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The quantum-mechanical tunneling passing through the sub-2-nm-thick oxide in Ge/a-GeO2/Ge struc-
tures is presented, using the first-principles scattering-state method, where a stands for the amorphous
phase. The suboxide interface layer (IL) between Ge and the dioxide region (DOX) does not play a crit-
ical role in blocking tunneling due to the presence of Ge—Ge bonds in it. The thickness of DOX, where
all the Ge has four Ge—O bonds, is the effective tunneling-blocking thickness and the thickness for the
thinnest usable a-GeO2 is approximately 0.85 nm. The width and magnitude of the band offset differently
affect the tunneling in the sub-2-nm-thick oxide. The valence-band offset is larger and thicker than the
conduction-band offset for all the structures, resulting in the smaller tunneling current of the holes than of
the electrons. It is also found that the effect of the hydrogen passivation at the IL on tunneling is not evident
in semiconductor/a-oxide. The crystallographic orientation of Ge has no distinct effect on the band-gap
alignment and the tunneling current in Ge/a-GeO2/Ge structures, consistent with the experimental results
about the effect of the Ge orientation on the interface properties.
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I. INTRODUCTION

Since the emergence of the downscaling of the Si-based
metal oxide semiconductor (MOS) devices in the early
1970s, the quantum-mechanical tunneling current passing
through the oxide has been one of the crucial limiting
factors in device downscaling. The limitation of the down-
scaling of Si devices has stirred up the search for the
next-generation channel materials with high device per-
formance. Ge has received attention again of late as one
of the promising next-generation channel materials, owing
to its excellent electron and hole mobilities compared to
Si as well as the high device performance by the use of a
passivation layer between the Ge channel and high-k mate-
rials to relieve the poor electrical characteristics of GeO
and GeO2 at the Ge/high-k oxide interface [1]. Moreover,
from the industrial viewpoint, Ge is the most possible next-
generation channel material because its atomic structure is
similar to that of Si, enabling the continuous usage of the
present Si-based industrial equipment [1].

For the successful usage of Ge MOS devices as fre-
quently as Si MOS devices, the tunneling leakage currents
induced from the downscaling of Ge devices should be
less than or at least comparable to those induced from
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the downscaling of Si devices. Experimentally, consider-
able work on the gate leakage currents in Ge devices with
various high-k materials has been performed [2–4]. The
properties of the tunneling passing through the GeO2 in
Ge/GeO2 structures, however, have not been extensively
examined.

In the downscaled MOS devices, the oxides are approx-
imately sub-2-nm thick, and as such, the direct tunneling
current is very important; therefore, the interfacial atomic
structures have crucial effects on the tunneling proper-
ties. For Si MOS structures such as Si/SiO2/Si structures,
the first-principles calculations of the tunneling proper-
ties showed the effects of three-dimensional (3D) atomic
structures on the tunneling current through the ultrathin
SiO2 layers [5–8]. No theoretical study has been per-
formed to date on the tunneling properties in Ge/GeO2
or any Ge-based MOS structure. The calculation works
on Ge/GeO2, Ge/high-k, and Ge/passivation layer/high-k
structures to date have been limited to interface properties
and electronic properties [9–12].

In the recently developed 3D-structure transistors such
as the trigate transistor and the fin field-effect transistor
developed for smaller microprocessors and memory cells,
the gate oxides are faced with different Ge substrate ori-
entations, making it valuable to examine the gate leakage
current densities along different Ge orientations. While it
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is known that the Ge(111) and Ge(110) surfaces can pro-
vide the highest electron and hole mobilities, respectively
[13], a recent experimental study of Ge/GeO2 interfaces
showed that the conduction barrier height evaluated from
the gate current conduction mechanism is almost the same
for the Ge(100), Ge(110), and Ge(111) orientations [14].
This implies a very weak dependence of the gate leakage
currents on the Ge orientation, but no theoretical work has
been done to confirm this.

In this paper, we present the atomic-structure-dependent
tunneling properties passing through sub-2-nm-thick
a-GeO2 in Ge/a-GeO2/Ge structures with different oxide
thicknesses, interfacial structures, and Ge orientations
obtained by the first-principles scattering-state method
[15]. This work shows that only the stoichiometric dioxide
region (DOX) excluding the IL is effective for blocking the
leakage current and suggests a critical oxide thickness of
approximately 0.85 nm for the thinnest usable a-GeO2. A
specific relation between band offsets and tunneling spec-
tra in the sub-2-nm-thick oxide is addressed. It is shown
that the valence-band offset (VBO) is larger in magnitude
and wider in space than the conduction-band offset (CBO),
which results in the smaller tunneling current of the holes
than of the electrons. It is also found that the hydrogen pas-
sivation at the semiconductor/a-oxide interface is not very
effective in reducing the tunneling current by removing the
dangling bonds. Lastly, it is shown that the tunneling cur-
rent is hardly dependent on the crystallographic orientation
of Ge in Ge/a-GeO2/Ge structures.

II. RESULTS AND DISCUSSION

To determine the effects of sub-2-nm-thick a-GeO2
oxides on the tunneling properties of the charge carriers of
Ge, Ge/a-GeO2/Ge heterostructures, so called GA struc-
tures, are generated as the preparation procedure explained
in the Appendix and the Supplemental Material [16] in
detail. For these heterostructures, the following are investi-
gated: (1) the detailed atomic structures, (2) the electronic
structures such as the band gap and the band offset, and (3)
the tunneling properties of the electrons and holes through
the thin oxides. The changes in the oxide thickness and
the suboxide distribution at the interface are considered,
along with the presence of dangling bonds or their hydro-
gen passivation at the interface. GA structures with three
different Ge orientations [(100), (110), and (111)] are also
investigated.

