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ABSTRACT

We employed a classical molecular dynamics approach
to study the defects of the GeO2/Ge interface in MOS-
FETs fabricated on a germanium substrate. A Ge film
sandwiched by two layers of GeO2 oxide was simulated
using a reactive force field. The transition of Ge native
oxide was studied within the oxide thickness where the
amorphous nature of GeO2 at the interface was exhib-
ited. The influence of parameters such as oxide thick-
ness and fusing temperature on the number of interfacial
dangling bonds was investigated. Four types of dangling
bonds with different oxidation states were observed in
this work.

Keywords: Ge MOSFETs, dielectric/interface defects,
MOSFETs reliability, interface defects mitigation, inter-
facial dangling bonds

1 Introduction

The superior electrical properties of Germanium (Ge),
such as higher electron and hole mobility, compared
to that of other semiconductor materials (respectively
twice and four times that of Si), have been one of the
factors to cause germanium to return to be of focal in-
terest in R&D. In particular, bulk Ge offers a higher hole
mobility compared to the members of group IV and III-
V semiconductor elements. On the other hand, for Ge
n-MOSFETs, electron mobility is poor, and most of the
III-V elements have a higher bulk electron mobility than
Ge, but MOSFETs are easier to be fabricated in Ge than
the rest of III-V elements [1]. It is also easier to use Ge-
based MOSFETs with high-k materials, due to needing
a lower processing temperature compared to Si [2, 3].
In addition, the Ge energy band gap is lower than that
of Si, leading to further reduction in power consump-
tion of advanced integrated circuits [4]. However, the
inferior quality of the dielectric/substrate interface of
Ge-based MOSFETs compared to its Si counterparts
has been reported to be a challenge in manufacturing
Ge-based MOSFETs, causing reliability issues for the
devices (including Negative-Bias Temperature Instabil-
ity - NBTI). Overall, SiO2/Si gate stacks have a better
interface than any other gate stacks. Typically, the in-
terface state density (Dit) of SiO2/Si has been reported

to be around 2 × 1010 cm−2, while that for high-k/Ge
gate stacks is between 1011 to 1012 cm−2, changing the
threshold voltage considerably.

Hydrogen passivation is a technique that is efficient
for reducing high-k/Si interface defects, but it is not
effective for high-k/Ge. There have been various sug-
gested methods to reduce the interface state density,
including passivating the dielectric-Ge active interface
(active sites) with a few monolayers of silicon, sulfur,
and germanium nitrides [5]. The electrical reliability
of gate oxides is attributed to the charge trapping of
the defects [6]. Hence, using group IIIB oxides such as
Y2O3 is beneficial for stabilizing amorphous germanium
oxide, leading to the electrical reliability improvement
of the gate oxide [7, 8]. In fact, the stabilizing effect of
yttrium incorporation causes a more robust oxide net-
work [7]. From Density Functional Theory (DFT), there
are two types of defects in a GeO2 structure: O vacancy
and Valence Alteration Pairs (VAP) [6]. In the case of
SiO2, the vacancy energy of formation is much higher
than that of GeO2 [6] and that is why GeO2 is a more
unstable oxide compared to SiO2.

Furthermore, another issue is that GeO2 is water-
soluble which incurs problems in the process of fabri-
cating devices because once the device is exposed to air,
it absorbs water, leading to the degradation of electrical
properties. By incorporating the materials above into
GeO2, the etching time of the Metal GeO2/Ge will in-
crease, improving water resistance. This strengthening
effect is proportional to the number of Metal O bonds
which make the network stronger, more water resistive,
and more thermally stable [8].

Interface states are a result of Ge dangling bonds at
the interface. Hence, reducing interface state density
is one of the significant challenges for Ge MOSFETs.
These states can lead to higher leakage currents and the
degradation of threshold voltage over time. Specifically,
the number of Ge dangling bonds at the interface can
play a crucial role in deteriorating electrical properties
over time. Many factors in the process of MOSFETs
fabrication can affect the number of interface states.
These include oxidation temperature, oxide thickness,
dopant nature and concentration. In this work, clas-
sical molecular dynamics simulations were carried out
using LAMMPS software [9, 10] to gain an insight into
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the interfacial properties of GeO2 on Ge channels. Also,
ReaxFF [11, 12], which is capable of modelling chem-
ical reactions, is employed here. This allows for non-
equilibrium dynamics including bond formation and dis-
sociation in an extensive system of atoms.

