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Abstract—We present first-principles quantum transport sim-
ulations of single-walled carbon nanotubes based on the NEGF
method and including carrier-carrier interactions within the self-
consistent GW approximation. Motivated by the characteristic
enhancement of interaction between charge carriers in one-
dimensional systems, we show that the developed framework can
predict Auger recombination, hot carrier relaxation, and impact
ionization in this type of nanostructures. Using the computed
scattering rates, we infer the inverse electron-hole pair lifetimes
for different Auger processes in several device configurations.

Index Terms—CNT, Auger recombination, NEGF, GW

I. INTRODUCTION

Experimental investigations on semiconducting single-
walled carbon nanotubes (SWCNs) have revealed the strong
role of electron-electron (e-e) interactions in these devices
[1–3]. First, the measured bandgap is greater than the one
predicted by Density Functional Theory (DFT). Second, non-
radiative Auger recombination [2] and avalanche-type pro-
cesses [3] are observed, which are clear signatures that strong
e-e interactions may occur. These findings have led to theoreti-
cal studies of SWCNs that go beyond one-electron models [4].
However, a complete ab initio treatment of the e-e interactions
in non-equilibrium quantum transport simulations remains
missing. Self-consistently treating e-e scattering within the
Non-equilibrium Green’s function (NEGF) formalism and the
GW approximation (scGW) is indeed a formidable challenge.
It has only been successfully addressed in small molecules
due to the high computational burden associated with such
calculations [5]. In this work, we present a fully ab initio
scGW simulation study of (8,0)-SWCN devices. We demon-
strate that our method naturally accounts for Auger processes
under different doping and bias configurations of the SWCN
as well as under non-equilibrium conditions. To the best of
our knowledge this is the first ab initio study of e-e scattering
in non-equilibrium devices.

II. METHOD

A. Hamiltonian Generation

We first perform a DFT calculation of the (8,0)-SWCN
unit cell with VASP [6] using GGA-PBE pseudo-potentials,
assuming that the nanotube transport direction is periodic. We
then use wannier90 [7] to transform the plane-wave basis into
a set of maximally localized Wannier functions (MLWF) and

upscale the Hamiltonian to the size of the device of interest.
We created a SWCN with a diameter of 6.29 Å, a length of
roughly 12 nm, and made of 896 atoms with one single orbital
per atom. (Fig. 1a-b).

B. Non-Equilibrium scGW

The following equation must be solved to obtain the retarded
Green’s function GR(

E −H − ΣR
B(E)− ΣR

GW (E)
)
·GR(E) = I, (1)

where E is the energy vector, H is the Hamiltonian matrix
and ΣR

B and ΣR
GW are the retarded boundary and GW self-

energies, respectively. I denotes the identity matrix. The lesser
and greater Green’s function G≶ are given by

G≶(E) = GR(E) · Σ≶(E) ·GR†
(E). (2)

Here, Σ≶ denotes the sum of the lesser and greater boundary
and GW self-energies. The retarded, lesser, and greater GW
self-energies are given by

Σ
≶
GW,ij = i

∫
dE′[G

≶
ij(E

′)W
≶
ij (E − E′)], (3)

ΣR
GW,ij = i

∫
dE′[GR

ij(E
′)W<

ij (E − E′)

+G<
ij(E

′)WR
ij (E − E′)

+GR
ij(E

′)WR
ij (E − E′)], (4)

where W is the screened interaction. The self-energy matrix
elements between orbital index i of an atom situated at position
Ri and another one j at Rj in Eqs. (3) and (4) are found by
performing the convolution in an element-wise fashion. Note
that all energy convolutions are explicitly calculated in the
energy space, not through Fourier transform. The retarded,
lesser, and greater screened interactions are calculated using

WR(E) = [I − Ṽ PR(E)]−1Ṽ , (5)

W≶(E) = WR(E)P≶(E)WR†
(E). (6)

The equations for the components of the irreducible polar-
ization P in the energy domain read

P
≶
ij = −i

∫
dE′[G

≶
ij(E

′)G
≷
ji(E

′ − E)], (7)
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Fig. 1: Workflow of the simulation process. (a) Electronic structure calculation with ab initio DFT as implemented in VASP
[6]. (b) Transformation into a set of maximally localized Wannier functions (MLWFs) with wannier90 [7]. (c) Evaluation of
the bare Coulomb potential Ṽ based on the real-space Wannier functions. (d) Calculation of the Non-Equilibrium scGW-loop.
After convergence device observables can be extracted. Here, the calculation is performed for a (8-0)-SWCN with a diameter
of 6.29 Å and containing 896 atoms. The nanotube is about 12 nm long.

PR
ij = −i

∫
dE′[GR

ij(E
′)G<

ji(E
′ − E)

+G<
ij(E

′)GA
ji(E

′ − E)]. (8)

To compute Eq. (5) the bare Coulomb matrix elements are
needed. The real-space representation of the MLWF is used
to calculate the Coulomb matrix elements Ṽ ′

ij :

Ṽ ′
ij =

∫ ∫
drdr′

|ϕi(r)|2|ϕj(r
′)|2

|r− r′|
. (9)

In Eq. (9), the ϕi’s denote a single MLWF in a real-space
basis. The approach outlined in [5] is used to first compute an
electrostatic potential induced by one of the two wavefunctions
and then integrating the potential weighted by the second
wavefunction over space. The matrix must be upscaled to
the device structure. Since the wavefunctions obey lattice
periodicity, off-diagonal blocks can be computed by shifting
one wavefunction into a different cell and then computing
the resulting integral (Fig. 1c). To correct for the truncation
scheme used in the scGW, the Coulomb matrix is embedded
in a dielectric environment Ṽ =Ṽ ′/ϵ. The ϵ is chosen such that
the equilibrium nanotube bandgap matches the one obtained
from a VASP DFT + G0W0 calculation.

