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Abstract Recent measurements aiming to resolve the origin of the efficiency
droop in III-Nitride (III-N) light-emitting diodes (LEDs) have given invaluable
information on the phenomenon and reinforced the interest for detailed device-
level simulations. We have developed a microscopic device-level Monte Carlo
model of electronic transport in III-N multi-quantum well (MQW) LEDs to
analyze their operation in more detail and to increase the understanding of
hot electrons generated by Auger recombination and electron overflow. In this
work we apply the model to simulate the LED structure studied experimentally
by Lin et al. in [IEEE Photonics Tech. Lett. 24(18), 1600 (2012)] to compare
the results to predictions given by the widely used drift-diffusion model and to
investigate the relationship between the efficiency droop, Auger recombination,
and the transport of hot electrons. To evaluate the reliability of the results
and to enable comparison to other works, we also study how some of the
most important uncertainties in the material parameters affect the results.
In particular, we study how changing the polarization charges, properties of
p-type GaN, and the sidevalley energy offset of the conduction band within
the range reported in recent literature affects the results. Based on the results
we discuss the difficulty to fit device-level models to measurements of the
efficiency droop and the incomplete understanding of current transport in III-
N MQW structures that might be limiting the development of next-generation
optoelectronic devices.
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1 Introduction

Development of high-efficiency light-emitting diodes (LEDs) has started a
lighting industry revolution that plays a key role in reducing the energy con-
sumption of future general lighting [1–3]. However, detailed quantitative under-
standing of the operation of III-Nitride (III-N) LEDs is presently still clouded
by the lack of accurately determined material parameters, the partial disagree-
ment and uncertainty of the relative importance of diverse physical processes
affecting the device operation, and the scarcity of computational models that
can fully account for the pertinent phenomena on device level. Nevertheless,
quantitative models and insight would be extremely valuable in further im-
proving the present LED technologies as well as in developing new solutions
making use, e.g., of III-N materials and nanostructures [4–17]. In addition, the
need for detailed device models is well highlighted in the prolonged efforts to
establish an undisputed explanation for the efficiency droop [18] that limits
the further development and use of LEDs in high-power applications.

On the experimental front, recent measurements of Auger recombination
by Iveland et al. [19,20] and Binder et al. [21] have shed more light on the re-
lationship between Auger recombination and the efficiency droop, but related
theoretical studies aiming to replicate and explain the experimental findings
have remained controversial [22–24]. In their papers, Iveland et al. measured
hot-electron emission from a cesiated surface of a multi-quantum well (MQW)
LED [19,20]. They identified a high-energy peak roughly 1 eV above the con-
duction band minimum and concluded that the only viable source of the high-
energy peak is Auger recombination in the MQW region. However, using full-
band Monte Carlo calculations, Bertazzi et al. suggested that the observed
high-energy peak could also result from surface effects [22].

On the other hand, Binder et al. used a blue laser to excite green quan-
tum wells (QWs) in a MQW structure that also contained UV QWs [21]. In
addition to the green luminescence, they detected UV luminescence whose in-
tensity under strong injection was much higher than would be expected if the
system remained in quasi-equilibrium consistent with the temperature of 12
K used in the measurements. Therefore they concluded that the UV lumines-
cence was enabled by Auger excitation of hot carriers in the green QWs. These
hot carriers would have the necessary energy to transfer over to the UV QWs
and therefore explain the observed UV light. However, Hader et al. performed
microscopic calculations and suggested that the UV luminescence could be
explained also as a direct result of the optical excitation [23]. These controver-
sies and the need to understand the measurement details have recreated the
necessity for detailed theoretical device-level studies of hot electrons in III-N
LEDs.

To help interpreting the recent measurements, we have recently studied
the role and transport of hot electrons in the operation of III-N MQW LEDs
with three QWs using a coupled Monte Carlo–drift-diffusion (MCDD) model
[24–26]. Essentially the MCDD model has enabled incorporating hot-electron
effects to conventional device-level simulations of III-N LEDs. The results in-
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dicated that a hot-electron population created by Auger recombination in the
MQW region at the onset of the droop can be partly transported to a p-type
contact located 250 nm from the QW before fully relaxing to the thermal dis-
tribution. This would suggest that interpreting the electron emission in the
experimental setup of Ref. [19] could also be consistent with the Monte Carlo
(MC) simulations, as the only source of high-energy electrons was Auger re-
combination in the MQW region.

However, in Refs. [24–26] we simulated the LED structures with only one
set of material parameters to identify the general effects of hot electrons on
the device level. Some of the material parameters used in the calculations, in
particular those related to the bandstructure, intrinsic polarization, and hole
doping and mobility, may have a significant effect on the simulation results.
Nevertheless, these parameters also currently include considerable uncertain-
ties that cannot be completely eliminated without extensive macroscopic and
microscopic calibration processes. Such uncertainties are also currently ex-
pected to be the largest source of the difficulty to construct a device-level
explanation for droop, and some of their most important effects have been
discussed, e.g., in Ref. [28]. To lay the ground for future studies bridging
device-level experiments and theory, in this paper we study by comparative
simulations how the uncertainty in these parameters affects the results given
by the MCDD model. We also compare our results to the drift-diffusion model
and to available experimental data and discuss the origins of some of the quan-
titative differences. Based on the results we also discuss future challenges for
device-level modeling of droop and the overall contribution of hot electrons.

MCDD simulations are carried out for the planar MQW LED structure
studied experimentally in Ref. [29] and shown schematically in Fig. 1 to also
enable direct comparison with other device-level models used to simulate the
same structure [30]. To bridge the conflicting experimental and theoretical
works in interpreting certain details of the measurements, we study in detail
(i) what are the main differences and similarities between the results obtained
from MCDD and DD, (ii) how Auger recombination and hot-carrier effects
contribute to the device efficiency, (iii) how sidevalley electrons are transported
over the EBL and the p-GaN, and (iv) how using different energy offsets
of the first satellite valley of the conduction band of GaN [31–37], different
polarization fields [38–40], and varying hole dopings and mobilities affect the
results. For simplicity, the simulated structure uses a bulk AlGaN electron-
blocking layer (EBL) instead of the multi-quantum barrier structure that was
used in some of the structures in Ref. [29].

2 Theory

To account for the non-quasiequilibrium charge transport needed to model
the recent experiments, one can no longer rely on the commonly used drift-
diffusion models that assume that the carrier populations in the conduction
and valence bands are internally in equilibrium. To remedy this situation and
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p-GaN 15 nm

8 x InGaN/GaN 2/15 nm

n-GaN 1000 nm

Ohmic contact

Ohmic contact

P-AlGaN 45 nm

Fig. 1 A cross-section of the structure of Ref. [29], where transport is simulated in the
vertical direction using the MCDD model. The thickness of the n-GaN layer is only 1 µm in
the simulated structure, whereas in the experimental structure it is 3 µm. This difference is
unimportant, as deep in n-GaN the carriers are thermalized and the resistive loss in 2 µm
of n-GaN is very small.

to enable modeling the full spectrum of nonequilibrium transport, we have
combined the drift-diffusion (DD) model with Monte Carlo (MC) simulations
to describe the nonequilibrium electron transport in the whole LED structure.

