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An experimental atomic-level study of the structural and electronic properties of the oxidation of the
Ge(100) surface was performed using scanning tunneling microscopy (STM) and spectroscopy (STS).
Room-temperature O2-dosed Ge(100) surfaces at sub-monolayer coverages (with and without post-oxi-
dation annealing) were imaged via STM in order to identify the bonding geometries of the oxidation reac-
tion products, and STS spectra were taken for the characterization of the surface electronic structures
resulting from those structures. DFT modeling, including STM simulations, was performed for the various
potential adsorbate structures indicated by STM imaging in order to elucidate the most likely bonding
geometries. Long, low-temperature post-oxidation anneals (325 �C) were used to eliminate some meta-
stable oxidation reaction products and to drive the coalescence of the stable products. The O2-reacted
Ge(100) surfaces, both the disordered pre-annealed and the ordered post-annealed (325 �C), were found
to exhibit Fermi level pinning near the valence band. However, proper Fermi level position was restored
upon desorption of the GeO at 500 �C, indicating that the presence of germanium suboxide at the Ge(100)
surface is a source of Fermi level pinning for annealed surfaces. The pinning observed on the room-tem-
perature as-oxidized surface is most likely also due to the suboxide coverage; it is likely that additional
components to the pinning states also arise from the displaced Ge ad-species.

� 2008 Published by Elsevier B.V.
1. Introduction

Due to the approach of the fundamental limits of classical sili-
con complementary metal-oxide-semiconductor (CMOS) device
scaling, recent years have seen a great deal of work focused on
alternative channel materials for high-speed MOS-type field-effect
transistors. One such alternative material is germanium, whose
greater low-field intrinsic carrier mobilities may provide for a sig-
nificant increase in saturation current over state-of-the-art silicon
metal-oxide-semiconductor field effect transistor (MOSFET) de-
vices. However, in contrast to Si, Ge does not have a suitably stable
electrically-passivating native oxide. The Ge native oxide, GeO2, is
both water-soluble and thermally unstable at elevated tempera-
tures; on Ge(100), GeO2 decomposes and desorbs as GeO above
400 �C [1–3]. Therefore, an alternative dielectric and/or electrical
passivation method is needed.

Numerous experiments have attempted the fabrication of Ge-
based MOSFET or MOSCap (metal-oxide-semiconductor capacitor)
devices using a great diversity of insulators, including GeO2 [4–6],
Ge3N4 [7], GeOxNy [5,8,9], SiO2 (with and without a Si interlayer/
cap) [10,11], and high-k metal-oxides (BaStTiO3, ZrO2, HfO2) [12–
14]. The success (or failure) of these different dielectric materials
has been found to depend on the chemical passivation of the Ge
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at the semiconductor-oxide interface. In general, devices that were
fabricated with interfacial GeO2 were consistently found to yield
poor C–V (capacitance-voltage) characteristics; large frequency
dispersion in accumulation, capacitance peaks within the band
gap, gate leakage, and/or flatband shifts, all of which are associated
with interface states, interfacial or oxide traps, and fixed charge.
Those devices that were fabricated with no interfacial GeO2 were
found to exhibit superior C–V characteristics.

Recent work has shown that there are at least two methods that
can yield MOS devices that include a GeO2/Ge interface (using
rf-sputter deposited GeO2 films) with high-quality C–V characteris-
tics: protection (capping) of the deposited GeO2 film during
post-deposition annealing, preventing desorption of GeO, and
N-passivation of the Ge(100) surface prior to GeO2 deposition, pre-
venting the formation of GeO by blocking the GeO2–Ge decompo-
sition reaction [15]. These results strongly indicate that native
GeO2 (i.e. without additional passivation or protection) serves as
a poor passivant, most likely due to the formation of suboxide at
the GeO2–x/Ge interface, while suboxide-free GeO2/Ge interfaces
can have a low trap and interface state density. However, it is
unknown if the oxide/Ge interfacial state/trap formation and asso-
ciated Fermi level pinning is due to the formation of suboxide
Ge–O bonds or due to the properties of bulk suboxide (GeO2–x); it
is critical to determine if specific Ge–O bonding alone can pin the
Fermi level, as this will help determine the feasibility of interfacial
passivation by the direct deposition of other potential gate oxides.
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While certain types of Ge–O bonding might pin the Fermi level,
we note that the pinning may not be intrinsic to all Ge–O bonds on
the Ge(100) surface. For example, while the GeO2–x/Ge interface is
pinned, a ZrO2/Ge interface may be unpinned, even though both
interfaces contain Ge–O bonds. Furthermore, even for a given
interface, the deposition method itself can change the electronic
structure because the bonding geometries of adsorbates on sur-
faces play a definitive role in the determination of the electronic
properties of the resultant interfaces. This is an especially impor-
tant issue in the consideration of electrical passivation of semicon-
ductor surfaces, where bond angles and coordination numbers can
have a large effect on the electronic structure. Therefore, a thor-
ough characterization and understanding of the effect of Ge–O
bonding at the Ge(100) surface is paramount for understanding
the interfaces made with potential gate dielectric oxides for Ge-
based MOSFET devices.