2 Method and Theoretical Basis

The reactive force field used in this work has been
developed by Zheng et al. [13]. The visualization of sim-
ulation results was performed using Ovito software [14].
Initially, a 45.26 Å thick slab of Ge(100) was sand-
wiched by two cleaved layers of alpha-quartz GeO2(100),
with an initial two-angstrom gap between the layers,
and placed in a simulation box with the dimensions of
22.63 × 22.63 × 87.41 Å. Meanwhile, the time step of
choice was set to 0.2 fs, and a periodic boundary con-
dition was applied in all three dimensions. Next, the
system energy was minimized, followed by an energy
equilibration at 300 K using a micro-canonical ensemble.
Afterwards, using a Noose-Hoover thermostat [15, 16]
for temperature regulation, the system was heated up
to 500 K and kept at this temperature for 100 ps, per-
formed by an NVT ensemble1 to ensure the chemical
reaction between both the oxide and substrate. Subse-
quently, the system was linearly cooled down to 300 K,
and, then equilibrated with an NPT ensemble to set
the pressure and temperature at 1 atm and 300 K, re-
spectively. Finally, the whole structure is thermally an-
nealed to relieve the internal residual stress introduced
during surface oxidation. Accordingly, the system was
similarly heated up to 900 K (which is nearly half of the
melting point of GeO2) and cooled down to 300 K.

To investigate the effect of oxide thickness on the
number of dangling bonds at the interface of GeO2/Ge,
a new alpha-quartz GeO2(100) was prepared in a simu-
lation box of 22.63× 22.63× 30 Å, with a cell density of
3.77 g/cm3. As the α-GeO2 melting point is 1116� [17],
to ensure the whole crystal is melted in the short time
span of MD simulations, a slightly higher temperature
of 1500 K is selected to heat up the system. Next, the
simulation cell is kept at that temperature for 30 ps
to randomize the system and deform the initial crystal
structure, formerly cooled down to 300 K within 600 ps.
Afterwards, the cell pressure is equilibrated at 300 K and
1 atm for 50 ps using an NPT ensemble. Then, slices
of GeO2 with different thicknesses were cleaved: 3, 4,
5, and 6 Å; a Ge substrate with a dimension of 22.63 Å
in all three directions was sandwiched with the prepared
slices. Subsequently, the temperature of the system is el-
evated to 500 K, and then cooled back to 300 K linearly,
similarly followed by equilibration at 300 K and 1 atm.

1NVT denotes a system with a constant number of particles,
volume, and temperature; NPT refers to a constant number of
particles, pressure,and temperature.

Again, thermal annealing was performed to release the
stress imposed on the structure during the reactions.

3 Results and Discussion

A first observation is that as the distance from the
GeO2/Ge interface increases, the GeO2 structure be-
comes more similar to its alpha crystal state. There
are different crystal phases for GeO2: hexagonal (alpha-
quartz structure); tetragonal (rutile structure); and amor-
phous. The hexagonal and amorphous structures are
soluble in water as mentioned earlier [1, 18]. At the end
of the NPT equilibration, the Ge native oxide tends to
be amorphous when it comes to interacting with the Ge
substrate.
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Figure 2: The effect of
oxide thickness on the
number of Ge dangling
bonds at the interface

In addition to the aforementioned regarding the amor-
phous nature of GeO2 at the interface, the ratio of oxy-
gen to germanium atoms was measured. Figure 1 shows
the correlation between oxide thickness and x, which
is the ratio of O to Ge atoms. As depicted in Fig. 1,
by going away from the interface, i.e., increasing the
oxide thickness, GeOx sub oxides shift more towards
α−GeO2, which is aligned with having more amorphous
oxide close to the interface. This shows that there is
more GeO found near the interface (Fig.1). GeO gener-
ation has been recognized to degrade C-V characteristics
due to leaving a large amount of defects at the interface
by generating charge traps [5].

