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Abstract — DFT and DFTB models are preferred 

representation for quantum transport simulations of nanodevices 

when atomic features such as defects are considered. This paper 

showcases NEMO5’s new capability to transform nonorthogonal 

DFT and DFTB models into orthogonal mode space 

representations, which reduces the numerical costs of DFT-

quantum transport and enables the inclusion of virtually all other 

NEMO5 simulation features. 
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I. INTRODUCTION 

Today’s semiconductor nanodevice modeling is challenged 
by the advent of new materials and the scaling of interconnects 
and oxides to their ultimate limits. Predicting the reliability and 
performance variability of the respective nanodevices requires 
combining material and defect models with quantum transport 
simulation capabilities. Exotic material combinations, 2D and 
1D materials, irregular interfaces, and point like defects make 
atomic resolutions in the models essential. Density functional 
theory (DFT) is commonly accepted as the method of choice for 
such material and interface challenges. Unfortunately, DFT is 
computationally unfeasible for frequent solutions of quantum 
transport on nanometer structures as needed for machine 
learning based device optimizations [1]. 

Density-functional based tight binding (DFTB) theory has 
been applied on systems well beyond 1000 atoms [2] [,3]. It 
requires a careful, system dependent parameterization to 
faithfully reproduce DFT results [2]. Quantum transport 
methods such as the nonequilibrium Green’s function method 
scale roughly cubically with the number of degrees of freedom 
considered in the system. In spite of DFTB being orders of 
magnitude faster than DFT, it is still computationally too 
expensive to be regularly used as basis representation for 
quantum transport models. 

Low rank approximations, such as the mode space method 
[4], [5] are known to reduce the computational cost of quantum 
transport simulations by several orders of magnitude – 
independent of the underlying basis representation. Therefore, 
the mode space functionality of the multiphysics nanodevice 
simulation tool NEMO5 has been augmented to solve quantum 

transport in DFTB representation which is presented in this 
paper. The underlying implementation creates orthogonal mode 
space representations, which further reduces the computational 
burden of the originally nonorthogonal DFTB representation. 
Thanks to the modularity of NEMO5, the DFTB mode space 
implementation is fully compatible with all previously reported 
modeling features of NEMO5.  

II. METHOD 

A. DFTB parameterization 

The DFTB parameters of any material and interface in the 
considered nanodevices are fitted to ensure DFTB bandstructure 
results match DFT results in systems that involve those materials 
and interfaces but are of DFT compatible size [2]. In systems 
with deviations from the ideal lattice structure such as at 
interfaces between materials of different lattice constant, it is 
critical this fitting process covers all strain and corrugation 
configurations locally encountered in the considered structures 
[2]. This ensures transferability of the DFTB parameters to all 
relevant situations. In this way, the DFTB Hamilton operators 
for system sizes beyond the limit DFT models can cover with 
feasible numerical costs are still faithfully reproducing the DFT 
model’s physics. This process is repeated for any material and 
interface the nanodevice structure contains. This process applies 
to any chosen DFT functional and is thus applicable to any 
material and its preferred DFT model.  

B. Orthogonalization and rank reduction of basis 

Quantum transport calculations are numerically less efficient 
when solved in nonorthogonal models. Since DFTB is a 
nonorthogonal model, any DFTB Hamiltonian of a given device 
is transformed into a device specific, orthogonal basis. This 
orthogonal basis does not have to offer any transferability to 
other devices or structures, since it will be approximate in a later 
step by a lower rank device specific basis set anyways: Mode 
space representations are known to be device specific [4]. In 
NEMO5, this orthogonalization step is done with a fitted tight 
binding Hamiltonian that accurately reproduces the device 
specific DFTB bandstructure data: The nanodevices are sliced 
into slabs along the transport direction. For each slab, DFTB 
Hamiltonian operators are constructed, periodic boundary 
conditions are applied in transport direction and slab specific 
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bandstructures as functions of the momentum in transport 
direction are solved. Those bandstructures are reproduced with 
an orthogonal, low rank mode space representation following 
Ref. 4. 

C. Quantum transport features in real space formulation 

Thanks to the modularity of the NEMO5 code structure, the 
method laid out in the previous sections seamlessly integrates 
with the well-established transport features of NEMO5. Charge 
self-consistent solutions of the quantum transport equations with 
the Poisson equation are unaffected by the newly introduced 
transformation steps. Similarly, scattering in self-consistent 
Born approximation on various phonons and charge impurities 
offers the accuracy and numerical efficiency of the TB models 
it was originally developed for in NEMO5, since all scattering 
models are formulated in real-space to which any basis 
representation can transform to [6], [7]. All other numerical 
performance features apply to DFTB mode space as well [8]-
[11]. 

III. RESULTS 

The new DFTB mode space feature is exemplified on two n-
type nanowires: 1) a square [100] grown Si nanowire with a 
2x2nm cross section, a centered gate of 5nm length and 1nm 
thick oxide (see Figs. 1 and 2); 2) a cylindrical, [111] grown Ge 
nanowire with a 2nm diameter, a centered gate of 5nm length 
and 1nm thick oxide (see Figs. 3 and 4). The explicitly 
discretized device section of each nanowire is 16nm long. All 
nanowire surfaces are passivated with Hydrogen [12]. 