Much work has been performed over the past decade using
scanning tunneling microscopy (STM) experiments to characterize
the initial oxidation of the Ge(100)-2�1 surface, including the ef-
fect of post-oxidation annealing and elevated-temperature oxida-
tion [16–22]. A few studies utilizing density functional theory
(DFT) modeling have also been produced [23,24], but these have
mostly concentrated on the initial metastable oxygen adsorption
sites. While these various works have provided much insight into
the physical nature of the Ge(100) oxidation reaction, a thorough
and unambiguous identification of the various adsorbate and reac-
tion product geometries has remained elusive, as well as has a
characterization of electronic structure of the oxidized Ge(100)
surface. STM- and DFT-based studies are ideal for the study of
these suboxide-type bonding structures, as sub-stoichiometric oxi-
dation is easily achievable in the relevant experimental conditions,
and DFT allows for a truly atomic-level analysis of the resulting
geometry and their effect on the interfacial electronic structure.
While the local environment around the suboxide structures may
be different in the device-level (buried interface) vs. the atomic-
level (surface vacuum interface), the resultant electronic struc-
tures, and their effects on device operation, are likely to be similar
since defect electronic structure is mostly determined by the local
bonding configuration.

We have performed an atomic-level study of the structural and
electronic properties of the O2 oxidation reaction on the Ge(100)
surface utilizing scanning tunneling microscopy (STM), scanning
tunneling spectroscopy (STS), and density functional theory (DFT)
modeling, in order to obtain a fundamental understanding of the
atomic geometries of the surface binding sites (STM, DFT) and
the resultant electronic structure of those sites (STS). DFT was used
to model and simulate the bonding structures observed in the STM
images from the clean and oxidized Ge(100) surfaces. Long,
low-temperature post-oxidation anneals allowed us to eliminate
various metastable and/or transitional reaction sites from the
room-temperature oxidation reaction so that the effect of specific
reaction products on the electronic structure could be elucidated.
For definitive determination of the effect of O2 dosing and anneal-
ing on the electronic structure, we measured the STS spectra on the
clean and oxidized Ge(100) surfaces of both n-type and p-type
substrates.
2. Methods

2.1. Experimental setup

All experiments were performed under ultra-high vacuum
(UHV) conditions with a base chamber pressure of 2–3 � 10�10

Torr. The UHV chamber is equipped with a water-cooled manipula-
tor and sample holder, a differentially-pumped ion gun (VG Micro-
tech EX05), a custom-built differentially-pumped deposition source
chamber (allowing for the low-background pressure deposition of
various oxides from high-temperature effusion cells), a room-tem-
perature scanning tunneling microscope (Park Scientific Autoprobe
VP1), and a standard set of analytical instruments: Auger electron
spectrometer (AES), low-energy electron defractometer (LEED),
and quadrupole mass spectrometer (QMS).

Experiments were performed on 6 mm � 18 mm samples cut
from n-type (Sb-doped, 1.88 � 1017–1.54 � 1018 cm�3, 0.020–
0.005 X-cm) and p-type (Ga-doped, 1.58 � 1017–1.12 � 1018 cm�3,
0.040–0.010 X-cm) 100 mm Ge(100) wafers purchased from Wafer
World (epi-grade, ±1� orientation tolerance). The samples were
lightly cleaned of oils and particles using a lint-free cloth wetted
with methanol or isopropanol prior to insertion into the vacuum
chamber. The Ge(100) samples were prepared by successive sput-
ter/anneal cycles as follows: sputtering at normal incidence with
800–1000 V Ar+ ions at a sample temperature of 500 �C, followed
by resistive annealing at 700 �C for 20 min, with a 1 �C/min ramp
down to room temperature. Typically, about three such cycles
were required to reach peak surface cleanliness and order. This
treatment produced large, well-ordered, defect-free terraces. Sur-
face cleanliness and order was checked with Auger electron spec-
troscopy, low-energy electron diffraction, and scanning tunneling
microscopy (STM).

Following a successful STM-based check for surface cleanliness
and order and an STS check for electronic structure, the sample was
then dosed with high-purity O2 through a leak-valve in the main
UHV chamber (either with the sample still on the STM stage or
after being picked up with the manipulator). Subsequently, the
dosed sample was either transferred back to the STM for scanning
of the room-temperature reacted surface, or annealed at tempera-
tures ranging between 300 �C and 500 �C before being returned to
the STM.