In the developed Monte Carlo–drift-diffusion (MCDD) model, a DD simula-
tion is first performed for the full device for a selected bias voltage (simulation
step 1 in Fig. 2). The hole and electron densities, recombination rates, and
electric fields from the DD simulation are then stored (step 2) and used as a
fixed background hole density and initial values in the MC simulation (step
3) to achieve faster convergence. The MC simulation is run until the band
edges and recombination rates have converged, and final results are gathered
as averages from a steady-state MC simulation (step 4). The dashed arrow in
Fig. 2 denotes the possibility of iterating between the DD and MC steps. This
would improve the accuracy by iteratively using the electron density from the
MC simulation as a background charge to solve the DD equations for holes
and repeating steps 2-3. The effect of hot holes is expected to be small due
to the small hole mobility resulting in fast relaxation, and therefore using the
hole density from DD is a reasonable first-order approximation in constructing
a device-level MC model for electrons [27].

2.1 Quasi-equilibrium transport

The DD model describes the charge transport under quasi-equilibrium condi-
tions and consists of Poisson’s equation and the drift-diffusion current conti-
nuity equations, given by
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Fig. 2 Schematic diagram of the Monte Carlo–drift-diffusion (MCDD) simulation model.
(1) Electron and hole dynamics are first simulated using the standard drift-diffusion (DD)
model. (2) The hole density is taken from the drift-diffusion simulation and used as a fixed
background charge density to solve the fields and recombination in the Monte Carlo (MC)
model. (3) The MC simulation is run until convergence, and (4) final results are gathered
as an average from a steady-state Monte Carlo simulation. The dashed arrow denotes the
possible iteration between the DD and MC steps, where the electron density from the MC
simulation could be used as a background charge to solve the DD equations for holes to
improve the simulation accuracy if needed.

∇ · (−ε∇φ+ Ptot) = e (p− n+Nd −Na)
∇ · Jn = ∇ · (µnn∇EFn) = eR
∇ · Jp = ∇ · (µpp∇EFp) = −eR,

(1)

where ε is the permittivity accounting for the polarizability of the material,
φ is the electrostatic potential, Ptot is the intrinsic polarization consisting
of spontaneous and piezoelectric polarization, e is the elementary charge, n
(p) is the electron (hole) density, Nd (Na) is the ionized donor (acceptor)
density, Jn (Jp) is the electron (hole) current density, µn (µp) is the electron
(hole) mobility, EFn (EFp) is the quasi-Fermi level of the conduction (valence)
band, and R is the net recombination rate density. The recombination rate
density depends on n, p, and the material parameters, and it is calculated
using the ABC model of recombination as described below in Subsection 2.4.
In the DD model, the electrons and holes follow a quasi-equilibrium Fermi-
Dirac distribution, and hot carriers are not accounted for. Further details
of implementing the DD model for III-V and III-N semiconductor devices
are given, e.g., in Refs. [41–43], and the material parameters needed in the
simulations are listed in Table 1 based on Refs. [38–40,44–47]. The DD model
can also be coupled to Schrödinger’s equation as, e.g., in Ref. [48].
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2.2 Hot-electron transport

To account also for intraband nonequilibrium carrier transport, the Boltzmann
transport equation (BTE) must be solved directly. The BTE is well-known and
given by [49]

∂f

∂t
+ v · ∇rf +

e∇rφ

h̄
· ∇kf =

(
∂f

∂t

)
coll

, (2)

where f is the nonequilibrium distribution function, v is the carrier velocity,
∇r is the nabla operator with respect to position, h̄ is Planck’s constant, and
∇k is the nabla operator with respect to wavevector. On the left-hand side,
the first term describes the net rate of change of f , the second term describes
diffusion, and the third term is the force term due to the electric field −∇rφ.
The term on the right-hand side accounts for the contribution of all intraband
and interband scattering processes.

The MC model provides a direct solution method for the BTE. In the MC
model, transport of carriers is simulated directly by solving their equations of
motion between scattering events and by using random numbers to simulate
the relevant scattering processes. In the MC method, the time evolution of the
wavevector ki and position ri of an electron i are described by equations of
the form [50,51]

dki(t)
dt = e

h̄∇rφ(t)
dri(t)
dt = 1

h̄∇kEi(t)

}
tn,i < t < tn+1,i (no scattering)

ki(t) randomized

ri(t) unchanged

}
t = tn,i (virtual scattering),

(3)

where Ei is the energy of the electron and tn,i, tn+1,i denote the successive
times when the electron i undergoes a scattering event. The random scattering
processes and their times of occurrence tn,i are described by the Monte Carlo
approach, in which the free-flight times determining tn,i, the types of scattering
process, and the new values for ki are generated using the scattering rates,
selection rules, and random numbers.

Generation of the free-flight times is based on determining the total scat-
tering rate Wtot(ki) formed by summing over all the pertinent scattering rates
Wm(ki) as

Wtot(ki) =
∑
m

Wm(ki), (4)

where the index m runs over the separately accounted scattering processes:
acoustic and optical phonon scattering (deformation potential and electro-
static interaction), ionized impurity scattering, electron-electron and electron-
hole scattering, alloy disorder scattering, and surface roughness scattering. The



Monte Carlo simulation of hot carrier transport in III-N LEDs 7

total rate depends on ki and ri, and therefore generating free flights is gener-
ally complicated. However, by introducing the concept of self-scattering with a
scattering rate Wss(ki) = Wmax−Wtot(ki) describing a virtual non-scattering
event, free-flight times can be generated from the homogeneous Poisson distri-
bution. Using a constant scattering rate Wmax that satisfies Wtot(ki) < Wmax

at any ki and ri, the scattering probability becomes constant, and the free-
flight-time is given by

tn+1,i − tn,i = − 1

Wmax
ln(r), (5)

where r ∈ (0, 1) is a random number. The type of the scattering event is
determined using another random number to choose among the scattering
processes according to their respective probabilities given by Wm/Wtot. In the
case of self-scattering, the state of the electron remains unchanged and its
free flight is simply continued according to the first group of Eq. (3). If a real
scattering process is selected, the ki vector of the electron is changed according
to the selection rules, which depend on the scattering process [51]. In inelastic
processes such as optical phonon interaction, ki can also change so that the
energy of the electron is changed. After the scattering process, another free
flight is generated with the new ki value as the initial state.