Dangling bonds are types of defects available at the
interface of oxide/substrate. Hence, to investigate the
effect of different parameters on interfacial defects, the
number of dangling bonds needs to be determined. To
do so, some structural properties, with Radial Distri-
bution Function (RDF), bond length, and coordination
number as examples, need to be measured. The RDF
analysis, at the end of NPT equilibration, turns out the
Ge O bond length to be 1.925 Å and that of Ge Ge
is 2.525 Å. This enabled us to calculate the Mean Co-
ordination Number (MCN) of the constituent atoms of
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the system, exhibiting that of Ge and O atoms to be 4.2
and 2.7, respectively.

The results of oxide thickness relation with the num-
ber of dangling bonds, represented in Figure 2, show
that the lower the oxide thickness, the the higher the
number of Ge dangling bonds. As is depicted in Fig. 2,
lower thicknesses of oxide definitely have a significant
impact on the number of dangling bonds. Neverthe-
less, as the oxide becomes thicker, this effect is less pro-
nounced. As is clear for the thicknesses of 5 and 6 Å,
the number of Ge dangling bonds is approximately the
same, revealing that there is an optimum in the rela-
tionship between these two quantities.

The types of Ge dangling bonds were investigated.
As shown in Figure 3, there are four types of Ge dan-
gling bonds based on their oxygen backbonds. First,
there is what we based on the oxidation state denoted
as Ge+0, shown in Fig. 3a, which is a Ge atom which
is threefold coordinated and is only back bonded to Ge
atoms. Second, Ge+1 and Ge+2 shown in Fig. 3b and
3c, are Ge atoms that are threefold coordinated with
with one- and two-oxygen back bonded respectively. Fi-
nally, there is Ge+3, which is bonded to three oxygen
atoms. Although Ge+3 is not present at the interface,
it is more prone to appear near the interface. The DFT
study by Chang et al. [19] reveals that Ge+0 states
shown in Fig. 3a are below Fermi energy level and these
states with this level of energy act as charge traps in n-
MOSFETs and Coulomb scattering centres for channel
electrons. Our work shows that different Ge oxidation
states which have no dangling bonds, do not generate
any defects throughout Ge bandgaps. However, Ge+1

and Ge+2 shown in Fig. 3b and 3c are participating in
defects generation because they form gap states near
Conduction Band Minimum in Ge bandgap.

We further confirmed one of the known contribut-
ing factors causing the interface state density which was
reported by Houssa et al. [4]. They found a closed-
form expression between the viscoelastic properties of
oxide and oxidation temperature. Accordingly, it re-
vealed that there is an inverse relationship between ox-
idation temperature and density of dangling bonds at
the GeO2/Ge interface. In this reactive molecular dy-
namics study, we focused on fusing the oxide layer to
the substrate, and, then oxidizing it by regulating the
temperature to speed up the simulations. A relationship
between the fusing temperature and the number of dan-
gling bonds was found which is shown in Figure 4. As
is evident from the graph, Ge dangling bonds present
at GeO2/Ge interface decreases by the increasing the
temperature. This finding suggests that regulating this
parameter during the fabrication of devices will enable
the industry to avoid increased number of defects intro-
duced to the interface.

(a) Ge+0 (b) Ge+1

(c) Ge+2 (d) Ge+3

Figure 3: Types of Ge dangling bonds at GeO2/Ge
interface
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Figure 4: The relationship between fusing temperature
and the number of Ge dangling bonds at the interface

4 Conclusion

We identified the mechanisms of dangling bond for-
mation at the GeO2/Ge interface, and proposed solu-
tions to decrease Ge-based MOSFETs’ interfacial Ge
dangling bonds which are a type of defects at the in-
terface, causing MOSFETs’ reliability problems. We
showed that Ge native oxide tends to be an amorphous
oxide on the Ge substrate, and it loses its crystallinity
near the oxide/substrate interface. While it seems im-
possible to avoid having an amorphous oxide near the in-
terface, which absorbs water content of the air and dam-
ages the device, this study proposed some solutions to
improve Ge-based MOSFETs reliability. It was shown
out that GeO, known to negatively affect the MOSFETs
C-V characteristic, is more available near the interface.
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We established a relationship between the oxide thick-
ness and Ge interfacial dangling bonds. It was unveiled
that, although having a very shallow oxide layer results
in lots of dangling bonds, one cannot cover all the dan-
gling bonds by solely growing a very thick layer of ox-
ide. Also, we further investigated the types of dangling
bonds, and identified four such types with different oxi-
dation states. Last, we confirmed that by increasing the
fusing temperature, a decline in the number of dangling
bonds is achieved, which was in agreement with exper-
imental results of oxidation temperature effect on the
density of interfacial defects.

