resulting
in mixed oxide growth.81 As long as Si is present during Ge oxida-
tion, GeO2 is reduced by Si to SiO2 due to the difference in Gibbs
free energy, leading to Ge atoms piling up at the interface.1,80,82,85

A crucial parameter for controlling the interface during SiGe oxida-
tion is the effective oxygen pressure at the interface.86,87 A high
oxygen chemical potential at the interface combined with a low
temperature result in mixed oxide growth, whereas higher tempera-
tures with a lower oxygen chemical potential favor selective Si oxi-
dation.71,87,88 The low temperature results in low Si diffusivity,
while the high oxygen partial pressure increases arriving oxygen
amount at the interface, leading to Ge oxidation.1 According to
those results, a temperature of 650�C and an oxygen partial pres-
sure in the range of 10�7 mbar should be in the preferential regime
for SiO2 formation.87 Additionally, selective Si oxidation has been
demonstrated on Si0.16Ge0.84 at a temperature of 600�C with a
partial pressure of 0.01 Torr.11

Selective oxidation of Si strongly depends on Si diffusion from
the SiGe layer to the oxidizing interface. This diffusion is also
affected by defect generation at the interface, which is quite differ-
ent compared to the Si/SiO2 interface. Interstitial emission from
the oxidizing interface is still present but relatively small compared
to the Si oxidation. The Si diffusion flux rather creates a vacancy
excess, which can account for further Si diffusion upon inward dif-
fusion. Furthermore, the vacancy flux can recombine with most of
the Ge interstitials emitted from the oxidizing interface.80,89 The
temperature dependence of Si and Ge diffusion in a SiGe alloy
follows the Arrhenius expression, allowing for the calculation of the
diffusion coefficient D ¼ D0exp(�Ea=kBT) with the preexponential
factor D0, the activation enthalpy Ea, the Boltzman constant kB,
and the temperature T .90,91 It was found that the activation
enthalpy decreases for Si and Ge diffusion in SiGe with increasing
Ge content, suggesting that both Si and Ge diffuse via a vacancy
mechanism in SiGe alloys with a Ge content above 30%,90,92 which
agrees with the observed defect generation at an oxidizing SiGe
interface. Using the calculated diffusion coefficient, we can then
estimate the diffusion length X of Si in a given SiGe alloy over a
given time t by X ¼ ffiffiffiffiffi

Dt
p

.82

The sample analyzed in STEM-EDS in Fig. 8 shows a Ge
pile-up, meaning the region depleted from Si reaching from posi-
tion 3 deeper into the virtual substrate, with a thickness of approxi-
mately 5.5 nm. From XPS we get a surface-near Ge content of 88%,
while XRD measurements result in a bulk Ge content of 82%. We
estimate the diffusion coefficient of Si in SiGe by linear interpola-
tion of D0 and Ea taken from Kube et al.91 For the surface-near
Ge-content, the calculated values are D0,x¼0:88 ¼ 171:6þ116:8

�64:8 cm2/s
and Ea:x¼0:88 ¼ 3:61+ 0:2 eV, which leads to a Si diffusion length
of Xx¼0:88 ¼ 1:5þ3

�1 nm for our temperature of 650�C and the growth
time of 2 h. For the bulk value of x ¼ 0:82 the diffusion length
decreases rapidly and we can calculate accordingly a diffusion length
of Xx¼0:82 ¼ 0:7þ1

�0:5 nm. This shows the strong dependence of Si dif-
fusion on the Ge content. Since XPS estimates the Ge content with
the assumption of a homogeneous material, the Ge content at the
surface is expected to be even higher and increases even further
during the reaction of the diffused Si with arriving oxygen leading to
a larger diffusion length than we estimate here.

From this, we conclude that the additional oxygen partial
pressure leads to oxygen diffusion through the growing oxide layer.
The growth temperature and oxygen partial pressure are in the
region of selective Si oxidation.87 Thus, oxygen arriving at the
interface reacts with Si, similar to SiGe surface oxidation, resulting
in Si diffusion toward the interface and the formation of a Ge
pile-up. The Si-O molecules then react with the Nd2O3 layer,
forming an interfacial silicate layer. The thickness and composition
of this silicate layer are constrained by the diffusion length and Si
content in the underlying SiGe layer. Since Si is expected to diffuse
easily along defects, Si diffusion at stacking faults is increased,
leading to locally thicker silicate layers penetrating deeper into the
SiGe layer.

Another limiting factor may involve reactions similar to those
observed in Pr-silicate reactions.93 Oxygen might not only stem
from diffusing oxygen but also to some extent from reduction of
Nd2O3 moieties. However, the energy gain from this reduction
becomes less favorable as the distance from interface increases, as
indicated by the estimated Gibbs free formation energy, which is
higher for the SiO2-rich phase.94

The silicate-like bonding seems to be crucial for the emer-
gence of the hexagonal phase. On pure Ge, we observe germanide-
like bonding leading to cubic oxide growth while the diffusion of Si
and reaction with the oxide on SiGe might be crucial for the emer-
gence of the hexagonal phase. Next to the emergence of silicate-like
bonding in order to form the hexagonal phase, the initial surface
reconstruction of the virtual substrate might influence the nucle-
ation process and thus the crystal phase of the oxide. Samples
exhibiting hexagonal regions in the oxide layer showed a 7� 7
surface reconstruction prior to oxide growth, while purely cubic
oxide layers were grown on surfaces with a c(2� 8) surface recon-
struction. The surface reconstructions could, on the one hand,
influence the preferred symmetry of nucleation with the 7� 7 pre-
ferring hexagonal symmetry. On the other hand, the 7� 7 recon-
struction indicates compressive strain on the surface, while the
c(2� 8) reconstruction on the verge to transitioning to 1� 1 can
be observed at tensile strain.40,95 As discussed, tensile strain should
stabilize the cubic phase, while compressive strain induces a phase
transition to the hexagonal phase. The silicate-like bonding in com-
bination with this surface reconstruction and initial surface stress
could therefore lead to a preference of the hexagonal phase
formation.

V. CONCLUSIONS

In summary, our study of Nd2O3 growth on virtual
germanium-rich Si1�xGex substrates with a Ge content of
0:55 , x � 1 and Si(111) has revealed insights into the depen-
dence of crystalline phases and interface processes of the oxide layers
on various substrates. Our analysis showed that Nd2O3 grown
directly on Si(111) exhibits a hexagonal structure, while growth on
Ge leads to a cubic structure. On Si1�xGex substrates, a mixed phase
of cubic and hexagonal parts is observed, regardless of the Ge
content. Oxide layers grown on Ge exhibit strong tensile strain, while
layers with hexagonal parts show no strain. XPS combined with
TEM and EDS analysis indicate the formation of an interfacial sili-
cate layer on SiGe substrates, which increases in thickness as the Ge
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content decreases. We attribute the silicate formation to the high dif-
fusion rate of oxygen through cubic Nd2O3, as well as Si diffusion
toward the interface with the virtual substrate. The emergence of the
hexagonal phase in the oxide layers might be influenced by the
surface reconstruction of the substrate. Samples with hexagonal
oxide regions show a 7� 7 surface reconstruction before oxide
growth, while purely cubic oxide layers are grown on surfaces with a
c(2� 8) surface reconstruction. In conclusion, our investigation
highlights the interplay of strain, diffusion processes, and substrate
surface reconstruction in the growth of Nd2O3 on silicon-based sub-
strates. It provides valuable information on structural properties and
silicate formation mechanisms, although the exact mechanisms of
the hexagonal phase’s emergence require further study.
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