The electrostatic potential in the MC model is solved regularly (every 1 fs)
from the time-dependent Poisson’s equation, given by

∇ · (−ε∇φ(t) + Ptot) = e (p− n(t) +Nd −Na) , (6)

where the time-dependent n(t) is calculated from the simulated electron en-
semble, and the hole density p is taken from the DD simulation and is time-
independent. Implementation of the MC method for III-N semiconductor de-
vice simulation is presented in more detail in Refs. [52–55].

2.3 Intraband scattering

Detailed information of the intraband scattering is needed in Monte Carlo
simulations, because it determines the collision term in the BTE. In an in-
traband scattering process, the electronic state of a carrier changes through
interactions with phonons, carriers, interfaces, or other lattice imperfections,
but the final electronic state is still within the same band as the initial state.
To implement intraband scattering in the MC model, expressions are needed
for the different scattering rates Wm(k,k′) from an electronic state k to state
k′. To further calculate free-flight times in the MC simulation, the scattering
rates have to be integrated over k′ to provide Wm(k).

The MC simulations of this paper account for deformation potential acous-
tic and optical phonon scattering, polar optical phonon scattering, piezo-
electric acoustic phonon scattering, ionized impurity scattering in doped re-
gions, electron-electron and electron-hole scattering, alloy disorder scattering
in ternary materials, interface scattering, and surface roughness scattering at
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material interfaces. Detailed forms of Wm(k,k′) are different for each scatter-
ing process, and writing down the full expressions for the multiple processes
in this paper is not reasonable. However, the expressions and related details
we have used to implement the calculation of the rates are well known and
provided, e.g., in Refs. [50,51,56] and references therein.

For interface scattering, the present model does not account for the finite
reflection probability: when an electron hits a material interface, it crosses the
interface if both its energy and perdendicular wavevector permit the trans-
mission [57]. I.e., reflection probability is assumed to be zero for electrons
that are able to cross the interface. While this might slightly overestimate the
thermionic leakage currents, it is not an important simplification for sidevalley
electrons whose energies are at least 1 eV above the band edge, i.e., clearly
above the AlGaN band edge.

2.4 Recombination rates

Interband recombination (and the reverse generation processes) are included
in both MC and DD simulations using the parametrized ABC model of re-
combination, where the recombination rate R is given by [58–62]

R =

[
A

n+ p+ 2ni
+B + C(n+ p)

] (
np− n2

i

)
, (7)

where A is the SRH recombination coefficient, ni is the intrinsic carrier concen-
tration, B is the net radiative recombination coefficient accounting for photon
recycling, and C is the Auger recombination coefficient. Note that the SRH
and Auger recombination coefficients are assumed to be equal for electrons
and holes, as is the case in typical LED simulations [30,63]. In Eq. (7), we
further assume that the electron and hole densities are equal to ni when the
Fermi level coincides with the trap level responsible for SRH recombination.
Semiempirical models similar to Eq. (7) are still used in many device simula-
tion works (see, e.g., Refs. [46,64]), and they have been shown to reproduce
experimental data very well close to the onset of the droop especially in blue
and ultraviolet LEDs [65,66]. Implementing microscopic models for recombi-
nation in a full device simulation model is very challenging, especially due to
the indirect nature of dominating Auger processes in III-Nitrides [67,68]. As
the simplified model of Eq. (7) is based on well-founded physical arguments
and reproduces experimental data, it is also well suited to be used in the first
device-level studies of hot electrons in spite of its limitations.

In the MCDD simulation, the Auger processes are additionally used to
excite electrons to high-energy states in the QWs. Based on the first-principles
calculations by Kioupakis et al. [67] and Bertazzi et al. [68], most of the Auger
processes in III-N materials are indirect and involve phonons. Therefore the C
coefficients for Auger recombination include also the indirect Auger excitation,
where the final state can be outside the central Γ1 valley in the conduction
band. In the MCDD model, for every eeh Auger event annihilating and electron
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and a hole, an additional electron is chosen randomly in the QW and excited
to a high-energy state. The energy gained by the excited electron matches the
recombination energy (∼ bandgap energy), and the resulting k value is chosen
randomly from the energy-conserving values.

2.5 Bandstructures

The conduction and valence band structures affect considerably the electronic
properties of devices. In the DD simulation, practically all the carriers are
located close to the band edges at the Γ1 point. Therefore the bandstructure
in DD is described by the lowest order approximation, where the bandstructure
close to the band edges is described by a parabolic dispersion relation, so that
the dispersion relation forms a parabola characterized by the effective mass
m∗, defined as

m∗ij =

(
1

h̄2

∂2E

∂ki∂kj

)−1

, (8)

where i, j denote principal directions.
In the MC simulations, the lowest order approximation is no longer accu-

rate as also high-energy carriers need to be considered. Therefore we follow
here the more accurate band structure models by Albrecht et al. [32], fitting
a nonparabolic model to the five most important conduction band valleys of
the full-band calculation by Wang et al. [31]. In this nonparabolic model, the
dispersion relation within a specific valley is given by

E
(
1 + αE + βE2

)
= h̄2k2/2m∗, (9)

where the energy E and wavenumber k are given with respect to the center
of the valley, α and β are nonparabolicity constants, h̄ is the reduced Planck’s
constant, and m∗ is the effective mass defined at the bottom of the valley
using Eq. (8). Note that this model assumes a spherical bandstructure for
each valley, i.e., the effective mass is direction-independent in k space. This
is regarded as an acceptable first approximation for wurtzite III-N materials
in this work, as most of the electronic states involved in the simulations are
located either in the relatively spherical part of the Γ1 valley or close to the
bottoms of the sidevalleys.

Recent experimental and theoretical studies have resulted in significantly
different quantitative details of the conduction band of GaN. Recent calcula-
tions have been reported, e.g., by Delaney et al. and Carvalho et al. in Refs.
[33,34]. Details of the conduction band of GaN have also been studied experi-
mentally by using time-resolved optical spectroscopy [35], by measuring energy
spectra of photoemitted electrons [36], and by optical absorption and emission
measurements [37]. The energy separations between the Γ1 and U valley min-
ima resulting from these works range from less than 1 eV to above 2 eV in
different works. The exact sidevalley offset is currently intensely debated, and
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there is no undisputed agreement about the exact value. Since it is not possible
to solve the controversy in this work, we have chosen the full bandstructure
calculation by Wang et al. [31], which represents an intermediate value be-
tween the currently suggested values. However, to study qualitatively how the
uncertain valley separation affects the MCDD device simulations, we perform
the calculations using Γ1 − U valley energy separations varying between 1 eV
and 2 eV.

3 Results & discussion

To investigate the details of charge transport in the LED structure prototype
of Fig. 1 also studied experimentally [29] and computationally [30] by other
authors, we carried out MCDD and DD simulations of the device under various
operating points. The analysis of the results focuses mainly on studying the
differences and similarities of the band edge profiles of the MCDD and DD
simulations, current-voltage relations and leakage currents from MCDD and
DD, and electron distribution functions. To also account for the effects of
uncertain material parameters on the device characteristics and hot-electron
effects, we performed the simulations with three different material parameter
sets. The material parameters, band structure, and parameters for scattering
used (unless otherwise specified in Table 4) in all the simulations are shown
in Tables 1-3. The simulations are run using a lattice temperature of 300 K.