Filled-state constant-current STM images were generally taken
at �1.8 V to �2.0 V sample bias and 0.2–0.5 nA tunneling current
with electrochemically etched tungsten tips. Scanning tunneling
spectroscopy (STS) was performed using the variable tip-sample
separation method developed by Feenstra et al., yielding a unitless
spectrum that is an approximation to the surface density of states
[25–31] (which were subsequently normalized to unity). A 1.4 kHz,
0.2 V sine wave was used for the bias modulation and the signal
was extracted with a digital lock-in amplifier (Stanford Research
Systems SR850).

2.2. Computational details

All density functional theory (DFT) calculations presented in this
paper were performed using the Vienna Ab-Initio Simulation Pack-
age (VASP) [32–35] in the generalized gradient approximation (PBE
exchange-correlation functional), with projector augmented wave
(PAW) potentials [36,37] (as supplied by the VASP group), a
4 � 4 � 1 Monkhorst–Pack k-point mesh generation scheme (for a
total of four irreducible k-points), and plane-wave basis cut-off of
450 eV. All parameters (i.e. k-points, cut-off energy, vacuum space,
slab thickness, etc.) were chosen such that they were each individ-
ually converged to within 1 meV/atom for the system of study.

The system studied consisted of a Ge(100) slab supercell with a
4 � 2 surface dimer reconstruction, as this is the lowest energy
configuration (compared to the 2 � 1 flat dimer and 1 � 1 unrecon-
structed geometries). For all results presented in this work, the ger-
manium slab was eight atomic layers thick. For most work, each
atomic layer was 2 � 4 atoms in area, for a total of 64 Ge atoms
per unit cell (for the clean Ge surface/substrate calculations), with
the bottom of the slab unreconstructed and terminated with 16
hydrogen atoms (two H atoms per Ge). In some cases, in order to
properly model the larger observed reaction sites (i.e. post-an-



Fig. 1. (a) Filled-state STM image (Vs = �2.0, It = 0.2 nA) of the Ge(100)-2�1/4�2
surface. (b) Ball-and-stick diagrams of the 4 � 2 and 2 � 1 dimer reconstructions.
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nealed extended dark structures), larger slabs consisting of 96, 128,
or 160 (i.e. 1.5, 2.0, and 2.5 times the size of the original 64 atom
slab). In all cases, the total energies were found to scale properly
with these systems; calculated enthalpies of adsorption were
found to change by less than 0.1 eV for the expanded slabs, well
below the estimated uncertainty of the calculations. The clean Ge
supercell contained 12 atomic layers of vacuum space in the
z-direction. The bottom three Ge layers were constrained to the
minimum-energy bulk DFT geometry, which was found through
a series of bulk Ge calculations to have a lattice parameter of
5.795 Å (2.4% larger than the experimental room-temperature
result of 5.658 Å due to the well-known GGA overestimation of
lattice parameters). The terminating H atoms were initially al-
lowed to relax and were kept fixed at these optimized positions
for all subsequent calculations. All other atoms (upper substrate,
adsorbate, gas-phase) were allowed to structurally relax with re-
spect to interatomic forces to a tolerance of 10 meV/Å.

DFT-based STM simulations were produced using the Tersoff–
Hamann approach, wherein the charge density is calculated for
the energy range of interest – in this case 0 eV to �2 eV, to match
the STM conditions – and an isodensity plot of the computational
slab surface is produced as an approximation to a constant-current
style STM image. In order to try to best match the sites observed in
the experimental STM images, surface sites based upon both the
2 � 1 and 4 � 2 dimer reconstructions were modeled. Because
the 4 � 2 dimers on the experimental Ge(100) surface buckle rap-
idly at room temperature, and faster than the sampling time of the
STM, much of the surface appears to consist of flat 2 � 1 dimers in-
stead of the tilted 4 � 2. Therefore, it was found that a combination
of 4 � 2- and 2 � 1-based STM simulations was needed to provide
a full, consistent picture of the various sites observed on the oxi-
dized Ge(100)-2�1/4�2 surface. It must be noted, however, that
while STM simulations were generated for both the 2 � 1 and
4 � 2 reconstructions, only the energies for the 4 � 2 sites are con-
sidered in this report, as the clean Ge(100)-4�2 reconstruction is
the energetically preferred surface.

2.2.1. Discussion of estimated uncertainties/errors from DFT
calculations

Since this computational work is being used to calculate ther-
modynamic quantities such as the enthalpy of adsorption/reaction,
it is important to provide estimates of the errors and uncertainties
of the method. The mean absolute error of atomization energies
from the G2-1 small molecule test set using VASP with the PBE ex-
change-correlation functional and PAW potentials has been re-
ported to be 0.37 eV [38], but it is difficult to determine exactly
how this error applies to the O/Ge(100) system presented here.
Since the systems being studied in this work all contain the same
atomic species with similar bonding configurations, one should ex-
pect the relative computational errors to actually be quite small
(<<0.37 eV) and systematic, regardless of absolute numerical accu-
racy. Under optimal circumstances, the authors would claim a con-
servative estimated uncertainty of ±0.10 eV for the work presented
in this manuscript.