 

Figure 1 Square [100] grown Si nanowire with a 2x2nm cross 

section, a centered gate of 5nm length and 1nm thick oxide viewed 

normal to the transport direction.  

 

Figure 2 Square Si nanowire of Fig. 1 viewed from the side. 

 

Figure 3  Cylindrical, [111] grown Ge nanowire with a 2nm 

diameter, a centered gate of 5nm length and 1nm thick oxide Ge 

nanowire, viewed normal to the transport direction. 

 

Figure 4 Cylindrical Ge nanowire of Fig. 3 viewed from the side. 

A. Benchmark against full representation/correctness 

Figs. 5 and 6 showcase the agreement of the bulk Si and Ge 
bandstructures respectively, solved in DFT HSE06 [13] and 
DFTB+ [14], [15]. Previous work has shown similar agreement 
for DFT and DFTB+ calculations for a list of 2D materials 
across all valence bands for a large number of strain 
configurations [2]. The excellent agreement of DFTB with DFT 
is the essential for the transferability of the DFTB description to 
nanodevices.  

 

Figure 5 Comparison of band structures of bulk Si obtained using 

DFT (red) with DFTB (black). 
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Figure 6 Comparison of band structures of bulk Ge obtained using 

DFT (red) with DFTB (black). 

Fig. 7 compares the DFTB and the low rank approximation 
mode space conduction bands of a slab of the square Si 
nanowire. All conduction bands and the spurious state-free 
bandgap relevant for the operation of the n-type nanowire (for 
source-drain voltages up to 500mV) are accurately reproduced.  

 

Figure 7 Conduction band states of the Si nanowire of Figs. 1 and 2 

for the full basis DFTB Hamitonian (black) compared to those of the 

reduced basis mode space Hamiltonian (red). 

Fig. 8 confirms similar situation for the cylindrical Ge 
nanowire. NEMO5 offers a systematic workflow for the DFT 
based mode space approach of any nanowire system.  

 

Figure 8 Conduction band states of the Ge nanowire of Figs. 3 and 4 

for the full basis DFTB Hamitonian (black) compared to those of the 

reduced basis mode space Hamiltonian (red). 

B. Performance assessment 

The numerical complexity of DFT NEGF is significantly 
higher than the presented DFTB mode space simulations. The 
degrees of freedom for a DFT-NEGF calculation is assumed 
to be the number of plane waves used in the DFT calculation. 
Using a cutoff energy of 500 eV, an HSE06 DFT simulation 
of the Si nanowire structure is going to use approximately 24 
million plane waves. Likewise, a similar DFT simulation of 
the Ge nanowire structure will use more than 94 million plane 
waves at a cutoff energy of 550 eV. The orthogonalized DFTB 
Hamiltonian for the Si nanowire contains only 1,130 basis 
states, and 1,460 basis states for the Ge nanowire. With a 
typically cubic complexity of NEGF, using DFTB over DFT 
yields a speedup factor of approximately 9.7 trillion for Si, 
and 266.8 trillion for Ge. Applying a low rank approximation 
to the DFTB Hamiltonian as done in this work yielded a 
reduced basis of 204 states for Si and 66 states for Ge. This 
provides an additional speedup by factors of 170 for Si (186 
for Ge) resulting in a total speedup vs. the DFT NEGF of 1.65 
1015x for the Si nanowire (2.9 1018x for the Ge nanowire). 

C. Enabled device simulations 

With the beforementioned numerical complexity reduction, 
current/voltage characteristics of the Si and Ge nanowires of 
Figs. 1-4 in their DFT-based representation were possible 
within feasible numerical costs. The calculations ran on 4 
nodes of the Negishi community cluster at the Rosen Center 
for Advanced Computation. With such reduced numerical 
costs and the modularity of the NEMO5 code base, the 
inclusion of incoherent scattering on impurities and phonons 
[6,7], the modeling of electrostatic screening effects of all 
valence bands [9], and many other simulation features of 
NEMO5 are easily available for DFT-based nanodevice 
simulations. 
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Figure 9 Linear scale I-V characteristics for the Si nanowires of 

Figs. 1-2. 

 

Figure 10  Logarithmic scale I-V characteristics for the Si 

nanowires of Figs. 1-2. 

IV. CONCLUSION 

Mode space calculations of DFT and nonorthogonal DFTB 
have been demonstrated for 2 types of nanowires, a squared Si 
and a cylindrical Ge nanowire. The mode space results faithfully 
reproduce DFT bandstructures and transform the equations into 
an orthogonal representation. In this way, all previously reported 
simulation features of NEMO5 are fully compatible with the 
newly added DFT/DFTB-based mode space representation and 
simulations in DFTB representation remain cost-efficient in 
NEMO5.  
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