For the atomic and electronic structures, first-principles
electronic structure calculations are performed based on
the density-functional theory (DFT). Table I summarizes
the calculated lattice constant of bulk Ge and the mass den-
sity of bulk a-GeO2 in comparison with the experimental
value. The calculated lattice constant of Ge is almost the
same as the experimental value. The a-GeO2 structures are
generated by first-principles molecular dynamics [17,18],

TABLE I. Lattice constant (a) of the Ge bulk phase calculated
by LDA and mass density (d) of the a-GeO2 bulk phases that are
used, with band gaps (Eg) of the bulk phases of Ge and a-GeO2
calculated using the LDA and LDA + U methods. All the data
are compared with the available experimental values (Expt.):
U = 0.73 eV and J = −0.44 eV for (1) LDA + U and U = 3.00
eV and J = 0.00 eV for (2) LDA + U.

Ge a-GeO2

a (nm) LDA 0.564
Expt. 0.566

d (g cm−3) LDA 3.6
Expt. 3.6 [19]

Eg (eV) LDA 0.2 4.6
(1) LDA+U 0.4 4.6
(2) LDA+U 0.7 4.6

Expt. 0.66 5.6 [20]

reproducing the experimental mass density of 3.6 g cm−3

[19].
For the atomic structure, the local density approxima-

tion (LDA) is used. Then, the LDA + U method is used
to investigate the electronic structures and the tunnel-
ing properties of the Ge/a-GeO2/Ge structures within the
practically available computational time as well as to cor-
rect the band gap of the whole system. The LDA + U
method describes the electron correlation and is effective
only when it is applied on the occupied orbitals. In the
LDA + U method for bulk Ge, two different parameter sets
(on-site Coulomb interaction U and Hund’s coupling J ) are
used for the 4p orbitals of Ge, which mainly contributes
the valence-band maximum (VBM). One set consists of
U = 0.73 eV and J = −0.44 eV, which is obtained by the
constrained LDA method [21,22], resulting in the band-
gap increase of Ge from 0.2 eV (without using +U) to
0.4 eV. These U and J parameters are systemically com-
puted in the aim of describing the effective interactions
among correlated electrons within the LDA method. The
other set consists of U = 3.00 eV and J = 0.00 eV, which
is fitted to the experimental band gap of 0.7 eV. This
+U scheme on the 4p orbitals of Ge does not affect
the band gap of bulk a-GeO2, because the VBM of a-
GeO2 mainly consists of the 2p orbitals of O atoms,
while the conduction-band minimum (CBM) of the bulk
a-GeO2 is mainly composed of the 4p orbitals of Ge.
The LDA + U is not applied to the 2p orbitals of O
atoms, because the band gap of a-GeO2 slabs in the
Ge/a-GeO2/Ge structures is similar to that of the avail-
able experimental values as shown in Table III and fur-
ther discussion in Fig. 2. Hereafter, the first parameter
set of the LDA + U is mainly used. The effect of the
increase in the band gap of Ge from 0.4 eV [set (1)] to
0.7 eV [set (2)] is discussed in Fig. 3.

Figure 1 shows a relaxed GA structure composed of
a-GeO2 placed between two Ge(100) slabs, where the
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FIG. 1. Relaxed atomic structure for Ge/a-GeO2/Ge (GA).
The black circle is for Ge, while the white circle is for O.
The interface layer (IL) and the dioxide region (DOX) are
colored light gray and dark gray, respectively. The structure
with dangling bonds at the IL (DB IL) is shown, and the cor-
responding H-passivated structure (HP IL) is omitted. In the
upper part, the periodic cell along the z-axis is indicated for
the calculations of the atomic and electronic structures. On the
other hand, in the lower part, the resistive region, two inter-
mediate regions, and bulk regions are defined for the transport
calculations.

black and white circles indicate the Ge and O atoms,
respectively. The total oxide region (TOX) is divided into
the dioxide region (DOX) and the interface layer (IL), as
shown in the upper part of the figure. DOX is defined as
a region composed only of the Ge4+ state (four Ge—O
bonds), indicated by the dark gray color. On the contrary,
IL is defined as a region composed mostly of suboxide
states of Ge, with some Ge4+ states, which is shaded light
gray. The suboxide states are Ge1+, Ge2+, and Ge3+, which
have one, two, and three Ge—O bonds, respectively. In this
work, two different interfacial structures are considered: IL
with dangling bonds (DB IL) and IL passivated by H atoms
(HP IL) (the figure with HP IL is not shown). The total

thickness of the oxide, dTOX, is the sum of the thickness
of the DOX, dDOX, and those of the two ILs, dIL1 and dIL2
(dTOX = dDOX + dIL1 + dIL2). The thickness of IL, dIL, for
each structure is obtained from the average of dIL1 and dIL2
[dIL = (dIL1 + dIL2)/2].

Four GA atomic models are investigated, labeled 1, 2,
3, and 4 as shown in Table II, when the orientation of Ge
is (100). Table II shows the periodic supercell size along
the z axis; the numbers of the Ge and O atoms in the peri-
odic supercell; the cross-sectional area of heterostructure
A; the oxide thicknesses of dTOX, dDOX, and dIL; the num-
bers of Ge atoms in the suboxide states; and the numbers
of defects and H atoms for each IL. The number of defects
is calculated as [4−(number of Ge—O bonds)−(number
of Ge—Ge bonds)]. For this, the maximum bond length
is defined as 1.2×(sum of two atoms’ covalent radii) and
they are set as 0.293 nm for Ge—Ge and 0.234 nm for
Ge—O, respectively. It should be pointed out that the num-
ber of defects in the DB IL is not the same as the number
of passivating H atoms in the corresponding HP IL. At the
ILs, the bond angles and bond lengths around the cations
deviate from those of the regular tetrahedron due to the
amorphous nature of the oxide. Therefore, only the effec-
tively passivating H atoms are included in the HP IL by
removing H atoms that produce gap states.

As shown in Table II, for all the structures, the dTOX
values range from 0.600 to 2.419 nm, and the dDOX values
range from 0 to 1.801 nm. The average dIL value turns out
to be 0.283 ± 0.027 nm for the GA structures. Note that in
the sub-2-nm oxide thickness, the dIL value for each GA
structure is not negligible compared to the dTOX and dDOX
values. For example, the average total IL thickness value
(dIL1 + dIL2) is about 0.584 nm, which is thicker than the
unit-cell dimension of 0.564 nm in bulk Ge. Such a non-
negligible dIL value compared to the dTOX and dDOX values
motivates us to carefully examine the electronic structures
and the tunneling properties at the IL.

