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Understanding of the electroluminescence (EL) mechanism in

optoelectronic devices is imperative for further optimization of

their efficiency and effectiveness. Here, a quantum mechanical

approach is formulated for modeling the EL processes in nanoscale

light emitting diodes (LED). Based on non-equilibrium Green’s

function quantum transport equations, interactions with the

electromagnetic vacuum environment are included to describe

electrically driven light emission in the devices. The presented

framework is illustrated by numerical simulations of a silicon

nanowire LED device. EL spectra of the nanowire device under

different bias voltages are obtained and, more importantly, the

radiation pattern and polarization of optical emission can be

determined using the current approach. This work is an important

step forward towards atomistic quantum mechanical modeling

of the electrically induced optical response in nanoscale

systems.

Electroluminescence (EL) is an important phenomenon
employed in light emitting diode (LED) technology where
light is emitted from a solid state material in response to an
electrical power source. Much work has been devoted to the
development of LED technology that has led to continuous
advancements in both efficiencies and optical power.1 New
efforts are now directed to exploit semiconductor nano-
structures that exhibit extraordinary optical and electronic pro-
perties. A more ambitious use of nanostructure devices is
to exploit quantum effects which fundamentally change the
mechanism of electrical-to-optical power conversion. These
devices are made possible with the continuous development of
nanofabrication techniques and are emerging as promising

candidates for optoelectronic and energy devices. Indeed,
electrically driven light emission has been reported from a
single carbon nanotube and nanowire,2–5 monolayer transition
metal dichalcogenides6,7 and, to the ultimate miniaturization
limit, from a single molecule.8,9

Understanding the EL mechanism in nanoscale LED
devices is crucial to further advance the technology for more
efficient lighting and enhanced communications. From the
theoretical perspective, accurate description of the electrical-
to-optical conversion processes is a challenging task, since the
system is in the non-equilibrium state driven by an optical and
electric field. In this context, atomic level modeling is becom-
ing increasingly relevant, not only for accurate description of
the coupled optical–electrical processes, but also to cope with
the myriad architectures and chemical compositions in
modern devices. The prevailing studies evaluate the perform-
ance of LED devices based on classical models, relying
on parameters obtained either from experiments10,11 or
first-principles calculations.12 However, these models fail to
capture quantum phenomena and break down at the nano-
scale. For microscopic systems, optical emission has been
studied using Fermi’s golden rule (FGR) to evaluate transition
rates between energy levels.13–15 The first attempt to include
quantum effects to directly simulate the EL process was made
by Galperin et al. for model systems.16,17 Recently, a diagram-
matic approach has been formulated to study EL in molecular
junctions.18,19 In this letter, we present a quantum mechanical
method for realistic LED device simulations. Taking into
account the atomistic details and non-equilibrium statistics,
EL spectra of nanoscale devices under different bias con-
ditions can be simulated. Furthermore, the method offers
the possibility of determining the radiation pattern and
polarization of emitted light.20 This provides useful in-
formation for further improvement of the device perform-
ance21 as well as probing structural details in the
junctions.22,23

Quantum transport approaches based on the non-
equilibrium Green’s function (NEGF) method provide an
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efficient and versatile way to describe the coupled optical–
electrical processes in nanoscale devices.24–27 Based on the
Keldysh NEGF approach, steady state current can be obtained
from28

Iα ¼ 2e
ℏ

ð
dE
2π

Tr Σ,
α Eð ÞG> Eð Þ � Σ>

α Eð ÞG, Eð Þ� � ð1Þ

where G<,> are lesser and greater Green’s functions, providing
information on the energy states and population statistics for
electrons and holes, respectively. Σ,;.

α are the self-energies
and α corresponds to a particular scattering process. Consider-
ing a two-terminal LED device, the scattering processes arise
from the contacts and also electron–photon interaction. The
first and second terms in the square bracket of eqn (1) are
interpreted respectively as the incoming and outgoing rate of
electrons in the device due to the scattering processes. Thus,
Iα gives the steady state current resulting from different scatter-
ing processes.

The self-energy associated with the contacts can be
obtained following the standard procedure,29 whereas the
explicit evaluation of electron–photon self-energy, Σ,;.

ep

requires many body diagrammatic techniques and its self-
consistent Born approximation (SCBA) expression is given
by30,31

Σ,;.
ep Eð Þ ¼

X
q

Mq Nq þ 1
� �

G,;. E+ ℏωq
� ��

þ NqG,;. E+ ℏωq
� ��

Mq

ð2Þ

where Nq is the photon occupation number and ωq is the
photon frequency. q refers to photon mode characterized by
its wave vector ~kq and polarization directions ~λq. The three
vectors are mutually perpendicular to one another and are
defined as