Some of the parameters have been adjusted to match their semiempirically
established values. For example, the band offset ratios are 50/50 in all mate-
rials, as suggested in Ref. [44] for AlGaN. For InGaN this is close to the 58:42
suggested in Ref. [38] and it also compensates phenomenologically for the ele-
vated electron ground state in the InGaN QWs. Uncertainty in the band offset
ratio mainly affects the predicted electron-hole distribution in the MQW and
EBL, but its effect will not be studied in this paper. The polarization values
are scaled by 50 % as compared to the values calculated by Fiorentini et al.
[39] due to the arguments and experimental evidence provided in Refs. [38,
40]. A similar choice is made also in many other III-N LED simulations (see,
e.g., Refs. [44,69]). The ionized acceptor density is 1.2 · 1025 m−3 as given in
Ref. [29], and the hole mobility of 0.007 m2/(Vs) is based on the theoretical
calculations by Bellotti and Bertazzi in Ref. [47]. To study the effects of some
of the most important uncertain material parameters on the results, we per-
form our simulations for three different values of the sidevalley offset as well
as for modified polarization, acceptor activation, and hole mobility values as
specified in Table 4.
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Table 1 Material parameters used in the DD part of the simulations [44,38–40,45–47].
Same material parameters are also used in the MC simulation except for mobilities which are
implicitly included in the MC simulations through intraband scattering. The same effective
masses are also used in the MC simulations, but the dispersion relation is complemented with
nonparabolicity factors (see Table 2). The abbreviation CSL stands for current-spreading
layer.

GaN n-CSL/ In0.12Ga0.88N Al0.15Ga0.85N
Property barrier/p-CSL blue-emitting QW EBL Unit
Nd 5 · 1024/0/0 0 0 1/m3

Na 0/0/1.2·1025 0 1024 1/m3

ε 8.9 9.7 8.94 ε0
Eg 3.42 2.85 3.72 eV
µn 0.10 0.13 0.09 m2/(Vs)
µp 0.007 0.007 0.006 m2/(Vs)
m∗

e 0.200 0.189 0.230 m0

m∗
h 1.400 1.428 1.720 m0

Ptot -0.017 -0.008 -0.0218 C/m2

Psp -0.017 -0.015 -0.020 C/m2

Ppz 0 0.007 -0.002 C/m2

A 107 1/s
B 4 · 10−17 m3/s
C 10−42 m6/s

Table 2 Bandstructure parameters for GaN needed in the MC simulations [24,32]. Simu-
lations are run with three different U valley offsets.

Property Γ1 U Γ3 M K Unit
Degeneracy 1 6 1 3 2
Offset 0 1.49 1.75 2.15 2.6 eV
Effective mass 0.200 0.33 0.40 0.57 0.30 m0

α 0.19 0.17 0.0 0.0 0.70 1/eV
β 0.08 0 0 0 0 1/eV2

Table 3 The most important scattering parameters and typical scattering rates for the
most important intervalley and intravalley phonon scattering [32]. The rates depend on the
energy of the electron, but these values can be used as order-of-magnitude estimates. They
also compare well with the measurements of Ref. [35].

Parameter Value Unit
Longitudinal sound velocity 4.33 · 105 cm/s
Intravalley optical phonon energy 92 meV
Intervalley optical phonon energy 65 meV
Acoustic deformation potential 7.8 eV
Equivalent intervalley deformation potential field 0.5 109 eV/cm
Nonequivalent intervalley deformation potential field 1.0 109 eV/cm

Scattering type Typical rate (1/s)
Γ1 → U ∼ 1.5 · 1013

U → Γ1 ∼ 4 · 1012

Γ1, intravalley ∼ 5 · 1013

U , intravalley ∼ 5 · 1013
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Table 4 Material parameters that differ from Tables 1-3 in simulations I, II, and III. In
simulation I, simulations are carried out with varying U valley offsets. Simulation II is
performed with full theoretical polarization values, and simulation III studies the effects
of decreased hole doping and mobility. The abbreviation CSL stands for current-spreading
layer.

GaN n-CSL/ In0.12Ga0.88N Al0.15Ga0.85N
Property barrier/p-CSL blue-emitting QW EBL Unit

Simulation I

U valley offset 1, 1.49 and 2 1.57, 2.06 and 2.57 1.07, 1.49 and 1.92 eV

Simulation II

Ptot -0.034 -0.016 -0.0436 C/m2

Psp -0.034 -0.030 -0.040 C/m2

Ppz 0 0.014 -0.004 C/m2

Simulation III

Na 0/0/2·1023 0 2·1023 1/m3

µp 0.001 0.001 0.001 m2/(Vs)
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Fig. 3 Conduction band edge energies Ec (zero energy is set to the valence band edge at
x = 0) for a bias voltage of (a) 3.4 V, (b) 3.5 V, and (c) 3.6 V, resulting from the DD (solid)
or from the MCDD (dashed) simulation, using the parameters of simulation I. The current
densities are 5 A/cm2, 15 A/cm2, and 40 A/cm2, respectively.

3.1 Simulation I

Conduction band edges

Conduction band edges extracted from the DD and MCDD simulations for
three different bias voltages 3.4, 3.5, and 3.6 V (the built-in potential is 3.43
V) are shown in Fig. 3. At bias voltages up to 3.4 V, there are no significant hot-
electron effects and the band diagrams from the DD and MCDD simulations
are essentially identical. At a bias voltage of 3.5 V, differences start to appear
in the barriers of the MQW region and in the EBL due to the modified electron
distribution. At 3.6 V, the difference between the DD and MCDD simulation
is even larger especially in the last barrier and the EBL. The differences in the
conduction band edges reflect the higher average energy of the electrons that
allows for more efficient screening of the changes in the electrostatic potential.
Note that this leads to the potential barrier caused by the EBL appearing
larger in the MCDD simulation. In the DD framework this would result in a
smaller electron leakage.
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Device characteristics

Figure 4(a) shows the current-voltage characteristics from the DD and MCDD
simulations. At voltages and current densities up to ∼3.5 V and 15 A/cm2, the
current-voltage characteristics are essentially identical for the DD and MCDD
simulations. This is in agreement with the band edges of Figs. 3(a) and (b),
which showed negligible difference between the DD and MCDD simulations.
However, starting at ∼ 3.6 V and 40 A/cm2, the currents predicted by the
MCDD are slightly larger than in the DD simulation. The larger current in
the MCDD is caused by larger leakage current and larger recombination rate.
Since the potential barrier caused by the EBL is higher with respect to the
band edge in n-type GaN in the MCDD simulation (Fig. 3), the increase in
the leakage towards the p-contact is mainly caused by high-energy electrons.

