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Full band quantum transport of heterojunction
electron devices with empirical pseudopotentials

Adel M’foukh, Marco G. Pala Member, IEEE, David Esseni Fellow, IEEE

Abstract—This paper presents the methodology, implementa-
tion and application of a full-band quantum transport model
based on the non-equilibrium Green’s function formalism and
the empirical pseudopotentials. In particular the paper reports
the treatment of heterojunctions between lattice matched semi-
conductors, comprising a gradual transition region described
according to a virtual crystal approximation. Our approach
entails several numerical techniques to make the full-band
quantum transport method computationally affordable, and thus
enable robust and efficient self-consistent device simulations.

Then we employ our simulation scheme for the analysis of
some exemplary devices based on quantum tunnelling, such as
an Esaki tunnelling diode, as well as n- and p-type heterojunction
Tunnel FETs. In particular we investigate the influence on the
current-voltage characteristics of the width of the heterojunction
transition region. We observe that a gradual transition region
mainly affects the device characteristics by lengthening the tun-
nelling path at the heterojunction, which has a different impact
on device current depending on the external bias conditions.

Index Terms—Empirical pseudopotential, quantum transport,
NEGF, heterojunctions, electronic devices.

I. INTRODUCTION

THE aggressive shrinkage of FETs has effectively turned
them into tiny quantum constrictions where quantum

transport effects have become important, such as the source-
drain tunnelling in MOSFETs [1], [2], or the band-to-band-
tunnelling (BTBT) in Tunnel FETs [3], [4]. The interface to
volume ratio has also steadily increased in 3D device archi-
tectures, culminating in CMOS stacked nanowire transistors
[5], [6], [7], [8].

The use of heterojunctions is also an important technol-
ogy option used, among other possible examples, in bipolar
transistors [9][10], as well as in Tunnel FETs [11], [12].
Moreover there is clear experimental evidence that fabricated
heterojunctions are not abrupt, but instead feature a transition
region extending for a few atomic layers [13][14][15], which
solicits an atomistic description of the interfaces.

Actually an atomistic approach is nowadays perceived as
the frontier of transport modelling, and different efforts have
been reported for models based directly on first-principle
calculations, which in turn have become available in several
ab-initio packages [16], [17].

An empirical pseudopotentials method (EPM) provides an
interesting compromise between accuracy and computational
burden, in that it can accurately and effectively describe both
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bulk and nanostructured semiconductors by using only few
fitting parameters [18], [19], [20], [21], [22]. Some recent
papers have explored the use of the EPM for transport mod-
elling by using either a quantum transmitting boundary method
[23], [24], [25], [26], or a Non Equilibrium Green’s Function
(NEGF) method [27], [28], [29]. However, no attempts have
been reported to our knowledge for the use of such transport
methods for electron devices whose operation relies on the
heterojunction of different semiconductors.

In this work we report a substantial extension of our recent
work related to EPM based quantum transport, and we describe
the treatment of lattice matched heterojunctions in nanoscale
devices. We here propose a methodology for the description
of either abrupt or gradual heterojunctions, where the EPM
parameters are changed with the position so as to ensure a
correct alignment of conduction and valence band edges along
the heterojunction. The NEGF based formalism for quantum
transport is also extended in order to duly account for a non
homogeneus system. Two exemplary and yet technologically
relevant case studies are then addressed, namely a III-V
semiconductor based Esaki diode and both n- and p-type
heterojunction Tunnel FETs.

The paper is organized as follow. Section II illustrates the
self-consistent transport model by focussing on the treatment
of heterojunction within the EPM method. In Sec. III we
report some simulation case studies for devices employing
heterojunctions, and in Sec. IV we finally offer our concluding
remarks.

II. MODEL DESCRIPTION

Here we briefly describe the full-band model employed in
this work for band-structure and quantum transport calcula-
tions, which is based on the empirical pseudopotential method
(EPM) [30], [31]. The general methodology has been already
described in previous publications [27], [28], so that we here
focus on the aspects related to the treatment of heterojunctions
that have been explicitly developed for this work.