TABLE II. Relaxed atomic structures of Ge(100)/a-GeO2/Ge(100) (GA1–GA4) with different oxide thicknesses.

Structure GA1 GA2 GA3 GA4
Supercell along z axis (nm) 4.748 5.155 5.597 6.527
Number of Ge/O 263/18 276/40 288/64 320/128
A (nm2) 1.129 × 1.129 (2aGe × 2aGe)
dTOX (nm) 0.600 0.973 1.354 2.419
dDOX (nm) 0.000 0.421 0.854 1.801
dIL (nm) 0.300 0.276 0.250 0.309
dIL,ave (nm) 0.283 ± 0.027
Number of suboxide states, defects, H atoms in ILs
Ge(Si)1+ 11 10 10 5
Ge(Si)2+ 5 5 4 8
Ge(Si)3+ 3 3 5 3
Ge(Si)4+ 2 3 1 1
Defect(DB) 1 4 7 9
H(HP) 0 3 2 9
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(a)

(b) (c) (d) (e)

FIG. 2. (a) Atomic structure and band-gap alignment with
respect to the IL and DOX in the GA3 structure with the HP IL.
In the left panel, the black, white, and gray circles indicate the
Ge, O, and H atoms, respectively. In the right panel, the band off-
sets (VBO and CBO), the widths of the band offsets (WVBO and
WCBO), the oxide band gap (Eox

g ), the VBM of Ge (VBMGe), and
the CBM of Ge (CBMGe) are indicated. The upper panel shows
the band-gap alignment and the lower panels show the tunnel-
ing spectra per unit area T(E)/A of (b)–(e) GA1, GA2, GA3, and
GA4 structures. The band-gap alignments are obtained using the
HP IL structures. In the lower panel, the red lines indicate the DB
IL structures and the blue lines indicate the HP IL structures.

Figure 2(a) shows a representative example of the band-
gap alignment along the z axis of the GA3 structure with
the HP IL. For the over-2-nm-thick oxide, previous studies
examined the effect of the magnitudes and widths of the
band offsets on the tunneling properties, oversimplifying
the atomic structures at the interface and neglecting dIL due
to dIL � dTOX, dDOX [23]. In the sub-2-nm-thick oxide,
however, the magnitudes and widths of the band offsets
should be investigated more thoroughly because the por-
tion of dIL is not negligible compared with those of dTOX
and dDOX. Furthermore, under such a circumstance, the
band gap of the oxide evolves from a partially formed state
to a fully formed state as the oxide thickness increases.

To examine the effects of the widths of the band offsets
on the tunneling properties, the width of VBO (WVBO) and
the width of CBO (WCBO) are defined. As can be seen in
Fig. 2(a), the band offsets in the oxide region very near
the VBM of the Ge region (VBMGe) and the CBM of
the Ge region (CBMGe) show too-noisy data caused by
the interface states. Therefore, the WVBO and WCBO are
measured at 1.0 eV below VBMGe and above CBMGe,
respectively. The band offsets gradually increase from the
IL to the DOX and they have the maximum values of

the VBO and CBO within the DOX, as reported by the
previous computational works on the Si/SiO2 interface
[24]. This implies that only the DOX can be an effec-
tive potential barrier, not the TOX. In the sub-2-nm-thick
oxide, such a gradual increase of the band offsets from
the IL to the DOX becomes significant due to the ultra-
thin oxide and results in the thickest widths of the band
offsets near VBMGe and CBMGe. This result significantly
influences the tunneling spectra and the tunneling current
density, as shown in Figs. 2 and 3, respectively.

The upper panels of Figs. 2(b)–2(e) show the band-gap
evolution for the GA structures with different oxide thick-
nesses. Table III summarizes their oxide band gap (Eox

g ),
VBO, CBO, WVBO, and WCBO values calculated by the
LDA + U method. The band-gap evolution is drawn using
the atom-projected density of states [PDOS(z, E)] of the Ge
atoms for the HP IL structures. The local VBM(z, E) and
CBM(z, E) values are decided by neglecting the PDOS less
than 0.03 states/eV so as to visualize the band-gap evo-
lution; therefore, the average values for VBO and CBO
in each structure are only estimated values. The Eox

g is
obtained as VBO + CBO + EGe

g (0.4 eV), as indicated by
the black vertical dashed lines. When the a-GeO2 slab is
too thin, the band gap partially forms such as the GA1 and
GA2 structures. In the GA3 and GA4 structures, in con-
trast, the calculated Eox

g values of the slab a-GeO2 are 5.90
and 5.87 eV, respectively. They are slightly larger than that
of the bulk a-GeO2 of 4.6 eV but are comparable to the
experimental bulk value of 5.6 eV. This result might be
caused by the approximated PDOS estimation method in
this study as well as the inherent effect of the thin slab. For
Ge/a-GeO2 interfaces with 1–2-nm thick a-GeO2, exper-
imental reports on the band gap of a-GeO2, CBO, and
VBO are not available. For the Ge/a-GeO2 interfaces with
dGeO2 ≥ 25 nm [25], on the other hand, they are 5.76, 1.5,
and 3.6 eV, respectively, and are expected to be similar to
those of Ge/a-GeO2 interfaces with 1–2-nm thick a-GeO2.
The calculated oxide band gap, CBO, and VBO for the
GA4 structure (dDOX = 1.801 nm) are 5.87, 2.26, and 3.21
eV and they are quite in accordance with the experimen-
tal values. It is noted that the tendency of the lower CBO
than VBO observed in the experiments is also shown in our
theoretical band offsets of all the GA structures. It implies
that the application of the LDA + U method only on the
4p orbitals of Ge atoms is appropriate for the purpose of
correcting the band gap and the band offset of the whole
Ge/a-GeO2/Ge structures.