The external quantum efficiency (EQE) as calculated from the DD sim-
ulation and from the MCDD simulation is shown in Fig. 4(b) for voltages
where the droop is present. To account for optical losses, the EQE has been
calculated by weighing the radiative recombination rate using a light extrac-
tion efficiency of 0.75, which is in line with experimental values [65]. The DD
and MCDD results start to deviate from each other roughly at the same volt-
ages as in Fig. 4(a). The efficiency from the MCDD simulation also shows a
more pronounced efficiency droop than the DD simulation mainly because of
the visibly increased leakage current in the MCDD. In addition to leakage,
the Auger recombination rate is also somewhat larger in the MCDD due to a
larger electron density in the topmost QWs. However, the efficiency difference
is only ∼ 5 % between the DD and MCDD results even at 3.85 V and 290
A/cm2. At smaller voltages (not shown) the DD and MCDD solutions are
equal and the efficiency is smaller than its peak value.

In the experimental data of Ref. [29], the efficiency droop starts roughly
at a current density slighly below 25 A/cm2 (assuming that current spreads
evenly over the whole area of 200× 200 µm2). In Fig. 4 the droop also starts
roughly at a similar current density. In Ref. [29], the EQE has dropped by 20 %
from its peak value when the current density is increased to roughly 75 A/cm2.
In Fig. 4(b), the EQE has decreased by 20 % at current densities slightly above
100 A/cm2. The quantitative differences may result from a number of reasons
including, e.g., lateral current transport effects, self-heating, inhomogeneities
in material composition and doping, and material parameter uncertainties.
Also the experimental value of 75 A/cm2 might be an underestimate due to
resistive losses that effectively decrease the active area of the LED at high
input powers, resulting in larger current densities for a given total current.

The applied bias voltage at the onset of the droop in Ref. [29] is slightly
below 3 V, i.e., roughly 0.5 V smaller than in Fig. 4(a). Large bias voltages
are typically predicted by conventional DD simulations for polarized III-N
MQW LEDs. In the present simulations we also neglect contact resistances,
lateral current transport effects, and self-heating, which are expected to affect
the quantitative details of the current-voltage characteristics. However, these
effects are unlikely to explain the general disagreements between experimen-
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Fig. 4 (a) Current density from simulation I as a function of voltage resulting from the
DD (solid) or from the MCDD (dashed) simulation. (b) External quantum efficiency from
simulation I as a function of the bias voltage resulting from the DD (solid) or from the
MCDD (dashed) simulation.

tal and simulated current-voltage characteristics in III-N LEDs. Figure 4(a)
indicates that even accounting for hot electrons through a Monte Carlo simu-
lation does not remove the general discrepancy and that further improvements
are needed in the current transport models to reliably reproduce experimen-
tal current-voltage characteristics. Unless the large voltages are due to hot
holes, this suggests that the lower than expected LED operating voltages may
represent another enigma for LED modeling.

Hot electron leakage and distribution functions

Figure 5 illustrates how the hot electrons generated by the electron overflow
and Auger excitation contribute to the leakage currents and carrier distribution
function at the p-type contact. In Fig. 5 the leakage current from the MCDD
model is compared to the leakage current calculated using the DD model when
Auger-excited electrons are included or excluded from the MCDD simulation.
Without accounting for the Auger-excited electrons, the leakage current pre-
dicted by MCDD is at least two orders of magnitude larger than from the
DD simulation. This difference is caused by the electron overflow. Accounting
for the Auger excitations increases the leakage current further by roughly one
order of magnitude. Therefore most of the increased leakage current in simu-
lation I results from the Auger-excited electrons. Many of the Auger-excited
electrons flow to the EBL and further to the p-type GaN because of the ap-
plied bias. Before reaching the p-contact, however, a substantial fraction of
these hot electrons is captured back to the MQW region or lose their energy
by phonon scattering driving the carriers towards thermal quasi-equilibrium.
The leakage current due to Auger-generated hot electrons grows faster than
the total current, making a visible difference to the total current at voltages
of approx. 3.6 V (see Fig. 4).

The one-dimensional electron distribution functions right next to the p-
contact are shown in Fig. 5(b) for various operating points. In the figure, the
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Fig. 5 (a) Leakage current density from simulation I as a function of the bias voltage
resulting from the DD (solid) or from the MCDD (dashed) simulation. Also shown is the
leakage current density from the MCDD simulation in which Auger events have not been
used to excite electrons. (b) The electron distribution functions f(E) in the p-type GaN
next to the p-contact at various operating points from simulation I. The separation between
the Γ1 and U valleys is here set to 1.49 eV. The sidevalley peak at 1.49 eV starts to appear
already at 3.5 V and 15 A/cm2, but it becomes significant at operating points with biases
exceeding 3.6 V and 40 A/cm2.

central Γ1 valley is located at 0 eV in the x axis, the U valley at 1.49 eV, and
the central Γ3 valley at 1.75 eV. All the distribution functions show a steadily
decreasing electron distribution in the high-density tail resulting mainly from
the electron overflow between 0 and 0.5 eV. In addition, all the distribution
functions show a distinguishable sidevalley peak in the U valley at 1.49 eV,
but the value of the distribution function at the U valley peak position with
respect to its value at the Γ1 valley strongly depends on the current density.
At 1.49 eV, the value is roughly two orders of magnitude smaller than at the
Γ1 valley at 0 eV. At 40 A/cm2, the sidevalley peak is approx. 1.5 orders
of magnitude smaller than the Γ1 valley peak. Comparing to Figs. 4(a) and
4(b), this current corresponds to the voltage of 3.6 V, where the droop is
already significant. At this operating point the MCDD simulation also results
in a smaller efficiency than the DD simulation. At larger currents the relative
magnitude of the sidevalley peak increases further.

The distribution functions in Fig. 5(b) additionally include an almost con-
stant tail at energies above 0.5 eV. This tail is caused by electrons that are
relaxed from U at 1.49 eV to high energies in the Γ1 valley, from which they
trickle down to the bottom of the valley through multiple intravalley scatter-
ing processes. To confirm that the constant tail is caused by relaxing Auger
electrons, Fig. 6 shows the distribution functions in the p-type GaN from sim-
ulations where Auger-excited electrons either have or have not been accounted
for. The distribution functions have been calculated at a current density and
voltage of 85 A/cm2 and 3.7 V, respectively. The distribution function without
Auger excitations has no high-energy tail, and the shoulder at approx. 0.3 eV
is mostly caused by overflow, as the bias voltage is roughly 0.3 eV larger than
the built-in potential and the potential drop at the EBL interface is only 0.15
eV.
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Fig. 6 The electron distribution functions f(E) in the p-type GaN next to the p-contact
from simulation I so that infinitely fast relaxation of Auger-generated electrons has been
assumed. The current density and voltage are 85 A/cm2 and 3.7 V, respectively. The sepa-
ration between the Γ1 and U valleys is here set to 1.49 eV. The sidevalley peak at 1.49 eV
and the long tail of the distribution function have disappeared, confirming that in MCDD
simulations the high-energy electrons are only caused by Auger recombination. The shoulder
at approx. 0.3 eV is caused by electron overflow, as the bias voltage is roughly 0.3 V larger
than the built-in potential and the potential drop at the EBL interface is only 0.15 eV.