However, an additional issue that comes into play in this dis-
cussion is that of the infamous DFT band gap problem [39,40],
wherein semiconducting and insulating materials’ band gaps are
under-predicted by usually 30–50%. However, in the case of the
small gap semiconductors (Ge, InAs, GaSb, InSb), the band gap is
predicted to be non-existent; Ge exhibits an overlap of the valence
and conduction bands of almost �0.1 eV [41,42]. It is for this rea-
son that DFT-calculated electronic structures are not being pre-
sented in this manuscript; an example density of states
calculated for clean Ge(100)-4�2, however, will be made available
in the Surface Science Supplementary material for the sake of
reference.
Because of the overlap of the valence and conduction bands, or
in a more chemistry-related nomenclature, the highest occupied
and lowest unoccupied molecular orbitals (HOMO and LUMO),
one would expect an unphysical filling of what should be empty
states (non-bonding and anti-bonding orbitals), and even a slight
emptying of what should be completely full states (bonding orbi-
tals). These unphysical orbital occupancies are likely to negatively
affect the final calculated bonding structures and energies, most
likely producing weaker bonds that would normally be expected.
Additionally, because of the �0.1 eV valence and conduction band
overlap, one might expect some unphysical quantum mechanical
mixing of the HOMO and LUMO states, producing orbitals, and
therefore bonding configurations, that may be somewhat different
from what would be the case for a HOMO and LUMO separated by
the proper 0.67 eV Ge band gap. As a result, our estimated numer-
ical uncertainties for the calculated enthalpies of adsorption must
be larger than originally assessed, but are most likely no larger
than the absolute accuracy values previously mentioned. There-
fore, we will assume a relative numerical uncertainty of at least
±0.30 eV for the calculated values presented in this manuscript.

3. Results and discussion

3.1. O/Ge(100) adsorbate bonding geometry characterization

3.1.1. Clean Ge(100)-2�1/4�2
Fig. 1a is a typical filled-state STM image of the clean Ge(100)-

2�1 surface. The 2 � 1 dimer row reconstruction is a 4 � 2 buckled
dimer reconstruction with a low activation energy to intra-dimer
rocking (giving it an overall 2 � 1 periodicity and making the dimer
rows appear flat). In addition to the flat-looking 2 � 1 rows, there
are other rows, as well as small domains, where the 4 � 2 buckled
dimer configuration has been frozen due to stabilization by step-
edge and/or lattice defects; this is also observed on Si(100) at cryo-
genic temperatures. Also in Fig. 1a are DFT-based STM simulations



Table 1
Summary of computational results for the post-oxidation features indicated in Fig. 2,
including ball-and-stick diagrams for both 4 � 2- and 2 � 1-based geometries, STM
simulations for both 4 � 2 and 2 � 1 geometries, and enthalpies of adsorption (only
for 4 � 2)

Enthalpies of adsorption are given per adsorbed O, and calculated with respect to
molecular O2 reactant and the formation of Ge ad-dimers.
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of the 2 � 1 and 4 � 2 reconstructions, overlaid on 2 � 1 and 4 � 2
regions of the surface, respectively.

Fig. 1b displays ball-and-stick models of the top three layers for
the two different dimer reconstruction geometries. We note that
the 4 � 2 buckled dimer structure is significant because it is
accompanied by electron transfer from the ‘‘low” dimer atoms to
the ‘‘high” dimer atoms, which changes the reactivity of the two
respective dangling bonds.

3.1.2. Room-temperature oxidized Ge(100)
Fig. 2 is a typical filled-state STM image of the Ge(100)-2�1 sur-

face after exposure to 100 L O2 at room temperature (no post-oxi-
dation anneal). Two main types of sites, with two sub-types each,
are found on the unannealed oxidized surface: ‘‘bright sites”, which
image above the original Ge(100) lattice, and ‘‘dark sites”, which
image below the original Ge(100) lattice. According to the site des-
ignation nomenclature introduced by Fukuda, the four different
site sub-types indicated in Fig. 2 are as follows: type A (square),
type B (hexagon), type C (diamond), and type D (circle). The sites
are catalogued in Table 1.