We used a local formulation of the EPM where, for a
diamond semiconductor (e.g. Si or Ge) or a zinc-blende
compound (e.g. GaAs, InAs), the spectral components of the
pseudopotential can be written as [30], [31]

VL(G) = US(|G|) cos[G · τ ] + iUA(|G|) sin[G · τ ] (1)

where G is a reciprocal lattice vector and τ=(1/8)a0(1, 1, 1)
is the atomic basis vector. The material dependent US(|G|),
UA(|G|) denote respectively the symmetric and antisymmetric
form factors, with UA(|G|) being null for diamond materials.
It is well known that the full band relation of most techno-
logically relevant semiconductors can be described well by
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using only three non null US(|G|) and UA(|G|) form factors,
corresponding to |G|2=3, 8, 11 [2π/a0]2 for US(|G|) and to
|G|2=3, 4, 11 [2π/a0]2 for UA(|G|) (with a0 being the lattice
constant) [30].

The quantum transport model used in this work relies
on the Non Equilibrium Green’s Function (NEGF) method
formulated in a hybrid basis, xKyz , consisting of a discretized
real space in the transport direction x and of plane waves in
the (y,z) directions [28]. In the hybrid basis the Hamiltonian
matrix inside a given semiconductor takes the block tridiagonal
form


H(x1, x1) H0,1 0 0 · · ·

H†0,1 H(x2, x2) H0,1 0 · · ·

· · ·
. . .

0 0 H†0,1 H(xj , xj) H0,1 0 · · ·
· · · · · · · · ·


(2)

where xj is a discretization point in the transport direction. For
a 3D electron gas (i.e. no quantum confinement in directions
y, z) the size of each blocks in Eq. (2) is M3D = 2NG/Nd,
where NG is the number of G vectors in EPM calculations
(which is in turn set by the EPM cutoff energy), and Nd is the
number of discretization points inside a unit cell. For a 2D or a
1D electron gas the Hamiltonian matrix still has the tridiagonal
form in Eq. (2), but the size of the blocks is increased [28].
In all the calculations of this work we used Nd=32, and an
EPM cutoff energy Ecut= 4.5 Ry corresponding to NG≈800.

Fig. 1. Pictorial illustration of the blocks of the Hamiltonian matrix across
a gradual heterojunction where, in order to simplify the notation, one end
of the heterojunction has been placed at x=0. WHJ is the width of the
heterojunction transition region and d=a0/Nd is the discretization step along
x. The notation is consistent with Eq.2. In the heterojunction region the
EPM parameters change with the position and thus contribute to the position
dependence of the diagonal Hamiltonian blocks, HHJ (xi, xi).

A. Modelling of heterojunctions with the EPM method

For a homogeneous semiconductor the diagonal blocks
H(xj , xj) in Eq. (2) depend on xj only through the local
pseudopotential VL(xj ,Gyz−G′yz), which is obtained via a
discrete Fourier transform from the Gx to the xj and it is
periodic of a0 [28]. In this work we studied lattice matched
heterojunctions by using a virtual crystal approximation [32],
whose soundness has been proved also for quaternary alloys
[33]. In this approach the EPM parameters US(|G|), UA(|G|)
change along the transport direction so as to describe either

an abrupt heterojunction, or a gradual heterojunction having a
transition width, WHJ , long up to a few lattice constants [34].
More precisely, the Hamiltonian blocks of the two materials
are first computed in the hybrid space xKyz , then they
are patched at adjacent positions to form the heterojunction.
This approach implies that at the heterojunction interface a
discontinuity exists in the empirical pseudopotential. For the
case at study in this paper, however, such a discontinuity
is small because GaSb and InAs have similar EPM spectral
components (see Tab. I) The coupling Hamiltonian matrix
between adjacent blocks is simply given by the spatial dis-
cretization of the kinetic energy operator [28], hence it is
material independent.

TABLE I
EPM PARAMETERS IN RY FOR GASB AND INAS EMPLOYED IN THIS
WORK. US(0) IS SET TO 0 FOR INAS AND TO 0.84 EV FOR GASB.

US(3) US(8) US(11) UA(3) UA(4) UA(11)
GaSb -0.22 0 0.05 0.06 0.05 0.01
InAs -0.22 0 0.05 0.08 0.05 0.03

Fig. 2. (Left) Highest valance bands and lowest conduction bands for GaSb
and InAs along the main symmetry points inside the first Brillouin zone and
(right) the corresponding density of states.