Effects of sidevalley energy offset

Figure 7 shows the distribution function f as a function of position and electron
energy at bias voltages and current densities of (a-c) 3.5 V and 15 A/cm2, (d-
f) 3.6 V and 40 A/cm2, and (g-i) 3.8 V and 190 A/cm2, respectively. The
energy offset between the Γ1 and U valleys is 1 eV, 1.49 eV, and 2 eV for the
first, second, and third column of the figure, respectively. Note that in (c),
(f) and (i), the central nondegenerate Γ3 valley at 1.75 eV is below the 6-fold
degenerate U valley.

Despite the relatively small Auger recombination rate, Figs. 7(a)-(c) at
3.5 V and 15 A/cm2 show a distinguishable population of sidevalley electrons
extending all the way to the p-contact. However, the distribution function is at
least two orders of magnitude smaller at the sidevalley than the thermal part
close to 0 eV at the p-contact. Additionally, there are only very small visible
differences between the sidevalley distributions in (a), (b), and (c). In Figs.
7(d)-(f), the applied voltage and current are 3.6 V and 40 A/cm2, respectively.
At this operating point the droop has already become clearly visible. The U
sidevalley distribution function peak is roughly 1.5 orders of magnitude smaller
than the thermal distribution at the p-contact in (d) and (e), which exhibit
qualitatively very similar distribution functions. In contrast to (d) and (e), the
sidevalley distributions are significantly smaller in (f) both in the Γ3 valley at
1.75 eV and the U valley at 2 eV. This suggests that the intervalley separation
significantly affects the sidevalley electron transport from the MQW to the
p-contact only when the U valley lies higher in energy than the Γ3 valley.
Figures 7(g)-(i) show the distribution function f(E, y) at an applied voltage
and current of 3.8 V and 190 A/cm2, respectively. At this operating point, the
external quantum efficiency is already roughly 20 % down from its peak value
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Fig. 7 The electron distribution function f(E, y) from simulation I as a function of electron
energy E and distance y from the QWs. The AlGaN EBL starts at 20 nm and ends at 60 nm,
and the 15 nm thick p-GaN layer starts at 60 nm. The bias voltages and current densities
are (a)-(c) 3.5 V and 15 A/cm2, (d)-(f) 3.6 V and 40 A/cm2, and (g)-(i) 3.8 V and 190
A/cm2, respectively. The energy offset between the Γ1 and U valleys is 1 eV, 1.49 eV, and
2 eV for the first, second, and third column of the figure, respectively. The x axis starts
always from the conduction band minimum of the respective material. At 60 nm there is a
material interface between AlGaN and GaN and a band offset of 0.15 eV.

(cf. Fig. 4(b)). The sidevalley population in (g) and (h) is approximately one
tenth of its value at the bottom of the band. In (i) the population in the Γ3

valley at 1.75 eV is visibly smaller than in the U valley of (g) and (h).

To enable more quantitative comparison between the sidevalley peaks, Fig.
8 shows the distribution functions as a function of energy next to the p-contact
for the three different intervalley separations. The bias voltages and current
densities are (a) 3.6 V and 40 A/cm2 and (b) 3.8 V and 190 A/cm2, respec-
tively. The figures indicate that even though the 2D distribution functions
seem to give smaller sidevalley distributions for a Γ1 − U valley separation
of 2 eV in the EBL, at the p-contact the sidevalley peaks are almost equal.
This is partly due to the band offset of AlGaN that accelerates carriers only
15 nm away from the p-contact. We expect that there would be much larger
differences in the curves of Fig. 8(b) for a p-GaN layer of ∼200 nm, which is
a more typical p-layer thickness in conventional LEDs.
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and (b) 3.8 V and 190 A/cm2, respectively.

3.2 Simulation II

To study how the scaling of the polarization fields affects the simulated device
and the results given by DD and MCDD, in simulation II we used the values
of the theoretical polarization fields calculated by Fiorentini et al. [39] without
any scaling. Conduction band edges from the DD and MCDD simulations are
shown in Fig. 9 for bias voltages of (a) 3.7 V, (b) 3.9 V, and (c) 4.2 V (the
built-in potential is 3.43 V). It can be seen that using unscaled polarization
fields results in very high input voltages. In the DD simulations the elevated
voltages result from increased potential barriers between the QWs (see, e.g.,
Ref. [41]). In the MCDD simulations, on the other hand, the overall drop in
the conduction band edge over the MQW appears smaller than in the DD
simulations. In the MCDD simulation, the high voltages enable a significant
electron overflow (not present in DD), and the resulting modified electron
distribution causes a large deviation from the DD simulation in the right-
hand side of the MQW, the EBL, and the p-type GaN region. The large
difference between the DD and MCDD simulation and the clearly nonzero
electric field at the metal contact suggest that using the frozen hole distribution
limits the predictive power of the MCDD simulation with these material and
structure parameters at voltages clearly exceeding the built-in potential. This
implies that a fully iterative method to solve the MCDD is required for detailed
studies of this specific structure at large bias voltages. Despite the lack of full
convergence, the large deviation from the DD also suggests that the DD model
cannot correctly describe the structure either.

Current-voltage characteristics from the DD and MCDD simulations are
shown in Fig. 10(a) from simulation II. Using full polarization values results
in very high bias voltages even for small and intermediate current densities,
but the predictions need to be confirmed using a fully self-consistent bipolar
model (under development), as the present results are not expected to be fully
converged. The current density from the MCDD simulation is only slightly
larger than from the DD simulation despite the presence of electron overflow.
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Fig. 9 Conduction band edges for a bias voltage of (a) 3.7 V, (b) 3.9 V, and (c) 4.2 V,
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of simulation II.
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Fig. 10 Current density from simulation II as a function of voltage resulting from the
DD (solid) or from the MCDD (dashed) simulation. (b) External quantum efficiency from
simulation II as a function of the bias voltage resulting from the DD (solid) or from the
MCDD (dashed) simulation.

The external quantum efficiencies from DD and MCDD simulations are shown
in Fig. 10(b), and they are very similar to those given by simulation I (cf.
Fig. 4(b)). Despite the elevated bias voltages, the EQE is mostly decreased
by Auger recombination similarly as in simulation I, since the leakage current
is relatively small. However, the limited convergence seen in the band edge
profiles shows that full MC simulations are needed to give accurate predictions
for the parameters of simulation II.