There are two distinct types of bright sites observable with STM
on the room temperature oxidized Ge(100) surface; these sites can
be clearly differentiated by line scan analysis. The brighter and lar-
ger of the two, type A, are found to image 1.2–1.4 Å above the sur-
face (the dimer plane), which is consistent with the Ge(100) step
height, indicating that these sites are Ge ad-atoms. The dimmer
and smaller of the two sites, type B, are found to image at a range
of 0.6–0.9 Å above the surface. These sites are consistent with
metastable oxygen adsorption sites – the dimer adsorption/inser-
tion site and the back-bond insertion site – suggested by previous
theory work [23,24]. In these sites, a single O atom inserts into a
Ge–Ge bond without displacing any Ge atoms. Insertion into and
adsorption onto the surface dimers is denoted as ‘‘dimer insertion”
and ‘‘dimer adsorption”, respectively, while insertion into the bond
between 1st and 2nd layer Ge atoms is denoted as ‘‘backbond
insertion”. As can be seen by the STM simulations in Table 1, the
dimer insertion site is unlikely to be observable in the experimen-
tal images, but the dimer adsorption and backbond insertion sites
should be visible.

There are also two different observable dark sites. Type C sites
exist on the edge of the dimer row and image about 0.6 Å below
Fig. 2. Filled-state STM image (Vs = �2.0 V, It = 0.2 nA) of room-temperature
Ge(100) surface exposed to 100 L O2. Examples of the major types of post-oxidation
features (A, B, C, and D) are highlighted with geometric symbol.
the surface. They are somewhat difficult to distinguish between
the ‘‘holes” formed by buckled dimers, but they do image slightly
deeper and more distinct. These sites stabilize the dimer buckling,
locking it into place. This site is consistent with a single oxygen
displacement site, where a single Ge atom has been displaced by
an oxygen atom, producing type A sites. Type D sites image as a
dark cut across the dimer row 1.0–1.2 Å deep below the surface.
This site is consistent with a double oxygen displacement site,
where a full Ge dimer has been displaced by two oxygen atoms,
also producing type A sites. Both types of dark sites have previ-
ously been reported to image as bright sites in empty-state imag-
ing, confirming the presence of oxygen rather than being merely
missing Ge defects [18,21].

In order to provide additional evidence for the identification of
the various features observed in the STM images, DFT modeling
was employed to simulate the various O/Ge(100) reaction sites
suggested by experimental results, standard chemical reasoning,
and claims in the literature. Table 1 provides the results from the
DFT modeling of the observed and suggested reaction sites from
the O/Ge(100) oxidation process, including ball-and-stick diagrams
of the surface bonding configurations, STM simulations (with the
computational unit cell indicated by the dashed red line), and cal-
culated adsorption enthalpies. Note that the adsorption energies in
Table 1 are only provided for the 4 � 2 reconstruction and that
these calculations were performed at a coverage (25%) such that
the adsorbate and/or reaction sites were not adjacent within the
computational unit cell, making them essentially isolated.

Adsorption enthalpies were extracted from the computational
work using the Hess’s law method of ‘‘products minus reactants.”
The calculated values can strongly indicate which of the potential
simulated geometries are thermodynamically favorable (and
therefore stable at room temperature and above) and those that
are unlikely to occur. The reported adsorption enthalpies are per
adsorbed O atom, with respect to an O2 molecule reactant. Reac-
tion sites that involve the displacement of Ge atoms from the



Fig. 3. Filled-state STM images (Vs = �2.0 V, It = 0.2 nA) of 100 L O2-dosed Ge(100)
after 20 min anneal at 325 �C: (a) 300 � 300 Å2 and (b) 800 � 800 Å2. Note: both
images have been skew-corrected for excessive scanner drift.
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surface to form ad-atoms and/or ad-dimers are calculated with re-
spect to the formation of ad-dimers, as ad-dimers are the lower en-
ergy configuration of the two ad-species (�0.78 eV decrease in
total energy due to dimerization). This combination of experiment
and theory allows for the unambiguous assignment of low-cover-
age O2 reaction sites and resultant bonding geometries.

All of the calculated adsorption enthalpies indicate room and
somewhat elevated temperature stability, with dimer and low-
backbond insertion yielding the highest adsorption enthalpies,
�2.65 eV and �2.43 eV, respectively, and the high and low-single
displacement geometries having the lowest, �1.87 eV and
�2.02 eV, respectively. It is interesting that the displacement sites,
especially the full dimer displacement, with an adsorption enthal-
py of �2.11 eV, yield lower enthalpies than the insertion sites, con-
sidering the prevalence of these sites in the experimental STM
images. The computational results, however, are consistent with
the initial-stage Ge oxidation mechanism calculations reported
by Soon et al. [24], which used a Gaussian-type basis set and Ge
clusters, compared to the plane-wave basis and slabs used in the
work presented in this manuscript. The STM simulations indicate
a very subtle appearance for the single displacement sites in the
experimental images, so it is difficult to quantify the site surface
coverage. The dimer displacement sites, however, are quite obvi-
ous in both the simulations and the experimental images, and they
are of significant coverage.