In the description of heterojunctions via the EPM method
the correct alignment of conduction and valence band edges
between the different materials must be ensured. At this
regard, Eq. (1) shows that a non zero US(0)=US(|G|=0)
simply results in a rigid shift of VL and thus of the band-
structure of a given material. Consequently, in the analysis of
a homogeneous system one typically sets US(0)=0, because
US(0) can be absorbed in the choice of the energy reference.

In our modelling of heterojunctions, however, US(0) has
been changed in order to ensure the correct alignment of the
conduction and valence band edges of the constituent mate-
rials, which is an approach already discussed and validated
in [35]. For devices including heterojunctions the position
dependence of the EPM parameters contributes to the xj
dependence of the diagonal Hamiltonian blocks H(xj , xj) in
Eq. (2), as it is illustrated in the sketch of Fig. 1.

Tab. I reports the EPM parameters for GaSb and InAs used
in all the calculations of this work, and Fig. 2 illustrates
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Fig. 3. (a) Electron effective mass m∗ at the Γ minimum point of the
conduction band versus the molar fraction x of the alloy GaSb1−xInAsx.
(b) Top of valence band, bottom of conduction band and band-gap versus the
molar fraction. The energy reference is the top of the InAs valence band.

the bandstructure of the two materials, as well as the cor-
responding density of states. As it can be seen, the GaSb-
InAs heterojunction provides a broken bandgap system, in the
sense that the bottom of the InAs conduction band is slightly
below the top of the GaSb valence band. By varying the molar
fraction x in GaSb1−xInAsx the corresponding effective mass
at the Γ minimum of the conduction band change as reported
in Fig. 3

B. Quantum transport

Our transport model is based on the NEGF method, where
the transport equations are self-consistently solved with the
Poisson equation for the overall device electrostatics. For bal-
listic transport the retarded Green’s function can be formally
defined as Gr(E)=[EI−H−ΣL −ΣR]−1, where H is the
Hamiltonian matrix in Eq. (2), and ΣR/L are the left and right
contact self-energies. Because only a small subset of the blocks
of Gr(E) are needed to calculate the carrier density and
the current, we here employed the recursive Green’s function
algorithms based on Dysons’s equations [36], which make the
size of the Hamiltonian blocks the crucial parameter for the
computational burden.

In this latter respect, we could obtain a substantial reduction
of the size of such blocks by employing a mode-space trans-
formation [37]. Differently from Ref.[28], the modes along the
heterojunction direction change with the position xj , which we
duly accounted for in the transformation of the Hamiltonian
to the mode space.

In the case studies of this work we found that, by selecting
only the lowest energy transverse modes in each device sec-
tion, the size of the Hamitonian blocks could be vastly reduced
compared to the blocks in Eq. (2). Even in heterojunction
devices, in fact, a few tens of modes were sufficient to achieve
results that agree within a few percent with those obtained
without introducing the mode space reduction.

III. SELF-CONSISTENT DEVICE SIMULATIONS

In this section we report exemplary simulation results ob-
tained with the EPM based simulation methodology devel-
oped in this work for two band-to-band-tunnelling (BTBT)
based devices employing a GaSb-InAs heterojunction. In all
simulations the NEGF transport equations were solved self-
consistently with the Poisson equation describing the device
electrostatics. All simulations were carried at room tempera-
ture and for the transport direction [100].

Fig. 4. (Top) Sketch of the Esaki diode where red is used for InAs and blue
is used for GaSb, and (bottom) corresponding current density, JD , versus the
applied bias VD , for different widths, WHJ , of the heterojunction transition
region. The inset shows a focus on the negative differential resistance region.

Fig. 5. (Left) Conduction and valence band profile along the Esaki diode
for different widths WHJ of heterojunction transition region. The source
Fermi level, Ef,n in the n region is taken as the energy reference. (Right)
Corresponding current spectrum at ky = kz = 0, JD , versus the energy and
for different WHJ . The bias is VD = 0.1V
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A. Esaki tunnelling diode

The Esaki diode is sketched in Fig. 4 and consists of a p-
type GaSb region and an n-type InAs region. The doping of the
p and n-type regions was set to respectively NA=1020 cm−3

and ND=3× 1019 cm−3, which result in a degenerate carrier
gas in both regions. We assumed periodic boundary conditions
along the transverse directions and sampled the wave vectors
ky and kz with a constant step of ∆ky = ∆kz = 0.05 2π/a0.

