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Abstract

Density functional theory calculations in conjunction with thermodynamic modeling were
performed to examine the oxygen adsorption on a Ge(100) c(4×2) surface and the subsequent
initial oxidation. For several possible adsorption sites, the adsorption energy of atomic oxygen as
well as the atomic conﬁguration and electronic properties of the adsorbed structure were
examined. Then the effects of the surface coverage of oxygen from 1/64 to 1/4 monolayers on
the adsorption energy were considered. Through the surface Gibbs free energy as a function of
the temperature (T) and oxygen partial pressure (PO2 ), the (T, PO2 ) surface stability diagram was
predicted for the O/Ge(100) c(4×2) surface. The theoretical prediction well reproduced
previous experimental observations and provides an insight to control the initial oxidation
process of Ge surface with tuned T and PO2.
Supplementary material for this article is available online
Keywords: oxygen adsorption, Ge(100) c(4 × 2) surface, adsorption energy, ab initio
thermodynamics, surface stability diagram
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Introduction

oxidation of Ge does not necessarily guarantee a high-quality
interface, which may be related to the adverse interaction
between the chemically active Ge and GeO2. Therefore, the
understanding of the interaction of oxygen with the Ge surface, such as surface oxidation, is crucial for improving the
performance of the aforementioned devices [1]. Most of the
relevant researches, however, focused on the experimental
aspects of the subject. As the desired thickness of the GeO2
GI approaches ∼1 nm, a more fundamental understanding of
the oxidation process, including the oxygen gas adsorption
and initial oxidation steps, becomes even more crucial for
ensuring high-quality GeO2 layer growth. Furthermore, the
variations in these critical oxidation processes as a function of

As Si-based ﬁeld effect transistors are reaching their physical
limits, Ge has attracted much attention as a potential channel
material candidate for metal-oxide- semiconductor ﬁeld effect
transistor (MOSFET) devices due to its enhanced carrier
mobility. The most crucial ingredient of the Ge-based
MOSFET is to conﬁrm the high-quality interface between the
Ge and the gate insulator (GI), as for the Si-based MOSFET.
It has been well established that the thermal oxidation of the
Si substrate is the best method of assuring a highest-quality
Si/GI interface, which must be the case of the Ge-based
MOSFET. In contrast to Si/SiO2, however, the thermal
0031-8949/20/025701+07$33.00
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The oxygen adsorption energy (EaO ) was calculated as

the typical process parameters, such as the oxidation temperature (T) and oxygen partial pressure (PO2 ), need to be
thoroughly understood.
The oxygen adsorption on the Ge(100) surface has been
the subject of numerous studies, and various distinctive
conﬁgurations of the oxygen adatoms on the (100) reconstructed surfaces have been investigated. These studies
attempted to understand adsorbate-substrate bond structures,
and similar studies have also been conducted for the other
crystallographic surfaces of Ge [2–4]. A number of theoretical
studies have been performed for the adsorption of a single O
atom, or have focused on the dissociation of O2 [2, 3, 5–8].
Despite the previous relevant experimental and theoretical
works, a thermodynamic understanding of the adsorption and
initial oxidation of the Ge(100) surface has yet to be achieved.
In the present study, the coverage-dependent behavior of
oxygen adsorption on Ge(100) and the surface stability diagram as a function of temperature and oxygen partial pressure
were investigated using ab initio thermodynamics. To the
authors’ knowledge, despite their importance, the relative
stability of oxygen-adsorbed Ge(100) in contact with an O2
environment has not yet been reported, and a direct comparison of the theoretical prediction with the previous
experimental reports has yet to be done. The electronic
properties of the oxygen-adsorbed Ge surface were also
calculated.