To fulfill the conservation laws, the scGW is per-
formed within the self-consistent Born approximation (SCBA)
(Fig. 1d). Only the diagonal elements of the polarization and
of the GW self-energy are kept in this study to minimize
the computational burden. However, we have verified that the
inclusion of off-diagonal elements does not qualitatively alter
our results. Once the convergence of SCBA is reached, several

device observables (i.e., local density-of-states (LDOS), charge
densities, and spectral current) can be computed. Additionally,
it was confirmed that current conservation is satisfied for
the converged solution along the transport direction of the
structure.

C. e-e Scattering Rates

In the NEGF formalism, the energy-resolved in- (Rin
e−e) and

out-scattering (Rout
e−e) rates are computed with

Rin
e−e(E) =

1

2πℏ
tr{Σ<(E)G>(E)} (10)

Rout
e−e(E) =

1

2πℏ
tr{Σ>(E)G<(E)}. (11)

To infer the inverse annihilation lifetimes of excited
electron-hole pairs in an investigated Auger process, all quan-
tites in Eqs. (10)-(11) are integrated over the relevant energy
window and over the spatial dimension over which the process
occurs. They are then normalized by the number of available
electron-hole pairs in the considered energy range.

III. RESULTS

A bandstructure comparison between DFT and MLWF is
reported in Fig. 2. Excellent agreement is observed for the
valence bands as well as the first 4 conduction bands, which
were set as targets. Using ϵ=1.1, the bandgap as extracted from
our scGW LDOS at equilibrium condition matches the one
obtained with VASP G0W0 at 1.92 eV, as shown in Fig. 3a.
Figures 3b-c indicate that the increase in bandgap after scGW
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Fig. 2: DFT- (solid) and MLWF (dashed) -based bandstructure
of the (8-0)-SWCN unit cell.

is accompanied by a change in the shape of the transmission
function due to the GW self-energy. We then apply an external
potential and drive the SWCN out-of-equilibrium. The Fermi
levels are adjusted relative to the valence (VB) and conduction
band (CB) edges to create PN-, NN- and PP-like structures.
Figure 4 reports the position- and energy-resolved current
density for the SWCN at different biases and contact doping
profiles. In the PN-like structure (Fig. 4a), the electrical current
is injected into the CB from the right contact. In the middle of
the device carriers recombine with the available hole states in
the valence band (Auger recombination), that come from the
left contact. In the NN case (Fig. 4b), high-energy electrons
collide with low-energy electrons on the right side, exchanging
energy during this process and giving rise to thermalization
effects. Finally, in the PP case, depicted in Fig. 4c, impact
ionization can be observed due to the large bias applied.
Electrons in the valence band release kinetic energy and excite
other electrons to empty states in the conduction band.

The in- and out-scattering rates observed in the PN-like
structure are further investigated in Figure 5. The red shaded
area in the conduction band depicts all out-scattering electrons
in the energy range. The blue shade above represents the in-
scattered electrons inside the conduction band. Subtracting the
blue area from the red yields the total number of transitions
from conduction to valence band (Auger recombination). This
number is then normalized by the total number of available
electron-hole pairs. The calculated Auger recombination (AR),
impact ionization (II), and inverse electron-hole pair lifetimes
from our simulations are summarized in Tab. I. The value

Doping Process Inv. Lifetime [ps−1]
PN AR 1.41
PP II 0.54
NN e-e 0.40

TABLE I: Calculated scattering rates for the 3 different
configurations.

in the AR case shows good agreement with time-resolved
fluorescence measurements [2].

IV. CONCLUSIONS

We have shown that our recently developed ab initio scGW
method can accurately model e-e interactions in SWCNs

(a)

(b)

(c)

Fig. 3: (a) Density-of-states comparison between NEGF (black
dotted line), NEGF + scGW (blue dash-dots), and the VASP
G0W0 calculation (red solid line). (b) Transmission function
for the NEGF (black dotted line) and NEGF + scGW (blue
dash-dots) case. (c) Position-dependent DOS through the CNT
with a flat potential under equilibrium conditions with sc-GW.

driven out-of-equilibrium. A very wide range of scenarios
can be investigated, from Auger recombination to hot carrier
relaxation and impact ionization. This method can be readily
applied to any (quasi-)1D system, e.g., nanowires and nanorib-
bons. As the next step, off-diagonal elements will be added and
the numerics will be improved to treat larger device structures.
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(a)

(b)
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Fig. 4: Spectral current of the SWCN at different source/drain
doping concentrations under non-equilibrium condition. The
Fermi levels are indicated with dotted lines in the left and
right contacts. The green dash-dots indicate the approximate
conduction- and valence-band edges, respectively. The draw-
ings in solid black lines illustrate the energy-conserving e-e
scattering processes. (a) PN setup with Auger recombination.
A voltage V = 1.4V is applied, assuming a linear potential
drop. (b) NN case with hot carrier relaxation at V = 0.4V. (c)
PP configuration exhibiting impact ionization at V = 1.2V.

Fig. 5: Computed energy-resolved scattering rates in the PN
configuration. Near the right contact, conduction band elec-
trons are scattered to higher eneregies and recombine with
empty states in the valence band.
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