The current per unit area, ID, versus the applied bias VD
of the Esaki diode is shown Fig. 4 for different widths, WHJ ,
of the heterojunction transition region. In the forward bias a
negative differential resistance (NDR) is observed, which is
more clearly illustrated in the inset of the figure. As it can
be seen the peak current in the NDR region decreases for
more gradual heterojunctions (i.e. for larger WHJ ), and it is
maximum for the abrupt case. A similar dependence of ID
on WHJ is observed also in the reverse bias region, where
the current is still completely dominated by BTBT in the bias
range explored in Fig. 4.

Fig. 5 illustrates the conduction and valence band profiles
along the device for VD=0.1 V (i.e. approximately at the peak
current in the NDR region), as well as the energy resolved
current density JD. As expected the JD is practically relevant
only in the narrow Fermi energy window identified by the
Fermi levels Ef,n and Ef,p of respectively the n- and p-
region. Moreover, the narrower the transition region WHJ

is the shorter is the BTBT path, which in turn leads to the
corresponding ID increase in Fig. 4.

TABLE II
DEVICE PARAMETERS FOR THE HETEROJUNCTION n-TYPE TUNNEL FET
SIMULATED IN FIG. 6. Tch , LG , LS/D , NA , ND DENOTE THE CHANNEL
THICKNESS, THE GATE LENGTH, THE SOURCE/DRAIN LENGTH AND THE

DOPANT CONCENTRATIONS IN THE SOURCE AND DRAIN REGION,
RESPECTIVELY.

Tch LG LS/D NA ND

[nm] [nm] [nm] [cm−3] [cm−3]
GaSb/InAs 3.0 16 14 1020 1019

B. Ultra-thin body, heterojunction Tunnel FETs

Nanoscale FETs are often fabricated by using ultra-thin
semiconductor films or nanowires, which can induce sig-
nificant quantum confinement effects in the resulting low
dimensional electron gas, as it is the case for the Tunnel
FETs (TFETs) simulated in this section. The modelling of
quantum confinement in our EPM based formalism has been
described in Sec.II.A of reference [28], and it is based on a
pseudo-oxide material. The EPM parameters of the pseudo-
oxide are tailored so as to obtain the appropriate discontinuity
at the semiconductor-oxide interface of the conduction band
minimum and valence band maximum, which in turn confine
the carriers in the semiconductor region. For both the n- and
the p-type TFETs we used a physical oxide thickness of 1.5 nm
and a relative dielectric constant κ=10, corresponding to an
equivalent oxide thickness of 0.6 nm. The transverse wave vec-
tor ky was sampled with a constant step of ∆ky = 0.05 2π/a0.

Fig. 6. (Top) Sketch of the simulated n-type HJ TFET. (Middle) Conduction
and valence band profile at different VGS and Fermi level in the source
region Ef,S and drain region Ef,D for a abrupt heterojunction GaSb-InAs
n-type tunnel FET. (Bottom) Drain-current versus gate-voltage characteristics
at VDS=0.3 V for different widths, WHJ , of the heterojunction transition
region. The metal gate workfunction was set to 4.625 eV.

In this work we used the pseudo-oxide EPM parameters
proposed in [28], which result in a conduction and valence
band discontinuity between InAs and the pseudo-oxide of
respectively 3.8 eV and 4.5 eV.

A sketch of the n-type heterojunction Tunnel FET is shown
in Fig. 6 and the main device parameters are reported in
Tab. II. Fig. 6 also reports the current versus gate voltage
characteristics of the TFET for different widths, WHJ , of the
GaSb-InAs heterojunction and for VDS=0.3 V. For both the
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Fig. 7. Local density of states, LDOS, for the T-FET simulated in Fig.6.
(a),(c) report the LDOS in the off state for VGS=0.0V and VDS=0.3V ;
(b),(d) report the LDOS in the on state for VGS=0.4V and VDS=0.3V .
Plots in (a) and (b) correspond to an abrupt heterojunction (i.e. WHJ=0),
while plots in (c) and (d) correspond to WHJ=3a0.

n- and p-type TFET the metal gate workfunction was adjusted
so that the off current (i.e. the ID at VGS = 0 V and VDS

= 0.3 V) is approximately 1 nA/µm. The transistor exhibits
a very steep sub-threshold region with a sub-threshold swing
below 60 mV/dec, which is an expected result for a device with
no defects and with an semiconductor-oxide interface free of
traps and microscopic roughness [38], [39].