~k ¼ sin θ cos ϕ; sin θ sin ϕ; cos θð Þ
~λq;k ¼ sin ϕ;� cos ϕ; 0ð Þ
~λq;? ¼ cos θ cos ϕ; cos θ sin ϕ; � sin θð Þ

8><
>: ð3Þ

For EL processes, the associated self-energy accounts for
interactions with electromagnetic field modes in their vacuum
state (Nq = 0). The system then undergoes spontaneous emis-
sion by relaxation to a lower energy state. Σ,;.

ep for spontaneous
emission is thus given by

Σ,;.
ep Eð Þ ¼

X
q

MqG,;. E+ ℏωq
� �

Mq ð4Þ

Here, Mq is the electron–photon coupling matrix and its
elements are given by24,25

Mq;μν ¼ e
m

ℏ
2ε0ωqV

� �1=2
~λq � μh j~p νj i ð5Þ

where ℏ is the reduced Planck constant; ε0 is the vacuum per-
mittivity; V is the volume; μ and ν correspond to atomic basis

functions. The infinite sum in eqn (4) is transformed to
integration

Σ,;.
ep Eð Þ ¼

ð1
0
d ℏωð ÞΣ,;.

ep E;ωð Þ

¼
ð1
0
d ℏωð Þ

ðπ
0
dθ sin θ

ð2π
0
dϕ

� Σ,;.
k E;ω; θ;ϕð Þ þ Σ,;.

? E;ω; θ;ϕð Þ
h i

ð6Þ

where Σ,;.
k E;ω; θ;ϕð Þ and Σ,;.

? E;ω; θ;ϕð Þ are defined as angle-
dispersed self-energies for the two perpendicular polarization
directions,

Σ,;.
k E;ω; θ;ϕð Þ ¼R,;.

xx sin2 ϕþ R,;.
yy cos2 ϕ

� R,;.
xy þ R,;.

yx

� 	
sin ϕ cos ϕ

ð7Þ

Σ,;.
? E;ω; θ;ϕð Þ ¼ ½R,;.

xx cos2 ϕþ R,;.
xy þ R,;.

yx

� 	
cos ϕ sin ϕ

þ R,;.
yy sin2 ϕ� cos2 θ þ R,;.

zz sin2 θ

� R,;.
xz þ R,;.

zx

� �
cos ϕ cos θ sin θ

� R,;.
yz þ R,;.

zy

� 	
sin ϕ cos θ sin θ

ð8Þ
and

R,;.
ij ¼ PiG,;. E+ ℏωð ÞPj

Pi;μν ¼ ωe2

16π3c3m2ε0

� �1=2

μh jpi νj i
ð9Þ

and i, j ∈ (x, y, z). The Green’s function in eqn (1) can then be
obtained from the Keldysh equation

G,;. Eð Þ ¼
X
α

Gr Eð ÞΣ,;.
α Eð ÞGa Eð Þ: ð10Þ

where Gr and Ga are retarded and advanced Green’s functions.
Substituting eqn (6) into eqn (1), we obtain the steady state

current due to electron–photon scattering, Iep, which should
be zero since the number of electrons should be conserved
during emission of photons. The first (second) term in eqn (1)
corresponds to the transition of an electron from the energy
level E + ℏω (E) to E (E − ℏω) while emitting a photon with
energy ℏω. Thus, the emission flux Fem for photon frequency
ω can be expressed as

Fem ωð Þ ¼ 2
ℏ

ð
dE
2π

Tr Σ,
ep E;ωð ÞG> Eð Þ

h i
ð11Þ

More importantly, the radiation pattern and polarization of
emitted photons can be determined by substituting the angle-
dispersed self-energies eqn (7) and (8) into eqn (11).

Fem
k ω; θ;ϕð Þ ¼ 2

ℏ

ð
dE
2π

Tr Σ,
k E;ω; θ;ϕð ÞG> Eð Þ

h i

Fem
? ω; θ;ϕð Þ ¼ 2

ℏ

ð
dE
2π

Tr Σ,
? E;ω; θ;ϕð ÞG> Eð Þ� � ð12Þ

FGR has been commonly used to evaluate the rate of spon-
taneous emissions. For simple two-level systems, eqn (11)
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recovers the FGR rate expression for electron transition
between the levels. It is however important to emphasize that
in the current approach, the electronic structure of the device
under non-equilibrium conditions is explicitly calculated. In
particular, the occupations of electronic states due to non-
equilibrium statistics are taken into account.