This apparent theory-experiment discrepancy, however, is ex-
plained by the increase in configurational entropy introduced by
the Ge displacement reaction due to the large number of potential
ad-atom adsorption sites available on the surrounding surface,
especially at elevated temperatures, where significant diffusion is
possible, providing for an essentially irreversible reaction. Each O
atom may reversibly sample any of the insertion reaction products
before settling on the dimer or low-backbond insertion, but any
displacement sites sampled are final products by the nature of
their irreversibility because the Ge atom that gets displaced is
effectively removed from the reaction environment.

3.1.3. Annealed oxidized Ge(100)
Following the work of Fukuda et al., the oxidized samples were

annealed at 325 �C, well below the GeO desorption temperature of
about 425 �C [16,18,20,21]. The continued presence of oxide on the
surface after the long, low-temperature anneal was also verified by
measuring a simple thermal desorption spectrum while monitor-
ing O, O2, GeO, and GeO2 with a quadrupole mass spectrometer
(QMS); GeO was found to be the only detectable desorption prod-
uct; furthermore, GeO was detected only at surface temperatures
above 400 �C. The 325 �C gentle anneal of the oxidized sample
helped to eliminate many of the different room-temperature oxi-
dation reaction sites so that the effect of the few remaining sites
on the electronic structure could be elucidated. As depicted in
Fig. 3, the 325 �C anneal appears to convert the oxygen insertion
sites (B sites) to displacement sites, and coalesces the individual
oxygen displacement sites (sites C and D) into long, dark trough-
like structures. These extended dark structures existed as both sin-
gle and double atomic width rows (designated as S and 2S rows by
Fukuda). These dark rows have been previously verified as oxide
structures with ultraviolet photoelectron spectroscopy (UPS) [20].

In contrast to Fukuda et al., however, we performed much long-
er anneals (20 min vs. 5 min). It was found that if the room-tem-
perature oxidized sample was subjected to this longer anneal
time, the O dark sites coalesced into much longer rows (often
600+ Å long; see Fig. 3b) than reported by Fukuda, and the Ge
ad-atom reaction products tended to either coalesce into larger re-
growth areas or were diffusively driven to the step edges, leaving
behind very few isolated Ge ad-atoms or ad-dimers compared to
the unannealed room temperature oxidized surface. Shorter anneal
times were found to yield surfaces still containing most of the Ge
ad-species (ad-atoms, ad-dimers, small regrowth islands) on the
terraces and shorter O dark site rows.

A blown-up high-resolution STM image of the extended dark
trough structures is given in Fig. 4a; note that areas with both stag-
gered (zigzag) and in-line (linear) trough structures are visible.
With regard to the nature of these extended dark trough struc-
tures, Fukuda et al. originally surmised that they consisted of a
reconstructed trough dimer structure in the second atomic layer
[16,18,20,21], as depicted in the models and STM simulations pre-
sented in Fig. 5a. Such a configuration would necessarily produce a
site with a depth, as measured from a row dimer to a trough dimer,
equal to that of a Ge(100) step height, 1.4 Å. However, line scan
measurements performed on the images taken in this work actu-
ally yield depths of only 0.6–0.7 Å for the bright portions of the ex-
tended dark trough sites and 1.8–2.2 Å for the dark portions (see
line-scans in Fig. 4b–d; depths measured with respect to ‘‘flat”
row dimers), indicating a different structure than that suggested
by Fukuda. Additionally, the Fukuda structure would seem to pre-
clude the continuing presence of oxygen on the Ge(100) surface,
but our thermal desorption results performed after the 20 min
325 �C anneal prove otherwise.



Fig. 4. (a) Section of a high-resolution filled-state STM image (Vs = �2.0 V, It = 0.2 nA) of 100 L O2-dosed Ge(100) after 20 min anneal at 325 �C, blown-up to reveal details of
the extended dark trough structures. Note the existence of both staggered (top, bottom) and in-line (right) structure types. The image was corrected for excessive scanner
drift. (b) Line scan over a staggered dark trough structure (squares). (c) Line-scan over the bright portion of an in-line dark trough structure (circles). (d) Line-scan over the
dark portion of an in-line dark trough structure (triangles).

Fig. 5. Atomic-structure models and STM simulations for the post-oxidation post-annealed Ge(100) extended dark trough structures: (a) the model originally suggested by
Fukuda et al., and (b) the modified configuration proposed by the authors of this manuscript.
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While the original Fukuda model (Fig. 5a) does not appear to
match the extended dark structures observed in the STM images,
it does posses the correct periodicity, and the second layer Ge red-
imerization would indeed be expected due to the significant en-
ergy reduction it provides. Using the original Fukuda structure as
a starting point, a number of different configurations incorporating
oxygen into the trough redimerization structures were modeled
with DFT. Of the various structures considered, the only one found
to visually match the STM results consisted of O atoms adsorbed
onto the reconstructed Ge trough dimers (see STM simulations
and ball-and-stick models for staggered and in-line structures in
Fig. 5b).