Quite interestingly the width WHJ of the GaSb-InAs hetero-
junction has no sizeable influence on the subthreshold current
and swing but it does affect the on current, which is in fact
degraded when the transition region is wider. Fig. 7 shows that
the markedly different influence of WHJ on the off and on
current is again related to its modulation of the band-to-band-
tunnelling path. In the off-state, in fact, the impact of WHJ

on the relatively long BTBT path is only modest, whereas in
the on state the relative importance of WHJ is larger because
the tunnelling path is much shorter.

TABLE III
DEVICE PARAMETERS FOR THE HETEROJUNCTION p-TYPE TUNNEL FET

SIMULATED IN FIG. 8.

Tch LG LS/D NA ND

[nm] [nm] [nm] [cm−3] [cm−3]
InAs/GaSb 3.7 16 14 5 × 1019 2 × 1019

By leveraging the inherently full-band nature of our EPM
based modelling approach, we also investigate a p-type het-
erojunction Tunnel FET, whose sketch is shown in Fig. 8 and
whose parameters are reported in Tab. III. Due to the fairly
low conduction band density of states of InAs, the source
doping ND=2 × 1019 cm−3 is large enough to induce a
strongly degenerate electron gas in the source. Such a doping
concentration is fairly consistent with the value recommended
in Ref. [40], which was the outcome of an optimization of
the tunnelling junction operation. The current-voltage char-
acteristics in Fig. 8 show that the p-type Tunnel FET can
hardly achieve a sub-threshold swing below 60 mV/dec, with a
degraded minimum swing compared to the n-type counterpart

Fig. 8. (Top) Sketch of the simulated p-type HJ TFET. (Middle) Conduction
and valence band profile at different VGS for a abrupt HJ GaSb-InAs p-
type tunnel FET. (Bottom) Drain-current versus gate-voltage characteristics
for different widths, WHJ , of the heterojunction transition region. The metal
gate workfunction was set to 4.665 eV.

in Fig. 6. This result is not unexpected because the low
density of states in the source region leads to a relatively
large screening length of the electric field produced by the
gate bias (compared to the p-type source of the n-type Tunnel
FET) [41], which in turn degrades the sub-threshold swing [4].

As for the influence of the width WHJ of the heterojunction
transition region on the current-voltage characteristic of the
device, the main features observed for the n-type Tunnel
FET are confirmed. Namely, WHJ hardly affects the sub-
threshold region, where the tunnelling distance is substantially
larger than WHJ , whereas the on current of the device is
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progressively reduced for increasing WHJ . In the on state, in
fact, a gradual transition region for the heterojunction results
in a sizeable lengthening of the tunnelling path.

IV. CONCLUSION

We have presented the implementation and application of a
full band quantum transport methodology for nanoscale elec-
tron devices with heterojunctions. The model was developed
in the framework of the empirical pseudopotentials method,
and the heterojunctions were described according to a virtual
crystal approximation, which allowed us to investigate the
influence on the device characteristics of a gradual interface
between the constituent materials.

We then leveraged the inherently full-band nature of the
model and reported results for an n- and a p-type, ultra-thin
body heterojunction Tunnel FET, as well as for an Esaki diode.

The interface at the heterojunction was varied from the
abrupt case to a more realistic transition width extending up
to a few unit cells. The tunnelling current in the Esaki diode
was found to be sensitive to the width of the heterojunction
both in reverse bias and in the negative resistance region. In
the GaSb-InAs Tunnel FETs the transition width affects the
current only in the on-state. In the sub-threshold region, in
fact, the effective tunnelling path is much larger than WHJ

and thus it is not appreciably modulated by heterojunction
width.