EaO =

⎞
1 ⎛⎜ slab
N
slab
E O / Ge - EGe
- O E O 2⎟ ,
⎝
⎠
NO
2

(1 )

where NO is the number of adsorbed oxygen atoms, EOslab
/ Ge is
slab
the total energy of the adsorbate-substrate system, EGe
is the
energy of the bare Ge(100) c(4×2) substrate, and EO2 is the
energy of an isolated oxygen molecule, i.e. the formation
energy of O2 molecule. EO2 was obtained from the spinpolarized calculations on the triplet-state O2 molecule [6, 13].
However, the calculated value of 5.56 eV shows a nontrivial
overbinding tendency compared the experimental value of
5.12 eV, as has been a well-known problem of the PBE
pseudopotential [14–16]. Therefore, the difference of these
two values, ΔEO2 =0.44 eV was used as a correction term
throughout this study, which has been adopted from several
previous calculations [17, 18].
The effect of the thermodynamic condition on the relative
stability of the surface structures was studied within the framework of ab initio thermodynamics. The availability of
oxygen from the environment was represented by the oxygen
chemical potential change during the desorption process
(DmO ), which is a function of the gas-phase temperature T
and the oxygen partial pressure PO2. The dependence of DmO
on T and PO2 is given by
Dm O (T , P O2) = DE ZPE - mO
a,vib +

⎛ PO ⎞
1 O2
1
mg + k B T ln ⎜ 02 ⎟ ,
⎝P ⎠
2
2
(2 )

where DEZPE is the change in the zero-point energy during
the desorption process; mO
is the vibrational chemical
a,vib
potential of the adsorbed O atom; and mOg 2 is the chemical
potential caused by degrees of freedom (translation, rotation,
vibration, etc) of O2 gas, while P 0 is 1 atm. The
M ( g ) ħw
M ( a ) ħw
1
DEZPE = 2 å i = 1 2 i - å i = 1 2 i , where M (g) and M (a )
are the number of the vibrational modes of O2 molecules and
adsorbed O atom, respectively) was obtained by calculating
the harmonic vibrational frequencies using the density func-

Computational details
All the calculations were performed using the Vienna
ab initio Simulation Package [9, 10]. For the structural
relaxation, the projector-augmented wave method with PBE
[11] pseudopotentials was used, with 500 eV cutoff energy.
For the electronic structure, on the other hand, the hybrid
functional (HSE06) was adopted using the exact exchange
coefﬁcient of 0.28, which yielded a 0.73 eV bandgap for Ge
[12]. The 4s and 4p orbitals for Ge atoms and the 2s and 2p
orbitals for O atoms were treated as valence electrons. Spinpolarized calculations were used.
Only the adsorption of the atomic oxygen was considered. This was based on the previous theoretical study by
Shah et al [8]. They reported that the dissociation of the O2
molecule on the Ge(100) dimer sites proceeds through a low
energy barrier of ∼0.5 eV, which can be readily provided by
the thermal energy during oxidation. In the calculations on the
adsorption of a single oxygen atom, a supercell composed of
80 Ge atoms (10 layers) was used to form a Ge(100) slab. The
4×4×1 k-points were adopted. To avoid spurious interactions between the top and bottom surfaces caused by the
periodic supercell, a 20 Å vacuum region as well as dipole
moment correction were used. The bottom layer of the slab
was saturated with H atoms and then ﬁxed while the positions
of the top two Ge layers and adsorbate were relaxed until the
forces on such atoms were less than 0.01 eV Å−1.

(

-

ħwi

k T
tional theory (DFT). The mO
a,vib (=å i = 1 kB T ln (1 - e B ))
was also calculated based on its vibrational frequencies. On
the contrary, for the chemical potential of the free O2 molecule before the adsorption (mOg 2 ), the experimental value from
the NIST database [19] was adopted following previous
research [20].
For a given DmO (T , PO2 ), the thermodynamically preferred surface structure is the one with the lowest Gibbs free
energy, which was calculated as
M (a )