For a more quantitative structural analysis, the predicted struc-
tural dimensions (trough depth, distances between features) from
the DFT ‘‘trough oxide” model were compared with those mea-
sured in the STM images (see Fig. 4b–d). The trough oxide model
yields a depth for the bright portions (O adsorbates) of the ex-
tended dark trough structures of 0.7 Å, which is exactly equal to
the experimental value. The O–O distance for the in-line dark
trough structure was predicted by the trough oxide model to be



Fig. 6. Filled-state STM image (Vs = �2.0 V, It = 0.2 nA) of 100 L O2-dosed Ge(100)
after annealing for 5 min at 500 �C. All oxide has been desorbed from the sample,
thereby restoring the surface to its original ‘‘clean” state. The image was corrected
for excessive scanner drift.
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4.3 Å, the same as measured in the STM images (4.4–4.6 Å). These
results indicate that the trough oxide model is very consistent with
the extended dark trough structures observed on the post-oxidized
325 �C annealed Ge(100) surface.

In principle, the relative populations of the in-line vs. staggered
structures can be estimated using Maxwell–Boltzmann statistics
and the calculated enthalpies of formation (or total energies, since
the numbers and types of atoms in both systems are the same). In
this case, a room-temperature Maxwell–Boltzmann population ra-
tio equal to that experimentally observed (�10% in-line) requires a
difference in energies of only 0.055 eV, far below the limit of uncer-
tainty for the computational work reported in this manuscript, and
arguably below the threshold of DFT calculations in general. It is
interesting to note, though, that the total energies for the two
structures were actually calculated to be degenerate.

It must also be noted, however, that there do remain some
questions regarding the veracity of our model, regardless of the
excellent qualitative and quantitative match. Specifically, the mod-
el structures that are most consistent with the experimental re-
sults are not the structures that are predict to be the most
energetically preferred. It was found that, given the same basic
modified structures for the in-line and staggered dark trough fea-
tures (see Fig. 5b), there are two simple configuration changes that
produce more stable structures: Ge trough dimer tilt (vs. the cur-
rent flat dimers) and O adsorbate dimer insertion (vs. the current
O atom adsorption onto of the Ge dimers).

According to the calculations, a total of �0.34 eV (per Ge–O–Ge
dimer complex) of stabilization can be gained by both tilting the Ge
trough dimers (similar to the stabilization of the 4 � 2 vs. the 2 � 1
terrace dimers) and inserting the O atoms into the Ge dimers rather
than adsorbing onto the dimers, as was the case in the model. This
value is right on the edge of our estimated uncertainty (due to the
poor DFT-calculated Ge electronic structures) for the computa-
tional work reported in this manuscript; we cannot, at present,
fully account for this apparent discrepancy.

However, given the well-known room temperature active buck-
ling of the 4 � 2 Ge terrace dimers, it may be possible, even likely,
that the reconstructed Ge trough dimers in the dark trough fea-
tures will also exhibit this dynamic feature. This buckling motion
would thereby eliminate the tilted- vs. flat-dimer energy discrep-
ancy, but should leave the visual appearance of the extended dark
trough features basically the same. While we cannot say anything
definitive about the O adsorbate bonding structure discrepancy, it
is possible that improved electronic structures from higher-order
computational techniques may yield different results. It must also
be noted that there is an additional potential source of error due to
the periodic boundary conditions of the plane-wave DFT method
used in this work. Because the finite slab supercell is repeated infi-
nitely in all three Cartesian directions, the extended dark trough
features are necessarily modeled as being infinitely long, while
they are in fact finite. It is possible that long-range physical phe-
nomena that cannot be accounted for in the computational model-
ing, such as surface strain, may influence the experimental surface
and lead to a slight discrepancy between calculated and actual
energetics. Nonetheless, the current calculations clearly show that
the trough oxide model captures the most important aspects of the
extended dark trough features. The STM simulations perfectly
match the STM images, and the predicted structural dimensions
are also completely consistent with experimentally measured
values.

3.1.4. Oxide desorption and surface recovery
Finally, upon annealing the oxidized sample to 500 �C, the clean

surface could be recovered due to desorption of all of the GeO reac-
tion products, as verified by the thermal desorption spectra, and
diffusion of Ge atoms to fill in vacancies and reorder the surface
(see Fig. 6). STM images indicate that all oxygen has been removed
from the surface, as the surface appears identical to that of clean,
unoxidized Ge(100).