It is important to point out that the effective oxide thick-
ness for preventing the tunneling of the charge carriers is
dDOX, not dTOX. This result is based on the fact that the
band offsets gradually increase from the IL to the DOX
and that the maximum VBO and CBO exist only inside
the DOX, as shown in Fig. 2(a). The tunneling wave func-
tion effectively decays inside the DOX, not within the IL,
where the charge carriers may tunnel through the Ge—Ge
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(a)

(c)

(d)

(b)

(e)

FIG. 3. Schematics of tunneling (a) under the (strong) inversion
condition and (b) under the accumulation and reliability test in
the Ge/a-GeO2/Ge structure. Vg , VGI, and ψs are the gate volt-
age, the voltage of the gate insulator, and the surface potential
of Ge, respectively. (c) Direct tunneling current density J DT as
a function of dDOX for Ge/a-GeO2/Ge. In (c), the red symbols
indicate the DB IL structures, while the blue symbols indicate the
HP IL structures. In (c) and (e), the charge carrier concentrations
are ne,h = 1018 cm−3. Effects of the Ge band-gap correction from
0.4 eV (blue/red) to 0.7 eV (black) on (d) T(E)/A and (e) JDT.
(d) is for the GA3 structure with the HP IL and (e) for the GA1
structure with the DB IL and the GA2, GA3, and GA4 structures
with the HP IL. The GA1 structure does not have any available
HP IL structure.

or Si—Si bonds. One drastic example of this is the GA1
structure shown in Fig. 2(b), where Eox

g hardly forms due
to the zero dDOX, even though the dTOX is 0.6 nm. In this
case, the TOX consists only of an IL.

In Table III, the dDOX of approximately 0.85 nm is sug-
gested to be the critical thickness for GA structures. When
the dDOX is in the range of sub-0.85 nm, the Eox

g , VBO,
CBO, WVBO, and WCBO gradually increase as the dDOX
increases. On the contrary, when the dDOX is in the range

of more than 0.85 nm, only the WVBO and WCBO increase
as the dDOX increases with the fully formed Eox

g , VBO, and
CBO retained. For example, the Eox

g , VBO, and CBO in the
GA3 structure with a dDOX of 0.854 nm are already fully
formed; therefore, only the WVBO and WCBO increase in the
GA4 structure with a thicker dDOX of 1.801 nm. For the
sub-1 nm oxide in Si/a-SiO2/Si structures, on the other
hand, a previous study [26] suggested that the minimum
thickness at which the oxide blocks the tunneling would
be 0.7 nm.

To investigate the tunneling properties of the charge
carriers in GA structures, first-principles transport calcu-
lations are performed using the first-principles scattering-
state method [15]. This method is one of the first-principles
transport methodologies based on DFT, which considers
detailed atomic structures and simulates both the linear and
nonlinear electrical transport properties of a nanometer-
scale system without assuming any periodic boundary
condition along the current direction. As indicated in the
lower part of Fig. 1, the atomic structure for the trans-
port calculation is periodic in the x and y axes but is not
periodic in the z axis, and a nanometer-thick oxide region
is placed between the two bulk regions of Ge, which are
semi-infinite in the +z and −z directions, respectively. In
transport calculations, each heterostructure is regarded as
composed of five regions for the theoretical description: a
resistive region, two intermediate regions, and two semi-
infinite bulk regions. Table IV shows the length along z,
which is the sum of the z dimension of the resistive region
and those of the two intermediate regions and the numbers
of Ge and O atoms in these regions.

The lower panels of Figs. 2(b)–2(e) show the tun-
neling spectra per unit area, T(E)/A, where A is the
cross-sectional area of the supercell and T(E) are the aver-
age tunneling probabilities at the charge carrier energy
E over all the tunneling channels n and the compo-
nent k|| of the wave vector parallel to the interface [i.e.,
T(E) = (1/Nk||)

∑
n,k|| Tn(E, k||)]. Each tunneling proba-

bility is estimated by the scattering-state wave function
ψn,E,k|| for the incident state of the nth tunneling channel
of the bulk Ge with energy E and k||. The scattering-state
wave function is obtained using the self-consistent Hamil-
tonian for the GA structures and that for the bulk Ge [15].
The tunneling eigenchannels are obtained by diagonaliz-
ing the transmission matrix, t†t [27]. The physical meaning
of T(E) is the tunneling probability for a charge carrier
energy E in one region of Ge to the tunnel passing through
the oxide to the other region of Ge. As the number of chan-
nels increases linearly with A, T(E) are proportional to A.

The lower panels of Figs. 2(b)–2(e) show the T(E)/A
for the GA structures with different oxide thicknesses. The
red color corresponds to the DB IL, while the blue color
corresponds to the HP IL. Note that T(E) are zero in E
inside the bulk Ge band gap because no propagating state
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TABLE III. Calculated Eox
g , VBO, CBO, WVBO, and WCBO by the LDA + U method for Ge(100)/a-GeO2/Ge(100) structures.

Structure GA1 GA2 GA3 GA4
Eox

g (eV) 0.80 5.42 5.90 5.87
VBO (eV) 0.40 2.83 3.24 3.21
CBO (eV) 0.00 2.19 2.26 2.26
WVBO (nm) 0.00 0.07 0.72 1.72
WCBO (nm) 0.00 0.08 0.55 1.63

exists; T(E)/A are zero from 0.0 to 0.4 eV in the Ge-based
structures [Figs. 2(b)–2(e)]. If the DOX region is absent,
no finite energy range with reduced T(E)/A appears out-
side the band gap of Ge, similar to Fig. 2(b). In contrast,
the presence of the DOX region, which acts as a poten-
tial barrier, greatly reduces the T(E)/A in the energy range
corresponding to the oxide band gap, as shown in Figs.
2(c)–2(e).