We apply the method to model a nanoscale LED device
based on a silicon nanowire with a cross section diameter of
1.5 nm. The nanowire is 9.5 nm in length oriented in the [110]
direction. Silicon is recognized as an inefficient light-emitter
due to its indirect band gap. However, due to quantum con-
finement effects, a transition from an indirect to a direct band
gap occurs for silicon nanowires with sufficiently small dimen-
sions. The previous theoretical study based on the DFTB
method reported that the band gaps of silicon nanowires
remain direct even for diameters up to 7 nm.32 Recent
advancements in nanotechnology have shown that the device
performance based on silicon nanostructures can approach or
even exceed that of equivalent direct band gap materials.33

Experimentally, EL in silicon nanowires with a diameter down
to 5 nm has been observed.34 An atomistic model is employed
in the current study which contains 1000 atoms. To form a
p–n junction, Ga and As atoms are explicitly doped in the system
to give a doping concentration of about 2.0 × 1020 cm−3. The
surface of the nanowire is passivated with hydrogen atoms to
eliminate dangling bonds. The device is connected to two
semi-infinite doped silicon leads where an external bias
voltage is applied. The electronic structure of the model is
described at the density functional tight-binding (DFTB)
level35,36 and a pbc-0–3 parameter set is used.37 At equili-
brium, an internal built-in voltage Vbi of 2.44 V, which is the
difference between the Fermi levels of the left and right leads,
is formed across the two different doped regions. The simu-
lations are performed at 300 K.

We solve eqn (11) to obtain EL spectra of the nanowire
device under different external bias voltages. In this work, the
lowest order expansion to the self-energy Σ,;.

ep is employed.
Physically, this corresponds to the situation where electron dis-
tribution in the device is unaffected by electron–photon inter-
action. This can be justified by the fact that the interaction
with the electromagnetic vacuum environment is weak. There-
fore, the electronic structure remains intact and nonlinear
effects are neglected. Fig. 1 plots the local density of states
(LDOS) of the device along the wire direction for forward bias
voltages of (a) 1.0 V and (b) 2.6 V, together with the electron
distribution ρe(E) in the conduction band and hole distri-
bution ρh(E) in the valence band,

ρe Eð Þ ¼ 1
2π

Im Tr G, Eð ÞS� �
 �
;

ρh Eð Þ ¼ � 1
2π

Im Tr G> Eð ÞS½ �f g
ð13Þ

where S is the overlap matrix. Clearly, a built-in voltage is
formed across the junction, as shown in Fig. 1(a). Due to this
potential barrier, electrons are localized at the n-doped region
while holes are localized at the p-doped region. The electron–

hole recombination is inhibited and the emission process
is suppressed in this case. When the forward bias is applied
to the device, the potential difference across the junction
is reduced. As shown in Fig. 1(b), conducting channels
are formed at the conduction band and valence band edges
for electrons and holes, respectively. The carriers can then
move along the channels driven by the external bias voltage.
Due to their spatial proximity, the electron–hole pairs
undergo a recombination and energy is emitted in the form of
photons.

EL spectra of the nanowire LED device is plotted in Fig. 2
for different bias voltages. A single broad emission peak is
observed corresponding to transitions from the conduction
band to the valence band. This is in contrast to that of mole-
cular junctions19 where multiple peaks are observed due to
molecular resonances. The shape of the emission peak is
asymmetric with a tail at the higher energy side due to the
Fermi–Dirac distribution of charge carriers. We note that the
intensity of photon emission in general increases with an
applied bias voltage. For a bias voltage below 2.0 V, no light
emission is observed. This is consistent with the results shown
in the LDOS, where electron–hole recombination is suppressed
when the applied bias voltage is lower than the internal built-
in voltage of the device. As the forward bias approaches the
flat band position, electrons and holes are injected simul-
taneously from electrodes. For carriers injected into the
device, they can either flow directly from source to drain elec-
trodes without losing energy or undergo inelastic scattering
through electron–photon interactions. The latter results in
radiative recombination and gives rise to photon emission.

Fig. 1 LDOS of the device along the nanowire axis for a forward bias
voltage of (a) 1.0 V and (b) 2.6 V. The left side of the nanowire is
p-doped and the right side is n-doped. A built-in potential is formed at
the junction due to the space charge. Grey line in (b): local emission
along the wire direction for a photon frequency of 2.55 eV. Right: elec-
tron (red) and hole (blue) distributions versus energy for the two applied
bias voltages.
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The emission intensity therefore increases substantially when
the applied bias exceeds the built-in potential of the system, as
shown in Fig. 2. For a bias voltage of 2.6 V, a strong EL peak is
observed at a light frequency of 2.55 eV. The frequency of
emitted photons is mainly determined by DOS and the elec-
tron distribution in the conduction and valence bands. In
general, charge carriers relax non-radiatively as they pass
through the device and result in near band edge emission.
For nanoscale devices, energy level spacing between electron
states increases due to quantum confinement. In addition,
the system studied in this work is small compared to the
coherence length.38 Therefore, the nonradiative decay due to
phonon scattering is expected to be suppressed. Phonon scat-
tering can be included similarly as eqn (2) within NEGF
formalism39–41 and its effect on EL of the nanoscale device
needs further investigations. From eqn (11), we can determine
local emission by decomposing the contributions to emission
from individual atoms. The local emission flux along the
nanowire direction is plotted in Fig. 1(b). We observe that
photons are emitted mainly from the p-doped region. Due to
different doping atoms, the electronic structures of p-doped
and n-doped regions are different. In Fig. 1, it is observed
that DOS near the valence band edge of the n-doped region
and the conduction band edge of the p-doped region are
decreased. This lowering of DOS results in a reduction of
minority carriers in the corresponding regions. Since the DOS
near the valence band edge of the n-doped region is decreased
to a larger extent, the corresponding electron–hole recombina-
tion and hence the emission is reduced. This is in agreement
with previous experiments that charge carriers in p-doped
silicon have a higher recombination rate compared to n-doped
silicon.42