⎡
⎤
N
slab
Dg = ⎢GOslab
- GGe
- O E O2 - NO Dm O (T , P O2 ) ⎥ / A ,
⎣ / Ge
⎦
2
(3 )

where Dg is the relative surface Gibbs free energy per area
with respect to the bare Ge(100) c(4×2) surface. The calculated Gibbs free energies of the oxygenated and oxygenslab
free slab models are denoted as GOslab
/ Ge and GGe , respectively.
A is the in-plane surface area of the slab model. In the
2
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adsorption on Ge(100) by Kirchner et al [28], which reported
a O–Ge bond length of 1.79 Å. This value is also comparable
to the bond length in the rutile-structure GeO2, implying the
probable formation of new Ge–O–Ge bonds. The dO–Ge in
this structure is 0.47 Å, which is consistent with the previous
scanning tunneling microscopy (STM) observation [2],
showing the typical single-oxygen-atom adsorption onto a
Ge–Ge dimer, inducing a broken dimer. Besides the dimerbridge structure, the back bond-down structure (B-site) also
showed relatively low adsorption energy. The O atom on the
B-site was bonded between Ge in the second layer and the Ge
1d atom. The R1 and R2 were found to be 1.80 and 1.87 Å,
respectively. This values are consistent with the previous
studies [7, 8]. Grassman et al also reported a back-bond
insertion site in their STM observation [3].
The electron transfer from Ge to O atoms for the ﬁve
aforementioned sites was also examined via Bader charge
analysis [29, 30], and the results are summarized in table 1. In
the dimer-bridge site (A-site), the transferred electron was
1.20 e−, which is comparable to that of the rutile-structure
GeO2 (1.24 e−). The electron transfer values for the adsorption at the other four sites (back bond-down, back bond-up,
dangled bond-down, and dangling bond-up) were 1.17, 1.12,
0.90, and 0.96 e−, respectively. It was noted that the lower the
adsorption energy was, the higher the electron transfer to the
O atom, suggesting that the electron transfer to the surface
oxygen atom is related to the adsorption stability as well as
the strength of the Ge–O bond.
To study the electronic properties, the layer-resolved
density of states (LDOS) was plotted. Figure 2(a) shows the
LDOS of the bare Ge(100) c(4×2) surface showing a
0.53 eV bandgap, which is slightly lower than the calculated
bandgap of Ge bulk crystalline (0.73 eV). This may be
attributed to the localization of the conduction band minimum
(CBM) in several top layers of the Ge slab (see ﬁgure S1 in
supplementary information which is available online at
stacks.iop.org/PS/95/025701/mmedia). Figures 2(b) and (c)
are the LDOSs for the oxygen-adsorbed surfaces with low
adsorption energies; A- and B-sites. Compared with (a), the O
adsorption on the A-site in ﬁgure 2(b) did not induce any
signiﬁcant change in the LDOS, maintaining the bandgap of
Ge at ∼0.53 eV. In ﬁgure 2(c), on the other hand, the LDOS
of the O adsorbed on the B-site shows some differences,
although the bandgap was maintained at ∼0.53 eV. It has
additional σ-bonding states at 0.6 eV below the Fermi level
(Ef) and σ*-antibonding states at 1.2 eV above Ef, as indicated
by the arrows in ﬁgure 2(c), which are consistent with the
earlier report by Gurlu et al [31].
Next, to study the effect of the oxygen coverage on the
adsorption behavior for the Ge(100) c(4×2) surface, the
adsorption energy was calculated when the surface coverage
of the oxygen atoms varied. For the higher coverage, the
various combinations of the adsorption sites were taken and
their adsorption energies were calculated. On the other hand,
for the lower coverage of 1/64 ML, a slab model with a twice
larger cross-sectional area was used (see ﬁgure S2 in supplementary information). The k-points along the in-plane
directions for the calculations of this larger slab were scaled

slab
calculations of GOslab
/ Ge and GGe , the contributions from the
vibration of the Ge atoms and the pressure-volume term of the
Ge slab were neglected because the surface of interest was
ﬁxed as Ge(100) c(4×2). On the other hand, the vibrational
effect of the adsorbed oxygen were considered, as shown in
slab
equation (2). Based on this assumption, GOslab
/ Ge - GGe was
slab
slab
replaced by EO / Ge - EGe obtained from the DFT calculations, as in the previous studies [21, 22]. By combining
equations (1), (2), and (3), equation (4) is obtained.

