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Theoretical details
The electronic ground states are described in terms of localized orbitals in the form of
maximally-localized Wannier functions (MLWFs).! Due to the associated linear scaling of
required computing time, the MLWFs method is especially effective in simulating a realistically
sized device structure.”® The Wannier-function Hamiltonian can be obtained by a Fourier
transform from reciprocal space into real space for any arbitrary k point, as follows:
Hmn (k) = zeik'R Hmn (R)
R 1)
Then, the resulting Hamiltonian matrices can be diagonalized to find energy eigenvalues.
Since the unitary transformations mix the energy bands at each k point, any arbitrary choice of
states inside a prescribed window will affect the localization properties of WFs unless energy gaps
effectively separate the manifold of interest from higher and lower bands. Thus, an additional
disentanglement procedure is introduced to solve this problem,* by extracting the best possible
manifold of a given dimension from the states falling in a predefined energy window.
Using the Hamiltonian matrices calculated in the last step, the zero-temperature conductance
spectrum is computed using the Landauer formula® as implemented in the WanT code®:
2
C-= ziT (Ey)

h 2)
where C is the conductance, T is the transmission function, and E; is the Fermi energy. 2e?/h is the
quantum unit of conductance, where h is the Planck's constant and e is the electronic charge. It
represents the probability that an electron injects at one end and transmits to the other end.

The transmission function is expressed in terms of the Green's function of the conductor and
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the couplings of the conductor to the leads using the Fisher and Lee formula’:

T =T,[[ GT,G"] @)

Here, G'and G? are the retarded and advanced Green’s functions of the conductor. I', and I'g
are the functions that describe the coupling of the conductor to the leads. There are two modes for
computing the transmittance: two-terminal mode the bulk mode. For the two-terminal mode, all of
the information contained in the Hamiltonian is needed, including the on-site Hamiltonian of the
conductor (H00_C) and of left/right leads (HOO_L and HOO_R), the hopping Hamiltonian of
left/right leads (HO1_L and HO1_R), and the coupling between lead and conductor (H_LC and

H_CR); while for the bulk mode, only HO0_C and H_CR are required.

Finally, the total conductance can be computed. Since all the details of the electronic
structure are included in the Hamiltonian matrix, all of the density state for the tunneling transport
are automatically considered when computing the transmission spectrum. This integrated method
allows for a direct link between the nature of the chemical bonds and the electronic transport
properties of the device, providing insight into the mechanisms that govern electron flow at the
nanoscale.

Crystalline silicon. We first consider the structural, electronic and transport properties of
ideal bulk c-Si in order to verify the correctness of the integrated simulation approach. A unit cell
containing 8 silicon atoms is used, with a lattice constant of 5.46 A. The optimized Si-Si bond is
2.35 A, matching well with the experimental result of ~2.35 A. The computed electronic band
structure of c-Si is shown in Fig. S1.
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Fig. S1. Band structure of bulk crystalline silicon. The interpolated Wannier band structure based on a
set of (a) atomic orbitals, and (b) one-, two-Gaussian type orbitals are depicted in orange and blue dots,
respectively. The black lines represent the first-principles band structure based on the Bloch states. The
Fermi level is set at 0 eV, indicated as a black dashed line. All the results are computed at the PBE

level.

To achieve a linear scaling of required computing time, the electron Bloch wavefunctions,
obtained from the ab initio calculation, are translated into the MLWF forms through a unitary
transformation. The band structure is calculated based on the Hamiltonian as represented in a basis



of MLWFs. Since the choice of a suitable set of Wannier functions is the key to construct the
accurate Hamiltonian matrix, we applied two widely used sets of Wannier functions as initial
functions: a set of atomic orbitals and a set of one-, two- Gaussian type orbitals. The results are
compared and plotted in Fig. Slab as orange and blue dots, respectively. To check the accuracy of
the MLWFs method, the electronic band structure of c-Si based on Bloch wavefunctions is also
computed and displayed as solid black lines. The chosen set of MLWFs reproduces the band
structure of c-Si very well. It exhibits a clear indirect band gap of 0.60 eV, which is very close to
the DFT result of 0.61 eV. This result proves that the MLWFs method conserves the accuracy of
the first-principles electronic structure calculations, confirming the reliability of the integrated
method used in this work. Since the accuracy is very similar for atomic orbitals and Gaussian-type
orbitals, while the former costs ~30 % less memory than the latter, we thus used atomic orbitals as
initial Wannier functions for MLWFs in all of the computations.

We then calculated the conductance for bulk c-Si by bulk model. The transport is computed
by interpolating the in-plane k points as integrated into the WanT codes. We found that c-Si has a
clear transmission gap of 0.62 eV (Fig. S2b). This value agrees well with the computed electrical
band gap of 0.61 eV, which is also consistent with the result of the density of states (Fig. S2a). The
guantum conductance is a constant proportional to the number of transmitting channels available
for charge mobility, which are equal to the number of bands at the same energy. This result
indicates a one-to-one correspondence between the band structure and the quantum conductance
spectrum for c-Si. On the other hand, for the amorphous-crystalline interfaces, the conductance
will display a large complex that is related to the channel DOS and contact DOS, which is
discussed in the next section.
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Fig. S2. (a) Spatially integrated density of states, (b) quantum conductance and (c) layer-resolved
density of states of c—Si along the [001] direction. The valence band maximum and conduction band
minimum are highlighted in dashed yellow lines.

Since only the bands around the gap will effectively be involved in the electronic transport,
we examine the layer-resolved density of states (LRDOS) of c-Si to determine the band edges
around the Fermi level. A downshift of 6 eV is applied in Fig. S2c¢ in order to match the electronic
band structure. In this condition, the valence band maximum (VBM) is computed to be at -0.10
eV and the conduction band minimum (CBM) is at 0.53 eV. In Fig. S2c, the band edges are
highlighted in dashed yellow lines. We found that the gap between the VBM and CBM in LRDOS
is ~0.63 eV, which is in good agreement with the transmission gap of 0.62 eV.



(a) c-Si (b) ¢-Si/a-Si0,(0.6 nm )/c-Si
0 =
-1
< -2
T3
E 4
£ 5
5
z -6
-9
o -7
E 8
g 9
g
3 -10
" @ -1
- -12
- -13
|
-14 St R, Pl F 10 R | 144 T T T T T T
0246810121416 0 5 10 15 20 25 30 35
Distance (Angstrom) Distance (Angstrom)
(c) ¢-Si/a-Si0.(0.9 nm )/c-Si (d) ¢-Si/a-Si0.(1.2 nm )/c-Si
0 0
e -1
o -24 < 24
B 3 Z 3
T 4 E 4
g .54 E .54
z 6 z %
& ) Pgye=-1002¢V 2 4
G g me s 7
= -84 = -84
Z 9] g 9
= s R
3 -10 3 -104
o -1 o -4
-12 -124
-13 3 i -13 4
i ' | | \
14 e —————— e —————— -1 —_————
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40
Distance (Angstrom) Distance (Angstrom)

Fig. S3. Electrostatic potential of (a) the c-Si lead and the buffer layer in the c-Si/a-SiO,/c-Si
sandwich structures with thicknesses of (b) 0.6, (c) 0.9 and (c) 1.2 nm a-SiO, tunnel oxide layer.
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