3.2. O/Ge(100) electronic structure characterization

Scanning tunneling spectroscopy (STS) measurements yield (dI/
dV)/(I/V) curves that give an approximation to the local surface
density of states [25–31]. Therefore, these spectra possess the
same features as a standard DOS plot, namely a valence band
(VB), conduction band (CB), band gap, and Fermi level. The Fermi
level is found at the zero volt position; a negative sample bias
probes ‘‘filled” electronic states (VB), and a positive sample bias
probes ‘‘empty” electronic states (CB). In between the finite VB
and CB DOS edges is the band gap (i.e. where the DOS is equal to
zero). Therefore, in STS spectra, an unpinned p-type sample has a
Fermi level position near the VB and an unpinned n-type sample
has a Fermi level position near the CB. It is this property that will
be employed in this work, since a misplaced Fermi level is consis-
tent with electronic pinning due to a high density of surface states
within the band gap [43,44]. STS experiments have been performed
on both p- and n-type Ge(100)-2�1/4�2 surfaces under various
conditions (clean, room-temperature oxidized, post-oxidized an-
nealed, and oxide-desorbed clean).

Fig. 7a presents spectra for clean p- and n-type Ge(100)-2�1/
4�2 surfaces. For the clean p-type sample, the Fermi level is found
to be located near the VB (negative sample bias), and for the clean
n-type sample the Fermi level is located near the CB (positive sam-
ple bias).

Fig. 7b presents STS spectra taken on the room-temperature
p- and n-type Ge(100) surfaces after exposure to 100 L of O2 (cor-
responding to a surface coverage of about 20%), without post-oxi-
dation anneal. The p-type surface displays a Fermi level position
near the VB, the same as on the clean surface, but the n-type sur-
face Fermi level is also found near the VB, opposite to what is seen
on the clean surface, indicating surface Fermi level pinning. Clearly,
this result is direct consequence of the sub-monolayer oxidation
reaction, and is presumably due to the induction of electronic
states within the semiconductor band gap. However, because there
is such a wide range of reaction sites on the room-temperature
oxidized Ge(100) surface, including displaced Ge ad-species and



Fig. 7. Scanning tunneling spectra, with inlayed associated STM images for reference, for both p- and n-type (a) clean Ge(100), (b) as-is room-temperature 100 L O2-dosed
Ge(100), (c) room-temperature oxidized Ge(100) annealed to 325 �C, and (d) room-temperature oxidized Ge(100) annealed to 500 �C. Note that for both the clean (a) and
recleaned (d) surfaces the Fermi level (0 V) lies near the valence band (VB) for p-type and conduction band (CB) for n-type, but for both room-temperature oxidized and post-
annealed (325 �C) oxidized samples the Fermi level lies near the VB for both p- and n-type, indicating Fermi level pinning.
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various O adsorbate structures, it is difficult to elucidate the exact
cause of the Fermi level pinning. We note that we would expect a
large density of Ge ad-atoms to pin the Fermi level since they have
two partially filled dangling bonds.

In order to help better determine the nature of the Fermi level
pinning on the oxidized Ge(100) surface, the room-temperature
oxidized samples were annealed for 20 min at 325 �C to remove
the small Ge ad-species and metastable O adsorbates from the ter-
races. STS spectra taken on the post-annealed samples (Fig. 7c) re-
veal the same Fermi level pinning as observed on the as-oxidized
samples: both the p- and n-type samples display a Fermi level po-
sition near the VB. Because the only substantial reaction products
remaining after the gentle anneal are the extended dark trough
structures (the great majority of the Ge ad-species are found to
coalesce into regrowth islands and can be considered benign), it
is hypothesized that these oxygen-containing (suboxide) dark
trough structures are the source of the Fermi level pinning on
the post-annealed post-oxidized surface. Therefore, the pinning
on the unannealed room-temperature oxidized surface is likely
to be, at least in part, due to the various O adsorbate structures.
Further detailed computational work utilizing higher-order theo-
retical methods to produce accurate electronic structures will en-
able the identification of the pinning species and allow for the
exact nature of the pinning mechanism to be elucidated.

Finally, the samples were annealed at 500 �C to desorb the
GeO oxidation products completely from the surface. STS spectra
taken on these desorption-cleaned samples (Fig. 7d) reveal
recovered electronic structures identical to that observed on the
clean surface: the p-type samples display a Fermi level position
that is still near the VB, and the n-type samples display a Fermi
level that has returned to the original clean-surface position near
the CB.
4. Conclusions

We have found that both the room-temperature as-oxidized
Ge(100)-4�2/2�1 surface and the post-oxidation 325 �C annealed
surface suffer from Fermi level pinning, with the Fermi level pin-
ned near the valence band for both n- and p-type Ge(100) samples.
This pinning appears to be the result of the induction of electronic
states within the semiconducting band gap by at least one of the
oxidation reaction products. While the as-oxidized surface con-
tains too many various reaction sites to reliably identify the exact
cause of the pinning, the results from the 325 �C annealed surface
indicate that it is the suboxide adsorbates and structures that in-
duce Fermi level pinning. These findings point to a potential source
of at least some of the problems encountered in Ge-based MOSFET
devices that possess germanium native oxide at the semiconduc-
tor/dielectric interface.
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