The optical emission from the nanowire LED device is
further characterized by its propagation and polarization direc-
tions. Eqn (12) allows analysis of its spatial distribution along
the two polarization vectors. Fig. 3(a) shows the EL radiation

pattern of the silicon LED device under a bias voltage of 2.4 V.
The emitted light frequency is chosen as 2.4 eV. The silicon
nanowire is oriented along the x-axis. The key feature we note
in Fig. 3(a) is that light is emitted from the surface of the
nanowire and essentially no edge emission is observed. We
further analyse the polarization of emitted light in Fig. 3(b).
The blue line gives the polar plot of the emission flux in the
y–z plane while the green line plots in the x–z plane. Femk and
Fem⊥ correspond to emitted photons with in-plane and out-of-
plane polarizations, respectively. Here, θ is defined as the
angle measured from the z-axis. In the y–z plane (blue line),
the polarization direction of Femk is perpendicular to the nano-
wire axis and the corresponding emission flux is zero for all θ.
In contrast, Fem⊥ is aligned along the x-direction which is paral-
lel to the nanowire device and we observe a constant emission
flux with respect to θ. The result clearly shows that the silicon

Fig. 3 (a) EL radiation pattern of the silicon LED device under a 2.4 V
forward bias voltage. Light frequency is set as 2.4 eV. The color rep-
resents the intensity of emitted light and the angular coordinates corres-
pond to the propagation direction. (b) Polar plot of EL intensity as a
function of θ. Blue line: Femk and Fem⊥ in the y–z plane; green line: Femk and
Fem⊥ in the x–z plane.

Fig. 2 Electroluminescence spectrum of the silicon nanowire LED
device for various forward bias voltages. Grey line: 2.2 V; red line: 2.3 V;
blue line: 2.4 V; green line: 2.5 V; black line: 2.6 V.
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nanowire LED behaves as a linearly polarized radiation source
where the emitted light is polarized along the nanowire device
axis. This is consistent with the experimental observation of
light emission from quasi-one-dimensional devices.43,44 In the
x–z plane (green line), Fem⊥ is instead y-polarized and no
emitted light polarized in the y-direction is observed. On the
other hand, the polarization direction of Femk makes an angle θ

with respect to the nanowire axis. As shown in Fig. 3(b), Femk is
proportional to cos2 θ, giving maximum EL intensity when it is
aligned parallel to the nanowire axis. This can be explained
by the fact that in the weak coupling limit, electron–photon
coupling is proportional to ~A �~p, where ~A is aligned along the
polarization direction and ~p is in general aligned along
the direction of current flow. Consequently, the emission flux
Femk in the x–z plane is proportional to cos2 θ.

In conclusion, we formulate a quantum mechanical
approach for modeling nanoscale LED devices based on NEGF
quantum transport formalism. The non-equilibrium statistics
in the device due to applied voltage and interactions with light
are taken into account and EL processes in LED devices can be
accurately described. The current approach provides the tools
for determining not only the spectrum but also the radiation
pattern and polarization of optical emission in nanoscale
devices. We demonstrate the method by simulations of EL
properties of a silicon nanowire LED device.

Optoelectronics has become an integral part of our lives.
Given the complexity of modern nanoscale devices, atomistic
details and quantum effects are playing increasingly key roles
in determining the device properties. Important also is to
understand the EL properties of single molecules in scanning
tunneling microscopy experiments.45,46 By theoretical predic-
tions of an emission pattern, information on the molecular
structure and dynamics can be elucidated. This sheds light on
the structural information of single molecules in junctions
which is one of the fundamental issues in the field of mole-
cular electronics. The quantum mechanical method presented
in this work provides an efficient research tool for theoretical
studies of coupled optical–electrical processes in these nano-
scale systems. It should be useful for understanding the pro-
perties of existing devices as well as the engineering and
rational design of novel devices that meet ever-increasing
performance demands.
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