The results of this work qualify our methodology based on
the empirical pseudopotentials and the NEGF formalism as a
viable approach for the modelling and design of homojunction
and heterojunction nanoscale electron devices.
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Voinigescu, E. Preisler, J. Böck, and A. Mukherjee, “Sige hbt technol-
ogy: Future trends and tcad-based roadmap,” Proceedings of the IEEE,
vol. 105, no. 6, pp. 1068–1086, 2017.

[11] U. E. Avci, D. H. Morris, and I. A. Young, “Tunnel field-effect
transistors: Prospects and challenges,” IEEE Journal of the Electron
Devices Society, vol. 3, no. 3, pp. 88–95, 2015.

[12] S. Brocard, M. Pala, and D. Esseni, “Large On-Current Enhancement
in Hetero-Junction Tunnel-FETs via Molar Fraction Grading,” Electron
Device Letters, IEEE, vol. 35, no. 2, pp. 184–186, Feb 2014.

[13] M. K. Hudait, Y. Lin, and S. A. Ringel, “Strain relaxation properties
of inas metamorphic materials grown on inp substrates,” Journal of
Applied Physics, vol. 105, no. 6, p. 061643, 2009. [Online]. Available:
https://doi.org/10.1063/1.3098232

[14] P. Guo, Y. Yang, Y. Cheng, G. Han, J. Pan, Ivana, Z. Zhang, H. Hu,
Z. Xiang Shen, C. Kean Chia, and Y.-C. Yeo, “Tunneling field-effect
transistor with ge/in0.53ga0.47as heterostructure as tunneling junction,”
Journal of Applied Physics, vol. 113, no. 9, p. 094502, 2013. [Online].
Available: https://doi.org/10.1063/1.4794010

[15] Y. Zhu, M. K. Hudait, D. K. Mohata, B. Rajamohanan, S. Datta,
D. Lubyshev, J. M. Fastenau, and A. K. Liu, “Structural, morphological,
and defect properties of metamorphic in0.7ga0.3as/gaas0.35sb0.65 p-
type tunnel field effect transistor structure grown by molecular beam
epitaxy,” Journal of Vacuum Science & Technology B, vol. 31, no. 4, p.
041203, 2013. [Online]. Available: https://doi.org/10.1116/1.4812793

[16] G. Kresse and J. Furthmüller, “Efficiency of ab-initio total
energy calculations for metals and semiconductors using
a plane-wave basis set,” Computational Materials Science,
vol. 6, no. 1, pp. 15 – 50, 1996. [Online]. Available:
http://www.sciencedirect.com/science/article/pii/0927025696000080

[17] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, G. L. Chiarotti, M. Cococcioni, I. Dabo, A. Dal Corso,
S. de Gironcoli, S. Fabris, G. Fratesi, R. Gebauer, U. Gerstmann,
C. Gougoussis, A. Kokalj, M. Lazzeri, L. Martin-Samos, N. Marzari,
F. Mauri, R. Mazzarello, S. Paolini, A. Pasquarello, L. Paulatto,
C. Sbraccia, S. Scandolo, G. Sclauzero, A. P. Seitsonen, A. Smogunov,
P. Umari, and R. M. Wentzcovitch, “Quantum espresso: a modular and
open-source software project for quantum simulations of materials,”
Journal of Physics: Condensed Matter, vol. 21, no. 39, p. 395502
(19pp), 2009. [Online]. Available: http://www.quantum-espresso.org

[18] L.-W. Wang, A. Franceschetti, and A. Zunger, “Million-Atom Pseudopo-
tential Calculation of Γ − X Mixing in GaAs/AlAs Superlattices and
Quantum Dots,” Phys. Rev. Lett., vol. 78, no. 14, pp. 2819–2821, 1997.

[19] L.-W. Wang and A. Zunger, “Linear combination of bulk bands method
for large-scale electronic structure calculations on strained nanostruc-
tures ,” Phys. Rev. B, vol. 59, no. 24, pp. 15 806–15 818, 1999.

[20] F. Chirico, A. Di Carlo, and P. Lugli, “Efficient Self-consistent pseu-
dopotential calculation of nanostructured devices,” Phys. Rev. B, vol. 64,
p. 045314, 2001.