5 Acknowledgement

This research was accomplished by the infrastructure
and resources provided by WestGrid (www.westgrid.
ca) and Compute Canada Calcul (www.computecanada.
ca).

REFERENCES

[1] Y. Kamata, “High-k/Ge MOSFETs for future na-
noelectronics,” 2008. 1, 2

[2] C. H. Lee, T. Tabata, T. Nishimura, K. Nagashio,
K. Kita, and A. Toriumi, “Ge/GeO2 interface con-
trol with high-pressure oxidation for improving
electrical characteristics,” Applied Physics Express,
vol. 2, no. 7, 2009. 1

[3] S. Takagi, T. Maeda, N. Taoka, M. Nishizawa,
Y. Morita, K. Ikeda, Y. Yamashita, M. Nishikawa,
H. Kumagai, R. Nakane, S. Sugahara, and
N. Sugiyama, “Gate dielectric formation and MIS
interface characterization on Ge,” Microelectronic
Engineering, vol. 84, no. 9-10, pp. 2314–2319, 2007.
1

[4] M. Houssa, G. Pourtois, M. Caymax, M. Meuris,
M. M. Heyns, V. V. Afanas’Ev, and A. Stesmans,
“Ge dangling bonds at the (100) Ge/ GeO2 inter-
face and the viscoelastic properties of GeO2,” Ap-
plied Physics Letters, vol. 93, no. 16, pp. 91–94,
2008. 1, 3

[5] K. Kita, T. Takahashi, H. Nomura, S. Suzuki,
T. Nishimura, and A. Toriumi, “Control of high-
k/germanium interface properties through selec-
tion of high-k materials and suppression of GeO
volatilization,” Applied Surface Science, vol. 254,
no. 19, pp. 6100–6105, 2008. 1, 2

[6] H. Li and J. Robertson, “Yttrium passivation of
defects in GeO 2 and GeO 2 /Ge interfaces,”
vol. 032903, pp. 1–11, 2017. 1

[7] C. Lu, C. H. Lee, T. Nishimura, K. Nagashio, and
A. Toriumi, “Reliability assessment of germanium
gate stacks with promising initial characteristics,”
Applied Physics Express, vol. 8, no. 2, p. 021301,
2015. 1

[8] C. Lu, C. H. Lee, W. Zhang, T. Nishimura, K. Na-
gashio, and A. Toriumi, “Structural and thermo-
dynamic consideration of metal oxide doped GeO2
for gate stack formation on germanium,” Journal
of Applied Physics, vol. 116, no. 17, 2014. 1

[9] S. Plimpton, “Fast Parallel Algorithms for Short
Range Molecular Dynamics,” Journal of Computa-
tional Physics, vol. 117, no. June 1994, pp. 1–19,
1995. 1

[10] “Sandia National Laboratories, LAMMPS
Molecular Dynamics Simulator,
http://lammps.sandia.gov.” 1

[11] H. M. Aktulga, J. C. Fogarty, S. A. Pandit, and
A. Y. Grama, “Parallel reactive molecular dy-
namics: Numerical methods and algorithmic tech-
niques,” Parallel Computing, vol. 38, pp. 245–259,
apr 2012. 2

[12] A. C. Van Duin, S. Dasgupta, F. Lorant, and
W. A. Goddard, “ReaxFF: A reactive force field
for hydrocarbons,” Journal of Physical Chemistry
A, vol. 105, no. 41, pp. 9396–9409, 2001. 2

[13] Y. Zheng, S. Hong, G. Psofogiannakis, G. B.
Rayner Jr, S. Datta, A. C. T. van Duin, R. Engel-
Herbert, G. B. Rayner, S. Datta, A. C. T. V. Duin,
and R. Engel-Herbert, “Modeling and in Situ Prob-
ing of Surface Reactions in Atomic Layer Deposi-
tion,” ACS Applied Materials & Interfaces, vol. 9,
pp. 15848–15856, may 2017. 2

[14] A. Stukowski, “Visualization and analysis of atom-
istic simulation data with OVITO-the Open Visu-
alization Tool,” Modelling and Simulation in Ma-
terials Science and Engineering, vol. 18, p. 015012,
jan 2010. 2
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