The decrement of T(E)/A by the presence of oxide is
typically different between holes and electrons. For the
GA3 structure, the decrement of T(E)/A at 1 eV below
VBMGe and that at 1 eV above CBMGe are significantly
different from each other, as indicated by the vertical black
arrows in the lower panel of Fig. 2(d). This result is
because the WVBO (0.72 nm) is thicker than the WCBO
(0.55 nm), as indicated by the black arrows in the upper
panel of Fig. 2(d), and because the VBO (3.24 eV) is larger
than the CBO (2.26 eV). For simplicity, tunneling through
a one-dimensional (1D) square potential barrier with
height Vo and width 2a is considered. In the limiting case
of a very high and wide barrier, the square of the transmis-
sion amplitude is T(E)1D ∼= exp[−4

√
2m(Vo − E)(a/�)]

for E < Vo, showing that T(E)1D decreases drastically
as the width 2a increases and the energy range for the
decreased T(E)1D becomes wider as the potential barrier
Vo becomes higher. These behaviors are also true for the
3D cases. The value of T(E)/A decreases as the width
of the band offset increases and T(E)/A decreases within
the charge carrier energy range of VBMGe − VBO< E

< VBMGe or CBMGe < E < CBMGe + CBO. Thus,
T(E)/A are affected differently by the width and magnitude
of the band offset; the former affects only the decrement
of T(E)/A at each energy E, while the latter influences
the energy range of the decreased T(E)/A, as well as the
decrement itself.

Regarding the effects of the widths of the band offsets
in the GA structures, there are two important points to
note. First, due to the gradual increase of the band offsets
from the IL to the DOX, the width of the band offset in
the valence band is thickest near VBMGe, while that in
the conduction band is thickest near CBMGe. This result
correspondingly causes the smallest T(E)/A near VBMGe

and CBMGe. Second, the thicker WVBO than WCBO as well
as the larger VBO than CBO induces smaller T(E)/A
near VBMGe than near CBMGe, resulting in asymmetry
in T(E)/A near the band gap of Ge. This result indicates
a lower tunneling current density for the holes than the
electrons, as shown in Fig. 3. Meanwhile, the larger VBO
than CBO results in a wider energy range of the decreased
T(E)/A in the valence band than in the conduction
band.

As dDOX increases up to the approximate critical
thickness of approximately 1 nm in the GA structures,
the T(E)/A values near VBMGe and CBMGe drastically
decrease due to the increase of WVBO and WCBO, as well
as the increase of VBO and CBO. The energy range of
decreasing T(E)/A becomes wider due to the increase of
VBO and CBO with the increase of dDOX. Meanwhile, as

TABLE IV. Structure information used for the transport calculations of Ge(100)/a-GeO2/Ge(100) structures and theoretically esti-
mated direct tunneling current densities, JDT (A cm−2), calculated in an infinite boundary condition along the z axis by the LDA + U
method. The information for Je, Jh:DB IL, HP IL:ne, or nh values (cm−3) is given.

Structure GA1 GA2 GA3 GA4
Length along z (nm) 3.619 4.069 4.468 5.398
Number of Ge/O 191/18 204/40 216/64 248/128
Je:DB:1018 2.0 × 106 1.3 × 104 6.5 × 102 5.9 × 10−1

Je:DB:1020 5.7 × 107 1.7 × 106 2.1 × 104 6.3 × 101

Je:HP:1018 1.9 × 106 2.4 × 104 8.2 × 102 1.4 × 100

Je:HP:1020 5.7 × 107 1.8 × 106 2.5 × 104 7.3 × 101

Jh:DB:1018 2.1 × 104 1.3 × 103 4.1 × 101 1.0 × 100

Jh:DB:1020 2.8 × 106 5.2 × 104 2.0 × 103 2.2 × 102

Jh:HP:1018 2.1 × 104 2.4 × 103 1.8 × 101 2.2 × 10−1

Jh:HP:1020 2.8 × 106 1.6 × 105 2.2 × 103 1.7 × 101
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dDOX increases above the approximate critical thickness of
approximately 1 nm, only the magnitude of T(E)/A within
the fully formed Eox

g rapidly decreases such as from the
GA3 structure [Fig. 2(d)] to the GA4 structure [Fig. 2(e)]
because the GA3 structure has almost full VBO and CBO,
as mentioned earlier. Therefore, in sub-1-nm-thick oxide,
the increase of the oxide thickness induces the decrease
of the T(E)/A in the wider energy range, suppressing the
T(E)/A more strongly inside Eox

g .
Next, the effect of the two different interfacial structures

of the DB IL and HP IL on the tunneling properties is dis-
cussed. As shown in Figs. 2(b)–2(e), the T(E)/A values for
the DB IL and the HP IL are very similar. This fact is con-
firmed in most of the GA structures including structures in
Table V. This indicates that the H passivation has a minor
effect on the T(E)/A at the interface between the semicon-
ductor and the amorphous oxide. For example, as shown
in Fig. 2(d), the H passivation hardly reduces the peak
near CBMGe in the T(E)/A for the GA3 structure induced
from the interface states. This ineffectiveness is presum-
ably due to the irregular bonds at the interface between Ge
and amorphous oxide, which is represented by the discrep-
ancy in the number of defects and in the number of H atoms
shown in Table II. Exceptionally, the peaks near VBMGe in
the T(E)/A for the GA4 structure are significantly reduced
due to the effective passivation by the H atoms. This result
is relevant to the fact that the number of defects and the
number of H atoms are identical only in the GA4 struc-
ture, as shown in Table II. On the contrary, in the previous
study [7], the H passivation of the dangling bonds in the
Si/c-SiO2/Si structures greatly reduced the T(E)/A,
especially near VBMSi, implying the effectiveness of H
passivation at the interface between the semiconductor and
the crystalline oxide.