3.3 Simulation III

To study how incomplete acceptor activation and decreased hole mobility affect
the simulated device, simulation III was performed with an ionized acceptor
density of 2 · 1023 m−3 and a hole mobility of 0.001 m2/(Vs). Band diagrams
are shown in Fig. 11 from the DD and MCDD simulations for bias voltages
of (a) 3.45 V, (b) 3.75 V, and (c) 3.95 V (the built-in potential is 3.32 V). In
simulation III, the hole doping density and mobility have been significantly
decreased as compared to simulation I, but the polarization fields are scaled
similarly as in simulation I. In simulation III, the band diagrams given by DD
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Fig. 11 Conduction band edges for a bias voltage of (a) 3.45 V, (b) 3.75 V, and (c) 3.95 V,
resulting from the DD (solid) or from the MCDD (dashed) simulation, using the parameters
of simulation III.

and MCDD are fairly close to each other. Similarly as in simulation II, the
potential drop in simulation III is large over the MQW region in both DD
and MCDD simulations. However, the potential barrier created by the EBL is
roughly as high as the barrier before the last QW in Fig. 11, even as given by
the MCDD model. The decreased potential barrier is mostly due to the small
p-type doping density. Figures 11(a) and (b) show an acceptable convergence
between the DD and MCDD models, but (c) starts to show a larger deviation
between them, again indicating that the DD model cannot completely describe
the structure at this bias current.

Current-voltage characteristics corresponding to simulation III are shown
in Fig. 12(a) for the DD and MCDD simulations. Despite similar band edge
profiles, the current density predicted by the MCDD model is almost twice
as large as that predicted by the DD model. Here the difference is almost en-
tirely caused by electron overflow, as the voltages are large and the decreased
p-type doping density has decreased the potential barrier created by the EBL
and p-type GaN. The external quantum efficiencies from the DD and MCDD
simulations are shown in Fig. 12(b). The MCDD simulation results in a sig-
nificantly smaller EQE than that given by the DD model due to the increased
electron overflow. This indicates that the magnitude of the electron overflow
is affected by the bias voltage, which needs to be larger than the built-in po-
tential. In simulation II, however, electron overflow was small in spite of the
large voltages. The significantly larger overflow in simulation III suggests that
the overflow can be notably increased if the doping density and hole mobility
of the EBL and the p-type GaN are decreased.

3.4 Electron leakage & material parameters

Total leakage currents from the DD and MCDD simulations are shown in Fig.
13 for all the simulations I, II, and III. The leakage predicted by the MCDD
model is larger than from DD in all three cases. However, only in simulation
III, leakage current is significant in both DD and MCDD simulations, and the
leakage predicted by the MCDD model is furthermore only roughly 1.5 as large
as that predicted by DD. Results from simulations I, II, and III indicate that
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Fig. 13 Leakage current from all simulations I, II, and III using (a) the MCDD or (b) the
DD model.

excessive leakage current can be only seen if the voltage is notably higher than
the built-in potential of the LED. At modest voltages the leakage current does
not seem to affect the efficiency droop. On the other hand, very large voltages
were present in simulations II and III, but only simulation III resulted in a
significant leakage. As the properties of holes were very different between these
cases, this suggests that also the hole properties have a significant effect on
the electric field in the p-layer enhancing the leakage current caused by the
electron overflow and affecting the overall operation of an LED. Note, however,
that full MC simulations might be needed for total convergence of simulation
II.

3.5 Discussion

The Monte Carlo method is presently the most powerful simulation tool for
device-level studies of carrier dynamics. Its most relevant uncertainties stem
from incomplete treatment of tunneling and uncertainties in some of the ma-
terial parameters. In spite of these, it has a large predictive power also in
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high-power devices, thanks to the direct treatment of nonequilibrium trans-
port. The MCDD model has the advantage of describing electron transport in
full detail with the Monte Carlo method, while ensuring correct device physics
by combining it with the drift-diffusion simulation of holes. The present version
of the MCDD, however, is still under development and does not include intra-
band nonequilibrium hole transport. However, hot holes are expected to have
a significantly smaller effect than hot electrons due to the low hole mobility in
III-N materials.

The self-consistency in the current version of the MCDD model is limited
to the electron system. Based on the results of this paper, this affects the
results at high bias voltages or powers. However, based on Refs. [24–27], the
potential profiles given by the DD and MCDD models are very close to each
other at input powers close to the onset of the droop. Also initial results from
a fully self-consistent bipolar MC model (under development) describing both
electrons and holes suggests that the limited self-consistency of the first-order
MCDD is in many cases sufficient for getting an initial understanding of the
hot-electron transport effects. With selected operating points and material
parameters, however, the simulations show clearly different predictions.

Most of the material parameters needed in the simulations are well-estab-
lished through studies connecting theory and experiment. However, some of
the material parameters that cannot be directly measured contain uncertainty.
Theoretical studies of Auger recombination result in Auger coefficients of the
order of 10−43 m6/s, whereas experimental works indicate roughly an order
of magnitude larger values. The coefficient used in this work is closer to the
experimental values. Similar disagreement exists for the values of spontaneous
and piezoelectric polarization, whose effect was also studied by comparative
simulations I and II. The band offset ratios at material interfaces are also
difficult to measure, and they have a large effect on electron and hole transport
relative to each other. Details of the conduction band are also under a renewed
controversy. As the Monte Carlo method is especially well suited to study the
effects of changing intervalley separations, we ran the MCDD simulations of
this paper for varying energy separations between the central Γ1 valley and
the nearest U sidevalley.

The current-voltage characteristics predicted by the MCDD model in sim-
ulation I are of the same order as experimentally measured for the same struc-
ture in Ref. [29] but still at least somewhat larger. However, in the best com-
mercially available LEDs the input voltages are typically smaller. The results
of this paper show that even the sophisticated MCDD model predicts fairly
large voltage losses in a MQW LED. This is the case even when we have
used the reduced values for polarization. This qualitative inconsistency be-
tween state-of-the-art device models and the best commercial LEDs calls for
further device model development. Possible causes for the discrepancy are,
e.g., tunneling through the barriers or transport through defects or material
fluctuations. Also, despite the present expectations, fully accounting for hole
transport could also contribute to bringing the voltage closer to experimentally
observed values.
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The Monte Carlo method can also be straightforwardly coupled to the heat
equation to study self-heating in semiconductor devices [52–55]. Including heat
equation in the present MCDD model would thereby enable studying the ef-
fects of self-heating and thermal (phonon) transport on, e.g., spatial carrier
distributions, scattering and recombination rates, and the overall LED per-
formance. This would also allow better distinguishing between the thermal
and non-thermal droop behaviours, which would be especially important at
high input powers. Also to enable more quantitative comparison with experi-
ments, the MCDD models must be extended to study realistic 2D or 3D LED
structures to more accurately account for, e.g., lateral resistive losses in future
works.