Dg = [EaO - Dm O] · NO / A.

(4 )

Results and discussion
As surface reconstruction decreases the density of the dangling bonds, it induces a reduction in the surface energy. For
the Ge(100) surface, the calculation showed that the c(4×2)
reconstructed surface is energetically more stable than the rest
of the reconstructed surfaces, including (2×1) or p(2×2).
This result is consistent with the previous calculation results
[23, 24] and experimental observations [25, 26]. Therefore,
the Ge(100) c(4×2) reconstructed surface was selected to
build a model of oxygen atom adsorption.
Figure 1(a) is the top view of the Ge (100) c(4×2)
surface. The rhombus is the unit cell of this c(4×2) reconstruction while the dotted rectangle is the calculated crosssectional area in the slab model whose surface area is twice
larger than that of the rhombus. Several potential sites on this
surface (dimer-bridge, back bond-down, back bond-up, dangling bond-down, and dangling bond-up sites labeled as A-,
B-, C-, D-, and E-sites) were investigated for the adsorption
of a single oxygen atom, as the Ge dimer on the top layer of
the surface has been reported to be prone to oxygen adsorption [27]. The oxygen coverage 1/32 monolayer (ML).
Figure 1(b) shows the relaxed atomic structures of the oxygen-adsorbed surface on these ﬁve sites. 1u and 1d denote the
dimer-up and dimer-down atoms on the topmost layer of the
Ge(100) c(4×2) surface, respectively. R1 indicates the bond
length between the adsorbed oxygen and the ﬁrst nearest Ge
atom, while R2 indicates that between the oxygen and the
second nearest Ge atom. The vertical height of the oxygen
above the topmost Ge layer is indicated as dO-Ge in the side
view. Table 1 lists the adsorption energy (EaO ) and atomic
structures of R1, R2, and dO–Ge. The negative adsorption
energy means that the oxygen adsorption is predicted to be
favorable when not considering the DmO in equation (4).
Among the sites that were investigated, the most stable
conﬁguration corresponds to the dimer-bridge adsorption with
the lowest adsorption energy (A-site). When the oxygen atom
was incorporated into the Ge dimer bond, the Ge–Ge dimer
bond was broken, and the ﬁrst and second nearest Ge atoms
became 1u and 1d atoms as shown in ﬁgure 1(b). The
corresponding R1 and R2 were found to be 1.80 and 1.88 Å,
respectively. These results are in feasible agreement with
those of the previous theoretical study of the oxygen
3
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Figure 1. (a) Surface unit cell of the Ge(100) c(4×2) reconstructed surface indicated by the rhombus. The calculated cross-sectional area is

presented by the dotted rectangle. The potential adsorption sites around the dimer structure are labeled as A-, B-, C-, D-, and E- sites. (b) Top
and side views of the relaxed atomic structures of the oxygen-atom-adsorbed surface on the ﬁve sites. R1, R2, and dO–Ge indicate the bond
length between the oxygen and the ﬁrst nearest Ge atom, that between the oxygen and the second nearest Ge atom, and the vertical height of
the oxygen above the topmost Ge layer, respectively.
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Table 1. Adsorption energy, atomic structure of R1, R2, and dO–Ge, and electron transfer of the O-atom-adsorbed Ge(100) c(4×2) surface,
with 1/32 ML oxygen coverage. The values of the rutile-structure GeO2 are also provided for comparison.