Using T(E)/A, the direct tunneling current density per
unit area, JDT, is estimated as a function of the electron
(ne) and hole concentrations (nh). The electron tunneling
current density, Je, in the conduction bands can be cal-
culated using the equation Je = 2e/Ah

∫ ∞
CBM T(E)f (E)dE,

and the hole tunneling current density, Jh, in the
valence bands can be estimated using the equation Jh =
2e/Ah

∫ VBM
−∞ T(E)[1 − f (E)]dE. Here, f (E) is the Fermi-

Dirac distribution function at 300 K in the Ge region,
h is the Planck constant, and A is the cross-sectional
area. Although the more precise calculation of Je and Jh
requires taking into account the current flux in the oppo-
site direction, the current flux in the opposite direction
[Je = −2e/Ah

∫ ∞
CBM T(E)f (E + V)dE] is negligible for the

usual bias voltage (V) range of kT � V � barrier height at
the semiconductor/insulator junction. Moreover, T(E) also
have a V dependency due to the modification of the barrier
profile under the application of V. This aspect is also disre-
garded because, under the condition of V � barrier height
(direct tunneling regime), its influence is also not signifi-
cant. Nonetheless, these calculation results can be taken as
the appropriate minimum tunneling leakage current when
a small V is applied to the semiconductor/oxide junction
system. The calculated JDT corresponds to the gate leakage
current density when V is small enough so that change in
T(E)/A is negligible.

It is assumed that ne or nh is close to the substrate
doping concentration because Je and Jh are associated
with the tunneling from the channel to the gate. In
fact, this calculation can be applied quite efficiently to
various cases in MOS field effect transistor (MOSFET)
operation and device performance evaluation. When the
device is under normal operation, i.e., the semiconductor
changes from inversion [the region shown in Fig. 3(a)]

TABLE V. Relaxed atomic structures of Ge(100)/a-GeO2/Ge(100), Ge(110)/a-GeO2/Ge(110), and Ge(111)/a-GeO2/Ge(111) struc-
tures with similar oxide thicknesses. The 100_2 structure is the same as the GA3 structure in Table II.

Ge orientation (100) (110) (111)
Structure 100_1 100_2 100_3 110_1 110_2 110_3 111_1 111_2 111_3
Supercell along z (nm) 5.535 5.597 5.569 6.638 6.646 6.708 4.636 4.774 5.466
Number of Ge/O 288/64 288/64 288/64 368/64 368/64 368/64 208/64 208/64 240/64
A (nm2) 1.129 × 1.129 1.129 × 1.197 0.798 × 1.382
dTOX (nm) 1.318 1.354 1.475 1.377 1.370 1.422 1.436 1.585 1.863
dDOX (nm) 0.774 0.854 0.927 0.839 0.842 0.930 0.928 1.027 1.007
dDOX,ave (nm) 0.852 0.870 0.987
dIL (nm) 0.272 0.250 0.274 0.269 0.264 0.246 0.254 0.279 0.428
dIL,ave (nm) 0.265 ± 0.024 0.259 ± 0.026 0.320 ± 0.130
Numbers of suboxide states, defects, and H atoms in the ILs
Ge1+ 4 10 8 9 8 11 3 13 7
Ge2+ 8 4 5 1 3 2 3 0 4
Ge3+ 3 5 5 5 7 5 4 3 3
Ge4+ 1 1 0 1 1 0 1 0 1
Defect (DB) 8 7 5 8 8 6 4 6 7
H (HP) 8 2 5 4 8 3 4 1 7
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to accumulation-depletion [the off-subthreshold region
shown in Fig. 3(b)] and vice versa, by the positive gate
bias in the n-type MOSFET (nMOS), the electron injection
from the inverted channel to the gate matters. If this injec-
tion is too high, the active power consumption becomes
uncontrollable even if the drain current is higher than the
gate leakage current. In modern nMOS devices, the chan-
nel doping is approximately 1018 cm−3 so that the electron
density of the inversion region is of the same order of
magnitude, meaning that ne can be taken as 1018 cm−3

for this active leakage current calculation. In this case,
the gate voltage is shared by the gate insulator and chan-
nel and, with the small threshold voltage (Vth <∼ 0.5 V)
of nMOS, the voltage drop across the gate insulator is
much smaller than the electron barrier height, satisfying
the above assumption (V � barrier height).

In contrast, when the nMOS device is under the off state
or under the test condition of dielectric reliability of the
gate insulator, the gate bias has a negative sign. In this case,
the band bending in the semiconductor channel becomes
minimal (up to the local chemical potential, μ, mentioned
below) and most of the voltage drop occurs in the gate
insulator. Under this circumstance, the electron injection
from the semiconductor channel to the gate is negligible
because there are almost no electrons within the channel
region. In contrast, the electron injection from the gate,
where ne is as high as 1020 cm−3, becomes the dominant
tunneling leakage current mechanism. Fortunately, Je can
be similarly calculated using the same formula, by simply
taking ne = 1020 cm−3, as long as the gate voltage V �
barrier height, which is mostly the case. There could be
Jh from the channel to the gate, but this must be much
smaller than the above-mentioned Je due to the smaller nh
and the greater barrier height for the holes than the elec-
trons. Therefore, the total leakage current is reasonably
well represented by the electron injection from the gate
to the channel. Again, the calculation results represent the
lower leakage current boundary at a small bias voltage.

For the p-type MOSFET (pMOS), identical arguments
can be applied using all the parameters for the hole-related

ones. The gate bias has a negative polarity during the
normal pMOS-on operation, and has a positive polarity
during the pMOS-off operation and the reliability test.

The theoretical local chemical potentials, μ, for ne and
nh for the GA structure are determined from the density
of states of bulk Ge, such as ne = ∫

DOSGe(E)f (E)dE
and nh = ∫

DOSGe(E)[1 − f (E)]dE. They are located at
0.021 eV below CBM for ne = 1018 cm−3 (at 0.160 eV
above CBM for ne = 1020 cm−3) and at 0.038 eV above
VBM for nh = 1018 cm−3 (at 0.127 eV below VBM for
nh = 1020 cm−3).

When VBO or CBO corresponds to the barrier height of
the charge carriers,�b, the direct tunneling current density,
JDT, is expressed by a semiempirical formula, as follows
[28,29]:

JDT ∝ f (�b)

κ�b
exp

[
− 2

√
2|q|
�

(meff�b)
1/2κ EOT

]
,

where q and meff are the charge and effective mass of the
electrons or holes, respectively; f (�b) is a function of the
potential barrier (�b); κ is the relative optical dielectric
constant of the oxide; and EOT is the equivalent oxide
thickness. For the sub-1-nm-thick oxide,�b is not constant
but varies depending on the DOX thickness.