4 Conclusions

We carried out microscopic device-level Monte Carlo and drift-diffusion simu-
lations of electron transport in the III-N LED studied experimentally in Ref.
[29]. We compared the predictions given by the models and investigated the
relationship between the efficiency droop, Auger recombination, and hot elec-
tron transport. Moreover, we performed the simulations with different values
of the conduction band intervalley separation, intrinsic polarization, and p-
type doping concentration and mobility to study how the current uncertainty
and variations in these material parameters affects the results given by the
MCDD and DD models. At bias voltages not notably larger than the built-in
potential, both the MCDD model and the DD model predicted nearly identi-
cal performance, apart from a somewhat larger leakage current of the MCDD
due to Auger recombination and electron overflow enabled by the bias volt-
ages exceeding the built-in potential. Predictions given by the MCDD and
DD models deviated most notably between each other at high voltages when
full polarization values were used, suggesting that the frozen hole distribution
limits the accuracy of the model in that case. On the other hand, increasing
the conduction band satellite valley offsets generally reduced the relative pop-
ulation of electrons in the sidevalleys. However, even a sidevalley located 2 eV
above the conduction band minimum had a clearly detectable population of
electrons in the simulated structure after the onset of the droop. The side-
valley population at 2 eV would, however, become undetectable if the p-type
layer was significantly thicker. These trends illustrate how the uncertainties
in the material parameters affect device-level Monte Carlo simulations, and
more generally, how they complicate constructing reliable device-level models
for the efficiency droop. In addition, the current-voltage characteristics given
by the MCDD model show that even accounting for hot electrons does not
explain the discrepancy of experimental and theoretical current-voltage char-
acteristics in III-N MQW LEDs. Nevertheless, further developing the Monte
Carlo models described in this work and calibrating them with experiments
will allow very useful future studies of hot carrier transport in optoelectronic
devices.
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quantum-dot light-emitting technologies. Nat. Photonics 7, 13–23 (2013).

18. Piprek, J.: Efficiency droop in nitride-based light-emitting diodes. Phys. Status Solidi
A 207(10), 2217–2225 (2010).

19. Iveland, J., Martinelli, L., Peretti, J., Speck, J. S., and Weisbuch, C.: Direct Mea-
surement of Auger Electrons Emitted from a Semiconductor Light-Emitting Diode under
Electrical Injection: Identification of the Dominant Mechanism for Efficiency Droop. Phys.
Rev. Lett. 110, 177406 (2013).

20. Iveland, J., Piccardo, M., Martinelli, L., Peretti, J., Choi, J. W., Young, N., Nakamura,
S., Speck, J. S., and Weisbuch, C.: Origin of electrons emitted into vacuum from InGaN
light emitting diodes. Appl. Phys. Lett. 105, 052103 (2014).



Monte Carlo simulation of hot carrier transport in III-N LEDs 25

21. Binder, M., Nirschl, A., Zeisel, R., Hager, T., Lugauer, H.-J., Sabathil, M., Bougeard,
D., Wagner, J., and Galler, B.: Identification of nnp and npp Auger recombination as
significant contributor to the efficiency droop in (GaIn)N quantum wells by visualization
of hot carriers in photoluminescence. Appl. Phys. Lett. 103, 071108 (2013).

22. Bertazzi, F., Goano, M., Zhou, X., Calciati, M., Ghione, G., Matsubara, M., and Bel-
lotti, E.: Comment on ”Direct Measurement of Auger Electrons Emitted from a Semicon-
ductor Light-Emitting Diode under Electrical Injection: Identification of the Dominant
Mechanism for Efficiency Droop” [Phys. Rev. Lett. 110, 177406 (2013)]. arXiv: 1305.2512
(2013).

23. Hader, J., Moloney, J. V., and Koch, S. W.: Microscopic many-body investigation of the
efficiency droop in GaN based light emitting devices. Proc. SPIE 9003, 900311 (2014).

24. Sadi, T., Kivisaari, P., Oksanen, J., and Tulkki, J.: On the correlation of the Auger
generated hot electron emission and efficiency droop in III-N light-emitting diodes. Appl.
Phys. Lett. 105, 091106 (2014).

25. Kivisaari, P., Sadi, T., Oksanen, J., and Tulkki, J.: Monte Carlo-drift-diffusion simula-
tion of electron current transport in III-N LEDs. Proc. SPIE 8980, 898003 (2014).

26. Sadi, T., Kivisaari, P., Oksanen, J., and Tulkki, J.: Microscopic simulation of hot elec-
tron transport in III-N light-emitting diodes. Opt. Quant. Electron., submitted (2014).

27. Kivisaari, P., Sadi, T., Oksanen, J., and Tulkki, J.: Bipolar Monte Carlo simulation of
electrons and holes in III-N LEDs. Proc. SPIE, submitted (2015).

28. Piprek, J.: LED Droop: A critical review and novel solution. Compound Semiconductor,
July 2014.

29. Lin, Y.-Y., Chuang, R. W., Chang, S.-J., Li, S., Jiao, Z.-Y., Ko, T.-K., Hon, S. J., and
Liu, C. H.: GaN-Based LEDs With a Chirped Multiquantum Barrier Structure. IEEE
Photonics Tech. Lett. 24(18), 1600–1602 (2012).

30. Piprek, J. and Li, Z. M. S.: Origin of InGaN light-emitting diode efficiency improvements
using chirped AlGaN multi-quantum barriers. Appl. Phys. Lett. 102, 023510 (2013).

31. Wang, R., Ruden, P. P., Kolnik, J., Oguzman, I., and Brennan, K. F.: Dielectric prop-
erties of wurtzite and zincblende gallium nitride. J. Phys. Chem. Solids 58, 913 (1997).

32. Albrecht, J. D., Wang, R. P., Ruden, P. P., Farahmand, M., and Brennan, K. F.: Electron
transport characteristics of GaN for high temperature device modeling. J. Appl. Phys. 83,
4777–4781 (1998).

33. Delaney, K. T., Rinke, P., Van de Walle, C. G.: Auger recombination rates in nitrides
from first principles. Appl. Phys. Lett. 94, 191109 (2009).

34. Carvalho, L. C. de, Schleife, A., and Bechstedt, F. Influence of exchange and correlation
on structural and electronic properties of AlN, GaN, and InN polytypes. Phys. Rev. B 84,
195105 (2011).

35. Wu, S., Geiser, P., Jun, J., Karpinski, J., Wang, D., and Sobolewski, R.: Time-resolved
intervalley transitions in GaN single crystals. J. Appl. Phys. 101, 043701 (2007).

36. Piccardo, M., Martinelli, L., Iveland, J., Young, N., DenBaars, S. P., Nakamura, S.,
Speck., J. S., Weisbuch, C., and Peretti., J.: Determination of the first satellite valley
energy in the conduction band of wurtzite GaN by near-band-gap photoemission spec-
troscopy. Phys. Rev. B 89, 235124 (2014).
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