Oxygen adsorption site
Dimer-bridge (A-)
Back bond-down (B-)
Back bond-up (C-)
Dangling bond-down (D-)
Dangling bond-up (E-)
Rutile-structure GeO2

Adsorption energy (eV)

R1 (Å)

R2 (Å)

dO–Ge (Å)

Electron transfer (e−)

−3.14
−3.03
−2.75
−2.49
−2.35
—

1.80
1.80
1.83
1.71
1.70
1.90

1.88
1.87
1.85
—
—
1.92

0.47
—
—
0.13
0.98
—

1.20
1.17
1.12
0.90
0.96
1.24

according to the cell size to maintain the k-point density. As
shown in table 1, the adsorptions on the A-site and the B-site
were notably more favorable than those on the other sites, and
thus, only these two sites were considered for the coveragedependent behavior. For a speciﬁc surface coverage with
different oxygen adsorption locations, all the possible structures were tested. Figure S3(a) in supplementary information
shows an example of various adsorption conﬁgurations for 3/
64 ML oxygen coverage. In ﬁgure S3(b), all the calculated
adsorption energies of multiple conﬁgurations are provided.
A minor energy difference of ∼0.1 eV exists for multiple
oxygen adsorptions with different conﬁgurations for a given
coverage. In the following calculations, only the structure
with the lowest adsorption energy was considered.
Figure 3 shows the adsorption energy and electron
transfer as a function of the oxygen coverage. The adsorption
stability of O on Ge(100) c(4×2) distinctly decreases with
the increase in coverage from 1/64 to 1/4 ML. The A-site is
more favorable for the B-site for the entire range of the
coverage, and the difference in adsorption energy between the
former and the latter for a given coverage is less than 0.4 eV/
atom. The electron transfer to the adsorbed O atoms showed a
similar tendency to decrease with the coverage. These results
coincide with those of a previous theoretical work on oxygen
adsorption on the low-index surface of ZrC [32]. It also
reported an adsorption stability and electron transfer decrease
after successive multiple oxygen adsorptions, and suggested
that an increased oxygen coverage contributes to the repulsion
between adsorbates, resulting in a decrease in the amount of
charge transfer.
From the adsorption energies at various coverages on
Ge(100) c(4×2), the stability of the adsorbed structures was
predicted. Within the framework of ab initio thermodynamics, the oxygen atoms on Ge surface is assumed to be
in thermodynamic equilibrium with O2 gas [33, 34]. The gas
phase was represented by the oxygen chemical potential DmO,
as in equation (4), which in turn was given by T and PO2 as in
equation (2). The energetically favorable surface is the one
with the lowest relative surface Gibbs free energy per area,
Dg for a given T and PO2. Figure 4(a) shows the variation in
the Dg of the calculated surface structures as a function of
DmO. These free energies are the relative values compared to
the clean surface, as deﬁned in equation (4). The upper limit
of DmO for the oxygen-adsorbed surface was determined to
be −2.36 eV, which is the half of the calculated formation
energy of bulk GeO2. When DmO exceeds the upper limit, Ge