Figures 3(c) are the calculated direct tunneling current
density of the holes and electrons, Jh and Je, in log scale,
as a function of dDOX for the GA structures in the case of
ne,h = 1018 cm−3, respectively. The red color indicates the
DB IL and the blue color indicates the HP IL. The cal-
culated JDT decays almost exponentially with respect to
dDOX, which is in accordance with the fact that dDOX is
the effective thickness of the potential barrier for charge
carriers, not dTOX, due to the existence of the IL. Table IV
shows Je and Jh with respect to ne, nh, DB IL, and HP IL. In
these results, Je is always higher than Jh, which originates
from the thicker WVBO than WCBO and the larger VBO than
CBO. As discussed previously, a thicker WVBO than WCBO
and a larger VBO than CBO induce a further decreasing

TABLE VI. Calculated Eox
g , VBO, CBO, WVBO, WCBO, and their average values by the LDA + U method for Ge/a-GeO2/Ge

structures with different Ge orientations and similar oxide thicknesses.

Structure 100_1 100_2 100_3 110_1 110_2 110_3 111_1 111_2 111_3
Eox

g (eV) 4.83 5.90 5.80 5.57 5.16 5.39 5.80 5.76 5.55
Eox

g,ave (eV) 5.51 5.37 5.70
VBO (eV) 2.71 3.24 3.13 3.55 2.59 2.87 3.20 3.11 2.93
CBO (eV) 1.72 2.26 2.27 1.62 2.17 2.12 2.20 2.25 2.22
VBOave (eV) 3.03 3.00 3.08
CBOave (eV) 2.08 1.97 2.22
WVBO (nm) 0.67 0.72 0.70 0.78 0.78 0.87 0.79 0.98 0.91
WCBO (nm) 0.47 0.55 0.44 0.34 0.58 0.42 0.52 0.58 0.62
WVBO,ave (nm) 0.70 0.81 0.89
WCBO,ave (nm) 0.49 0.45 0.57
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tendency of T(E)/A in the valence bands than in the con-
duction bands, resulting in a lower Jh than Je. In addition,
the T(E)/A values near VBMGe or CBMGe are most impor-
tant because T(E)/A are integrated dominantly near these
energy ranges in order to estimate JDT. The JDT of the GA
structure with the HP IL tends to be slightly lower than that
with the DB IL, indicating that H passivation does not have
a crucial effect on tunneling.

Figures 3(d) and 3(e) show the effects of the band-gap
correction of Ge from 0.4 eV (red/blue) to 0.7 eV (black)
on the T(E)/A and the JDT. The increase in the band gap
of Ge from 0.4 to 0.7 eV results in the downshift of the
VBO by 0.2 eV and upshift of the CBO by 0.1 eV for
all the GA structures. Consequently, the band-gap increase
causes the parallel shift of T(E)/A by approximately −0.2
eV in the valence bands and by approximately 0.1 eV in
the conduction bands, as shown in Fig. 3(d), keeping sim-
ilar T(E)/A values near the VBMGe and CBMGe due to
small changes in the band offsets. On the other hand, the
effects of the band gap increase from 0.4 (open blue/red) to
0.7 eV (closed black) on JDT are not significant, as shown
in Fig. 3(e), because of the similarly retained T(E)/A val-
ues near the VBMGe and CBMGe, which are important to
estimate JDT.

To examine the effect of the Ge orientation on the elec-
tronic structures and tunneling properties, Ge/a-GeO2/Ge
structures, where the Ge(100), (110), and (111) surfaces
form interfaces with a-GeO2, are generated, as shown

in Fig. 4(a). For each Ge orientation, three different
structures with similar dDOX values are investigated, as
shown in Table V. In accordance with the H passiva-
tion procedure in the manufacturing of Ge-based devices
and the minor effect of H passivation on the tunnel-
ing currents at the interface between the semiconductor
and the amorphous oxide, only the HP IL structures are
considered. Figure 4(b) shows the dDOX, dIL, and dTOX
values, where the average values are indicated as a his-
togram, with the maximum and minimum values indi-
cated as bars at the top of the histogram. In Tables II
and V, the average dIL is 0.282 ± 0.028 nm regardless
of the Ge orientation for all the Ge/a-GeO2/Ge struc-
tures, including the GA1–GA4 structures. In Table V,
the range of the dDOX values is 0.8–1.0 nm for all the
structures, irrespective of the orientation, and the differ-
ence in dDOX for each orientation is less than 0.1 nm.
From the smaller difference in dDOX among the orienta-
tions than the interlayer spacing of approximately 0.13,
approximately 0.19, and approximately 0.24/0.08 nm in
the bulk Ge(100), (110), and (111), respectively, the Eox

g ,
VBO, CBO, WVBO, and WCBO are averaged over three dif-
ferent structures for each orientation, as summarized in
Table VI.

Figure 4(c) shows the VBO, CBO, and the band gap in
the a-GeO2 region (Eox

g ). Eox
g values ranges from 4.83–5.90

eV and their average value is 5.5 eV. The VBO is
commonly larger than the CBO and Table VI shows that

(a) (c)

(d) (e)

(b)

FIG. 4. (a) Relaxed atomic structures of Ge(100)/GeO2/Ge(100), Ge(110)/GeO2/Ge(110), and Ge(111)/GeO2/Ge(111) with the
DB IL. The IL and DOX are colored light and dark gray, respectively. (b) Average dDOX, dIL, and dTOX in the histogram for each Ge
orientation. The maximum and minimum values are shown by bars. (c) Average VBO, CBO, and band gap in the a-GeO2 region (Eox

g ).
(d) Average tunneling current densities for the hole (Jh) and the electron (Je). The band offsets and JDT in (c)–(e) are obtained from the
structures with the HP IL and a 1018 cm−3 ne,h value is used for JDT. (e) JDT vs EOT for all the structures. The solid line is drawn from
the minimum to the maximum JDT for visual guidance.
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TABLE VII. Structure information used for the transport calculations for Ge/a-GeO2/Ge structures with different Ge orientations and
similar oxide thicknesses and the theoretically estimated tunneling current densities, JDT (A cm−2), calculated in an infinite boundary
condition along the z axis by the LDA + U method. The information for Je, Jh:DB IL, HP IL:ne, or nh values (cm−3) is given.