[21] D. Esseni and P. Palestri, “Linear combination of bulk bands method
for investigating the low-dimensional electron gas in nanostructured
devices,” Phys. Rev. B, vol. 72, no. 16, pp. 165 342.1–165 342.14, Oct
2005.

[22] J.-L. van der Steen, D. Esseni, P. Palestri, L. Selmi, and R.J.E. Hueting,
“Validity of the parabolic Effective Mass Approximation in silicon
and germanium n-MOSFETs with different crystal orientations,” IEEE
Trans. on Electron Devices, vol. 54, no. 8, pp. 1843–1851, 2007.

[23] Xiang-Wei Jiang, Shu-Shen Li, Jian-Bai Xia, and Lin-Wang
Wang, “Quantum mechanical simulation of electronic transport in
nanostructured devices by efficient self-consistent pseudopotential
calculation,” Journal of Applied Physics, vol. 109, p. 054503, 2011.
[Online]. Available: http://dx.doi.org/doi/10.1063/1.3208067

[24] J. Fang, W. G. Vandenberghe, B. Fu, and M. V. Fischetti,
“Pseudopotential-based electron quantum transport: Theoretical
formulation and application to nanometer-scale silicon nanowire
transistors,” Journal of Applied Physics, vol. 119, p. 035701, 2016.
[Online]. Available: http://dx.doi.org/doi/10.1063/1.3208067

[25] J. Fang, S. Chen, W. G. Vandenberghe, B. Fu, and M. V. Fischetti, “The-
oretical Study of Ballistic Transport in Silicon Nanowire and Graphene



7

Nanoribbon Field-Effect Transistors Using Empirical Pseudopotentials,”
Electron Devices, IEEE Transactions on, vol. 64, no. 6, pp. 2758 – 2764,
2017.

[26] M. L. Van de Put, M. V. Fischetti, and W. G. Vandenberghe, “Scalable
atomistic simulations of quantum electron transport using empirical
pseudopotentials,” arXiv preprint arXiv:1903.00548, 2019.

[27] M. G. Pala and D. Esseni, “Full-band quantum simulation of electron
devices with the pseudopotential method: Theory, implementation, and
applications,” Phys. Rev. B, vol. 97, p. 125310, Mar 2018. [Online].
Available: https://link.aps.org/doi/10.1103/PhysRevB.97.125310

[28] M. Pala and D. Esseni, “Quantum transport models based on NEGF and
empirical pseudopotentials for accurate modeling of nanoscale electron
devices,” Journal of Applied Physics, vol. 126, no. 5, p. 055703, Aug.
2019. [Online]. Available: https://hal.archives-ouvertes.fr/hal-02350925

[29] M. G. Pala, P. Giannozzi, and D. Esseni, “Unit cell restricted
bloch functions basis for first-principle transport models: Theory and
application,” Phys. Rev. B, vol. 102, p. 045410, Jul 2020. [Online].
Available: https://link.aps.org/doi/10.1103/PhysRevB.102.045410

[30] J. R. Chelikowsky and M. L. Cohen, “Electronic structure of silicon,”
Phys. Rev. B, vol. 10, no. 12, pp. 5095–5107, Dec 1974.

[31] M. L. Cohen and J. R. Chelikowsky, Electron Structure and Optical
Properties of Semiconductors. Springer Series in Solid-State Sciences.
Springer-Verlag Berlin Heidelberg New York London Tokyo, 1988.

[32] L. Bellaiche and D. Vanderbilt, “Virtual crystal approximation revisited:
Application to dielectric and piezoelectric properties of perovskites,”
Phys. Rev. B, vol. 61, pp. 7877–7882, Mar 2000. [Online]. Available:
https://link.aps.org/doi/10.1103/PhysRevB.61.7877

[33] I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, “Band parameters for
III–V compound semiconductors and their alloys,” Journal of Applied
Physics, vol. 89, no. 11, pp. 5815–5875, 2001.

[34] B. M. Borg, K. A. Dick, B. Ganjipour, M.-E. Pistol, L.-E. Wernersson,
and C. Thelander, “Inas/gasb heterostructure nanowires for tunnel field-
effect transistors,” Nano letters, vol. 10, no. 10, p. 4080, 2010.

[35] P. Friedel, M. S. Hybertsen, and M. Schlüter, “Local empirical
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