itself is no longer stable and the compound GeO2 bulk
becomes more stable than the oxygen-adsorbed Ge in terms of
the chemical potential of one element in compounds [33]. In
contrast, at the lower limit of DmO, corresponding to the
lowest PO2 or the highest T, Dg is above zero. In between
these two limits, several oxygenated surface structures appear
as straight lines with a -NO /A slope (equation (4)). That is,
the absolute value of the slope is proportional to the oxygen
coverage. The surface structures with the lowest free energy
for a given DmO are represented as bold lines, and the segments are labeled based on the surface structure and the
oxygen coverage in ML. The intersection point of the two
lowest energy lines corresponds to the transition from one
surface structure to another. From the clean Ge(100) c(4×2)
surface, the increase in DmO to −3.01 eV induces a transition
from the 1/64 ML dimer-bridge structure to the 1/32 ML
dimer-bridge structure. A further increase in ΔμO at
−2.75 eV results in the transition to the 1/16 ML dimerbridge, and that at −2.46 eV results in the transition to the 3/
32 ML dimer-bridge.
The surface structure with the lowest Dg as a function of
DmO in ﬁgure 4(a) was converted to that as a function of T
and PO2, as shown in ﬁgure 4(b), using the expression of DmO
as a function of T and PO2 in equation (2). In this surface
stability diagram, the stable adsorbed structures between the
clean-surface and GeO2 regions are shown. The calculated
stability diagram can be directly compared with those in
previous in situ experimental investigations of the oxidation
of the Ge(100) substrate. In the work of Molle et al, the asprepared Ge samples were promptly exposed to an atomic O
beam at the oxygen partial pressure of 5 × 10–8 bar [35].
Following the oxidation process from room temperature to
300 °C, the transformation of GeO2 into suboxides sets at
approximately 400 °C (673 K) (marked as a square in
ﬁgure 4(b)), which is comparable to the calculated result of
661 K in this work. On the other hand, Prabhakaran et al
reported the fabrication of a clean Ge surface by annealing the
thin Ge oxide layer formed on the Ge(100) substrate until the
peak position of the Ge(100) dimers could be detected via
ultraviolet photoelectron spectroscopy [36]. The annealing
conditions were ∼500 °C and ∼10–10 bar (marked as a circle
in ﬁgure 4(b)), which also coincide with the prediction in this
work. These observations show that the predicted surface
stability diagram for the initial oxidation of Ge(100) is consistent with the experimental reports. Figure S4 in supplementary information without correction term, ΔEO2 , was
5
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Figure 3. Calculated lowest oxygen adsorption energy and highest

electron transfer as a function of the oxygen coverage for the dimerbridge (A-site) and back bond-down (B-site) structures.

Figure 2. Layer-resolved DOS of the (a) bare Ge(100) c(4×2)

surface (b) oxygen-adsorbed on the dimer-bridge (A-site) and (c)
oxygen-adsorbed on the back bond-down (B-site) structures. The σbonding state below the Fermi level (Ef) and σ*-antibonding states
above Ef are indicated by the arrows.
Figure 4. (a) Calculated relative surface free energy per area of the

provided as a comparison. The upper limit of DmO for the
oxygen-adsorbed surface is −2.14 eV in ﬁgure S4(a) and the
corresponding surface stability (T, PO2 ) diagram in ﬁgure
S4(b) shows less agreements with the experimental
reports [35, 36].
Practically, the transition between different structures of
surface may be continuous due to the conﬁgurational entropy
[33]. However, the dominant surface structure with more than
0.5 fraction is determined to the structure with the lowest

oxygen-adsorbed Ge(l00) c(4×2) surface as a function of the
oxygen chemical potential; only the dimer-bridge (A-site) and back
bond-down (B-site) are considered. (b) Surface stability (T, PO2 )
diagram showing the most stable structures. The results from the
previous experimental reports [35, 36] are also represented by the
square and circle symbols.
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Gibbs free energy [33]. Therefore, the calculated results
provide the direction of the continuous change of the surface
stability.
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Conclusion
In summary, the adsorption behavior of atomic oxygen on
various adsorption sites of the Ge(100) c(4×2) reconstructed surface and its oxygen coverage dependency were
calculated through density functional theory calculations. The
dimer-bridge structure was found to be the most stable for
oxygen adsorption, and the back bond-down structure was
found to be the second most stable. As the oxygen coverage
becomes higher, the adsorption becomes less stable. By
combining with thermodynamic modeling, the surface stability diagram as a function of the temperature and oxygen
partial pressure was obtained, which enables a direct comparison with the experimental initial oxidation. The computational results obtained in this study are consistent with the
previous experimental observations, suggesting that the
calculation results can be utilized as a useful guide in determining the appropriate oxidation conditions for high-quality
GeO2 growth.
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