Structure 100_1 100_2 100_3 110_1 110_2 110_3 111_1 111_2 111_3
Length along z (nm) 4.407 4.468 4.441 5.241 5.250 5.311 3.903 4.041 4.733
Number of Ge/O 216/64 216/64 216/64 272/64 272/64 272/64 160/64 160/64 192/64
Je:HP:1018 1.6 × 103 8.2 × 102 8.9 × 101 3.2 × 101 2.1 × 101 2.4 × 101 4.0 × 102 3.0 × 101 2.4 × 101

Je:HP:1020 7.9 × 104 2.5 × 104 6.7 × 103 1.0 × 104 2.6 × 103 4.8 × 103 2.4 × 104 1.9 × 103 1.5 × 103

Jh:HP:1018 1.3 × 101 1.8 × 101 8.3 × 100 6.1 × 100 3.6 × 101 1.5 × 102 1.3 × 101 9.6 × 100 1.1 × 100

Jh:HP:1020 8.3 × 102 2.2 × 103 8.3 × 102 7.4 × 102 1.7 × 103 3.8 × 103 9.9 × 102 6.8 × 102 2.0 × 102

WVBO is also commonly thicker than WCBO, with no obvi-
ous dependencies of VBO, CBO, WVBO, and WCBO on the
Ge orientation. This result may be attributed to the fact that
the interfacial structure is not significantly different among
the different orientations due to the disordered atomic
structure of amorphous oxide. As a result, Je is commonly
higher than Jh, as shown in Fig. 4(d), irrespective of the
Ge orientation. The values of Je and Jh for the different
ne and nh, respectively, are listed in Table VII. Figure
4(e) shows the JDT for all the Ge/a-GeO2/Ge structures,
including the four GA structures (GA1, GA2, GA3, GA4)
in the case of ne,h=1018 cm−3, as a function of EOT, where
the EOT is estimated to be κa-SiO2/κa-GeO2 × dDOX,a-GeO2 =
3.9/4.5 × dDOX,a-GeO2

∼= 0.87 × dDOX,a-GeO2 by using the
experimental static dielectric constant κ of 4.5 for the bulk
a-GeO2 [30] and 3.9 for the bulk a-SiO2 [31]. The current
density Je or Jh shows exponential decay as a function of
EOT regardless of the Ge orientation, as can be seen in
Fig. 4(e). Therefore, it is concluded that the Ge orientation
has no significant effect on the electronic structure and the
tunneling properties.

III. CONCLUSION

The correlations among the atomic structures, band-
gap evolution, and tunneling spectra in the sub-2-nm-thick
oxides in Ge/a-GeO2/Ge structures with respect to the
oxide thicknesses, interfacial structures, and Ge orienta-
tions are presented. The thickness of the stoichiometric
dioxide region excluding the interface layer (IL) is sug-
gested as the effective tunneling-blocking oxide thickness
and it is applicable to other semiconductor/native oxide
structures. The proposed critical oxide thickness for the
thinnest usable a-GeO2 is approximately 0.85 nm. It is
found that the smaller tunneling current density of the
holes than of the electrons results from the larger mag-
nitude and thicker widths of the VBO than those of the
CBO, which is also valid in other semiconductor insula-
tor/semiconductor structures with a larger VBO than CBO.
The hydrogen passivation at the semiconductor/a-oxide
interface is not effective in reducing the tunneling cur-
rent. The crystallographic orientation of the Ge substrate

is found to have no obvious effect on the tunneling current
in semiconductor/a-oxide/semiconductor structures.
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APPENDIX: COMPUTATIONAL METHODS

The atomic and electronic structures are calculated using
the first-principles density-functional method as imple-
mented in the Siesta code [32] and the tunneling spec-
tra are computed using the first-principles scattering-state
method as implemented in the Scarlet code [15]. The
norm-conserving pseudopotentials [33] are used for the
electron-ion interactions. Real-space grids are generated
with 200-Ry cutoff energy and pseudoatomic orbitals
(triple ζ polarization for Ge or Si and double ζ polar-
ization for O) are used to expand the electronic wave
functions. For the Brillouin-zone integration, a 4 × 4 × 1
k-grid for the structure relaxation, a 12 × 12 × 1 k-grid
for the electronic structure, and an 8 × 8 k||-grid for the
tunneling spectra are used, respectively.
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To construct heterostructures of GA structures, an oxide
slab is placed between two Ge(100) slabs, with an approx-
imately 0.1-nm initial separation distance between the Ge
and a-GeO2. The in-plane dimension is a 2aGe × 2aGe
supercell, as presented in Table II. Other orientations are
also created by placing an amorphous oxide slab between
two Ge(110) or Ge(111) slabs; thus, they have differ-
ent in-plane supercell sizes from those with the Ge(100)
orientation, as shown in Table V. The generation proce-
dures of heterostructures are concretely explained in the
Supplemental Material [16].

Preliminary calculations are performed to obtain the
lowest energy Ge/a-GeO2/Ge structure from the initially
same Ge and a-GeO2 slabs using different relaxation con-
ditions. The total energy and numbers of defects at the
IL and the dIL are compared and their tunneling proper-
ties are also extensively explained in the Supplemental
Material [16]. From these preliminary calculations, the
lowest energy structure is obtained by relaxing the super-
cell size along the z axis, as well as relaxing the atoms
inside the amorphous oxide and Ge layers near the inter-
face. The lowest energy structure has the minimum number
of defects at the IL and the thinnest dIL. Therefore, all the
structures in Tables II and V are generated through this
relaxation scheme until all the atomic forces are smaller
than 0.05 eV/Å.
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